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Abstract

Additive manufacturing (AM), also known as 3D printing, is a general term that include the
technologies used to fabricate objects with complex geometries from digital models by the
successive addition of layers of material. Compared to traditional manufacturing, such as
forming and subtractive processes, AM offers advantages in terms of supply chain
complexity, quality, cost, speed, and design freedom. As a result, AM is increasingly being
used in various industries, including biomedical, transportation, aerospace, and energy, to
produce engineering-grade metals like copper, stainless steels, titanium, aluminium, and

nickel-based alloys.

Austenitic stainless steel UNS S31603 (SS316L) is recognised for its high ductility,
weldability, and good corrosion resistance in certain oxidising conditions. However, under
tensile stress and exposure to halides, particularly chloride ions, SS316L can be prone to
stress corrosion cracking (SCC). This type of environmentally assisted cracking (EAC) can
affect SS316L when it is subjected to specific conditions above certain temperature and/or
stress thresholds. SCC is either transgranular (TGSCC), or intergranular (IGSCC), and its
direction of propagation is always normal to the tensile component. In TGSCC, the cracks
propagate across the grains, usually in specific crystal planes with low indices such as {100},
{110, and {210}. In IGSCC, chromium carbides precipitate along the grain boundaries of the
steel, making it susceptible to intergranular corrosion. TGSCC is less common than IGSCC,
but both may exist in the same system. There is significant interest in improving the
properties and performance of SS316L produced with AM technologies. For instance, by
using laser-based powder bed fusion (LPBF) which is known for producing SS316L with
low porosity, good tensile properties, and high resistance to localised corrosion, albeit
producing anisotropic microstructures with significant residual stresses due to the rapid
melting and solidification of the printed layers. On the other hand, sinter-based material
extrusion AM, which combines the low operating costs of fused deposition modelling
(FDM) with the strengthening steps of powder metallurgy (PM) and metal injection
moulding (MIM), is known for producing microstructures resembling the wrought SS316L

in its annealed condition with some differences in porosity content and distribution.

This research aims to advance our understanding of SCC behaviour in 3D printed SS316L
produced with sinter-based and laser-based AM methods. It addresses mechanical properties,
resistance to localised corrosion, and establishes a correlation with the underlying structures
at macro-, micro-, and nano-length scales. The conclusions from this research are expected

to have an impactful contribution to the optimisation of printing strategies towards producing



more resistant alloys. In addition, the performance of 3D printed SS316L is compared with
conventionally manufactured counterparts with the aim of developing more efficient,

sustainable, and cost-effective solutions for the energy industry.

To achieve the proposed goal, test specimens of SS316L were additively manufactured with
sinter-based material extrusion and LPBF methods. The 3D printed microstructures were
characterised with advanced microanalysis techniques such as light optical microscopy
(LOM), scanning electron microscopy (SEM), electron backscatter diffraction (EBSD),
transmission electron microscopy (TEM), x-ray diffraction (XRD), and micro-computed
tomography (micro-CT). The mechanical properties were determined through standardised
tensile and microhardness tests. The SCC susceptibility was investigated using custom-
designed C-ring specimens subjected to different levels of elastic stress while immersed in
acidic chloride solutions at temperatures ranging from 30°C to boiling. Wrought SS316L
specimens in cold-worked (CW) and solution-annealed (SA) conditions underwent identical

testing and analysis for comparison.

The findings of this research work reveal that both sintered-based and LPBF-manufactured
SS316L exhibit fully austenitic microstructures with elemental compositions meeting the
standard requirements of UNS S31603. However, there are distinctive differences in the
microscopy. For instance, the sinter-based SS316L produces equiaxed grains with an average
size of 40 um, double that of its SA wrought counterpart. The relatively larger average grain
size is attributed to the high temperature (1345 °C) and long dwell time (2 h) during the
sintering step. These thermal conditions promote the formation of 3 twin boundaries,
accounting for 53% of the total boundary length in the sintered SS316L, a higher content
compared to SA wrought SS316L (46%). The sintering process also produces a weak, nearly
random crystallographic texture (x1.26 random in the {111} pole figure) in the 3D printed
SS316L, attributable to the well-controlled heating and cooling rates (approx. 1.0 °C/min) of

the thermal profile.

Nanoscale spherical non-metallic inclusions rich in Si-Mn-O (average size 20 nm), are
present in the pre-alloyed SS316L powder feedstock. However, these inclusions undergo
physical and chemical changes during sintering that increase their size of up to 70 times
(final average size 1.4 um). In addition, new irregularly shaped particles rich in Cr-Mn-O
(average size 3.0 um) are created after sintering. Moreover, the sinter-based AM process
produces a combination of round and elongated pores, characteristic of PM/MIM and FDM
technologies, respectively. This porosity accounts for a bulk porosity content of 5.21%.

Results from this investigation reveal that porosity and non-metallic inclusions have a



significant impact on the localised corrosion resistance of the sintered SS316L by acting as

favourable sites for pits to nucleate and grow, thus increasing its SCC susceptibility.

In contrast, the higher energy input and rapid solidification of the laser-based AM process
yield SS316L with a notably low bulk porosity (0.74%), comparable to both its SA wrought
(0.57%) and CW wrought (0.35%) counterparts. Microscopy analysis reveals the presence of
columnar grains oriented along the printing direction with small cellular structures. Spherical
inclusions rich in Si-Mn-O are also found in the as-printed LPBF SS316L, although there is
no evidence of the irregularly shaped Cr-Mn-O particles. In addition, the LPBF-
manufactured microstructures exhibit a stronger crystallographic texture (x2.32 random in
the {111} pole figure), similar to the SA wrought (x2.81 random in the {111} pole figure)
and CW wrought (x2.27 random in the {111} pole figure) SS316L specimens. However,
unlike its sinter-based counterpart, no twin boundaries are evident in the LPBF-
manufactured SS316L due to the hindering effect of the rapid solidification rates, which
have been reported to be in the range of 1073 to 1077 K/min. Moreover, the thermal cycle of
the laser-based AM induce significant residual stresses in the as-printed microstructure of the
SS316L, accelerating the crack initiation and, consequently, increasing the SCC
susceptibility of the 3D printed specimens.

As expected, the distinctive microstructures of both 3D printed materials influence their
tensile properties. For instance, the relatively large grains in the sinter-based SS316L are
responsible for its reduced yield strength (167 MPa), which is below the minimum required
for the standard UNS S31603 (170 MPa). However, its tensile strength (524 MPa) in within
acceptable range (minimum 485 MPa). The extraordinary 96% ductility of the sinter-based
alloy, higher than the 88% of its SA wrought counterpart, is attributed, in part, to the higher
content of 3 twin boundaries, a correlation that has been reported elsewhere . Moreover,
the ductile fracture in pure tension of the sinter-based tensile specimens is attributed to the
Si-Mn-0 inclusions, which act as sites where voids simultaneously nucleate and coalesce
into a single crack. The fracture surfaces show no evidence of secondary cracks or elongated
dimples which are indicative of shear fracture. In contrast, the columnar grains, small
cellular structures, high thermal residual stresses, and the absence of twin boundaries in
LPBF-manufactured SS316L, contribute to its outstanding yield strength (529 MPa) and
tensile strength (656 MPa), and reduced ductility (43%), mirroring the behaviour of its CW
wrought counterpart (646 MPa yield strength, 717 MPa tensile strength, and 49% ductility).
The porosity content and distribution, and their effect on the mechanical properties of 3D

printed alloys is still debatable and will require further investigation.



The SCC susceptibility of both 3D printed SS316L is also distinctly different. For instance,
in the sintered SS316L., the round porosity and oxide inclusions weaken the passive layer,
thus increasing the number of sites for pit nucleation and growth. These pits grow further in
length and depth during the immersion tests, which, in combination with the applied stress
and high temperatures of the acidic chloride solution, lead to higher SCC susceptibility.
Nevertheless, the elongated porosity and almost random crystallographic orientation of the
grains act as barriers to the propagation of secondary cracks, thus reducing the crack-
branching effect. On the other hand, LPBF-manufactured SS316L exhibits distinct results.
For instance, the specimens show an extremely high susceptibility to SCC near the printed
holes of the C-rings, with cracking occurring in both stressed and unstressed specimens
when immersed in boiling solution. This behaviour is attributed to the distribution of thermal
residual stresses near the printed holes caused by the printed supports, which create two
highly stressed sites located perpendicular to the ends of these supports. Moreover, the
cracking morphology changes after the residual stresses are reduced through stress-relieved
heat treatment, although the crack location remains unchanged. However, by isolating the C-
ring’s printed holes from the solution through partial immersion testing, i.e., keeping them
above the solution line, the cracks initiate from pits located on the upmost curved surface of
the C-ring, where the maximum stress is applied. These results highlight the significance of
considering printing parameters for complex geometries, as they can significantly impact the

performance of the component.

Overall, this thesis provides comparative insights on the printing variables, defects,
microstructures and mechanical/corrosion properties of SS316L printed with sinter-based
and laser-based methods. The findings of this thesis will contribute to optimising the printing
strategies and design aspects for producing of more corrosion resistant alloys with superior

performance compared to the widely used wrought counterparts.
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immersion setup, b) SCC located at the middle of its uppermost curved surface, and c) an

etched imaged showing the resulting transgranular SCC morphology
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Chapter 1: Introduction

Stress corrosion cracking (SCC) is considered one of the most aggressive manifestations of
corrosion, and it represents a prominent form of environmentally assisted cracking (EAC) °.
This type of failure occurs when the susceptible materials are subjected to specific
environments that exceed certain tensile stress thresholds 2. Figure 1-1 provides a common
representation of the conditions necessary for SCC, namely: susceptible material, suitable
environment, and tensile stress. In a sequence of events, cracks frequently initiate from
localised corrosion, leading to SCC when the operating conditions surpass the critical

temperature for pitting corrosion & %2,

SCC poses a significant challenge to the integrity of assets within the oil and gas industry
sector, with an estimated annual cost of £1.372 billion *3, It particularly impacts buried
pipelines 5416 and occasionally leads to sudden catastrophic failures 7-?*. However, despite
extensive research efforts to explain the mechanism involved in SCC 722, a comprehensive
understanding still remains unresolved. Consequently, relying solely on knowledge-based

material selection tailored to specific applications proves challenging.

Suitable
environment

SCC

Tensile Susceptible
stress material

Figure 1-1: Common representation of the necessary condition for SCC

The risk of SCC can potentially be managed through strategies such as increasing the
material’s protection (via surface treatment, coating, cathodic protection, etc.), reducing the
environmental severity, or modifying the operating conditions 262, However, implementing
these measurements can often be impractical. Therefore, one notable approach is to utilise
materials less susceptible to SCC. This can be achieved through material development or
process optimisation, leading to more resistant alloy versions. Regardless of the approach, a
thorough understanding of the material’s susceptibility to SCC under specific operating
conditions remains imperative. Since SCC occurs in components exposed to corrosive

surroundings while subjected to tensile stresses exceeding their resistance thresholds 5 %12,



the critical aspect to comprehend is how these two conditions interact to influence the

material, shedding light on the SCC mechanism within the given application environment.

Numerous studies have looked into the link between the SCC of different alloys, their
microstructures, and mechanical properties with the objective of better understanding this
damage mechanism -, For instance, Y. Hou et al. * explored the artificial aging of high-
strength 7A99 Al alloy (AA) and found that the increased SCC resistance in over-aged alloys
was due to coarse, discontinuous grain boundary precipitates (GBPs) and wide precipitate-
free zones, which enhanced mechanical properties and hindered active corrosion paths.
Similarly, Huang et al. 3! studied the SCC of Al-Zn-Mg-Zr alloy and found a clear
connection between aging treatment, mechanical properties, microstructures, and SSC
susceptibility. Other researchers, such as P.B. Srinivasan et al. *> and H. Jia et al. *
discovered that the presence of precipitates increased the SCC resistance in AA2219 friction
stir weldment and a novel Mg-6Zn-1Y-0.5Cu-0.5Zr alloy, respectively. D.P. Braga et al. **
reported that equal-channel angular pressing (ECAP), which enhances AA's mechanical
properties through intense grain refinement, led to improved mechanical properties and SCC
resistance. However, no general relationship between grain size and SCC resistance was
established, as microstructural heterogeneities often impact localised corrosion susceptibility
in various ways. However, T.C. Tsai and T.H. Chuang 3 found a clear link between grain
refinement, microstructure, and SCC susceptibility in AA7475. They determined that a more
homogeneous slip mode and smaller GBP sizes led to reduced SCC susceptibility.
Nevertheless, SCC resistance could not be enhanced through grain refinement for
superplastic AA7475 with GBPs smaller than a critical size. L. Huang et al. *° studied the
effects of grain size on AZ80 magnesium alloy friction-stir processing and concluded that
grain refinement increased stress corrosion resistance in 3.5 wt% NaCl solution for mainly
three reasons: improved interfacial cohesive force, increased nucleation resistance for stress
corrosion cracks, and enhanced growth resistance for such cracks. Lastly, Z. Li et al. %°
studied annealed AA5083 and concluded that samples with a dominant brass texture showed
greater SCC resistance than those with weaker textures. Additionally, SCC in the brass-
dominant samples followed a more convoluted path. Consequently, cracks were deflected at
brass texture grains, which was ascribed to the combined effects of the relatively large twist
angle between grain boundaries of brass grains and adjacent grains, as well as the low grain

boundary energy configuration of {011} oriented grains.

Consequently, alloys with well-documented mechanical performance and resistance to
pitting corrosion, such as UNS S31603 (SS316L), are commonly employed “#°, although

this alloy is also susceptible to SCC when it is subjected to stress in the presence of chloride
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ions at elevated temperatures " % 46-49, Therefore, enhancing the material's performance
becomes an appealing option via optimising the fabrication process or through post-
processing stages. For example, M. Yasir et al. > observed a reduction in SCC susceptibility
and crack density of SS316L by improving the material’s surface quality through end-
milling. T. Ming et al. 5! enhanced the SCC resistance of SS316L by introducing high-level
residual compressive stresses and forming a nano-sized deformation layer through water jet
cavitation peening (WJP). A.B. Rhouma et al., achieved similar outcomes using shot blasting
and wire brushing %2, whereas B. Krawczyk et al., achieved them through aqua blasting 3.
D.N. Wasnik et al. reported a reduction of the intergranular SCC achieved by randomisation
of grain boundaries via sensitisation heat treatment >. L. Zhang, and J. Wang, concluded that
SCC crack growth rates in cold-worked SS316L decreased by reducing the dissolved oxygen
content in the simulated pressurised water reactor (PWR) primary water environment >. L.
Vehovar et al, reported a significant increase in the resistance to SCC in nitrogen-alloyed
stainless steels, attributed in part to the rise of local pH at the interface between the passive
film and the electrolyte caused by NH4* ions. In summary, there have been humerous

approaches involving post-processing of the material to reduce its susceptibility to SCC.

While the aforementioned approaches have yielded some improvements, practical limitations
remain in achieving substantial changes with conventionally manufactured SS316L.
Therefore, attention has turned towards alternative manufacturing methods, notably additive
manufacturing (AM) technologies. To provide a general definition of AM, it is a collection
of methods that involve the transformation of digital data into physical objects through the
successive addition of material layer by layer °%¢, Regardless of the feedstock nature or
binding mechanism, current AM technologies are classified into seven basic categories: i)
Binder Jetting, ii) Direct Energy Deposition (DED), iii) Material Extrusion, iv) Material
Jetting, v) Powder Bed Fusion (PBF), vi) Sheet Lamination, and vii) Photopolymerisation %'~
% The general advantages of AM include the reduction of operational costs, enhanced
productivity, and the ability to produce complex designs %8 %61, Moreover, AM offers a
streamlined optimisation of manufacturing parameters, thus reducing the time needed for
iterative optimisation and the development of improved properties and performance through

tailored microstructures 8267,

One of the most popular AM technologies for producing SS316L is laser powder bed fusion
(LPBF) %70, This technology is used to fabricate near-net shape SS316L components
through the consecutive melting and solidification of layers of pre-alloyed loose powder %8 5
-3 The cyclic manufacturing process involves a high-intensity laser energy input, followed

by a near-instant solidification (approximately 10° K/s to 107 K/s 7> 3). LPBF is capable of
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yielding SS316L engineering-grade components with high tensile properties 74’6, minimal
porosity ™ ™ ¢ and reasonably good resistance to pitting corrosion ’-’°. However, LPBF-
manufactured materials have two major drawbacks: i) components exhibit anisotropic

microstructures oriented in the build direction 8% and ii) they contain significant residual

stresses 758384,

In contrast, a less common AM technology is sinter-based material extrusion, which
combines the extrusion approach of fused deposition modelling (FDM) with the
strengthening steps of high-temperature sintering of powder compacted components, such as
powder metallurgy (PM) and metal injection moulding (M1M) 58 60.858% The well-controlled
and steady sintering and gradual cooling steps of this technology produce SS316L
components that exhibit relatively lower yield strength 88 %0 and high bulk porosity 88 9%
%2 that might limit their resistance to localised corrosion 9. However, this process yields
isotropic microstructures characterised by large equiaxed grains and twin boundaries 8 %2-%,
which can accommodate more elongation before fracture ° %, potentially increasing the
material’s toughness "%, Consequently, these laser-based and sinter-based technologies
have gathered attention for their potential to enhance mechanical properties, reduce
susceptibility to pitting corrosion, and, ultimately, increase resistance to SCC through the

optimisation of the process parameters.

It is pertinent to note that, despite significant research into 3D printing of SS316L using
various methods, there is still a need for a holistic investigation that correlates the printing
variables with the material’s properties and performance. This is because many elements of
this knowledge are interconnected, representing a critical knowledge gap. An effort has been
made to summarise the literature in tabular form, Table 1-1, illustrating the extensive
research studies on localised corrosion and mechanical properties in connection with the
material microscopy. However, when it comes to SCC, there are only a handful of available
investigations. Furthermore, these investigations have been primarily carried out on SS316L
fabricated through PBF methods, such as laser PBF (LPBF) and electron-beam PBF (EB-
PBF), as well as DED and its variations, including cold metal transfer (CMT) and wire-arc
AM (WAAM). However, there is minimal literature on sinter-based methods. Therefore,
Table 1-1 places this thesis within the context of these other research studies, demonstrating

a more comprehensive approach to addressing the aforementioned knowledge gap.

In summary, SCC poses a substantial risk to the integrity of SS316L alloy-made
components. The solution to this challenge is widely agreed to be the development of new

materials or the implementation of novel manufacturing processes that result in unique
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microstructures, enabling the material to better withstand environments susceptible to SCC.
Recent advancements in 3D metal printing technologies, particularly LPBF and sinter-based
material extrusion, are considered promising pathways for enhancing the material’s
properties and performance. This research aims to investigate the influence of AM process

parameters on printed microstructures to develop improved alloys capable of resisting SCC.



Table 1-1: Key studies on the correlation between printing variables and properties/performance of SS316L produced using different AM technologies

Reference

Investigated the correlation among printing variables and

Microstructures

Mechanical Localised SCC AM method
properties corrosion resistance

A.S. Wu et al. 1% M. Sprengel et al. 2, S, Zhang et al. 102

X

M.S. Pham et al. 1%, J. Bedmar, et al.1®, M. Godec et al. 1%, H. Gong et al. 1,
W. Zhai et al. 19, M. Mokhtari et al. %, M.R. Jandaghi et al. 1®°, M. Ahmed
Obeidi et al. 1*°, X. Wang et al. 1%

X

R.l. Revilla et al. 12, J.R. Trelewicz et al. %3, Yeganeh et al. 4, K. Wang et
al. 1*> E.C. Bordinassi et al. %8, S. Santa-aho et al. '

LPBF

V. Cruz etal. '8 Z. Que et al. 1*°, E.K. Karasz et al. 1?°

X. Lou et al, 12

P. Dong et al. 8, A. Yazdanpanah et al. 1?2125 S, Zhang et al. 1%

L.-E. Rannar et al. 1%

EB-PBF

Y. Zhong et al. 18 I.A. Segura et al. %

J. Bedmar et al. 1%, N. Yang et al. 1*, B.M. Morrow et al. 13, L. Zhang et al.
182 X. Chenetal. 1%

M. McMurtrey et al. 34

DED

R. I. Revillaetal. *2, Q. Xiao et al. 1%

J. Yang at al. 136,137

M. Bassis, et al. 138

X. Chen et al. 1%

L. Wang et al. *4°, C. Wang et al. ***, T.A. Rodrigues et al. 142, W. Wu et al. 143

X WAAM

C. Wang et al. 1 D. Wen et al. %

S.H. Lee 146

J. Chenetal. ' C. Wang et al. 14!

X CMT

B. Xieetal. 1“8

D. Jiang and F. Ning 4°

H. Gong et al. 1%, M. Sadaf et al. **°, Y. Thompson et al. 1, M.A. Caminero
etal. % M.A. Wagner et al. *

Sinter-based
material extrusion

J. Jansa et al. %

XX XXX XXX XXX XX X XXX XX X
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1.1 Aim and objectives

This investigation aims to evaluate the 3D printed properties and performance of SS316L
alloy produced using LPBF and sinter-based material extrusion methods, and correlate those
properties with the underlying structures at macro-, micro-, and nano-scales. The outcomes
of this research contribute to the optimisation of the process parameters towards producing

more SCC resistant materials. The specific objectives of the research are:

o Establish a correlation between the printing variables and the properties/performance
of 3D printed SS316L alloy.

e Examine the material’s susceptibility to pitting and cracking initiation at different
exposure conditions of stress and temperature.

o Assess the role of 3D printed microstructural elements on the susceptibility to SCC

initiation and crack propagation behaviour.

1.2 Significance of the research

The significance of this investigation primarily revolves around understanding the additive
manufacturing of SS316L using two distinctive technologies: laser-based and sinter-based
methods. It aims to contribute to the existing body of knowledge concerning the correlation
between printing parameters and the engineering performance of the manufactured
components. The findings are scientifically explained with advanced microscopy and
microanalytical methods. The insights gained from this research have the potential to reduce
the risk of SCC-related failures by optimising the printing strategy to produce components
with improved resistance. Tailored properties, such as yield strength and pitting resistance,
can be achieved by establishing correlations between the printing variables and the 3D
printed microstructures of SS316L. This is possible due to the high flexibility of AM
technologies that enable the fine-tuning of variables to produce prompt results, thus

facilitating timely decision-making.

1.3 Thesis overview and structure

This thesis consists of six chapters: It starts by introducing the subject matter (Chapter 1).
The core of the research is presented in four peer-reviewed journal articles each forming a
chapter (Chapter 2 to 5). The research summary is presented, followed by the overall main
conclusions that are not specific to the individual chapters but highlight the broader findings

of the research. Finally, an outline of the future research is provided (Chapter 6). The



structure of the thesis is illustrated in Figure 1- 2. The subject matter of each chapter is

summarised in detail below:

Chapter 2 consists of a study that aims to gain insight into the influence of the sinter-based
material extrusion technology on the microstructures and mechanical properties of 3D
printed SS316L. The initial part of the study comprises research on determining various
microstructural aspects, including chemical composition, primary and secondary phases,
grain size distribution, structural boundary content including twin boundaries,
crystallographic textures, nature of non-metallic inclusions, as well as, structural defects
such as porosity. To achieve the objectives, microanalysis techniques, including SEM, EDS,
XRD, and EBSD were employed. Additionally, non-metallic inclusions in the pre-alloyed
SS316L feedstock powder were examined using TEM. The second part of the study involves
evaluating the mechanical properties of 3D printed materials, specifically the elastic
modulus, yield strength, tensile strength, and ductility. The tests were conducted per ASTM
E8 %2, and the findings correlated with the microstructures to achieve a better understanding
of the structure-property relationship. The last part of the study investigates the fracture
mode of the tensile samples through fractography and establishes connections between the
findings and the microstructures. This chapter has been published in the Journal of Materials

Science!®s,

Chapter 3 involves a comprehensive study of the crystallographic textures and
microstructures of the LPBF-manufactured SS316L at macro-, micro-, and nano-scales. The
investigation demonstrates that some of the reported findings on the crystallographic textures
are oversimplified and do not capture the anomalies in the texture-related phenomena. This
investigation, therefore, identifies these features and explains how they are created through
the formation of the microstructures, illustrating them using a set of advanced
characterisation tools such as SEM, EBSD, and TEM. The research study also incorporates
stress relief heat treatments. The findings are compared with the as-printed conditions to
observe changes resulting from the heat treatment process. Structural analysis in this study
includes distribution of misorientation boundaries, twin boundary content, nature and size of
non-metallic inclusions, crystallographic textures, and grain morphology. This chapter has

been published in the journal of Materials %,

Chapter 4 focuses on investigating the impact of the microstructures on the susceptibility to
pitting, SCC, and crack-branching, of SS316L produced using sinter-based material
extrusion. The investigation employs C-ring specimens designed per ASTM G38 **°, which

are subjected to three levels of elastic loading (0%, 60%, 90% of actual yield strength
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(AYS)), and immersed in 25% w.t. acidic chloride solution, per ASTM G123 ¢ at four
different temperatures (0 °C, 30 °C, 60 °C, boiling). The initial part of the study involves
mapping the pitting and cracking susceptibility of the C-rings when exposed to the different
test conditions of stress and temperature. Susceptibility is assessed based on the time taken
for the C-rings to exhibit evidence of pitting or cracking. This analysis aims to determine the
influence of the printed microstructures on the susceptibility to pit and crack initiation. In the
second part of the study, cracked specimens are investigated using microanalysis techniques,
including LOM, SEM, and EBSD. This part of the study aims to correlate the crack-
branching behaviour with the microstructures and microstructural attributes of the printed
alloy. Furthermore, to enhance the understanding of SS316L’s susceptibility to pitting, SCC,
and crack-branching, C-rings manufactured from wrought SS316L at SA and CD conditions,
are identically tested and investigated. This chapter has been published in the journal of

Materials 7.

Chapter 5 comprises two studies that explore the influence of the manufacturing process
and microstructures on the SCC susceptibility of LPBF-manufactured SS316L. The initial
part of the study focuses on investigating the printed microstructures using microanalysis
techniques, including SEM, XRD, and EBSD, to determine aspects such as grain size
distribution, primary and secondary phases, crystallographic textures, and residual stresses.
In addition, tensile properties are determined per ASTM E8 %2, and the results are
benchmarked with CD wrought SS316L, known for its high-strength. In the second part of
the study, similar to Chapter 4, the SCC susceptibility of LPBF-manufactured SS316L is
investigated using C-rings designed per ASTM G38 5. The C-rings are also subjected to
three levels of elastic loading (0%, 60%, 90% AYS) and immersed in boiling acidic chloride
solution (25% w.t.), per ASTM G123 ¢, This investigation explores the role of residual
stresses and printed supports in the C-ring’s SCC susceptibility. To achieve this, stress relief
heat-treatment and partial immersion tests are conducted on test specimens. Finally, a
mechanism is proposed to explain the consistent cracking occurring at the same location in
the C-ring, irrespective of the test conditions. This chapter has been published in the journal

of Corrosion %8,

Chapter 6 presents the primary accomplishments and limitations of the study, summarising
the key findings and conclusions. In addition, it outlines future research directions aimed at
advancing the understanding of SCC in 3D printed SS316L and developing more SCC

resistant materials.

Appendix 1 presents the written attribution statements from co-authors of the manuscripts.
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Appendix 2 presents the copyright statements related to all publications included in this
thesis.

Appendix 3 presents the original reprint of the publication included in Chapter 2

Appendix 4 presents the original reprint of the publication included in Chapter 3
Appendix 5 presents the original reprint of the publication included in Chapter 4

Appendix 6 presents the original reprint of the publication included in Chapter 5
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Figure 1- 2: Thesis structure
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Chapter 2: Sinter-based material extrusion of SS316L:
Microstructures and tensile properties

This chapter corresponds to a publication that has been reformatted to align with the overall
style of the thesis and to address the comments raised by the examiners. This publication is

reproduced with permission from Spring Nature.

Publication:

Santamaria R, Salasi M, Bakhtiari S, Leadbeater G, lannuzzi M, Quadir MZ. Microstructure
and mechanical behaviour of 316L stainless steel produced using sinter-based extrusion
additive manufacturing. Journal of Materials Science. 2022 Jun 1:1-7
https://doi.org/10.1007/s10853-021-06828-8
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Microstructure and mechanical behaviour of 316L stainless steel
produced using sinter-based extrusion additive manufacturing

2.1 Abstract

Specimens were additively manufactured in 316L stainless steel (SS316L) with a technology
that combines the extruding method of fused filament fabrication (FFF) with the
strengthening stages of metal injection moulding (MIM). A thorough metallographic analysis
and tensile testing were carried out to investigate the effect of sintering in the final
microstructures, mechanical properties, and fracture modes of the manufactured material.
SS316L wrought specimens were also characterised and tested for comparison. Results
showed that the sinter-based technology produced a near-fully dense material with a
microstructure and mechanical properties comparable to the standard requirements of the
UNS S31603 grade. The sintered specimens were characterised at as annealed condition,
with fully austenitic microstructures, annealing twins, and sintering defects such as i)
scattered round microporosity, ii) elongated macroporosity, iii) spherical inclusions rich in
Si, Mn and O —also found in the precursor powder— and iv) irregularly-shaped inclusions
rich in Cr, Mn and O. The average mechanical properties of the printed SS316L were
Young’s modulus (E) 196 GPa, 0.2% offset yield strength (Sy) 166 MPa, tensile strength
(Su) 524 MPa, elongation after fracture 85% and reduction of area 51%. Based on the
findings, a mechanism is outlined explaining the departure from the typical cup-and-cone

ductile fracture in the necked region observed in the printed samples.

2.2 Introduction

Additive manufacturing (AM), also known as 3D printing, is a general term covering those
technologies that allow the fabrication of complex physical objects from digital data by the
successive addition of material °°8, Regardless of the type of feedstock or binding
mechanism, current AM technologies are classified into seven basic categories, i.e., (i)
binder jetting, (ii) direct energy deposition (DED), (iii) material extrusion, (iv) material

jetting, (v) powder bed fusion (PBF), (vi) sheet lamination and (vii) vat photopolymerisation

57-59

SS316L is a widely used stainless steel in the resource sector, due to its favourable corrosion
behaviour and good formability. Studies on SS316L fabricated via PBF and DED, showed
that the manufacturing parameters have a direct impact on the final microstructures, porosity
characteristics and mechanical properties 72 74 76.94.15%-165 ssyes with these AM technologies
include their initial capital costs and safety concerns in relation to the handling of loose

powder and high-energy sources. Although these issues have seen recent improvements,
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there are also challenges associated with the anisotropic nature of microstructures, which
produce columnar grains 74 6. 160,165,166 'Hence, in recent years, investigations have been
carried out to address these issues by combining the low cost of extrusion 3D printing
techniques using fused filament fabrication (FFF) with the strengthening process of metal

injection moulding (MIM). This combined AM technology is referred as metal FFF 58 60,8589,

Manufacturing of SS316L via metal FFF starts with loading the feedstock of pre-alloyed
powder embedded in a binder into the 3D printer. The feedstock is then heated just above its
binder’s melting point, 210 °C to 290 °C 8 150.151. 167 ‘a]lowing it to be extruded line-by-line
and layer-by-layer 57%°. At this point the as-printed object, known as green-part, lacks all the
mechanical properties of the final densified metal. Therefore to achieve the required
strength, the green-part subsequently undergoes a series of post-print processing stages
similar to those used in MIM and powder metallurgy (PM) technologies 58 0150151 Solyent
debinding is the first stage in metal FFF. Debinding involves removing the primary binder
material by dissolving it in a suitable solvent, typically a liquid or gas %* 5. 168.16% The
obtained structure, known as brown-part, undergoes the next stage of the process inside a
furnace. During this next stage, the remaining secondary binder is burnt off through the
porous structures at 425 to 600 °C temperature range, a process known as thermal debinding
8,150,167, 169 The heating rate during thermal debinding is optimised to avoid blistering or
cracking of the part. A vacuum atmosphere is used to prevent the oxidation of the steel
particles; however, a reducing atmosphere using hydrogen gas can also be employed °% 167
169 During the final stage, i.e., sintering, the temperature reaches between 1250 and 1380 °C
150,167,168 'Dyring sintering, the specimen is held at this peak temperature for 120 to 180 min
83, 94,150, 151,168, 169 Einally, the sintered part is cooled down to room temperature either inside
the furnace or by air quenching 94, It has been observed that a higher peak temperature and

a longer sintering result in microstructures with larger grains and reduced porosity 5% 170171,

Recent investigations have reported the microstructure and mechanical properties of FFF
fabricated SS316L 85 8. 88,89, 91, 94,106, 150, 151, 167-169, 172, 173 'Ragyts show that metal FFF
produces porous sintered materials 81189 with a relatively large distribution of austenitic
grains % 151169 displaying a ductile behaviour 88 with varying other tensile properties,
which are a function of the building orientation 8% For instance, the porosity varied
between less than 1% to 16% %8 the average grain size ranged between 25 and 75 um &
% the yield strength (Sy) varied between 93 and 252 MPa 8 1% and the tensile strength (Su)
ranged between 219 and 561 MPa 8172,
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The objective of this work was to investigate the relationship between the microstructures,
tensile properties and the fracture mechanism of the FFF additively manufactured SS316L. A
detailed morphological and microstructural characterisation was carried out using scanning
and transmission electron microscopy (SEM and TEM, respectively) and microanalytical
techniques, such as electron backscattered diffraction (EBSD), and energy dispersive
spectroscopy (EDS). The wrought condition of the SS316L specimens was also tested and
analysed, and the results were compared to gain a better understanding of the mechanical and
chemical performance of the sintered SS316L material. Results were benchmarked with the
literature covering SS316L manufactured by PBF and DED.

2.3 Experimental Procedure

2.3.1 Manufacturing technology

The SS316L used in this investigation was additively manufactured with a sinter-based
extrusion process known as Bound Metal Deposition™ (Desktop Metal®, DM) using the
Studio System™ (DM) technology. The system comprises three units, printer, debinder and
sintering furnace. The printer uses cartridges containing the feedstock in the form of 6x150
mm rods made of pre-alloyed SS316L powder embedded in the wax- and polymer-based
binders. The Studio Printer comprises a build volume of 300x200x200 mm? and a dual
extrusion capability for the ceramic-based media. This media crates an interface between the
part and its support structures that is removed after sintering. Once the printing of an object
is done, it is moved to the Studio Debinder unit which is an atmospheric pressure, low
emission, vapour and odour-tight distillation tank that uses a proprietary solvent solution at
50 °C to remove the wax-based binder and create an open-pore structure. Then, the debound
part is moved to the Studio Furnace for sintering. The furnace, which operates under vacuum
in an argon-rich atmosphere, eliminates the remaining binder in the brown-part during the
heating process and then sinters the part at high temperature, followed by some degree of
densification. The entire process is controlled by the cloud-based software Fabricate™
(DM).

2.3.2 Sample manufacture

The dimensions of the SS316L samples for microscopy analysis were 10x10x3 mm. Subsize
tensile specimens were produced per ASTM E8 recommendations 2, i.e., 100 mm overall
length, 6 mm width, 32 mm length in the parallel section, and a 3 mm thickness. All
specimens were 3D printed in the XY orientation and Z direction with the longest dimension
laying parallel to the X axis as shown in the schematic Figure 2-1a. The extruded line width

was 0.50 mm, the deposited layer height was 0.15 mm and the contour shell thickness was
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1.50 mm. The top-to-bottom bulk volume was achieved with a linear raster pattern than
changed its extruding direction +45° and -45° with respect to the Y axis with each deposited
layer. The other printing parameters were: extruding temperature 175 °C, extrusion nozzle
size 0.40 mm diameter, extrusion rate 30 mm/s, and build plate temperature 65 °C. The sinter
scale factors were X=1.16, Y=1.16 and Z=1.15. This indicates the material allowance of the
green-part to compensate for the contractions during the sintering stage. The solvent
debinding was conducted for 15 h and the thermal debinding at 550 °C for 2 h. The sintering
was performed at a peak temperature of 1350 °C with a dwell time of 2 h. The process ended
with furnace-cooling the sintered parts down to room temperature. Figure 2-1b shows the

sintering furnace temperature profile.
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Figure 2-1: a) Test specimen, 3D printing strategy, and b) thermal profile used for sintering

2.3.3 Microscopy sample preparation

Feedstock rods (cut longitudinally), brown-part and sintered samples were mounted in cold
epoxy resin. Then, they were wet ground from 80 to 1200 grit SiC abrasive paper and then
mechanically polished down to a final polish with 0.02 pum alumina suspension. All polished
samples were rinsed with ethanol, sonicated in deionized water, dried with nitrogen and
placed inside a vacuum desiccator for at least 12 h before the microscopy analysis. Sintered
samples for EBSD analysis were additionally ion-milled for 30 minutes using a beam voltage
of 8 kV at a glancing angle of 4° with full cycle rotational movements (TECHNOORG
Linda, SEMPrep2). Samples for TEM analysis were prepared using the focused ion beam
(FIB) lift-out technique on a Dual Beam FIB/SEM instrument (FEI Helios Nanolab G3 CX).
The prepared TEM lamella was a strip of 10x10 um? with a thickness below 100 nm. A
carbon protective layer was deposited on top of the region of interest using an ion beam with
a 30 kV voltage and 0.43 nA current. Trenching, cutting, and thinning steps were carried out

at 30 kV and ion beam currents of 9.50-0.23 nA, as the thinning was progressed. After
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thinning the TEM lamella to a thickness of 100 nm at 30 kV, a final cleaning was applied in
two steps: the first step was at a lower voltage of 5 kV for 1 min on each side, followed by a

low voltage of 2 kV cleaning for 30 seconds on either side.

2.3.4 Microstructure investigation

The chemical composition of the powder used in this investigation was verified by
guantitative EDS. The analysis was performed on exposed particles on a section of a brown
part. Measurements were taken with a cobalt calibrated standard using a high sensitivity
Oxford EDS detection system coupled to a field emission-scanning electron microscope (FE-
SEM) (TESCAN system, CLARA). The quantification was conducted using the Oxford
Aztec software. The chemical composition of a SS316L wrought sample was also quantified
for comparison. The microstructure of the sintered material was imaged using the SE
detector in the FE-SEM and its chemical composition was mapped using EDS. The
microstructure of the SS316L wrought sample was also obtained by FE-SEM for
comparison. The particle size of the SS316L powder was measured with the open-source
ImageJ software by analysing the FE-SEM images of the feedstock taken at different
magnifications using both secondary electron (SE) and backscatter (BS) detectors. Imaging
and elemental analysis at nanoscale were conducted on a TEM sample with a Field Emission
TEM operating at 200 kV beam voltage (FEI, Talos).

The phases present in the SS316L powder and SS316L sintered material were identified via
X-ray diffraction (XRD) analysis using a Cobalt K alpha powder diffractometer radiation
source operating at 35 kV 40 mA using a LynxEye detector (Bruker D8 Discover). The XRD
data were collected over an angular range of 15° to 135° at a step size of 0.015° and a time
interval of 0.7 s. Likewise, a SS316L wrought sample was also analysed in the same

analytical conditions for comparison.

The volumetric porosity fraction of the SS316L sintered material was determined with X-ray
micro computed tomography (micro-CT) in a 5x5x3 mm? sample cut from the corner of a
square specimen to ensure having part of its contour shell and bulk volume. The analysis was
conducted using a 3D X-ray microscope with an exposure energy of 140 kV, during an
exposure time of 24 h and at a pixel resolution of 2.2 um (Zeiss 520 Versa). The fraction
area of the samples’ porosity was quantified with ImageJ by analysing cross-sectional SEM
images at different magnifications. The density of the SS316L sintered material was

calculated using the Archimedes principle, as described in ASTM B311 174,
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The crystallographic orientation of the SS316L sintered microstructures was mapped with
respect to the build direction (Z) using an Oxford symmetry EBSD detector in the Tescan
Clara FE-SEM. The data was acquired at 2 um step size, 28 kV beam energy, and 21.2 mm
working distance. Both EDS and EBSD data acquisition was conducted with Aztec data
acquisition software, and the EDS and EBSD data post processing was undertaken using the
Aztec and AztecCrystal software, respectively. A clean-up process was applied to the EBSD
data to assimilate any non- or mis-indexed points into the surrounding neighbourhood grains.
Less than 10% of the points were modified in the process. The grain boundaries were
detected with a threshold misorientation of 10° in conjunction with a minimum of 8 pixel of
fractional difference of misorientation variation and a kernel size of 3 by 3. The grain size
was measured as the maximum Feret diameter. The average grain aspect ratio was calculated
as the fitted ellipse aspect ratio with the =3 twins (<111>/60°) boundaries excluded. The

same analysis was conducted on a SS316L wrought sample for comparison.

2.3.5 Tensile properties

The tensile properties (yield and tensile strength) of the sintered SS316L samples were
measured by tensile testing on triplicate specimens at room temperature (25°C). Tests were
conducted on rectangular subsize specimens using a 50 kN universal testing machine (UTM,
Shimadzu) equipped with 50 kN manual non-shift wedge grips. The UTM crosshead speed
was set to 0.48 mm/min within the elastic region, while the displacement was measured
using an axial extensometer with a gauge length of 25 mm and a travel range of +100%
(Epsilon Tech Corp). The test was paused once the proportional limit was surpassed, the
extensometer was then removed, and the test was resumed at a UTM crosshead speed of 1.6
mm/min until the specimen fractured. Data were collected at a rate of 10 Hz in the elastic
region and 5 Hz in the plastic region. The test was monitored with the Trapezium X
software. The tensile test, the dimensions of the specimens, and the method to calculate the
0.2% offset yield strength (Sy), tensile strength (Su), elongation after fracture and reduction
of area were conducted as per standard ASTM E8 2, The elongation at fracture was
calculated from the engineering stress-strain curve. The Young’s modulus (E) was
approximated using the least-squares method from 25 MPa to 100 MPa using the stress-
strain data as recommended in the standard ASTM E111 7. All fracture specimens were cut
transversely (YZ plane) to a length of 10 mm, sonicated in ethanol, rinsed with deionised
water, dried with nitrogen and placed inside a vacuum desiccator for at least 12 h before the
microscopy analysis. Fractured surfaces were imaged using the SE detector, and micro-
chemical analysis was conducted by EDS. The wrought SS316L specimens used for
comparison were wire-cut with the same dimensions from a 3 mm thick plate and similarly

tested and analysed.
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2.4 Results

2.4.1 Microstructures and analysis

Table 2-1 presents the chemical composition of SS316L powder and SS316L wrought
samples measured by quantitative EDS along with the nominal composition of UNS S31603
per standard ASTM A240 ¢, From comparisons, the analysed powder metal met the UNS
S31603 requirements. A representative FE-SEM image of the feedstock is shown in Figure
2-2. The measured average particle size distribution was d50 1.4 um and d90 5.0 um. A
representative TEM image and corresponding EDS map of the SS316L precursor powder in
Figure 2-3 shows the presence of spherical Si, Mn and O-rich inclusions. The inclusion size
varies between 0.02 and 0.23 um. SEM-EDS analysis showed no evidence of sensitisation,
i.e., Cr depletion in the vicinity of the grain boundaries, in any of the SS316L alloys. This is
illustrated later in Chapter 4.

Table 2-1: Quantitative EDS chemical composition of SS316L powder, SS316L wrought and
nominal UNS S31603

Chemical composition in wt%

Material Fe Cr Ni Mo Mn Si
SS316L Powder Bal. 17.1 10.0 2.3 1.3 0.6
SS316L Wrought Bal. 17.8 10.0 2.1 1.6 0.5

UNS S31603 %  Bal. 16-18 10-14 2-3 2 max. 0.75 max.

Figure 2-2: FE-SEM image of the feedstock showing the SS316L powder with a particle size
distribution of d50 1.4 pm and d90 5.0 pm
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Figure 2-3: TEM image and corresponding EDS map of a SS316L particle showing a
spherical inclusion rich in Si, Mn and O content found in the SS316L precursor powder

The XRD spectra of representative SS316L powder and sintered samples measured with
respect to its build direction (Z) are shown in Figure 2-4. The SS316L wrought data was
added for comparison. It can be seen from the figure that the SS316L powder consisted
mainly of y (FCC) austenite phase with a subtle presence of retained & (BCC) ferrite.
According to T. Kurzynowski et al. 6, the retention of &-ferrite in the powder feedstock
results from the rapid solidification of molten SS316L during the gas atomisation process,
when the &-ferrite stabilisers, such as Cr, Mo and Si, segregate to create later localised site-
specific metastable conditions in the austenitic matrix . The XRD data of the SS316L
sintered sample solely shows y (FCC) austenitic phase confirming the full dissipation of the

d-ferrite. Wrought data was added for comparison.
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Figure 2-4: XRD spectra of SS316L powder showing an y (FCC) austenite phase with a
small presence of retained & (BCC) ferrite (top), SS316L sintered sample (XY plane)
showing a fully y (FCC) austenite phase (middle), and SS316L wrought also showing a fully
v (FCC) (bottom)

Figure 2-5 shows a large field of view SEM images of the SS316L wrought and sintered
samples. The grayscale contrasts indicates the presence of larger austenitic grains in the
sintered sample than the wrought sample. Both samples comprises twin boundaries. There is

a high porosity and oxide inclusion content in the sintered sample.

The Micro-CT reconstruction in Figure 2-6 reveals the presence of the elongated defects
correlated with the printing raster pattern. The scan from the contour shell shows a
cumulative stack of parallel lines as expected from the layer-by-layer print built up. The total
scanned volume was 6.9x10° um?3, in which the porosity volume was 8.75x10” um?, i.e.,
1.27% v/v. The total amount of macro- and microporosity were 0.85% and 0.43%,
respectively. The threshold used to define micro pores was <10,000 um?. The fractional area
of porosity measured from post-processed SEM cross-sectional images was 4.8% + 1.4. The

bulk density measured with the Archimedes principle was 7.43 g/cm? + 0.07.

A SEM image of a SS316L sintered sample with corresponding EDS elemental maps are
given in Figure 2-7. The images show the presence of two types of inclusions, namely, i)
irregular Cr-rich particles with an average size of 3 um, and ii) spherical Si-rich particles
with an average size of 1.4 um. Both types contain Mn and O. Identical findings are also
reported in other investigations in 3D printed SS316L produced via PBF " and DED 4.
According to P. Deng et al. 7, the Si-Mn-O particles in the precursor powder were
generated during the gas atomisation process /7. Yan et al. 1’8, observed both inclusion types
in PBF manufactured SS316L., and concluded the particles were Rhodonite (MnSiOs;) and
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Spinel (MnCr.0,) 1’8, However, the absence of these phases in the XRD spectra might

suggest an amorphous nature of these inclusions, which deserves further investigations.

SS316L sintered

Figure 2-5: SEM images showing large recrystallised microstructures in the a) SS316L
wrought, and b) sintered samples, with the later showing distributed porosity, inclusions and
twin interfaces

Sintered sample
(XY plane)
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Figure 2-6: Micro-CT scans of a SS316L sintered sample showing the presence of elongated
macroporosity, a) as a 3D mesh-like pattern at the bulk volume, b) as a layer-by-layer pattern
at the contour shell, and c) as a layer-by-layer pattern skewed 45° in the XY plane at the bulk
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Figure 2-7: SEM image of a SS316L sintered sample and corresponding EDS elemental
maps showing the distribution of Si-Mn-O-rich spherical and Cr-Mn-O-rich irregular
inclusions

Figure 2-8 shows a wide area EBSD map of the Z-cross section (normal to the built
direction) of a sintered sample is shown with the corresponding colour coded inverse pole,
indicating a weakly-textured almost random orientation distribution. The almost random
orientation is also consistent with the low intensity (x1.26 random) in the {111} pole figure.
It should be noted that the EBSD area covered is inadequate for the measured grain size, but
as a non-textured characteristic was found, it was not regarded as critical. The twin content
was measured as the length fraction of the X3 boundaries in the microstructure, which was
52.3% of >10° boundaries. This finding is identical to the 53% reported by lrukuvarghula et
al. 1® in hot isostatic pressing (HIP) processed SS316L steels 17°. The quantification made
from the grain size measurement is shown in Table 2-2. In comparison, the SS316L wrought
sample showed a slight strengthening of the texture as seen in the {111} pole figure,
assumed to be caused by the processing history of the sample, the detail of which is beyond

the scope of the manuscript. The grain size measurements are shown in Table 2-2.

Table 2-2: Grain size measurements of SS316L sintered and SS316L wrought samples

Material Overall grain Average  ASTM grain  Average grain
size distribution  grain size  size No aspect ratio
(pm) (um)
SS316L sintered  d50 35, d90 71 40 + 23 7.5 3.0+£24
SS316L wrought  d50 18, d90 34 20+ 10 9.5 23+ 13
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SS316L sintered

Figure 2-8: EBSD measured inverse pole figure maps of the (a) SS316L sintered and (b)
SS316L wrought sample with corresponding {111} pole figures

2.4.2 Tensile properties

Representative engineering stress-strain curves of both SS316L sintered and SS316L
wrought samples are shown in Figure 2-9, along with the dimensions of the test specimens.
Results have shown that the sintered specimens performed in a ductile manner, which is
represented by an initial linear elastic deformation followed by a non-linear permanent
deformation. The calculated average Young’s modulus (E, 196 GPa + 28) matched with
other’s measurements, i.e., 202 GPa conducted at 25 °C room temperature 8. The tensile
strength (Su, 524 MPa + 1) and elongation at fracture (96% + 1) met and exceeded the UNS
$31603 standard requirements 6. The 0.2% offset yield strength (Sy, 166 MPa + 2) was
slightly lower (~2%) than the minimum required. The mechanical properties are summarised
in Table 2-3.
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Figure 2-9: Engineering stress-strain curves of both sintered and wrought SS316L materials
along with the dimensions of the test specimens

Table 2-3: Mechanical properties of the SS316L sintered and SS316L wrought samples

Young’s Offset Tensile Elongatio Elongation Reduction
SS316L modulus Yield strength n at after of area
(E) strength (Su) fracture fracture
Sy)
(GPa) (MPa) (MPa) (%) (%) (%)
Avg. 196 + 28 166 + 2 524 +1 9% +1 85+3 51+1
Sintered  Min. 156 163 523 95 80 50
Max. 216 168 524 96 88 52
Wrought  Avg. 240 286 644 88 86 55
UNS S31603 76 202 18 min. 170 min. 485 min. 40 n/a min. 40

SEM images of the fractured surface of both SS316L wrought and sintered tensile specimens
are presented in Figure 2-10. The sintered specimens had a ductile fracture, which was
characterised by small inclusions located inside the uniformly distributed spherical dimples.
The magnified image at the contour shell and bulk volume shows the presence of elongated
macro-porosity. No evidence of secondary central cracks or parabolic dimples, usually found
from a shear fracture, were observed in the sintered sample; however, these features were
found in the fractured surface of the SS316L wrought specimens. A SEM image and
corresponding EDS map from the fractured surface of the SS316L sintered specimen
confirming the presence of a Si-Mn-O rich inclusion inside a spherical dimple, can be seen
in Figure 2-11. Finally, photographs of both SS316L sintered and wrought fractured tensile

specimens are given in Figure 2-12. While both sintered and wrought sample fractured in a
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ductile manner, the sintered specimen had a smaller necked region. A typical cup-and-cone

characteristic is observed in the wrought specimen.

aﬁ ; 2
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Figure 2-10: SEM images of the tensile fractured surfaces in the a) SS316L wrought and b)
sintered specimen showing their microscopy features

Figure 2-11: SEM image of a SS316L sintered fractured specimen and corresponding EDS
elemental map showing a Si-Mn-O inclusion inside a spherical dimple
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10 mm

Figure 2-12: Photographic image of both fractured SS316L sintered tensile specimen (top)
and SS316L wrought specimen (bottom) showing two types of necked regions

2.5 Discussion

The mechanical properties of the 3D printed SS316L in this work were compared with the
literature of SS316L additively manufactured via FFF, PBF and DED techniques. The results
are summarised in Table 2-4 which also includes the typical properties obtained from well-
established powder-based processes such as MIM and PM. The MIM-316L and UNS
standard requirements for the S31603 grade were also added for comparison. Ultimately
some characteristics obtained from literature such as the size of the precursor powder, as
well as the average grain size and amount of porosity of the densified SS316L obtained with
FFF, PBF and DED processes are given in Table 2-4 for comparison.

2.5.1 Influence of sintering on the microstructure

This study revealed that the thermal profile in Figure 2-1b for sintering yielded an average
grain size of 40 um, which is larger than the observed in the wrought sample. This can be
seen in Figure 2-5 and Figure 2-8. The grain growth most likely took place as a result of the
high temperature and long dwelling time inside the furnace. Similar grain growth has been
reported in other FFF investigations & %4150, |t is pertinent to note, that the grain growth did
not lead to the formation of a growth dependent texture. In contrast, due to different thermal
processing with the PBF and DED involving a rapid melting followed by a rapid
solidification, the produced material is strongly textured and the microstructure is also
asymmetric containing elongated columnar grains in the build direction along with much

smaller grains that could grow preferentially along the scanning directions % 162,

The micro-CT analysis showed that after sintering, the final porosity of the additively
manufactured SS316L was 1.27% v/v, which appears consistent with the findings by Y.
Thompson et al. 1! showing less porosity is produced after sintering at higher peak
temperatures and longer dwell time 5%, The porosity content also depends on the built
orientation and printing raster patterns, as it was reported by Damon et al. % and
Suwanpreecha et al. 8. Similar effects were also found for PBF and DED 7# 1%, The size of

the pre-alloyed powder employed for making the feed material and used in this investigation
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was 8 to 30 times smaller than the particles generally used in vast majority investigations
with PBF and DED. Therefore it would be a subject of research how PBF and DED can
produce denser objects with a porosity as low as 0.2% "6 162183 The elongated macroporosity
found in the manufactured sintered SS316L is a common defect of the FFF technique due to
the inherent nature of the line-by-line and layer-by-layer process, regardless of the feedstock
or post-processing °7 182183 This pattern of porosity can be seen in Figure 2-6, creating a 3D
mesh-like structure inside the bulk volume, and a stack of lines resembling the layer-by-layer
printing process in the contour shell of the specimen. The same type of FFF defect is

reported elsewhere 88789, 169,173,184,

Spherical nanosized Si-, Mn- and O- rich inclusions, shown in Figure 2-3, were observed in
the original feedstock before sintering, which might alter or create a new set of inclusions.
Similar findings in the feed powder of AM and PM processes have been reported elsewhere
170,177,178, 185 Some investigations suggest that these inclusions are formed in the powder
during its atomisation process "8, During sintering, these inclusions may undergo
physical and chemical changes, and may evolve into a new set of particles, as seen in Figure
2-7. The presence of this new type of irregular inclusions rich in Cr, Mn and O, suggests the
importance of the sintering process on their morphology. The transformation from the fairly
stable Si-Mn-0O into the Cr-Mn-O-type after the heat treatment of Fe-Cr alloys has also been
studied elsewhere 18618 These investigations observed that the chemical composition of the
Si-Mn-O-type inclusions present in the as-cast Fe-Cr alloys will either remain or change
during heat treatment between 1000 °C and 1300 °C, depending on the initial content of Cr
and Si in the steel matrix. Further changes associated with new transformation phenomena—
as those occurring post sintering in the 1100 to 1200 °C range for the PBF manufactured
SS316L alloy—make the matter more complex ¥, The dwell time at peak temperature

during the heat treatment was also found to play important roles for the transformation 8 18°,

2.5.2 Influence of sintering on the mechanical properties

The results presented herein showed that a sinter-based extrusion technology can be used to
3D print SS316L with a tensile strength (Su) and ductility in agreement with the standard
requirements for the UNS S31603 grade, and a yield strength (Sy) slightly lower (~2%) than
the minimum specified 1’6, The higher yield strength (Sy) of SS316L wrought, see in Table
2-3, can be a contribution of the smaller grain size distribution as per the Hall-Petch equation
%9 However, it should be noted here that many interdependent factors contribute the yield

phenomena, and therefore it should not be further discussed based on the grain size only.
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An attempt was made to predict the minimum grain size requirement to attain the UNS
$31603 standard benchmark of 170 MPa, assuming the other factors remains constant. The
analysis was done using the Hall-Petch parameters experimentally obtained for SS316L
wrought alloys in the literature 1% 1%, However, it becomes clear that none of the reported
data fit the performance of the sintered material of the present study, i.e., the calculated yield
strength (Sy) for a 40 um grain size was much higher than the 166 MPa obtained herein. The
discrepancy of the results with those of the published data could be explained by the fact that
there is a significant presence of twin boundaries that were not taken into account in the
Hall-Patch calculations. Also, as it is noted earlier, while Hall-Petch provides a great
framework for strength prediction, the complexity of the present materials due to the
presence of porosity and inclusions makes it difficult to predict and it requires a dedicated
approach to simulate.

In order to shed light on the effect of porosity on mechanical properties, it was shown that
the PBF and DED processes can produce SS316L with a porosity content that can be as low
as 0.2% 76162163 and hence can exhibit improved yield and tensile strength. Porosity has a
detrimental effect on these strength and ductility parameters because of the reduced area
supporting the load and the stress concentration factor at each pore 1°. However, an
investigation on the effects of sintering conditions on the mechanical properties of MIM
SS316L showed that only the tensile strength and elongation were dependent on the porosity
content 1°2, Further details, on the influence of porosity in the strength of an additively

manufactured SS316L via PBF and DED can be seen elsewhere 1 74,

Regarding ductility, this study indicated that the elongation at fracture of the sintered tensile
specimens was in average 70% higher than other metal FFF studies, as shown in Table 2-4.
However, in some of these studies, the reported elongation was not calculated per ASTM E8
standard 2, which might explain the difference. When compared to the reported data of PBF
and DED manufacturing, the elongation obtained in this study was 20% to 80% higher. The
reason might be due to the fact that there is a significant strain field in the PBF and DED
manufactured samples that makes a drop in ductility. Some improvements in ductility from

the presence of annealing twins has also been reported elsewhere 4,

2.5.3 Influence of sintering on the fracture mode

The SS316L sintered specimens were fractured in a ductile manner. The spherical dimples
observed in Figure 2-10d appeared similar in size and uniformly distributed throughout the
fractured surface. This mode of fracture is predicted to be caused by the presence of oxide

inclusions, as shown in Figure 2-7, which acted as the void nucleation sites ®. The inclusion
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content, compared to SS316L wrought, is suspected to have led to the voids coalescence into
a single crack that lead to the fracture during in tension. As a result no secondary central
cracks nor parabolic dimples were found in the fractography. It is pertinent to note that the
presence of parabolic dimples indicates shear fracture 1%, Therefore, the absence of these
features in the sintered fracture structure suggests that the material failed in pure tension %,
The presence of larger voids indicates coalescence in both the wrought and sintered tensile

specimens, as shown in Figure 2-10b and Figure 2-10d, respectively.

Another characteristic observation in the fracture surface of the SS316L sintered specimen
was the lack of a cup-and-cone shape at the necked region, as shown in Figure 2-12, which is
a common feature of a ductile fracture % . The reason can be explained by the tensile flow
instability phenomena . In short, for a tensile specimen with a rectangular cross-section two
types of tensile flow instabilities can take place, i.e., diffuse and localised necking. The
transition from diffuse to localised necking, as well as the final extent of each instability
mode, depends on the capacity of the material to accommodate strains before the geometrical
softening cancels its strain hardening ®. In other words, when comparing two metals, the one
with the higher strain-hardening exponent (n) will tend to maintain the rectangular shape of
its cross-section for a longer period during the tensile test before the fracture, than the metal
with the smaller n-value. The n-value was calculated for both sintered and wrought materials
to predict the mode of behaviour by using the tensile test data and following the procedure
reported in %8 The values were 0.56 and 0.44 for the sintered and wrought material,
respectively. It can be seen from the different necked regions in the sintered and wrought
specimens in Figure 2-12, that the final instability mode was affected by the different n-
values. As a result, the sintered specimen showed a larger localised necking than the
wrought. Furthermore, when comparing the present investigation results with those from
pure copper (99.99%) rectangular tensile specimens, it was found that the instability of the
copper specimens was dominated by localised necking, making no cup-and-cone shape 1%,

because copper has an identical n-value of 0.54 %,
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Table 2-4: Summary of mechanical properties, powder size, grain size and final porosity of
SS316L manufactured by Metal FFF, PBF, DED, MIM, PM and standard requirements for
UNS S31603 and MIM-316L grade

Young’s Yield Tensile  Elongation Powder  Grain Final
Manufacturing modulus  strength strength  at fracture size size  porosity
technology (E) (Sy) (Su)
(GPa) (MPa) (MPa) (%) (um)  (um) (%)
Metal FFF (this work) 196 166 524 96 d905.0 40% 1.27
23
Metal FFF % 93-154 168-187 409 -499 17-37 n/s 75+ 19-21
20
Metal FFF 8 185+5 155-165 500 -520 32-37 n/s 25+3 05-17
Metal FFF 8 n/s 93-105 219-312 6-13 n/s n/s 4.6
Metal FFF 8 n/s n/s 412 56.3 3-15 n/s 7.5
Metal FFF 8 1572 + 148.0 £ 4439 + 433+25 1-10 n/s 9.8
4.5 4.5 5.9
Meta FFF 15 198 252+7 521+16 9 20-53 45%5 7
Metal FFF 168 132 £ 65 n/s 296 + 78 32+16 n/s n/s 16
Metal FFF 172 n/s 251 561 53 n/s n/s n/s
Metal FFF % n/s 194+19 441+27 295+38 30-50 n/s 7.8
Metal FFF 106 152 167 465 31 n/s n/s 15
PBF ¢ 219+41 517+38 687+40 32+5 20 - 63 n/s <0.2
PBF " n/s 430-536 509 - 668 12-25 20-50 1 14-48
DED ! 204-218 201-284 457 -509 27-42 44 - 106 n/s <1.0
DED 162 n/s 388+42 588 +53 48 + 6 50-150 <10 0.1-0.2
PM SS316L 17° 103-144 176-289 308 - 468 11-19 typ. 12 n/s 12.7 -
20.6
MIM SS316L 1" 185 180 520 40 n/s n/s n/s
UNS $31603 17 202 181 min. 170  min. 485 min. 40 n/a n/s n/a
MIM-316L 1% 190 min. 450  min. 450 min. 40 n/s n/s n/s

2.6 Conclusions

Stainless steel 316L was additively manufactured with a sinter-based extrusion technology.
A detailed microstructure characterisation, tensile tests, and fractography were conducted to
investigate the effects of sintering in the final microstructures and mechanical behaviour of

the manufactured materials. Based on the results the following conclusions can be drawn:

1. The SS316L sintered samples revealed an annealed microstructure composed of
fully austenitic grains with an average grain size of 40 um and 1.27% v/v of
combined porosity. None-metallic particles, such as Si-Mn-O and Cr-Mn-O
inclusions, were also obtained. Nanosized Si-Mn-O-type were found in the initial
pre-alloyed SS316L powder, probably as a sub-product of its atomisation process.
Further research is required to elucidate the mechanism responsible for the
transformation of the Si-Mn-O inclusions into the Cr-Mn-O particles during

sintering. Thermodynamic stability studies followed by different stages of sintering
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and in-depth microstructural analyses using methods, such as TEM-based

techniques, will bring new insights into this complex phenomenon.

The SS316L sintered samples had a Young’s modulus, tensile strength, and ductility
comparable to those of a standard UNS S31603 grade; nevertheless, with a yield
strength 2% lower than the specified minimum value. The main reason for the lower
yield strength was attributed to the relatively large grains as defined by the general
Hall-Petch relationship. The detrimental effect of porosity content requires further

investigation.

The SS316L sintered samples revealed a ductile fracture in pure tension with two
distinctive features: i) a fractured surface with uniformly distributed spherical
dimples and no secondary cracks, and ii) a necked region without the typical cup-
and-cone shape. The first type of fracture surface was proposed to be the product of
the larger number of oxide inclusions present in the microstructure compared to the
wrought case, leading to the formation of multiple voids coalescing into a single
crack. The second fracture surface case was associated with the capacity of the
sintered samples to accommodate a larger amount of strain-hardening during the
tensile test, compared to the SS316L wrought specimens, which reduced the effect
of the diffuse necking while promoting the localised necking instead as the

dominating instability mode.
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Chapter 3: Laser-based powder bed fusion of SS316L.:
Microstructures and Crystallographic Texture

This chapter corresponds to a publication that has been reformatted to align with the overall
style of the thesis and to address the comments from the examiners.

Publication:

Santamaria R, Salasi M, Rickard WD, Pojtanabuntoeng K, Leadbeater G, lannuzzi M, Reddy
SM, Quadir MZ. Crystallographic Texture and Substructural Phenomena in 316 Stainless
Steel Printed by Selective Laser Melting. Materials. 2023 Jun 9;16(12):4289.
https://doi.org/10.3390/mal6124289
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Crystallographic Texture and Substructural Phenomena in 316
Stainless Steel Printed by Selective Laser Melting

3.1 Abstract

There is a fast-growing interest in the use of selective laser melting (SLM) for metal/alloy
additive manufacturing. Our current knowledge of SLM-printed 316 stainless steel (SS316)
is limited and sometimes appears sporadic, presumably due to the complex interdependent
effects of a large number of process variables of the SLM processing. This is reflected in the
discrepant findings in the crystallographic textures and microstructures in this investigation
compared to those reported in the literature, which also vary among themselves. The as-
printed material is macroscopically asymmetric in terms of both structure and
crystallographic texture. The <101> and <111> crystallographic directions align parallel
with the SLM scanning direction (SD) and build direction (BD), respectively. Likewise,
some characteristic low-angle boundary features have been reported to be crystallographic,
while this investigation unequivocally proves them to be non-crystallographic, since they
always maintain an identical alignment with the SLM laser scanning direction, irrespective
of the matrix material’s crystal orientation. There are also 500 + 200 nm columnar or cellular
features, depending on the cross-section, which are generally found all over the sample.
These columnar or cellular features are formed with walls made of dense packing of
dislocations entangled with Mn-, Si- and O-enriched amorphous inclusions. They remain
stable after ASM solution treatments at a temperature of 1050 °C, and therefore, are capable
of hindering boundary migration events of recrystallization and grain growth. Thus, the
nanoscale structures can be retained at high temperatures. Large 2—4 um inclusions form

during the solution treatment, with heterogeneous chemical and phase distribution.

3.2 Introduction

Selective laser melting (SLM) is a powder-based 3D printing/additive manufacturing (AM)
technique for fabricating complex metallic parts with custom-designed internal and/or
external structures. In SLM, a digital system drives a high-power laser beam, up to 1 kW,
along a predesigned track to melt and fuse metallic powder particles layer by layer to build a
complex metal/alloy shape and/or internal structures that otherwise would be impossible to
fabricate with conventional metal processing techniques. SLM was initially developed
almost two decades ago 1%, but until recently, it has primarily been used in laboratory-scale
and industrial prototyping "> 17-1%°, Qver the last ten years, the manufacturing sector has
shown a keen interest in using SLM for industrial mass production. This is primarily due to
improvements in SLM printing hardware, e.g., laser precision, powder manufacturing, etc.,

thus reducing time and production costs, as well as increasing the inherent metallurgical
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benefits of SLM manufacturing "2 1°7:1%_SLM provides a high degree of freedom in alloy
compositions, covering both conventional and exotic mixtures, e.g., high-entropy alloys, and
provides for post-heating treatments 2°-22, There are also unique metallurgical benefits in
terms of the lightweighting and strengthening of material via the control of solidification
rates and compositional gradients. These benefits are not possible, or are highly restricted, in
conventional metal casting and subsequent thermomechanical processing (TMP) 23295, As a
result, the SLM technique is rapidly being incorporated into industrial manufacturing 206-28,
particularly in the aerospace, automotive, biomedical and energy sectors 20°-21,

The metallurgical process variables between conventional metal processing and SLM are
significantly different 212 213, Consequently, the material properties, structures (at macro,
micro and nano scales), and application performance have large differences, even for the
same alloy composition. Nevertheless, it should be noted that the majority of metal AM
techniques are developed from the concept of conventional technigues such as casting,
welding, powder processing and/or cladding. These conventional techniques are not ideal
when developing additive manufacturing process parameters and variables, and Aboulkhair
et al. 22 recently summarized the SLM process variables, and their differences compared to
conventional processing. For instance, castability and weldability are considered the primary
characteristics for a given alloy’s suitability for SLM fabrication. Indeed, there are marked
differences between the solidification rates and conventional welding parameters and those
involved in SLM. Likewise, the remelting and rewelding during subsequent SLM scanning

creates a thermal effect that has some similarities to conventional TMP 1%,

Our current SLM knowledge is limited to a handful of alloy systems, including aluminium
213-216 gand titanium 204 217218 gloys, as well as some studies on stainless steel 219222, nickel 22>
226 cobalt 227230, copper 2! and magnesium %2 alloys. Consistent and systematic
investigations are essential to developing a detailed understanding of the effect of process
variables on the microstructures and ultimate physical properties of SLM-printed materials;
as such, it has taken many decades of research to reach the current level of knowledge for a
given alloy system for a given conventional processing. The SLM journey has commenced,
and the processes, microstructures and properties of materials processed in this way are in
high demand because of the significant benefits and rapid growth of the technique. This
paper presents a comprehensive analysis of the crystallography and composition of structures
in an SLM-printed 316 stainless steel (SS316) in the macro to the nano scales for advancing

and rectifying our understanding on the structural and crystallographic texture phenomena.
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3.3 Materials and Methods

SLM printing was conducted with a 3D system Pro X DMP 320 machine provided by a
commercial 3D printing service company (Amiga Engineering, Tullamarine, VIC,
Australia). A SS316 powder feed supplied by TLS Technik GmbH & Co (Bitterfeld-Wolfen,
Germany) with 45 + 10 um average size was used to print a rectangular block 40x40x2 mm
(X:Y:Z), see the schematic in Figure 3-1a inset. The other SLM parameters were 30 um
layer thickness, 250 W laser power, 900 mm/s laser speed, 30 um scan resolution, parallel
raster pattern with 0° rotation, and high-purity argon as the shielding gas. The feed chemical
composition was provided by the supplier as 0.02 wt.% C, 0.51 wt.% Si, 1.0 wt.% Mn. 17.5
wt.% Cr, 2.3 wt.% Mo, 11.1 wt.% Ni, and Fe balance.

EBSD cross
section

A il i ) o ) y T
Figure 3-1: EBSD-measured color-coded IPF map of the as-printed SLM sample, taken from

the transverse direction (TD), showing the orientation along the (a) BD and (b) SD. The
insets in Figure 1a show the optical microscopy image and the EBSD cross-section

The printed material was subjected to an isothermal solution treatment at 1050 °C for 4 h in

an argon-purged furnace followed by immediate water-cooling. The longitudinal cross-
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section, see the schematic in Figure 3-1a inset, of both the as-printed and heat-treated
samples were cut, mechanically polished down to colloidal silica finish, and then ion milled
with a Technoorg Linda SEMPrep 1l system (Budapest, Hungary) to obtain a defect-free
surface suitable for investigation by electron backscattered diffraction (EBSD) investigation.
The ion milling parameters were 8 kV, 6° tilt and 360° rotation. EBSD was conducted with
an Oxford Instruments SymmetryTM system attached to a Tescan Mira (Brno, The Czech
Republic) field emission scanning electron microscope (FE SEM) operated at 15 kV beam
energy. Iron FCC (face-centred cubic) phase from the Oxford database was used for
indexing EBSD patterns and the Oxford Instruments’ AztecCrystal software v.2.1.259 was
used to post-process and analyse the EBSD data.

Site-specific transmission electron microscopy (TEM) samples were prepared from bulk
samples using a Tescan Lyra Ga+ (Brno, The Czech Republic) focused ion beam (FIB)-
SEM. The final polishing step was performed with a low beam energy of 2 kV to minimize
ion beam damage. A FEI Talos FS200X G2 (Waltham, MA, USA) FE TEM was used for the
TEM investigation and was operated at 200 kV. Elemental mapping was conducted by an
energy dispersive spectroscopy (EDS) attached as two pairs of a FEI Super X detection
system. Location-specific diffraction analysis was performed using selective area diffraction
(SAD) with an aperture with a diameter of 200 nm and convergent beam electron diffraction
(CBED). A double tilt holder was used to tilt the sample to the intended crystallographic
zone axis by navigating through the CBED generated Kikuchi pattern. TEM imaging was
conducted both in conventional and scanning TEM (STEM) modes. For STEM, the bright
field (BF) and high-angle annular dark-field (HAADF) mode were used to enhance
diffraction and atomic number contrast, respectively. TEM data acquisition and analysis was
undertaken using Velox software and diffraction data analysis was conducted using the

international centre for diffraction data (ICDD) database.

3.4 Results and Discussion

3.4.1 Structural Symmetry and Crystallographic Texture

Figure 3-1a,b show EBSD color-coded inverse pole figure (IPF) maps in the building
direction (BD) and scanning direction (SD) in a BD-SD cross-section from an SLM-printed
block. The investigated cross-section schematic is shown in the inset in Figure 3-1a, in
which the terminology of the orthogonal print axes is shown, in convention with comparable
studies, e.g., 2. In Figure 3-1, the optical micrograph shows the characteristic print features
in an SD-TD surface previously reported in numerous investigations 4 10% 23323 Erom the

IPF maps, it is clear that the BD and SD were predominantly oriented along the <111> and
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<101> crystal directions, respectively. It has been well-established that crystallographic
texture in iron controls its anisotropy in mechanical, thermal, magnetic and optical
properties. The observed macroscopic crystallographic texture is therefore likely to play a
fundamental control on the anisotropy of physical properties in SLM-printed SS316. The
thick and thin black lines in the EBSD map represent the high-angle (>15°) and low-angle
(3-15°) misorientation boundaries, respectively. The high-angle boundaries are broadly
parallel to the laser scanning tracks associated with printing. There was no evidence of the
formation of the >'9 twin boundary (<111>60°) in the as-printed sample. This finding is
consistent with the other literature, where no twin boundaries were reported in SLM-printed
SS3186, although the wrought form of the material contained annealing twins 2% The
formation of twin boundaries is generally promoted by low solidification temperatures 235 2%,
Therefore, in the case of SLM-manufactured SS316, where solidification occurs almost
instantly at cooling rates ranging from 1073 to 107 K/s 72 73 237.238 the formation of twin
boundaries is hindered. This rapid cooling prevents sufficient time for the atoms to
rearrange, which in turn delays the nucleation and growth of twin boundaries. This is in
contrast to wrought SS316L, where cooling rates are much slower and facilitate the

formation of twin boundaries 0% 234,

In the IPF map presented in Figure 3-1b, there are thin <001>-oriented layers, coloured in
red, between thicker <101>-oriented printing tracks, coloured in green. These green and red
layers are called ‘major’ and ‘minor layers’ by Sun et al. ?*° (pp. 89-93). The thickness of the
major and minor layers varied between 100 and 200 pm and 50 and 100 pum, respectively,
suggesting an overall crystallographic relationship between the major and minor layers. In
both IPF maps, there are other orientations in the major layers, which are present in the red
and green regions in Figure 3-1a, and red and blue regions in Figure 3-1b. EBSD analysis in
the TD revealed mixed orientation, not presented in the Figure 3-1. These findings suggest
that a sample-scale macroscopic crystallographic texture forms in SLM-printed SS3186,
which is consistent overall with the recent literature, but the reported textures vary in terms
of crystal orientation 22242, An epitaxial growth mechanism between the major and minor
layers is regarded as the origin of the overall texture development 2. However, lattice
epitaxy requires a perfect match between two lattice interfaces with common coincident
sites, which is somewhat unrealistic to imagine in the SLM-printed material, because it
contains a continuous change in orientation, as reflected by a gradual change in colour within
short distances in the EBSD maps. Hence, a separate in-depth investigation at a finer length
scale is required to find out whether there are epitaxies over short distances, and if this

collectively develops the overall texture.
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In Figure 3-2a, the misorientation boundaries are elucidated in a higher-resolution, 200 nm
step size, IPF map, whereby the SD is plotted as per the color-coded IPF section in the inset.
As before, the high- (>15°) and low-angle (3-15°) boundaries are represented by thick and
thin black lines, respectively. The corresponding Kernel average misorientation (KAM) map
is shown in Figure 3-2b, in which each data point represents the mean orientation difference
with the eight surrounding neighbouring points. The blue-yellow-red legend in Figure 3-2b
indicates the relative KAM intensity. There is a correlation between Figure 3-2a,b, viz.,
comparison of the white encircled areas shows that the high-stored-energy spots have a
higher density of misorientation boundaries. This observation can be understood in relation
to dislocation density because a higher dislocation density is required to accommodate any
misorientation. There were also regions of low stored energy. One such example is
encompassed with a white rectangular box, within which there is a small orientation
variation, represented by a minor change in the IPF colour variation. Such low
misorientation variations indicate the presence of dislocation mesh and cell structures, which
usually accommodate relatively less energy 243, Therefore, the as-printed sample showed an
overall heterogeneous distribution of the stored energy. This finding explains the spatial

variation of the micro- and nano-scale mechanical data in the SLM-printed material 244 24°,

Figure 3-2a also reveals several other morphological features of the boundary. For example,
the majority of the boundaries were straight, though there were several high-angle
boundaries that had convoluted trajectories, some of which are indicated with white arrows.
This phenomenon indicates the occurrence of a thermally induced restoration process,
perhaps from the heat flow from the subsequent SLM scanning 2*%. It is important to note
that the boundaries depicted in Figure 3-2 are also present in Figure 3-1. However, Figure 3-
1 provides a broader field of view, making the details of the boundaries less apparent. Figure
3-2 complements Figure 3-1 by offering a closer view (or finer scale) that provides
additional information about the boundary features. There was no sign of recrystallization, as
noted by an absence of a trailed region with a uniform orientation behind a migrating high-
angle boundary 2*3. The convoluted high-angle boundaries are expected to have formed
during solidification or due to subsequent thermal restoration 43, although the process did

not progress to the boundary migration stage of recrystallization.
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Figure 3-2: Higher-resolution EBSD maps of the as-printed SLM sample showing (a) color-
coded IPF map of SD to illustrate the inhomogeneities in the high (>15°) and low-angle (3—
15°) boundary distribution and their alignments with the SD and (b) the corresponding
inhomogeneities in the KAM plot

3.4.2 Substructural Features

There is a profuse presence of straight misorientation boundaries in Figure 3-2a, which are
aligned, within a certain angular range, with the SD, as indicated by the black lines. Some
straight boundaries are aligned along the SD, as shown in Figure 3-2a, which is <101> of the
lattice direction. A small fraction also aligns at the right angle, in short segments indicated
with the black arrows, which is along the BD ||<111>. The remainder, accounting for the
largest fraction of straight boundaries, are aligned in the +30° - 45° angular range, with the
highest frequency being around +35°. Some boundary combinations also resemble a leaf
vein structure, with changing directions; one such example is circled in black at the right
bottom of Figure 3-2a. Therefore, the overall alignment of the straight boundaries is rather
complex, which Dinda et al. 2*¢ (pp. 2152-2160) described as a function of the laser scanning
strategy. In some recent studies, the boundaries appeared to have a coincidence with the

39



crystallographic planes, most commonly along the {100} plane trace, e.g., SS316-, Ni-25%
(Mo, Nb and Ti)-, Al-, Ta-, Ti-Mo-Zr-Al- and Mo-Si-alloys 2% 240.246-251 A fewy mechanisms
for the formation of these textures have been outlined in the published literature based on the
formation of the solid/liquid interface in order to explain their crystallographic origin. The
scan rate and laser energy have been reported to play a vital role in this regard 2. In this
investigation, however, the alignment of the straight boundaries invariably remained
identical within an angular range with the SD, irrespective of the matrix orientation, as
shown in Figure 3-2a. For instance, the boundary orientations in the blue-, located in the
upper left, and red-oriented regions comprise the same angular alignments with SD as the
boundaries found in the vast majority green regions. This suggests that the low-angle straight
boundaries are non-crystallographic, viz., they do not preferentially form on a particular
lattice plane trace(s). Although this conclusion is made based on unequivocal evidence, it
should be noted that only a 3D EBSD can reveal the real crystallography of a 3D interface.
There is evidence that 2D trace analysis of 3D boundary features may lead to misleading
conclusions. One such example is the low-angle microband boundaries that form in high
stacking fault energy materials that have been claimed to be both crystallographic 2% and
non-crystallographic 2°*. This debate continued until reconciliation was achieved on the basis
of a 3D EBSD investigation 2% 2%,

A recent article by Pham et al. 242 (p. 749) accounts for the variations in boundary formation
in SLM-printed SS316, such as those seen in Figure 3-2a. The fundamental basis remains
identical to the previous reports, viz., the boundaries form along the solid-liquid interface
during the solidification process 2% 257.258 [n Pham et al.’s simulation work, it was
demonstrated that side branching occurs, similarly to the current findings shown in Figure 3-
1 and Figure 3-2, during the solidification process, and thus alters the shape of the
solidifying boundary front. As a result, the alignment of the solidification interface changes,
and therefore, the formation of low-angle boundaries takes place over a wider angular range.
The magnitude of side branching depends on a number of factors, primarily on the thermal
gradient and heat flux, and the SLM parameters that control these two. Each narrative in the
literature on low-angle crystallographic boundary formation, including Pham et al.’s study, is
overwhelmed by the assumption that the solid/liquid interface appears as a crystallographic
lattice interface. However, physical details on the mechanism by which the habit plane or
rotation axis correlate with a preferred crystal plane or direction are missing. Therefore, the
mechanism of low-angle boundary formation is rather complicated, because of the
simultaneous occurrence of rapid solidification with the complex mechanical interaction of
the semi-solid pool by laser beam movement. In addition, there is thermal pulsing during the

subsequent overlay of layers.
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Numerous investigations have reported columnar structures that also appear as fine cellular
structures in the transverse cross-section of SLM-printed SS316 7429260 An example of
such a cell structure is shown as an SEM image in the inset of Figure 3-3a. Unlike the low-
and high-angle boundary structures in Figure 3-1 and Figure 3-2, this structure was found
homogeneously throughout the sample. These cellular structures have been reported to vary
in size from 0.25 to 1.2 pm, with the actual size having an inverse relationship with the laser
scanning speed. 2% 261,262 |t has been observed that these structures exhibit a weaker
strengthening effect compared to the grain boundaries of the microstructure 262, Because of
the submicron-scale fineness of the cellular structures, an electron-transparent TEM sample
was prepared using FIB-SEM site-specific lift-out methods. Figure 3-3a shows a HAADF
STEM image of the TEM sample, in which the columnar structures are sub-vertical in the
cross-sectional lamellae. The walls of the columns are densely populated with dislocations,
and the walls are spaced parallel at an average distance of 500 nm. These boundaries were
also decorated with 5-30 nm spherical particles. The particles were tangled within the
boundary dislocations, see higher magnification image in Figure 3-3b, and created a pinning
effect. These particles are likely to have restricted any thermally activated migration, and
thus, restricted the structures to the nanoscale. The dislocation walls were 50—-150 nm in
thickness and are expected to have created a strain field, which became apparent through the
diffraction contrast in the BF STEM imaging in Figure 3-3c, which was taken after tilting the
sample so that the boundaries were edge-on. These dislocation features are expected to
provide elevated strengthening in the SLM-printed SS316 material over the conventionally
processed grade that usually comprises large equiaxed grains, hundreds of um in size, and
twin boundaries. This is reflected in a 20-50% improvement in the tensile strength of SLM-
printed SS316 over the conventional grade with an identical chemical composition ™. The
strength can also be improved by changing the laser strategy that works at a larger length
scale. While further discussions of mechanical properties are outside the scope of this paper,
it is expected from the results presented herein that superior strengthening at the micro and
nano scale can be achieved in SLM-printed grade due to the retention of nanostructures and

the formation of inclusions due to the rapid cooling (~1073-10"5 K/s) of SLM solidification
263
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Figure 3-3: HAADF STEM images showing (a) particle decorations in the dislocation-
constituted boundaries of the commonly found fine cell structures (in the inset) in the SLM-
printed sample. (b) Particle pinning at the dislocation boundary in a higher-magnification
HAADF STEM image of the white rectangular area located in subfigure (a). (¢c) BF STEM
image showing the strain field width of the dislocation boundaries at the boundaries edge on
titled condition

The darker appearance of the particles in the HAADF STEM images in Figure 3-3 indicates
that they had a lower average atomic weight than the matrix. In Figure 3-4, an area was
selected that contained larger particles, and these were subjected to elemental analysis by
STEM-EDS. Elemental maps revealed that the particles were rich in Mn, Si and O.
Significant efforts were devoted to determining the crystallographic identity of the inclusions
using SAD and CBED diffraction techniques, but no diffraction spots were observed other
than those from the FCC iron matrix, and therefore, these particles are likely amorphous.
This finding is consistent with the report by Salman et al. 2° (pp. 205-212). It is pertinent to
note that Shibata et al. 264 (pp. 522-528) found larger particles, ~1 pm, with identical
morphologies in cast SS316. These were characterized as MnO-SiO- particles, solely based
on the chemical ratio measured by electron probe microanalysis and thermodynamic
calculations. In some cases, they also found a small association of Cr,Os. In regard to the
current study, it is important to note that Cr was not measured within the particles, and no
Cr-C crystalline diffraction patterns were observed. Therefore, Cr is expected to remain in
the solid solution to provide the intended stainless property in the SLM-printed SS316.
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Figure 3-4: HAADF STEM image (top) of the nanoparticles and corresponding EDS-
measured elemental maps (bottom) of the white rectangular area, showing that the particles
are rich in Si, Mn and O content in the as-printed SLM sample

3.4.3 Solution treatment structures

A solution treatment at 1050 °C for 4 h, per ASM 2% recommendations, of the as-printed
sample is expected to anneal any thermally unstable microstructures, and to ensure a uniform
Cr dissolution into the matrix. It is pertinent to note that the stainless properties are impaired
in conventional-grade SS316 because of the inadequate presence of atomic Cr in the solution
that occurs due to Cr-C formation. The solution treatment brings the Cr atoms back to the
matrix as solutes. Cr-containing inclusions were not observed in the samples in this study,
see Figure 3-3 and Figure 3-4, which suggests that the solution treatment is not needed for Cr
dissolution purposes in the SLM material. However, the heterogeneous boundary structures
shown in Figure 3-2 may result in an uneven Cr distribution, because dislocations are
naturally preferable sites for solute atoms. Therefore, the solution treatment may indeed

promote an even Cr concentration.

Interestingly, only a subtle change took place in the substructures during the 1050 °C
solution treatment. Figure 3-5a,b present a comparative view in the form of KAM maps that
reveal an overall reduction in the KAM-intensive boundary density after the solution
treatment. The solution-treated structure is also shown in the BF STEM micrograph in
Figure 3-5c, in which the dislocation-constituted boundaries underwent a thermal relaxation
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process, compared with Figure 3-3, viz., the boundaries were curved and the dislocations
were dissociated. The rectangular area in Figure 3-5c¢ is magnified in the HAADF STEM
image in Figure 3-5d. Analysis revealed boundary pinning by the inclusions that were found
in the as-printed sample in Figure 3-3 and Figure 3-4. They were measured to contain Mn, Si
and O as per the as-printed sample. Overall, the inclusion density was significantly reduced
by the solution treatment, perhaps because of some degree of dissolution and/or
agglomeration. The high stability of the inclusions after the solution treatment at 1050 °C
explains why recrystallization and grain growth did not take place in the SLM-printed
material. Previously, Shibata et al. 2%* (pp. 522-528) reported that amorphous Mn-Si-O
particles remain stable even after 1200 °C solution treatment in cast SS316, where grain
growth was not prevented because the density was low and the inclusions size was large, >1

um.

(a)As printed SLM (b) Solution treated SLM

Figure 3-5: EBSD-measured high-resolution KAM map showing the differences in the stored
energy distribution between the (a) as-printed and (b) solution-treated SLM samples in the
BD-SD cross-section. TEM investigation of the solution-treated sample shows (c) the
changes in the dislocation boundary structures in a BF STEM image and (d) the retention of
boundaries by particle pinning in a magnified HAADF STEM image of the rectangular area
marked in subfigure (c)

It is important to note that inclusions 2—4 um in size were also observed in the solution-
treated sample that were absent under as-printed conditions. An example is shown in the
upper inset in Figure 3-6a, whereby a TEM lamella was prepared by FIB and presented as a
STEM HAADF image (Figure 3-6a) in order to determine the chemical distribution within
the inclusion. The surrounding iron matrix appears brighter. It should be noted that it was
identified via TEM-EDS that the inclusions were rich in Mn, Si, and O, although there were
also Cr- and O-rich regions within the inclusions, which can also be seen as brighter regions,
as indicated by arrows, in the darker overall matrix. An SAD pattern was taken of the
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marked area and indexed as Cr3Oy, as illustrated in the lower inset of Figure 3-6a. The iron
matrix also contained Cr, which was expected as the solute. These findings suggest that
during the solution treatment, a large fraction of the nano-sized inclusions agglomerate into
large 2-4 pm inclusions. The Cr from the solid solution also diffused and participated in the
formation of inclusions, since Cr was not found in the inclusions in the as-printed sample.
Overall, the localized corrosion resistance of the as-printed SLM-manufactured SS316 is
excellent, which has been attributed to factors such as the absence of sulphides, the presence
of a more stable passive film, lower rates of metastable pitting, and a higher pitting potential
compared to its wrought counterpart 7"’°, However, the presence of these large inclusions
with heterogeneous chemical and structural distribution after heat treatment, as reported in
this work, has been shown to be detrimental to the alloy’s resistance to localized corrosion
by decreasing its pitting potential 1°. Therefore, the solution treatment recommended by
ASM 25 for conventional SS316 is, indeed, expected to be detrimental to the SLM-printed

material.

SLM-manufactured SS316 components have shown excellent mechanical properties 76 and
localized corrosion resistance 7%, often surpassing their conventionally manufactured
wrought counterparts. Therefore, it is crucial to evaluate their performance against common
damage mechanisms observed in the energy sector, such as stress corrosion cracking (SCC)
or hydrogen-induced cracking (HIC), in both as-printed and heat-treated microstructures.
Additionally, exploring the optimization of properties through variations in printing

parameters or the utilization of post-processing steps would be of great significance.
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Figure 3-6: The structural and chemical heterogeneity of inclusions in the solution-treated
SLM-printed sample is shown in (a) the HAADF STEM image, and (b—e) the corresponding
elemental mapping for Si, Mn, O, and Cr, respectively. The insets in (a) show the inclusion
from which the TEM sample was prepared, and the indexed SAD pattern of Cr;O. from the
SAD-labelled area

3.5 Conclusions

In this investigation, a thorough microscopic characterization of SLM SS316 under as-

printed and solution-annealed conditions was conducted at the macro, micro and nano scales.
The findings suggest some of the existing findings are inconclusive or imprecise, and require
further investigation to mature our knowledge in this area. The conclusions of this study can

be summarized as follows:

1. SLM-printed material possesses an asymmetric crystallographic texture and material

structure. The microstructure has a distinctive structural morphology along the
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orthogonal axes of the sample, and develops crystallographic textures in SD |[<101>
and BD ||<111>.

Heterogeneous distribution of misorientation boundaries and stored energy were
found throughout the SLM-printed structures. Twin boundary formation was not

observed in either the as-printed or solution-annealed samples.

In the as-printed structures, the typical straight misorientation boundaries were
characterized as being non-crystallographic. The boundaries maintained general
alignment with the SD within an angular range, irrespective of the matrix’s crystal

orientation, although there were occasional coincidences with crystal plane traces.

The high-angle boundaries in the SLM substructures underwent thermal restoration,
which was activated by the heat originating from the printing of the subsequent
layer. Pinning by the nano inclusions hindered classical recrystallization, and thus,
prevented the formation of a defect-free annealing structure, even after 4 h of
solution treatment at 1050 °C.

A nano-scale lamellar structure with a width of 500 £ 200 nm formed
homogeneously throughout the printed material. Depending on the orientation, the
structures appeared with cellular or columnar morphologies in SEM and TEM
images. Their boundaries contained dense dislocation structures tangled with fine
amorphous inclusions containing Mn, Si and O. Cr was not found above the limit of
detection in the inclusions. Hence, Cr remains in the matrix to provide the stainless

properties.

Some degree of dissociation of the dislocation boundaries occurred during the
solution treatment, but the overall refined structures were retained. Additionally,
inclusions with a size of 24 pum formed, consisting of composite structures and
chemical distribution. These inclusions can have detrimental effects on the localized

corrosion resistance of the alloy.
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Chapter 4: Sinter-based material extrusion of SS316L:
Stress corrosion cracking susceptibility and crack-
branching behaviour

This chapter corresponds to a publication that has been reformatted to align with the overall

style of the thesis and to address the comments from the examiners.

Publication:

Santamaria R, Wang K, Salasi M, lannuzzi M, Mendoza MY, Quadir MZ. Stress Corrosion
Cracking of 316L Stainless Steel Additively Manufactured with Sinter-Based Material
Extrusion. Materials. 2023 May 26;16(11):4006. https://doi.org/10.3390/mal16114006
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Stress Corrosion Cracking of 316L Stainless Steel Additively
Manufactured with Sinter-Based Material Extrusion

4.1 Abstract

This study investigates the stress corrosion cracking (SCC) behaviour of type 316L stainless
steel (SS316L) produced with sinter-based material extrusion additive manufacturing (AM).
Sinter-based material extrusion AM produces SS316L with microstructures and mechanical
properties comparable to its wrought counterpart in the annealed condition. However, despite
extensive research on SCC of SS316L, little is known about the SCC of sinter-based AM
SS316L. This study focuses on the influence of sintered microstructures on SCC initiation
and crack-branching susceptibility. Custom-made C-rings were exposed to different stress
levels in acidic chloride solutions at various temperatures. Solution-annealed (SA) and cold-
drawn (CD) wrought SS316L were also tested to understand the SCC behaviour of SS316L
better. Results showed that sinter-based AM SS316L was more susceptible to SCC initiation
than SA wrought SS316L but more resistant than CD wrought SS316L., as determined by the
crack initiation time. Sinter-based AM SS316L showed a noticeably lower tendency for
crack-branching than both wrought SS316L counterparts. The investigation was supported
by comprehensive pre- and post-test microanalysis using light optical microscopy (LOM),
scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), and micro-

computed tomography (micro-CT).

4.2 Introduction

Additive manufacturing (AM) encompasses the technologies used to create physical objects
from digital data by successively joining materials °°. Sinter-based material extrusion, one of
the AM technologies categorized by the International Organization for Standardization (ISO)
% is gaining popularity due to its ease of use, low running and maintenance costs, and
reduced safety risks 8 €, Sintered-based AM involves a multi-step approach that
incorporates the principles of fused filament fabrication (FFF), also known as fused
deposition modelling (FDM), powder metallurgy (PM), and metal injection moulding
(MIM). The process starts by heating the pre-alloyed powder-bound feedstock to the binder’s
melting point, and then extruding it through a nozzle to fabricate the so-called “green part”.
In the subsequent step, the primary binder is removed through full immersion in a solvent
bath that leaves a component consisting of powder held by the secondary binder. This so-
called “brown part” is still incomplete in terms of engineering properties. Therefore, in the
final step, the component is strengthened by heating it just below the alloy’s melting point,
allowing the metal particles to sinter and create a structure that requires minimal post-

processing or machining. The resulting sintered microstructure has been reported to have a
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weak crystallographic texture, relatively large equiaxed grains, and a high population of =3
twin boundaries, pores, and oxide inclusions 8. %4 149,151,153 ‘These characteristics diverge
from the typical columnar grains found in other AM technologies where the heat follows the
dissipation route, such as laser-engineered net shaping (LENS) 266267  electron beam additive
manufacturing (EBAM) 268 269 and laser-based powder bed fusion (LPBF) 270271,

Stress corrosion cracking (SCC) is a form of environmentally-assisted cracking (EAC),
typically nucleating from localized corrosion sites when susceptible materials are exposed
above a threshold stress in specific corrosive environments 5 °2, For instance, in
conventional austenitic stainless steels, cracks originate from pits that create the stress
concentration and acidic environment required for cracking 2’228, The trajectory of the crack
is determined by the energy associated with its propagation process. Therefore, secondary
cracks, or crack-branching, occur due to the presence of an obstacle or a more energetically
favourable path 27°. The presence of a tensile stress, either residual, applied, or both, along
with a specific corrodent, are required for SCC to occur. Moreover, the cracks can grow and
propagate at much lower stress levels than those needed to fracture the material without the
corrodent © 10.46.48,280.281 ‘Therefore, brittle SCC fracture can occur on otherwise highly

ductile materials 1% 4748,

Austenitic stainless steel UNS S31603 (SS316L) is considered an excellent material for
engineering applications due to its exceptional ductility, weldability, and corrosion resistance
8.10.282 ts Jow carbon content (max. 0.035% 28%) has largely eliminated sensitization of its
microstructure, which is responsible for intergranular SCC 8 1% 282 However, when exposed
to hot environments containing halides, stressed SS316L can still experience transgranular
SCC 791246 Consequently, SCC poses a significant threat to the integrity and reliability of
equipment in the energy sector. Thus, it is crucial to understand the influence of the AM

process on SCC susceptibility.

Among the AM technologies, there has been a significant increase in the use of LPBF to
investigate SCC in SS316L due to its ability to produce an alloy with a fully austenitic
microstructure 7> 28428 extremely low porosity 775, excellent resistance to localized
corrosion ""7* 288 ‘and outstanding mechanical properties 7. This is due to the distinctive
manufacturing process of LPBF, in which a high-intensity laser is programmed to melt
layers of powder feedstock that solidify into near-net-shape parts % 5% at cooling rates
ranging from 1073 to 10"7 K/S 72 7.237.238 However, this heating and cooling cycle at each
deposited layer results in LPBF-manufactured SS316L with high thermal residual stresses ™

8.84 which are known to increase its susceptibility to SCC 8% 122124,
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The objective of this work was to determine the SCC behaviour of SS316L additively
manufactured with sinter-based material extrusion when exposed to different stress levels
and temperatures in an acidic chloride environment. The study focused on the impact of the
sintered microstructure on the SCC initiation and crack-branching susceptibility. The SCC
response was compared with those obtained from similarly tested wrought SS316L samples
in solution-annealed (SA), and cold-drawn (CD) conditions. The investigation was supported
by comprehensive pre- and post-test microanalyses that included LOM, SEM, EBSD, and
micro-CT.

4.3 Materials and Methods

4.3.1 Materials

The AM SS316L samples used in this investigation were fabricated using Bound Metal
Deposition (BMD) (Desktop Metal, Studio System; Burlington, MA, USA). The technology
includes the following: (i) rods of pre-alloyed SS316L powder held in a mix of polymer and
wax binder, (ii) an FDM 3D printer, (iii) a solvent-based debinding unit, (iv) a sintering
furnace, and (v) a cloud-based software (Live Studio v3.0) to control the process from digital
object to sintered part. Further information regarding the manufacturing process can be
found in a previous publication by Santamaria, R., et al. >3, All BMD SS316L specimens for
tensile and SCC testing were produced with the parameters summarized in Table 4-1. For
comparison, commercially available SA wrought SS316L seamless tubes and CD wrought
SS316L rod bars were included in the investigation. The tubes were 22 mm in diameter and
2 mm in thickness, while the rod bars were 25 mm in diameter. The dimensions of all BMD-
manufactured specimens, including thickness, width, and length, were within 10% of the

original design after sintering.

Table 4-1: Summary of parameters used to manufacture all BMD SS316L test specimens

Printing Parameters Debinding Parameters
Extrude line width: 0.5 mm Debinding time: 15h
Deposited layer height:  0.15 mm Debinding temperature: 50 °C
Contour shell thickness: 1.50 mm Debinding pressure: Atmospheric
Extrusion nozzle size:  0.40 mm Sintering parameters
Extrusion rate: 30 mm/s Heating rate: ~1.0 °C/min
Extrusion temperature: 175 °C Thermal det?mdmg 550 °C

temperature:
Build plate temperature: 60 °C Thermal debinding dwell time: 2 h
Sintering scale factors: X=Y=Z=1.15 Sintering temperature: 1350 °C
Bulk volume raster +45°/-45° each layer Sinteri ) Ar > 99.997%
) . intering atmosphere:

pattern: (see Figure 2-1) vol.
Infill density: 100% Sintering dwell time: 2h
Print orientation: Vertical (Z) Cooling rate: Furnace cooling
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4.3.2 Analytical Characterization

Table 4-2 presents the elemental composition of the BMD SS316L used in this investigation
determined with inductively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis. The chemical compositions of SA wrought SS316L and CD wrought SS316L, as
given in their material test reports (MTR), are also presented in Table 4-2. The UNS S31603

nominal chemical composition range is added for comparison.

Table 4-2: Elemental composition in wt% of BMD SS316L, SA wrought SS316L, CD
wrought SS316L, and nominal composition of UNS S31603

Alloy Source  Fe C Cr Ni_ Mo Si Mn P S
BMD SS316L ICP-AES Bal. 0.020 163 104 212 061 122 0010 0.010
SASS316L  MTR _ Bal. 0.012 161 10.1 2.03 046 002 0036 0.002
CDSS316L  MTR _ Bal 0019 167 101 203 041 172 0024 0025

ASTM Max. 16.0 10.0 2.00 Max. Max. Max. Max.
UNSS31603  pojgzs Bal o35 1870 14.0 3.00 1.00 2.00 0.045 0.030

The constituent phases were identified via X-ray diffraction (XRD) analysis using a Cobalt
K alpha (A = 0.179 nm) powder diffractometer radiation source operating at 35 kV 40 mA
with a LynxEye detector (Bruker, Billerica, MA, USA, D8 Discover). All XRD data were
collected within 20 ranging from 40° to 130°, using a step size of 0.015°, and a time interval
of 0.7 s. Content of y-austenite (FCC) and é-ferrite (BCC) phases were quantified from the
XRD patterns as the area of each crystalline peak over the total area of crystalline peaks.
Micro-CT analysis was performed on a 2x2x2 mm?2 cut sample using a 3D X-ray microscope
with an exposure energy of 140 kV, during an exposure time of 24 h, and at a pixel
resolution of 2.2 um (Zeiss 520 Versa, Oberkochen, Germany).

Microstructural characterization was conducted on representative samples, which were cut,
mounted in cold epoxy resin, manually wet-ground with SiC abrasive papers, and
mechanically polished down to 1 pm surface finish. LOM analysis was conducted on
samples chemically etched with a solution containing 100 mL H»O, 10 mL HNOs, and 100
mL HCI. The concentration of nitric acid and hydrochloric acid was 70% and 32%,

respectively.

EBSD analysis was conducted on samples that were polished to a mirror surface finish with
0.02 pm colloidal silica, and then ion-milled for 30 min using a beam voltage of 8 kV at a
glancing angle of 4° with full cycle rotational movements (TECHNOORG Linda, Budapest,
Hungary, SEMPrep2). Samples were surface-coated with a carbon film 5 um thick to

prevent electrostatic charging. Microstructures were imaged using secondary electron (SE)
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and backscatter (BS) detectors coupled to a field emission scanning electron microscope
(FE-SEM) (TESCAN system, CLARA, Brno, The Czech Republic). Elemental composition
was mapped with a high-sensitivity Oxford energy-dispersive X-ray spectroscopy (EDS)
detection system attached to the FE-SEM. The content of non-metallic inclusions was
quantified from EDS elemental maps by dividing the area of oxides or sulphides over the
total area of the map, per ASTM E1245 27,

EBSD was conducted with an Oxford symmetry EBSD detector in the FE-SEM on 70° tilted
samples, at a working distance of 20 mm, with a beam energy of 28 kV, and a beam current
of 1 nA. A clean-up process was applied to the data to assimilate any non- or mis-indexed
points, ensuring that a maximum of 10% of the points were modified. Grain boundaries were
detected with a threshold misorientation of 10° in conjunction with a minimum of 8 pixels of
fractional difference of misorientation variation and a kernel size of 3 by 3. Kernel average
misorientation (KAM) maps were used to investigate the presence of local strain in the
microstructures. This analysis was conducted using a 3 by 3 kernel size, a square kernel

shape, and a maximum misorientation angle of 5°.

The average grain size was measured as the maximum Feret diameter. The average grain
aspect ratio was calculated as the fitted ellipse aspect ratio. Twin content was measured as
the fraction length of X3 (<111>/60°) boundaries over the total length of y-austenite (FCC)
boundaries. The Schmid factor on the y-austenite (FCC) phase was measured in the
plane/direction {111}<110>. All data acquisition and subsequent post-processing were

conducted using the software Aztec v.5.1 and AztecCrystal v.2.1.259, respectively.

4.3.3 Mechanical Testing

Tensile tests were conducted according to ASTM E8 %2, BMD SS316L and CD wrought
SS316L were tested with rectangular specimens, while SA wrought SS316L was tested using
tubular specimens with metallic plugs inserted in their ends to ensure a proper grip. All tests
were conducted with a 50 kN universal testing machine (UTM, Shimadzu, Kyoto, Japan,
AGS-X series). Displacements were measured using an axial extensometer with 25 mm of
gauge length and +25 mm of travel length (Epsilon TechCorp, Jackson, WY, USA). The
UTM crosshead speed was set to 0.375 mm/min, and the test was stopped once a clear
deviation from the initial linear behaviour was observed. The actual yield strength (AYS) of
each alloy was calculated by intersecting their corresponding stress—strain curves with an
0.2% offset line running parallel to their elastic portion, as per ASTM E8 requirements %2,

Figure 4-1 shows the geometries and dimensions of the tensile specimens.
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Figure 4-1: Drawings of the specimens used for tensile testing BMD SS316L and CD
wrought SS316L (top), and SA wrought SS316L with snug-fitting metallic plugs (bottom).
The extrusion direction of the tube is in the X axis. Units in millimetres.

Microhardness was measured on cut samples of untested C-rings prepared similarly to the
microstructural characterization procedure that removes the sample preparation induced
artefacts. The samples were obtained from the middle of the uppermost curved surface of the
C-ring. This test was conducted as per ASTM E384 28 using a microhardness tester
(Duramin-4, Struers, Copenhagen, Denmark), an applied load of 2 Kg (HV2), and a dwell
time of 15 s. The bulk density was determined according to ASTM B962 2° using a density
kit coupled to an analytical balance with a readability of 0.001 g and a linearity of £0.002 g
(Mettler-Toledo, ME203, Columbus, OH, USA). The relative bulk porosity content was
calculated as the ratio of the measured bulk density and the standard density of UNS S31603
given in ASTM G15 *®,

4.3.4 SCC Susceptibility and Crack-branching

The SCC susceptibility of BMD SS316L and its wrought SS316L counterparts was
investigated by exposing C-ring samples to different applied stresses and temperatures. The
C-rings were designed following ASTM G38 guidelines **°, see Figure 4-2. This type of
specimen was selected due to its versatility to be elastically deformed at different
magnitudes, unlike the U-bent type suggested by ASTM G123 ¢, Duplicate BMD and
wrought SS316 C-ring specimens were stressed to 60% and 90% of their AY'S to study the
effect of stress level on SCC susceptibility. Unstressed C-rings, i.e., 0% AYS, were also
tested for comparison and to investigate the possible influence of residual stresses on SCC.
Tests were performed in a 25% (by mass) sodium chloride (NaCl) solution, which was
acidified to pH 1.5 with phosphoric acid (HsPO.), as per ASTM G123 ¢, In addition to the
standard boiling condition, tests were conducted at different temperatures, i.e., 30, 60, and 80
°C, to define the stress—temperature SCC thresholds. Magnesium chloride (MgCl) was not

used because it is more severe than NaCl.
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Figure 4-2: Drawings of the C-ring type specimen used to investigate the SCC susceptibility
in the BMD SS316L and its wrought SS316L counterparts. Units in millimetres
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Printing direction —>

BMD SS316L C-rings were 3D printed in the vertical direction as shown in Figure 4-2. All
surfaces were wet-ground from 80-grit to 600-grit with SiC abrasive paper, avoiding any
excessive removal of material. Subsequently, C-rings were constant-strained to the required
level, as per ASTM G38 °, The constant-strain setup, which is shown in Figure 4-3,
consisted of two PEEK washers, two M6 titanium flat washers, one M6 titanium socket cap
bolt, one M6 titanium flanged lock nut, and a strip of clear PTFE heat shrinkable tube
moulded to the bolt. The required strain level was obtained by attaching a 0.3 mm
circumferential strain gauge (Tokyo Measuring Instruments, Tokyo, Japan, FLAB-03-11-
1LJC-F) to the uppermost curved surface at the middle of the C-ring’s arc and width, as
shown in Figure 4-3. Then, the bolt was tightened until the reading in the data logger
(Ahlborn, Sayner, WI, USA, Almemo 2590) indicated the required strain value
corresponding to 60% and 90% AY'S. All traces of the strain gauges and adhesive were
manually removed with 600-grit SiC abrasive paper. The electrical insulation between the
titanium bolt and the C-ring was verified with a digital multimeter. The C-rings tested at 0%
AYS were also prepared, as shown in Figure 4-3, but no strain was applied in this case. SA
wrought SS316L and CD wrought SS316L C-rings were prepared following an identical

procedure.

1 e

<> <+—=

loading direction loading direction

Figure 4-3: Schematics of the constant-strain setup used to stress the C-rings under different
levels of AYS. The circumferential strain gauge is located at the uppermost curved surface of
the C-ring. The applied load creates a hoop stress that is perpendicular to the print direction.
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SCC tests were conducted by immersing the C-rings in a series of Erlenmeyer flasks
containing 750 mL of solution at the set constant temperatures. Each temperature was
monitored regularly with a thermocouple. Duplicate specimens of stressed and unstressed
BMD SS316L C-rings and their wrought counterparts were immersed in the solution. Each
Erlenmeyer flask contained three different C-rings, i.e., one from each alloy stressed at the
same level. The volume of solution per exposed C-ring surface area ratio was 11 mL/cm?,
which is twice the minimum ratio according to the ASTM G123 standard *%¢. All C-rings
were standing on their washers to prevent stagnant solution spots at the contact points. C-
rings were removed weekly from the solution and inspected for cracks at a magnification of
20x using a LOM. If no cracks were observed, the specimens continued the test in a freshly
prepared solution. If cracks were found, cracked specimens were removed from the test and
prepared for microscopy analysis. The tests continued for a maximum of six weeks, as per
ASTM G123 %6, The degree of crack-branching was calculated by dividing the total crack
length, which includes both the primary and secondary cracks, by the length of the primary
crack. LOM images at 10x magnifications were used for this purpose. This approach is
consistent with other investigations 8 2°1, Size and depth of pits were measured according to
the ASTM G46 standard 2%,

4.4 Results

4.4.1 Analytical Characterization

Representative BMD and wrought SS316 XRD patterns are presented in Figure 4-4, as
indicated. The XRD patterns indicated that all the alloys contained almost entirely y-
austenite (FCC) with a minor presence of é-ferrite (BCC) phase. The amount of 3-ferrite is
summarized in Table 4-3. Retained 8-ferrite in a relatively low temperature powder-based
additively manufactured SS316L can originate from the gas atomization process of the pre-
alloyed powder feedstock due to the ferrite-stabilizer effect of Cr, Mo, and Si 6. Therefore,
the small amount of é-ferrite found in BMD SS316L suggests that its allotropic

transformation into the y-austenite was incomplete during the sintering stage.
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Figure 4-4: Representative XRD patterns of BMD SS316L, SA wrought SS316L, and CD
SS316L showing predominance of the y-austenitic with small fractions of &-ferrite

Table 4-3: Content of non-metallic inclusions, 6-ferrite (BCC) phase, and grain size
measurements of BMD SS316L, SA wrought SS316L, and CD wrought SS316L

Non-Metallic &-Ferrite  Average Aspect Twin Schmid
Alloy Inclusions Phase Grain Size Ratio Boundaries Factor
(%) (%) (um) (%) {111}<110>
BMD
SS316L 3.23 6.09 40.8+23831+24 53.2 0.69
SA SS316L 0.01 786 16.2+85 22+13 455 0.94
CD SS316L 0.39 095 435+33.6 3.9+3.6 39.4 0.96

SEM-EDS analysis showed no evidence of sensitization, i.e., Cr depletion in the vicinity of
the grain boundaries, in any of the SS316L alloys, as illustrated in the elemental map in
Figure 4-5. BMD SS316L contained non-metallic particles rich in O, Si, Mn, and Cr, as seen
in Figure 4-5a, which are inherent to PM and MIM manufacturing processes /% 171185 SA
wrought SS316L had an almost negligible amount of round pores, and no oxide inclusions
were found, Figure 4-5b. CD wrought SS316L contained manganese sulphide inclusions
(MnS), Figure 4-5¢, common in cold-worked austenitic stainless steels 282 293294 Taple 4-3
summarizes the content of non-metallic inclusions in BMD SS316L and its wrought

counterparts.
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Figure 4-5: Representative EDS elemental map of (a) BMD SS316L showing inclusions rich
in O, Si, Mn, and Cr, (b) SA wrought SS316L showing slight presence of round pores and
lack of non-metallic inclusions, and (¢) CD wrought SS316L showing elongated MnS
inclusions

Figure 4-6 shows representative inverse pole figure EBSD maps with respect to the build
direction (Y-axis) of BMD SS316L and its wrought SS316L counterparts. The
corresponding BMD SS316L {111} pole figures in Figure 4-6a show a weakly textured,
almost randomly oriented distribution with low intensity (x1.17 random). In comparison,
Figure 4-6b,c shows a slight texture strengthening in wrought SS316L (x2.81 random) and
CD wrought SS316 (x2.27 random), as indicated. These texture developments are assumed
to be caused by the processing history, which is beyond the scope of this study. Figure 4-6a
also shows an elongated pore in the BMD SS316L sample, perpendicular to its build
direction. This type of porosity is inherent to the extruding nature of FDM manufacturing °"
182.

Figure 4-7 shows the KAM maps of the corresponding EBSD scans in Figure 4-6,
illustrating areas of slight local plastic deformation, i.e., residual stresses, in the
microstructure of BMD SS316L. Figure 4-7b shows negligible local straining in SA wrought
SS316L., as opposed to CD wrought SS316L which contained substantial residual stresses,
Figure 4-7c. The distinct degree of residual stresses observed in the wrought materials is
caused by their processing conditions 2%, which are also beyond the scope of this study.
Grain measurements, such as average grain size, aspect ratio, twin boundary content, and

Schmid factors are included in Table 4-3. Further information regarding the influence of the
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sintering process on the microscopy of the BMD-manufactured SS316L can be found in a

previous publication by Santamaria, R., et al. 13,

N 22 C~ANW ¢ P

Figure 4-6: Representative EBSD maps with corresponding {111} pole figures, with respect
to the build direction (Y-axis), of (a) BMD SS316L, (b) SA wrought SS316L, and (c) CD
wrought SS316L C-rings taken from their uppermost curved surfaces
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(a) BMD SS316L (b) SA wrought SS316L (c) CD wrought SS316L

Figure 4-7: Representative KAM maps, with respect to the build direction (Y-axis), with a
maximum misorientation angle of 5° in (a) BMD SS316L, (b) SA wrought SS316L, and (c)
CD wrought SS316 C-rings taken from their uppermost curved surfaces

4.4.2 Mechanical Testing

Figure 4-8 presents the elastic regions of the engineering stress—strain curves of BMD
SS316L and SA and CD wrought SS316L, indicating their corresponding 60% and 90%
AYS values. As shown in Figure 4-8, CD wrought SS316L had the highest average AYS due
to cold working, i.e., 646 = 8 MPa, followed by the SA wrought SS316L, i.e., 293 + 6 MPa,
and lastly, the BMD SS316L with an AYS of 167 + 2 MPa. Similar values of AYS in AM
sinter-based SS316L have been reported elsewhere 8 %1 94106 Taple 4-4 summarizes
microhardness, bulk density, and relative bulk porosity content.
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Figure 4-8: Stress—strain curves within the elastic region of BMD SS316L, SA wrought
SS316L, and CD wrought SS316L showing their corresponding 60% and 90% AYS

Santamaria et al. 1>® conducted a detailed investigation on the impact of the sintering process
on the tensile properties and fracture behaviour of the BMD-manufactured SS316L. They
found that the AM SS316L had a lower yield and tensile strength, caused by its relatively
larger grain sizes. However, AM SS316L showed excellent ductility attributed to the
abundance of twin boundaries. The AM SS316L fractured in a ductile manner, with spherical
dimples uniformly distributed throughout the fracture surface, containing evidence of oxide
inclusions rich in Mn and Si. No secondary cracks or parabolic dimples were observed,
indicating that the fracture was due to pure tension. Additionally, the necked region

exhibited no cup and cone shape, attributed to the tensile flow instability phenomena.

Table 4-4: Average mechanical properties of BMD SS316L and its wrought counterparts

Alloy AYS Microhardness Bulk Density Relative Bulk
(MPa) (HV2) (g/cm?®) Porosity (%)
BMD SS316L  167+2 117.1+3.2 7.564+0.013 5.21
SASS316L  293+6 163.9+25 7.935+0.025 0.57
CDSS316L 646+8 277.3+3.2 7.953+0.027 0.35

4.4.3 Pitting and Cracking Susceptibility

Figure 4-9 summarizes the susceptibility to pitting and cracking initiation of BMD and SA
and CD wrought SS316L at different stress and temperature levels over six weeks, as
indicated. In Figure 4-9, cells coloured in green represent no pitting, cells coloured in yellow
indicate that pitting was observed, and cells coloured in red indicate SCC had occurred. At

30 °C, none of the C-rings showed evidence of pitting for the duration of the tests. However,
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pits were observed in all alloys within the first week when exposed to higher temperatures,
i.e., 60 °C and above. In boiling solution (~106 °C), pits quickly (Week 1) transitioned into
cracks for BMD and CD wrought SS316L at 90% AYS. The SCC resistance of all alloys
decreased with increasing time, stress, and temperature, in agreement with the literature 8 1%
47.2% Figure 4-9 also shows that SA wrought SS316L had the highest SCC resistance, as
indicated by only 2 out of 12 test conditions that led to cracking, followed by BMD SS316L
with 4 conditions, and finally, CD wrought SS316L with 7 conditions. It is noteworthy to
mention that in stressed CD wrought SS316L specimens, all cracks started from the sharp
edges of their curved surface, whereas in unstressed specimens, cracks initiated at their flat
surface. The difference in crack initiation location was attributed to the residual stresses

introduced during the manufacturing process and subsequent machining of the C-rings 29-2%
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Figure 4-9: Pitting and cracking susceptibility map of BMD SS316L and its wrought SS316L
counterparts at different test conditions over a period of six weeks

Figure 4-10 illustrates the size and distribution of corrosion pits in unstressed BMD and SA
and CD wrought SS316L C-rings on their flat and curved surfaces after a week of exposure
to the boiling solution. As shown in Figure 4-10, the printed material had the largest pits,
while both wrought counterparts exhibited smaller pits that were similar in size. However,
CD wrought SS316L had more pits than the other two alloys. Figure 4-10 also confirmed
that residual stresses were sufficient to cause SCC in the unstressed CD wrought SS316L
specimens after a week of immersion in the boiling solution. Table 4-5 summarizes the
average pit size measurements made on unstressed C-rings after one week in boiling
solution, as well as the average pit depth in cracked specimens under stress. As seen in Table
4-5, BMD SS316L had the largest and deepest pits in both measured conditions, while SA

wrought had the smallest ones.
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(a) BMD SS316L

Figure 4-10: LOM images of unstressed C-rings after one week in boiling solution, showing
different sizes of corrosion pits in (a) BMD SS316L, (b) SA wrought SS316L, and (c) CD
wrought SS316L. The top images correspond to the C-rings’ flat surfaces, while the curved
ones are presented at the bottom

Table 4-5: Average pit size and pit depth measurements made on stressed and unstressed
BMD SS316L C-rings and wrought counterparts

Unstressed C-ring (0%AYS) in Stressed C-ring (90%AYYS) in

Alloy boiling solution after 1 week boiling solution after cracking
Pit size in flat  Pit size in curved Pit size Pit depth
surface (um) surface (um) (um) (Um)
BMDSS3 16L 112 + 117 89 + 154 406 + 359 190 + 135
SA SS316L 31+27 28+ 16 213+ 178 58 + 27
CD SS316L 88+ 61 27+ 11 205+ 118 130+ 84

4.4.4 Crack-Branching Susceptibility

Figure 4-11 shows transgranular SCC in BMD, SA and CD wrought SS316L after exposure
to the boiling solution under a stress of 90% AYS. Identical crack morphology was observed
in all specimens regardless of the applied stress and temperature. SCC started from pits and
propagated perpendicularly to the applied stress direction, in agreement with the literature
296,300,301 Fjgure 4-11 also shows that BMD SS316L had the least amount of crack-
branching while both wrought SS316L counterparts cracked in a similar fashion. The
calculated crack-branching ratio for BMD and SA and CD wrought SS316L was 1.84
pm/pm, 4.29 pm/um, and 4.64 pum/um, respectively. No intergranular (IG) cracking was
observed during the analysis. IG might have been present at some extent initially; however,
since it was not clearly detected, it was considered negligible in comparison to the total
length of the transgranular (TG) cracking. Therefore, the length of the crack was considered
TG.
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Figure 4-11: LOM images of etched microstructures in (a) BMD SS316L, (b) SA wrought
SS316L, and (c) CD wrought SS316L C-rings after exposure to boiling solution, showing
SCC initiated from pits and propagated perpendicular to the applied stress of 90% AYS

The transgranular nature of SCC in BMD SS316L was also confirmed by the EBSD analysis
shown in Figure 4-12, which include all Euler map, KAM, and phase distribution along with
the overlaid band contrast images to facilitate locating crack propagation through the grains.
Figure 4-12 also illustrates some of the characteristic features of the BMD SS316L
microstructure, such as twin boundaries, round porosity, oxide inclusions, and d-ferrite
(BCC). Additionally, Figure 4-13 shows an SEM image of a crack that propagated through
elongated pores of a BMD SS316L sample without branching. The lack of branching was
attributed to the arresting effect of the pores, which is also visible in the micro-CT scan in
Supplementary Video S1 (link).
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Figure 4-12: Representative (a) EBSD map, (b) KAM map, and (c) phase map with overlaid
band contrast of BMD SS316L, showing transgranular cracking, twin boundaries, oxide
inclusions, round porosity, and area of d-ferrite
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Figure 4-13: Photographic and SEM image of the curved surface of a BMD SS316L C-ring
after exposure to boiling solution under 90% AY'S, showing SCC crossing perpendicular to
the elongated porosity

4.5 Discussion

The results from this study are consistent with the established body of knowledge showing
that non-sensitized austenitic stainless steels under tensile stress are susceptible to
transgranular SCC when exposed to hot acidic chloride solutions, i.e., 60 °C or above &8 1
11 Additionally, results demonstrated that, when tested under the same conditions, BMD
SS316L was more susceptible to SCC initiation than SA wrought SS316L but, given its
much lower strength, more resistant than CD wrought SS316L, Figure 4-9. It is important to
note that samples were stressed at a fixed percentage of their AYS. Thus, the actual stress
level of CD wrought SS316L was substantially higher at 60% and 90% AYS (i.e., 388 MPa
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and 581 MPa) than SA wrought (i.e.,176 MPa and 264 MPa) and BMD (i.e., 100 MPa and
150 MPa) samples. Nevertheless, the results are considered valid since the loading
conditions represent the reasonable utilization values for the materials in service, where
designers take advantage of the higher yield strength of the CD wrought material. Results of
unstressed samples also highlighted the influence of residual stresses on SCC susceptibility,
with CD wrought samples experiencing SCC cracks after three weeks of exposure to the

boiling conditions.

The manufacturing route influenced SCC morphology. Highly branched cracks are a
frequent SCC characteristic of austenitic SS in chloride solutions 74" %, SA and CD wrought
samples exhibited the expected branched morphology. In contrast, BMD SS316L showed
transgranular cracking with little to no branching, Figure 4-11. Given that all alloy
compositions met the requirements of the UNS S31603 alloy type 2, the different crack
morphologies can be attributed to differences in alloy microstructure features such as defects
and chemistry-phase-crystallography distribution.

4.5.1 Susceptibility to SCC Initiation: Pit-to-Crack Transition

The susceptibility map in Figure 4-9 shows that CD wrought SS316L had the lowest SCC
resistance. As discussed above, SCC susceptibility depends on the extent of plastic
deformation of the cold-worked condition % % 282 Cold working introduced substantial
residual stresses, as shown in the KAM map in Figure 4-7, promoting SCC nucleation .
High-strength SSs, such as CD wrought SS316L, are known to have a low threshold stress
intensity factor for SCC (Klscc), an indication of their low SCC arrest capacity 1% 278 281,302,
Due to their lower strength and applied loads, SA wrought and BMD SS316L had improved
resistance to SCC initiation. However, BMD exhibited a relatively lower SCC resistance

than SA wrought SS316L, especially considering the AM samples’ lower strength.

The lower SCC resistance of BMD SS316L was attributed to the higher content of
microstructural heterogeneities, such as pores and oxide inclusions, Figure 4-5 and Table 4-3
and Table 4-4. These defects serve as preferred stable pit nucleation sites 77 185 303-305 Faster
sharp pit propagation, in turn, facilitates the so-called pit-to-crack transition 222”7, The more
extensive and deeper pits in BMD SS316L, Figure 4-10 and Table 4-5, negatively affected
SCC resistance. The SCC resistance of BMD SS316L could be markedly improved by
decreasing porosity and oxide inclusions. Strategies to reduce SCC susceptibility include
using low-oxygen powder feedstock and prolonging the sintering time to reduce pore size,

albeit at the expense of grain growth 170171185 Post-processing steps such as high isostatic
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pressure (HIP) could also be introduced to close the bulk porosity 830630 [ astly, shot-

peening could also close surface pores and introduce compressive residual stresses 9 310312,

4.5.2 Crack-Branching

The noticeable difference in SCC morphology between wrought and BMD SS316L samples,
illustrated in Figure 4-11, was attributed to the presence of randomly oriented equiaxed grain
aggregates—with minimal or no influence of special boundaries—and to a high content of
twin boundaries in the BMD microstructure, Figure 4-6 and Table 4-3. These features are
commonly found in materials processed with sinter-based manufacturing technologies 8 &

91,94,106.153 '\which act as barriers for crack-branching of transgranular SCC.

The weakly crystallographic textured microstructure of BMD SS316L resulted in an overall
reduction of the Schmid factor, as given in Table 4-3. The Schmid factor indicates the
increased resolved shear stress to initiate the slip across grains -1, Furthermore, the
equiaxed grains are crystallographically randomly oriented and comprise a larger amount of
twin boundary fractions in BMD SS316L, thus enhancing the resistance to crack propagation
via branching in non-localized directions 31436319, |n addition, the higher porosity in BMD
SS316L acted as an obstacle to crack-branching. A similar arrestor effect, caused by the
blunting of the crack tips, has been reported elsewhere in additively manufactured porous
alloys 222, The influence of the non-metallic inclusions and retained §-ferrite (BCC) on the
resistance to crack-branching could not be determined since no clear relationship was

observed.

4.6 Conclusions

This work determined the SCC behaviour of SS316L additively manufactured by sinter-
based material extrusion. Tests were conducted in an acidified chloride solution (25 wt%
NaCl, pH 1.50) at different stress levels and temperatures to identify SCC thresholds. Results
were compared with the SCC response of conventional SA and CD wrought SS316L.
Results were supported by a thorough characterization that included LOM, SEM-EDS,
EBSD, and micro-CT. The following conclusions were drawn based on the evidence

presented above:

1. SCC resistance increased in the following order: SA wrought > BMD > CD wrought
SS316L.
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2. The sinter-based manufacturing process used to produce BMD SS316L resulted in
lower residual stresses and lower strength, contributing to a higher SCC initiation

resistance than the highly stressed CD wrought condition.

3. The large grain aggregates, equiaxed grain morphology, weak crystallographic
texture, and a large content of twin boundaries decreased the SCC crack-branching
of BMD SS316L when compared to SA and CD wrought SS316L.

4. The porosity distribution of BMD SS316L had a mixed impact on its SCC
resistance. While these defects facilitated the pit-to-crack transition, they also acted

as crack arrestors by blunting the crack tips.
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Chapter 5: Laser-based powder bed fusion of SS316L.:
Stress Corrosion Cracking and the Effect of Residual
Stresses

This chapter corresponds to a publication that has been reformatted to align with the overall

style of the thesis and to address the comments raised by the examiners.

Publication:

Santamaria R, Wang K, Salasi M, Salem M, Lours P, lannuzzi M, Quadir MZ. Stress corrosion
cracking behavior of austenitic stainless steel 316L produced using laser-based powder bed
fusion. Corrosion. 2023;4311. https://doi.org/10.5006/4311
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Stress Corrosion Cracking Behaviour of Austenitic Stainless Steel
316L Produced Using Laser-based Powder Bed Fusion

5.1 Abstract

Austenitic stainless steel UNS S31603 (SS316L) is widely used in the resources industry due
to its excellent corrosion resistance, ductility, and weldability. Recently, laser-based powder
bed fusion (LPBF) manufacturing has gained popularity for creating SS316L components
with complex geometries and superior mechanical properties. However, the rapid melting
and solidification of the deposited layers during the thermal cycle of LPBF produce residual
stresses. Components manufactured through LPBF are frequently used under applied stress
in corrosive environments. Thus, it is crucial to understand their susceptibility to stress
corrosion cracking (SCC) and the impact of residual stresses. This study investigated the
combined effects of applied stress and temperature on the SCC behaviour of LPBF SS316L
using custom-made C-ring test specimens. Cold-drawn wrought SS316L was included for
comparison. Stress relief heat treatment, microhardness testing, partial immersion testing,
and microanalysis techniques, such as light optical microscopy (LOM), scanning electron
microscopy (SEM), and electron backscatter diffraction (EBSD), were used to quantify the
SCC behaviour. The outcomes of this study showed that stressed and unstressed LPBF
SS316L specimens were highly susceptible to cracking around the printed holes of the C-
ring. The SCC susceptibility was attributed to the residual stresses introduced by the printed
supports, as similar cracking behaviour was observed in both polished and as-printed holes.
This work provides valuable insights and lays a foundation for further research into the
impact of using C-ring samples to investigate SCC susceptibility and sheds light on the SCC
susceptibility of as-printed components of complex geometry printed with supports due to

the influence of residual stresses.

5.2 Introduction

Additive manufacturing (AM) encompasses the technologies used to produce physical
objects from digital data by adding layers-upon-layers of material °%¢ Compared to
traditional manufacturing, AM has the potential to reduce complexity in the supply chain in
terms of quality, impact, cost, speed, and innovation ®*. AM technologies include binder
jetting, direct energy deposition, material extrusion, material jetting, sheet lamination, vat
photopolymerisation, and powder bed fusion (PBF) 5%°. Nowadays, it is common to use AM
to produce engineering grade metals such copper 323325, stainless steels 153 284 326,327
titanium-base 266328330 gluminium-based 212 %1332 and nickel-based alloys 226 333334 Thus,
AM technologies have gathered growing interest from different industries such as

biomedical, transport, aerospace, and energy among others 61335339,
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Stainless steel UNS S31603 (SS316L) is widely known for its ductility, weldability, and
good corrosion resistance in certain oxidizing conditions 34°-343, However, when exposed to
halides, such as chloride ions, while being stressed under tension, SS316L can be susceptible
to stress corrosion cracking (SCC) 7 47-49.297.344 SCC is a form of environmentally assisted
cracking (EAC) that occurs when a susceptible material is exposed to a specific environment
above a certain tensile stress level. Cracks often nucleate from localized corrosion; thus,
SCC occurs when the service temperature exceeds a critical localized corrosion temperature
6912 In SCC, cracks can initiate and propagate at much lower stress levels than those
required to fracture the material in the absence of a corrodent, i.e., once the cracking
initiates, it propagates until the applied stress exceeds the fracture strength of the remaining
ligament " 47, Therefore, using AM technologies, such as PBF, to produce SS316L

components with improved properties is of great interest & 7 160 165,

In PBF, a high-intensity energy source, such as a laser (LPBF) or an electron beam (EB)
PBF, is employed to melt layers of powdered feedstock that solidify at a calculated rate of
approximately 1073 to 107 K/s 72 73 237. 38 into near net shape parts % %° 71, | PBF-
manufactured SS316L is known to be produced with fully austenitic microstructures " 284
285 extremely low porosity content 76, and nano-size non-metallic inclusions 77734,
Moreover, LPBF SS316L has shown excellent localized corrosion resistance 7-°, and
outstanding tensile properties *76. However, the cyclic process of melting and rapid cooling
through the deposited layers leaves LPBF SS316L parts with a metastable microstructure
containing a high degree of thermal residual stresses " 8 84 These stresses, which can be
between 250 MPa (36 ksi) and 500 MPa (72 ksi) 7> 83 100,346,347 "sjally start as tension loads
at the external surfaces of the component, and gradually turn into compressive loads at its
core ", The magnitude of these process-induced residual stresses in LPBF-manufactured
SS316L can be high enough for SCC to start at an applied stress lower than the material’s
yield strength or even in the absence of an externally applied load %834, |n addition,
residual porosity and a rough surface finish, which are inherent in the LPBF manufacturing
process, are factors known to increase the SCC susceptibility 124 349352 as they facilitate
localized corrosion initiation 22’7, Yazdanpanah et al. 1?2 observed that SCC in LPBF-
manufactured SS316L with high levels of residual stress started from microstructural
heterogeneities, such as melt pool boundaries and grain boundaries, and from machining
marks and pore sites, whereas for annealed specimens, only pitting was observed. Therefore,
it is possible to decrease the SCC susceptibility by improving the surface finish of the printed
material throughout grinding or machining. However, the localized plastic deformation from
these processes may also introduce additional residual stresses that could further increase

their SCC susceptibility & 122-124.2%. 34 A more practical route to improve the SCC resistance
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of LPBF-manufactured components is reducing their intrinsic residual stresses by optimizing
the printing parameters such as laser power, scanning strategy, and printing orientation 8+ 35%-
6, or by adding post-processing steps to the as-printed object, e.g., stress relief heat

treatment > 373%0 or shock peening 347 361-363,

This study investigated how the residual stresses on LPBF-manufactured SS316L C-rings
printed with supports influenced their high SCC susceptibility. To assess this, stressed and
unstressed test specimens were immersed in an acidified chloride solution at boiling
temperature, and their time-to-crack was monitored. Furthermore, stress relief heat treatment
and partial immersion tests were conducted to mitigate the impact of residual stresses on the
SCC susceptibility around the printed holes. A detailed post-testing characterization was
carried out using light optical microscopy (LOM), scanning electron microscopy (SEM), and
electron backscattered diffraction (EBSD) analysis. The cracking behaviour of cold-drawn
wrought SS316L C-rings was used as a comparison.

5.3 Experimental Procedures

5.3.1 Materials

The SS316L used in this investigation was produced with LPBF. The material was additively
manufactured using fresh nitrogen-atomized pre-alloyed SS316L powder with an average
particle size of 35.7 um, and a particle size distribution of D50 33.1 um and D90 55.2 um.
The SS316L powder was kept for at least 12 h in an oven at 50°C (122°F) to remove
moisture prior to use. Before printing, the build plate was preheated at 100°C (212°F) to
decrease thermal gradients, the oxygen content was reduced to less than 0.2%, and the
chamber was filled with high-purity argon. All LPBF SS316L specimens were produced
with a layer thickness of 50 um, no fill contour, no down-skin layer, and using a zig-zag
pattern without rotation between layers to achieve the bulk volume. The laser power (P) was
275 W, the scanning speed (V) was 700 mm/s, and the hatching space (h) was 120 pm.
Commercially available cold-drawn (CD) wrought SS316L, which is known for its high
yield strength and residual stresses resulting from its plastic deformation process % % 282,

was used for comparison.

The LPBF SS316L elemental composition was determined with inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Table 5-1 summarizes the elemental composition
of the pre-alloyed SS316L powder used in the LPBF process and the CD wrought SS316L

rod bar, as reported in their manufacturer certificates. Table 5-1 also shows the externally
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analysed composition of the as-printed LPBF SS316L and the nominal composition of UNS
$31603 for comparison.

Table 5-1: Elemental composition of the pre-alloyed SS316L powder, LPBF-manufactured
SS316L, CD wrought SS316L, and nominal composition of UNS S31603

Material Source Fe C Cr Ni Mo Si Mn P S

Powder Material Bal. 0.01 177 126 236 065 090 0.007 0.01
SS316L certificate

LPBF ICP-AES Bal. 0.02 175 123 202 006 0.62 <001 0.01
SS316L analysis

CD Wrought  Material Bal. 0.02 16.7 101 203 0.04 172 0.024 0.02
SS316L certificate

UNS S31603  ASTM Bal. Max. 160 100 200 Max. Max. Max. Max.
A276 3% 003 180 140 3.00 100 200 0.045 0.03

5.3.2 Microstructure characterization

The phased composition of the LPBF and CD wrought SS316L were identified via X-ray
diffraction (XRD) using a Cobalt K alpha powder diffractometer radiation source operating
at 35 kV and 40 mA with a LynxEyet detector (Bruker D8 Discovert). The XRD data were
collected over an angular range of 40° to 130°, a step size of 0.015°, and a time interval of
0.7 s. The microscopy analysis was conducted on tested and untested samples that were cut,
mounted in cold epoxy resin, wet ground with SiC abrasive paper, and mechanically
polished down to 1 um surface finish. Samples intended for LOM analysis were chemically
etched with a solution containing 100 ml H.O, 10 ml HNOs, and 100 ml HCI. The
concentration of nitric acid and hydrochloric acid was 70% and 32%, respectively. Samples
for EBSD analysis were polished to a mirror surface finish with 0.02 um colloidal silica and
then ion-milled for 30 min using a beam voltage of 8 kV at a glancing angle of 4° with full
cycle rotational movements (TECHNOORG Linda, SEMPrep2+t). All samples for EBSD

analysis were surface coated with a 5 um carbon film to prevent electrostatic charging.

The microstructures were imaged using secondary electron (SE) and backscatter (BS)
detectors in a field emission-scanning electron microscope (FE-SEM) (TESCAN system,
CLARAT). The crystallographic orientations were mapped using an Oxford{ symmetry
EBSD detector in the FE-SEM, on samples tilted 70°, with a working distance of 20 mm, a
beam energy of 28 kV, and a beam current of 1 nA. A clean-up process was applied to the
EBSD data to assimilate any non- or mis-indexed points into the surrounding neighbourhood
grains, ensuring that less than 10% of the points were modified. Grain boundaries were

detected with a threshold misorientation of 10°, a minimum of 8 pixels of fractional

t Trade name.
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difference of misorientation variation, and a kernel size of 3-by-3. Grain size was measured
as the maximum Feret diameter. The kernel average misorientation (KAM) maps were
obtained using 3 by 3 square kernels and a maximum misorientation angle of 5°. All data
acquisition and subsequent post-processing were conducted using the software Aztect and

Aztec Crystalf, respectively.

5.3.3 Mechanical properties

Mechanical properties, including yield strength (Sy), tensile strength (Su), elongation at
fracture, elongation after fracture, reduction of area, and elastic modulus (E), were measured
at room temperature. The tests were conducted in triplicate specimens. The LPBF SS316L,
provided by IMT Mines Albi (France), was tested using rectangular specimens that were 55
mm long (2.20 in), 8 mm wide (0.30 in), and 2 mm thick (0.08 in) manufactured in the
horizontal orientation. The displacement during the tensile test was measured using an axial
extensometer with a 15 mm (0.60 in) gauge length and +5 mm (0.20 in) travel length
(Epsilon TechCorpt). The crosshead speed in the universal testing machine (UTM) was set
to 0.225 mm/min within the elastic region and 0.750 mm/min within the plastic region. The
CD wrought SS316L was tested according to ASTM(1) E8 52 using custom rectangular sub-
size tensile specimens that were 100 mm long (4 in), 6 mm wide (0.24 in), and 3 mm thick
(0.12in), also as per ASTM E8. The specimens were machined from a 25 mm (1 in)
diameter rod bar. The displacement during the tensile test was measured with an axial
extensometer with a 25 mm (1 in) gauge length and +25 mm (1 in) travel length (Epsilon
TechCorpt). The UTM crosshead speed was set to 0.375 mm/min within the elastic region,
and 1.25 mm/min within the plastic region. The displacement rates were different in both
materials since their gauge lengths were different, as defined in ASTM ES8. Figure 5-1 shows
the geometry and dimensions of the LPBF SS316L and CD wrought SS316L tensile

specimens.

@ ASTM International, 100 Barr Harbor Dr., West Conshohocken, PA 19428-2959
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Figure 5-1: Geometry of the rectangular specimens used for the tensile tests a) LPBF-
manufactured SS316L, and b) machined CD wrought SS316L. The extrusion direction of the
rod bar is in the X axis. Units in millimetres.

All tensile tests were conducted using a 50 kN Shimadzut UTM equipped with 50 kN
manual non-shift wedge grips. All data were collected at a rate of 10 Hz using the Trapezium
X+ software. The actual yield strength (AYS) of the LPBF SS316L and the wrought SS316L
were calculated by intersecting their corresponding engineering stress-strain curves with an
0.2% offset line running parallel to the elastic portion of their curves, per ASTM E8 %2, The
slope of the offset line, i.e., an approximation of the material's elastic modulus (E), was
calculated using the least-squared method per ASTM E111 1. The microhardness was
measured according to ASTM E384 288 using a microhardness tester (Duramin-4, Struerst),
an applied load of 2 Kg (HV2), and a dwell time of 15 s. The bulk density was calculated
using the Archimedes principle per standard ASTM B962 2%° with a density kit coupled to an
analytical balance with a readability of 0.001 g and a linearity of + 0.002 g (ME203, Mettler-
Toledot).

5.3.4 Stress corrosion cracking

The SCC behaviour was investigated by monitoring the time required by the materials to
crack when subjected to a stress level corresponding to 60% and 90% of their AYS while
immersed in a boiling solution, i.e., 106 °C (223 °F). Unstressed specimens, i.e., 0% AY'S,
were also tested for comparison. The test solution was 25 wt% NaCl acidified to pH 1.50
with phosphoric acid (HsPO.), per ASTM G123 6, The test specimens used in this
investigation were C-rings designed per ASTM G38 %5, Magnesium chloride (MgCl) was
not used because it is more severe than NaCl. The LPBF SS316L C-rings were
manufactured, as shown in Figure 5-2a, and their holes were re-bored with a slightly larger
drill bit to remove the printed supports. All surfaces of the C-rings were sequentially wet-

ground with abrasive papers from 80- to 600-grit SiC. Although the dimensions of the C-
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rings were not measured after surface finishing, the grinding process produced no excessive
material removal. Notably, during the initial stages of this investigation, the printed holes
were left in their as-printed condition. However, after preliminary results (not shown), it was
decided to polish them in the same way as the rest of the C-rings. All tests were carried out

at least in duplicate, as explained below.
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Figure 5-2: a) Geometry of the custom C-ring specimen used to investigate the SCC
susceptibility of LPBF and CD wrought SS316L, and b) schematics of the constant-strain
assembly according to ASTM G38

The C-rings were stressed to their corresponding material's AYS using a constant-strain
setup, per ASTM G38 %, The assembly, shown in Figure 5-2b, consisted of two PEEK
washers, two M6 titanium flat washers, one M6 titanium socket cap bolt, one M6 titanium
flanged lock nut, and a strip of clear PTFE heat shrinkable tube moulded to the bolt. The
stress levels of 60% and 90% AY'S were obtained by attaching a 0.3 mm (1/64 in)
circumferential strain gauge (FLAB-03-11-1LJC-F, Tokyo Measuring Instrumentst) to the
middle of the uppermost curved surface of the C-ring, as shown in Figure 5-2b. Then, the
bolt was tightened until the reading in the data logger (Almemo 2590, Ahlbornt) indicated
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the strain value corresponding to the required stress level. This procedure was conducted
according to the Stress Considerations outlined in ASTM G38 %, which states that the
nominal stress exists only along a line that runs across the C-ring at the middle of its arc.
Therefore, the strain should be measured at that location, where the strain is maximum.
However, the circumferential stress may vary across the width of the C-ring, and the extent
of the variation depends on the width-to-thickness and diameter-to-thickness ratios of the
specimen. In general, the stress is greater at the edges than in the middle, but only finite
element modelling (FEM) can determine the actual location of the maximum stress for a
given C-ring’s configuration, which was outside the scope of our work. All traces of the
strain gauges were manually removed with 600-grit SiC abrasive paper. The electrical
insulation between the bolt and the C-ring was verified with a digital multimeter. All the C-
rings tested at 0% AYS were also prepared, as shown in Figure 5-2b, although no stress was
applied to the bolt. The CD wrought SS316L C-rings were similarly prepared and included

as a control.

Each test condition consisted of a flask containing 750 ml of the test solution and two C-
rings, one from each material stressed to the same corresponding AYS. The ratio of the
volume of solution per exposed surface area of specimens was 17 mL/cm? (109 mL/in?),
which is more than threefold the minimum required by ASTM G123 ¢, The SCC
susceptibility of each material was assessed as the time required to observe the first cracks.
Therefore, longer exposure times without cracking indicated a lower SCC susceptibility. All
C-rings were removed from their test solution weekly, cleaned, and inspected for cracks at a
maghnification of 20x using LOM. C-rings showing SCC were cut and prepared for post-test
microscopy analysis, while C-rings with no cracks continued the test in freshly prepared
solution until the next inspection for a maximum of six weeks, per ASTM G123, Since
removing the specimens for inspection is expected to disturb the local corrosion cells and
may affect the results °6, and due to the aggressive nature of the test solution for most
stainless steels, a one-week inspection frequency was considered sufficient to determine the

onset of cracking.

Two different methods were used to investigate how residual stresses affect the cracking
behaviour of LPBF-manufactured SS316L. The first method involved subjecting duplicate
C-rings to a stress relief heat treatment in a vertical tube furnace under vacuum at 650°C
(1200°F) for 2 h. After stress relieving, the C-rings were manually wet ground down to 600-
grit using SiC abrasive paper, left overnight to recover the passive film, and tested
unstressed, i.e., 0% AYS, in boiling solution (approximately 106 °C (223 °F)). In the second

method, duplicate C-rings were manually wet-ground down to 600-grit, stressed to 90% of
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their AY'S, and left to passivate overnight. The specimens were then partially immersed in
boiling solution while hanging upside-down, with the uppermost curved surface immersed in
the solution, while the printed holes were kept above the solution level, Figure 5-3. Weekly

inspections were conducted on all C-rings to determine the onset of cracking.

e

-

Figure 5-3: Schematic of the partial immersion test applied to the as-printed LPBF SS316L
C-ring

5.4 Results

5.4.1 Microstructure characterization

Figure 5-4 shows representative XRD patterns of LPBF and CD wrought SS316L. Both
materials consisted entirely of y-austenite (FCC), i.e., d-ferrite (BCC) was not detected
within the resolution of the technique. Figure 5-5 shows EBSD maps perpendicular to the
build direction and corresponding color-coded inversed pole figures (IPF) of the LPBF and
the CD wrought SS316L microstructures obtained from untested C-rings. The IPF showed
strongly textured LPBF and wrought SS316L microstructures indicated by the high-intensity
poles in the {111} pole figure, i.e., 2.32 and 2.27 times random, respectively. Figure 5-5 also
indicates relatively large austenitic grains in the LPBF and the CD wrought SS316L
microstructures. Their average grain sizes were 57 £ 52 um in the LPBF SS316L and 44 +
34 um in the CD wrought SS316L. The overall grain size distribution was D50 39 pum and
D90 124 pm for the LPBF SS316L, and D50 34 pm and D90 90 um for the CD wrought
SS316L. The fitted ellipse aspect ratios were 3.0 = 1.8 for the LPBF SS316L and 3.9 + 3.6
for the CD wrought SS316L. SEM-EDS elemental mapping did not show relevant presence

of non-metallic inclusions.
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Figure 5-4: XRD patterns of LPBF and CD wrought SS316L showing the presence of y
(FCC) austenite as the only phase in their microstructures

CD wrought SS316L

Figure 5-5: EBSD maps and color-coded inverse pole figures of untested C-rings showing
textured microstructures in the a) as-printed LPBF SS316L perpendicular to its printing
direction, and b) CD wrought SS316L
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5.4.2 Mechanical properties

Figure 5-6 shows representative engineering stress-strain curves of LPBF SS316L and its
CD wrought counterpart in their elastic regions and corresponding AYS. The AYS of LPBF
and CD wrought SS316L were 529 MPa (77 ksi) and 646 MPa (94 ksi), respectively.
Although the displacement rates differed for each material due to their different gauge
lengths, which may affect their tensile properties 2, the C-rings were stressed to their
corresponding material's AYS, which allowed a proper evaluation of SCC susceptibility
despite the difference in geometry and displacement rates. The bulk density of LPBF and CD
wrought SS316L were 7.894 + 0.013 g/cm?® and 7.953 + 0.027 g/cm?, respectively. The bulk
porosity of LPBF SS316L was less than 1%.
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Figure 5-6: Engineering stress-strain curves within the elastic region of a) LPBF SS316L and
b) CD wrought SS316L along with the location of their corresponding AYS
Table 5-2 summarizes additional tensile properties, such as elastic modulus, tensile strength,

elongation at fracture, elongation after fracture, and reduction of area. The average
microhardness of the as-printed LBPF SS316L, the stress relieved LBPF SS316L, and the
CD wrought SS316L were 224 + 3 HV2, 195 + 2 HV2, and 282 + 3 HV2, respectively.
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Table 5-2: Mechanical properties of as-printed LPBF SS316L, CD wrought SS316L, and
standard requirements for UNS S31603

Elastic Yield Tensile Elongation Elongation Reduction Bulk
Material Modulus Strength Strength at fracture after fracture of area density
(E) (Sy) (Su)
GPa (ksi)  MPa (ksi)  MPa (ksi) % % % glcm?
LPBF SS316L  211+12 529 + 4 656 + 7 431 12+2 45 +1 7.894
(306 + (77+£0.6) (95+1.0) +0.013
1.7)108
CD Wrought 214+ 7 646 + 8 717+6 49+5 13+2 66 +2 7.953
SS316L (31.0+ (96 £1.2) (104 £ +0.027
1.0)10° 0.9
UNS 202 18t Min. 170 Min. 485 Min. 40 n/a Min. 40 7.98 2%
531603 364 (29.3)10° (25) (70)
UNS S31603 202 8 Min. 450 Min. 585 Min. 30 n/a Min. 40 n/s
(strain- (29.3)108 (65) (85)

hardened) 365

5.4.3 Stress corrosion cracking

Evidence of SCC in the as-printed LPBF SS316L C-rings tested in boiling solution while
stressed to 0% and 90% AYS is shown in Figure 5-7a and Figure 5-7b, respectively. The
figures show that regardless of the applied stress, the stressed and unstressed C-rings cracked
with similar morphology, initiating from corrosion pits near the edges of their printed holes.
Figure 5-8a illustrates the results of one of the initial C-ring tests with as-printed holes,
whereas Figure 5-8b corresponds to one with the as-printed surface removed by grinding.
Interestingly, both initiation sites were perpendicular to the hole/support interfaces, as
depicted by the inset images in Figure 5-9. Highly branched SCC initiated near the printed
holes from corrosion pits on unstressed and stressed LPBF SS316L C-rings with the holes in
as-printed and polished conditions, respectively (Figure 5-8). SCC initiated from the
polished surface of the C-ring near the holes regardless of the stress state and surface
condition. Figure 5-9 shows an EBSD map and corresponding band contrast, revealing
transgranular SCC in an unstressed (0% AYS) LPBF SS316L C-ring that cracked from the

same location around the printed holes.
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a) Unstressed (0% AYS) as-printed LPBF SS316L, fully immersed in boiling solution

Hole/support interface

Printing direction (2)

Printing direction (Z)

Figure 5-7: Photographs of as-printed LPBF SS316L C-rings fully immersed in boiling
solution showing similar SCC morphologies under a) unstressed (0%AYS), and b) stressed
(90% AYS) conditions. The red arrows indicate the location of the hole/support interfaces

Printing direction(Z) —
Printing direction(Z) —

500 um 500 pm

Figure 5-8: Photographs of LPBF SS316L C-rings with a) as-printed holes and b) polished
holes, showing similar SCC that initiated from pits near their printed holes in the unstressed
(0% AYYS) and stressed (90% AYS) conditions, respectively
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Cracking direction (X) g

Printing direction (2)

Figure 5-9: Band contrast image and corresponding EBSD map of SCC in as-printed
unstressed (0% AYS) LPBF SS316L specimens after full immersion in boiling solution
showing transgranular cracking

The SCC behaviour of fully immersed as-printed LPBF and CD wrought SS316L C-rings
under different applied stress levels is summarised in Table 5-3. As seen in Table 5-3, a
trend was observed between the immersion condition and time to crack initiation. In this
regard, fully immersed as-printed LPBF C-rings took longer to crack when stressed to higher
stress levels than partially immersed samples. Nevertheless, cracks always initiated near the
same locations around their printed holes and perpendicular to the printed supports,
regardless of the applied stress. The SCC resistance of the CD wrought SS316L decreased
with applied load, in agreement with the literature ® % 47-2% and the cracks always initiated

on the curved surface.

Table 5-3: SCC behaviour of LPBF SS316L and CD wrought SS316L C-rings tested at
different conditions in acidified chloride boiling solution. The number in the cells
corresponded to the week when the cracks were observed. Ndash correspond to untested
conditions

Stainless steel 316L C-rings in boiling solution

Partially Fully immersed

immersed
Stress level LPBF Wrought LPBF LPBF

As-printed  Cold-drawn  As-printed  Stress-relieved
0% AYS - 3 weeks 1 week 2 weeks
60% AYS - 2 weeks 2 weeks -
90% AYS 2 weeks 1 week 3 week -
Crack location Arch Arch Hole Hole

The role of residual stresses on the unexpected SCC behaviour in LPBF SS316L C-ring
samples was investigated by conducting a stress relief heat treatment on as-printed C-rings.
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Figure 5-10 shows KAM maps perpendicular to the build direction of the as-printed and
stress-relieved LPBF SS316L C-rings, as indicated. The as-printed LPBF SS316L
microstructure contained local strain around their grain boundaries caused by its processing
history. This local strain, depicted by the green areas in Figure 5-10a, indicates a high degree
of residual stresses %% 3¢7_ Inversely, the microstructure of the heat-treated LBPBF SS316L
showed fewer areas with local strain, Figure 5-10b. A quantitative representation of the
reduction in residual stresses due to the heat treatment is shown in Figure 5-10c. As seen in
this figure, the stress relief effect of the heat treatment reduced the magnitude of the KAM
angles. The overall KAM distribution went from D50 0.96°, D90 1.89° in the as-printed
LPBF SS316L, to D50 0.64°, D90 1.43° in the heat-treated LPBF SS316L. A Kolmogorov-
Smirnov (K-S) test using OriginLab’s7 statistical tools was conducted to confirm that both

distribution were significantly different, and the results are presented in Figure 5-10c.
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Figure 5-10: KAM maps of untested LPBF SS316L C-rings in their a) as-printed, and b)
stress-relieved conditions. The KAM histogram in ¢) shows the redistribution of local
misorientations after the stress relief process
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Figure 5-11 illustrates the SCC of a stress-relieved LPBF SS316L C-ring when tested in
boiling solution without applied stress, i.e., 0% AYS. As shown in Figure 5-11, in the
absence of applied stress, cracking still occurred at the same locations near the printed holes
and perpendicular to the printed supports. Moreover, the crack morphology was similar to its
as-printed counterparts, although the initial main crack propagated longer before branching
in the annealed specimen. As seen in Table 5-3, the heat-treated specimens cracked one
week after the as-printed counterparts. These findings indicated that the SCC resistance of
unstressed LPBF SS316L C-rings slightly improved after stress relief.

Heat-treated LPBF SS316L C-ring, 0% AYS, fully immersed in boiling solution

Printing direction (2)

Figure 5-11: Photographs of an unstressed (0% AYS) stress-relieved LPBF SS316L C-ring
after full immersion in boiling solution showing identical SCC morphology and crack
location as its as-printed counterparts

The as-printed LPBF SS316L C-rings stressed to 90% AYS were also partially immersed in
boiling 25% NaCl (pH 1.5), as shown in Figure 5-3. Since the dissolved oxygen
concentration is much lower at the boiling temperature (106 °C (223 °F)) than at room
temperature %, pitting and SCC were supported by the hydrogen evolution reaction rather
than the oxygen reduction reaction, which allows a direct comparison between fully and
partially immersed tests. After exposure, the partially immersed printed material cracked
transgranularly from its uppermost curved surface, i.e., where the nominal applied stress is
maximum °°3%° Figure 5-12. Figure 5-13 shows the SCC behaviour of the fully immersed
90% AYS CD wrought samples. As seen in Figure 5-13, the CD wrought SS316L samples
cracked perpendicular to the direction of the applied stress from its curved surface. However,
cracking initiated from the edges of the C-ring rather than from its middle area. Cracking
from the edges of the samples was attributed to the residual stresses introduced during the
machining process 3 370 Nevertheless, both materials cracked along the line of maximum
applied stress when stressed to 90% AYS. Notably, the percentage of the total pitted area in
the fully immersed samples (approximately 0.22%) was, on average, 4 to 5 times higher than

the percentage of pitted area in the partially immersed samples (approximately 0.05%).
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Therefore, considering that the immersed area of the fully immersed sample is about 3 times

larger compared to the partially immersed sample, this suggests that the difference in the

immersed surface of the samples had no impact on the distribution of pitting or the onset of
cracking.

Printing direction (2)

immersion setup, b) SCC located at the middle of its uppermost curved surface, and c) an
etched imaged showing the resulting transgranular SCC morphology

100 pm

Figure 5-13: CD wrought SS316L 90% C-ring showing a) full immersion setup, b)
photograph illustrating SCC that started from the edge of the uppermost curved surface, and
¢) a micrograph showing the resulting transgranular SCC morphology
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5.5 Discussion

All LPBF SS316L C-rings manufactured with printed supports were consistently susceptible
to SCC. Regardless of whether the specimens were stressed (90% AYS) or unstressed (0%
AYS), as-printed or heat-treated, they all developed cracks from the same location near the
printed holes and perpendicular to the hole/support interface, as illustrated in Figure 5-7,
Figure 5-8 and Figure 5-11. All cracks exhibited a highly branched morphology, indicating a
similar fracture behaviour across the different test conditions and, thus, suggesting the
presence of highly localized residual stresses at the cracking sites. The stress relief heat
treatment applied to the specimens reduced residual stresses, as evidenced by the KAM maps
and distribution shown in Figure 5-10, as well as the 13% reduction in microhardness.
Interestingly, the stress-relieved specimens exhibited a slightly different cracking behaviour
than their as-printed counterparts, as can be seen in Figure 5-7 and Figure 5-11, in which the
length of the main crack before branching was around 3 times longer than in the as-printed
condition. Nevertheless, the cracking location remained consistent near the printed holes,
indicating that the stress relief process was only partially effective at reducing SCC
susceptibility. The surface finish of the printed holes did not play a role in SCC initiation, as
evidenced by Figure 5-7 and Figure 5-8 where all cracks occurred in the same location—i.e.,
from pits located on the polished surface of the C-rings and near the printed holes—
regardless of the hole’s surface roughness. These observations suggested that factors other
than the hole’s surface roughness, particularly residual stresses, may be influencing the SCC

behaviour of the LPBF SS316L C-rings.

The influence of residual stresses around the printed holes was further demonstrated through
partial immersion tests conducted on stressed C-rings (90% AYS). Since the printed holes
were positioned above the solution line, Figure 5-3, the specimens cracked along the axis of
maximum applied stress, Figure 5-12. This SCC behaviour, characterized by highly
branched transgranular cracks, was comparable to that observed in CD wrought C-rings,
Figure 5-13, although the wrought specimens cracked from the edges instead of the centre or
the curved surface. The different crack initiation site was attributed to the residual stresses
introduced during the machining process of the CD wrought SS316L C-rings ° 122124298, 344,
These results underscore the significant role of residual stresses in dictating the path of crack

propagation, regardless of the manufacturing method employed.

The results from the partial immersion tests summarized in Table 5-3 indicated that the
LPBF C-rings developed SCC one week after the CD wrought samples. Notably, no cracks

were observed at the printed holes, confirming the absence of residual stress influencing the
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SCC of the material at those locations. This apparent marginal improvement in the SCC
resistance of the printed material compared to its wrought counterpart could be attributed, for
instance, to a delay in pit nucleation and the lower applied stress 3% 32, However, to provide
a comprehensive understanding of this phenomenon, further analysis would be necessary, for
instance, by including testing LPBF C-rings manufactured at different orientations and

specimens with drilled holes instead of printed ones.

It is hypothesized that the hole/support interface, located at the 12 and 6 o'clock positions, as
shown in Figure 5-14, experienced volumetric contraction during the rapid cooling from the
melting temperatures during the production of the C-rings, resulting in the observed residual
stress effect. This phenomenon may have introduced compressive stresses through the
supporting structure, forming two additional sites of maximum tensile residual stress at the 3
and 9 o'clock positions, as shown in Figure 5-14. This stress effect, resembling a "C-ring
within the C-ring" scenario, is believed to be the primary cause of the systematic cracking of
the C-rings at the 3 and 9 o'clock positions.
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Figure 5-14: Hypothesized: a) residual stresses produced in the hole/support interface of the
C-rings, b) unstressed C-ring with SCC initiating from corrosion pits at the 3 and 9 O’clock
sites, and ¢) “stress relieving” effect of the applied load over the residual stresses
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Finally, this study found that the SCC susceptibility of the LPBF C-rings decreased as the
applied stress increased, particularly in the unstressed LPBF C-rings, which exhibited faster
crack initiation than their stressed counterparts, as reported in Table 5-3. In the absence of
rigorous FEM, which is beyond the scope of this investigation, these unexpected results can
be explained using vector analysis. In this regard, the 3 and 9 o'clock positions are the
locations of the highest tensile residual stress in unstrained C-ring, Figure 5-14a-b. In
contrast, in stressed C-rings, Figure 5-14c, the stress acts perpendicular to the main
component of the residual stress, reducing the magnitude and changing the direction of the
stress. This unintentional “stress relieving" effect is hypothesized to have lowered the SCC
propensity (measured as a longer crack initiation time) around the printed holes.
Nevertheless, since all stressed LPBF C-rings continued to crack at their printed holes

suggests that the resulting “vector stress” in this area was above the externally applied stress.
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5.6 Conclusions

This study investigated the SCC behaviour of LPBF-manufactured SS316L using stressed
and unstressed C-rings immersed in boiling, 106 °C (223 °F), 25% NaCl (pH 1.5). The
analysis included a stress relief heat treatment and a partial immersion test to elucidate the
effect of residual stresses, as well as a comprehensive microstructure characterization to
analyse the cracking behaviour. The following conclusions were drawn based on the results

presented above:

1. Localized residual stresses introduced by the printed supports reduced the SCC
resistance of SS316L C-rings manufactured by LPBF. This observation has
important implications, as it suggests that LPBF-manufactured components with
complex geometries that require printed supports may also contain residual stresses,
leading to decreased SCC resistance.

2. Provided that the effect of residual stresses is mitigated or removed by a stress relief
heat treatment, LPBF SS316L had a marginally better SCC resistance than CD
wrought SS316L when stressed at 90% of their corresponding AY'S values, as

determined by a 1-week delay in crack initiation time.

3. A stress relief heat treatment improved the SCC resistance of LPBF SS316L.
However, more research is needed to determine the degree of improvement that can
be achieved and to identify the best temperature and duration of the heat treatment

process.
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Chapter 6: Summary, main conclusions and future research

6.1 Summary

SCC is a type of environmentally-assisted cracking that affects susceptible materials when
exposed to specific conditions above certain temperature/stress thresholds ¢ %2, For instance,
a susceptible material that is ductile under regular operational conditions would fracture in a
brittle manner at stresses below its yield point if SCC takes place. This phenomenon is
observed in conventional austenitic SS316L, which typically exhibits excellent ductility and
resistance to localised corrosion under nominal conditions. However, when SS316L is
stressed and exposed to chloride ions at high temperatures, it becomes susceptible to SCC 27

215,217,218 gnd therefore experiences brittle fracture.

Given the importance of improving SCC resistance in SS316L, AM has emerged as a
promising approach to produce engineering-grade alloys. AM also offers several advantages
over conventional manufacturing processes, including reduced supply chain complexity,
lower running costs, faster production, and greater design flexibility % . Additionally, 3D
printed materials can sometimes outperform their conventionally-manufactured counterparts
since the printing parameters directly influence the material’s characteristics such as
microstructures, crystallographic textures, porosity and oxide inclusions content, mechanical
properties, and corrosion resistance 7% 74 76.94.159-165 Eqr instance, sinter-based material
extrusion, an AM process that combines FDM with PM/MIM, has shown the ability to
produce SS316L with isotropic microstructures and excellent ductility 58 6% 88 However, it
has lower tensile strength and resistance to pitting corrosion caused by its relatively large
grains and high bulk porosity content, respectively. Inversely, the rapid melting and near-
instant solidification during the layering process involved in LPBF produce high-strength
SS316L with good resistance to pit initiation 7479 115284286 However, LPBF SS316L
components are anisotropic in the build direction and contain significant residual stresses,

which limit their suitability for certain applications 7 76 165 166,

This investigation underpins the foundations for understanding the relationship between the
3D printed structures of SS316L produced using sinter-based and laser-based technologies at
macro-, micro-, and nano-scales, and their impact on mechanical properties, pitting
corrosion, SCC, and crack-branching susceptibility. Therefore, the first objective of this
research was to characterise the microstructures of the as-printed SS316L, aiming to
establish a correlation between the microstructures and the printing parameters. The
microstructures’ investigation was conducted using a suit of advanced imaging and
crystallographic characterising techniques such as SEM, EDS, XRD, TEM, and EBSD. The

major findings from this study are consistent with the existing literature, and support the
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findings in relation to the influence of the AM process on the printed microstructures of the
alloy %8 7294164185 “ A\lthough both AM technologies, sinter-based and laser-based, produced
SS316L with the chemical composition of UNS S31603, their distinct process parameters led

to distinct microstructures.

For instance, sinter-based AM, with its high sintering temperature (1350 °C) and long dwell
time (2 h), promotes the growth of large equiaxed austenitic grains (avg. 40 um). The
controlled heating and cooling rates inside the furnace (approx. 1 °C/min) produce a weakly
textured microstructure (x1.17 random in the {111} pole figure) that facilitate the formation
of X3 twin boundaries (52.3%), and contribute to the reduction of the thermal residual
stresses, as evidenced through the KAM analysis. In addition, the steady sintering stage
allows the nano-spherical inclusions rich in Si-Mn-O (ranging from 20 to 230 nm), originally
present in the precursor powder, to evolve both physically and chemically to form two sets
of larger inclusions: i) spherical and Si-Mn-O-rich (avg. 1.4 um), and ii) irregularly shaped
and Cr-Mn-O-rich (avg. 3 um). Moreover, the FDM and PM/MIM nature of the technology
influence the bulk porosity content (5.21%) of the as-printed microstructure. In this context,
two types of porosity are present: a round-type, resulting from the voids left between the
feedstock powder during the necking process in the sintering stage, and an elongated-type,
corresponding to the interstitial air gaps left between the extruded lines of material during

the first stage of the printing process.

In comparison, the laser-based technology, with its rapid energy input (275 W at a scanning
speed of 700 mm/s), followed by a near-instant solidification of the melted layers (cooling
rates between 1073 and 107 K/s 72 73 237.238) ‘nroduce SS316L with significant columnar
grain growth (avg. 57 um) oriented in the build direction as influenced by the heat
dissipation route. These elongated grains end in fine cellular structures, not measured in this
investigation, but reported to range between 0.25 pum and 1.2 um depending on the scanning
parameters 238 261.262_|n addition, the rapid solidification of LPBF yields microstructures that
exhibit a grain growth-dependent texture (x2.32 random in the {111} pole figure), hinders
the formation of =3 twin boundaries, and induces high thermal residual stresses 7> 7683, 105,
23 However, the selected scanning strategy reduces the bulk porosity content to 0.74%. The
as-printed LPBF-manufactured SS316L also contains nano-sized inclusions rich in Si-Mn-O.
These particles experience size growth (reaching an average of 3 um) upon undergoing
solution treatment (1050 °C for 4 h), thereby reinforcing observations regarding the

morphological evolution of such inclusions under controlled heat input conditions 18¢: 188 189
264
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The second part of this research aimed to determine the mechanical properties of the 3D
printed SS316L and establish their correlation with their as-printed microstructures. To
achieve this, standard tensile tests were conducted on as-printed SS316L rectangular
specimens, and their properties were measured. The results indicate that the sinter-based
SS316L exhibits a low yield strength of 167 MPa, attributed to the presence of large
equiaxed austenitic grains within its microstructure, as described by to the classical Hall-
Petch equation % %, However, several independent factors might also contribute to the
decreased strength. For instance, the bulk porosity content could have a combined effect,
reducing the supporting area of the acting load and inducing an stress concentration factor at
each pore *°, Nonetheless, further investigations are necessary, as this statement still lacks
consensus among researchers, likely due to the absence of a universally accepted
qualification of defects and their distribution. These findings imply that the yield strength of
sinter-based SS316L could potentially be improved by reducing the average grain size,
achievable by diminishing the sintering time and/or sintering temperature, albeit at the
expense of potentially increasing the size of round pores.

The sinter-based SS316L meets UNS S31603 requirements for elastic modulus (196 GPa),
tensile strength (524 MPa), and ductility (51%, measured as the reduction of area). The
remarkable elongation at fracture (96%) and after fracture (85%) of the sintered specimens
can be attributed to the relatively high content of X3 twin boundaries and their ability to
accommodate plastic deformation . In addition, the rectangular cross-section of the test
specimens and the high strain-hardening exponent (0.56) of the printed alloy contribute to its
ability to maintain the rectangular shape for an extended period of time during tensile testing
before fracture, in accordance with the tensile flow instability phenomenon . The fracture
behaviour of the 3D printed alloy is evidently ductile and occurs purely under tension,
lacking the parabolic dimples on the fracture surface, indicative of shear fracture 3. This
fracture mode is influenced by Si-Mn-O-rich inclusions within the uniformly distributed
spherical dimples. These particles act as multiple sites for void nucleation and subsequent

coalescence into a single crack, preventing secondary cracks.

Conversely, the high yield strength (529 MPa) of LPBF-manufactured SS316L can be
attributed to the fine cell structures perpendicular to the print direction "4, The remaining
tensile properties, i.e., elastic modulus (211 GPa), tensile strength (656 MPa), and ductility
(45%), fall within standard ranges *¢°. The reduced elongation at fracture (43%) and after
fracture (12%) are attributed to the absence of £3 twin boundaries, which are hindered by the

rapid solidification of the printed layers 1+ 75 76 83,105,234
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The third part of the research involved determining the pitting corrosion susceptibility in the
printed materials, quantified as the time taken by pits to nucleate in an acidic chloride
solution (1.5 pH and 25% w.t.). This study was conducted in conjunction to the SCC
immersion tests. The findings from this investigation align with the existing literature,
reinforcing that both 3D printed SS316L and wrought counterparts are susceptible to pitting
corrosion at temperatures starting from 60 °C 8 1011 \While both 3D printed alloys meet the
elemental composition of UNS S31603 17, their distinctive pitting susceptibilities are
attributed to the presence of surface heterogeneities. Notably, the considerable higher
number of pits observed in sinter-based SS316L is attributed to its significantly higher
porosity content, which weakens the passive layer. Moreover, larger pores facilitate the rapid
growth of wider and deeper pits. These results suggest the potential for enhancing the pitting
resistance of sinter-based SS316L by using shot-peening to close external porosity % 310-312
or by reducing its bulk porosity through HIPing 88 30%.307.309 |n contrast, the low porosity
content of LPBF-manufactured SS316L restricts the number of pit nucleation sites,
effectively delaying pit growth. This phenomenon has been reported in the literature as a
contributing factor to the high pitting resistance of LPBF SS316L 7" 78, This observation was
evident during the testing, as the samples exhibited fewer and smaller pores compared to the

sinter-based counterparts tested under identical conditions.

The final part of the investigation aimed to determine the SCC susceptibility of the 3D
printed alloys and establish its correlation with their microstructures, mechanical properties,
and pitting corrosion resistance. To attain this objective, custom-made C-rings of SS316L
were 3D printed and subjected to three stress levels (0%, 60%, 90% AY'S). These C-rings
were subsequently immersed in test solutions spanning temperatures from 30°C to boiling.
For the purpose of comparison and to gain a deeper insights into SCC behaviour, wrought
SS316L counterparts in both SA and CD conditions underwent identically testing. The
findings of this investigation are in line with existing literature, reaffirming that non-
sensitised austenitic stainless steels under tensile stress are susceptible to transgranular SCC
in hot acidic chloride solutions ¢ 8 %11 This investigation revealed that both sinter-based
SS316L and SA wrought SS316L require applied stress to initiate cracking. However,
although the printed alloy exhibited cracking from 80°C, the wrought material cracked only
at boiling temperature. Consequently, it was established that the sinter-based SS316L is
more susceptible to SCC initiation compared to its SA wrought counterpart. The higher
susceptibility of sinter-based SS316L is attributed to its notably higher content of
microstructural heterogeneities, specifically pores and oxide inclusions, which increase the

number pit nucleation sites. This potentially increases the number of locations for pits to
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grow towards a critical size, which in combination with the externally applied stress,

facilitated the so-called pit-to-crack transition.

The aforementioned findings indicate that enhancing the SCC resistance of sinter-based
SS316L might be potentially achievable through the reduction of its porosity content using
the methods previously mentioned, i.e., HIPing or shot-peening. Comparatively, the lower
strength of sinter-based SS316L led to a reduced applied stress when considering a
percentage of AYS, making it more resistant to SCC initiation than its CD wrought
counterpart, which experienced a higher load. These results hold validity as the loading

conditions of the tests represent reasonable utilisation values for both materials in service.

This study also highlights the influence of residual stresses on the susceptibility to SCC. It
was observed that the CD wrought SS316L C-rings under 0% AY'S cracked in boiling
conditions, attributed to the significant residual stresses induced during the material’s cold-
working manufacturing process and subsequent machining of the test specimen 2%52®°, High-
strength stainless steels, like CD wrought SS316L, tend to have a low threshold stress
intensity factor for SCC (K scc), indicating low SCC resistance 10 278 281,302 Gimjlar
observations are applicable to high-strength LPBF-manufactured SS316L, which exhibited
high residual stresses as evidenced through the KAM analysis. These residual stresses
increase its susceptibility to SCC. Notably, the LPBF C-rings exhibited constant cracking
near the printed holes in areas perpendicular to the ends of the printed supports. Moreover,
the unstressed printed samples cracked at boiling temperatures, mirroring the behaviour of
their CD wrought unstressed counterparts. Although LPBF SS316L exhibited smaller pits
compared to its sinter-based counterparts, the thermal residual stresses induced by the laser-

based technology were sufficient to surpass the pit-to-crack transition threshold.

This investigation provides evidence of the impact of residual stresses on the SCC
susceptibility. Significantly, LPBF C-rings subjected to stress relief heat treatment exhibited
improved SCC resistance, as evidenced by the additional week needed for the material to
crack. In addition to this, the partial immersion test, in which LPBF C-rings were suspended
upside down with the printed holes above the solution line, established that the samples did
not exhibit SCC near the printed holes. Instead, the cracking occurred in the region of
maximum applied stress 1%°3%° resulting in a delay of one week before cracking occurred.
These findings suggest mitigating or removing the effect of residual stresses could enhance
the SCC resistance of LPBF-manufactured SS316L. These observations hold significant
implications, as LPBF-manufactured components with complex geometries requiring support

structures could contain residual stresses not considered during the material’s qualification
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for SCC susceptibility. This is particularly relevant when the test specimens involve printed

supports.

Finally, the cracking behaviour of the 3D printed alloys was investigated in relation to their
microstructures using fractography and micro-CT analysis techniques. The results of this
investigation demonstrate that the presence of large aggregates of equiaxed grains, a high
content of X3 twin boundaries, and a weak crystallographic textures can act as barriers for
the propagation of secondary cracks (crack-branching), in sinter-based SS316L.
Consequently, sinter-based SS316L exhibit reduced crack-branching compared to both its
laser-based and wrought counterparts. This investigation concluded that the microstructures
of sinter-based SS316L, lead to an overall decrease in the Schmid factor, indicating an
increased resolved shear stress required to initiate the slip across grains 3337, As a result,
their nearly randomly oriented grains, coupled with the large number of twin boundaries,
enhanced its resistance to crack propagation via branching in non-localised directions %4 31¢-
819, Furthermore, this study suggests that despite the negative impact of porosity content on
the resistance to SCC initiation in sinter-based SS316L, there is an additional crack-arrestor
effect due to the blunting of crack tips, primarily attributed to the elongated pores 320322,
Conversely, since the microstructures of LPBF-manufactured SS316L lack effective crack
barriers, the printed material exhibits more susceptibility to crack-branching. The impact of
non-metallic inclusions and secondary phases, such as retained d-ferrite (BCC), on crack-
branching resistance could not be definitively determined, as no clear correlation was
observed. Therefore, the findings from this investigation indicate that the primary role in the

material’s resistance to crack-branching is played by the crystallographic texture.

6.2 Main conclusions

This thesis draws a number of holistic conclusions on the broader subject matter in addition
to the specific conclusions detailed in the respective chapters. These conclusions are outlined

below:

e Thereis a clear influence of the AM process variables on the microstructures and
mechanical properties of the 3D printed SS316L. The controlled slow rate heating
and cooling steps of the sinter-based technology results in the generation of a porous
and isotropic microstructure, large equiaxed grains, high content of twin boundaries,
low yield strength and high ductility. In contrast, the rapid energy input and near-
instant solidifications of LPBF produce materials with anisotropic microstructures,

elongated grains, absence of twin boundaries, high yield strength, and low ductility.
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In general, 3D printed SS316L alloys with a high content of porosity and surface
heterogeneities, inherent to the 3D printing process, are more susceptible to SCC
than the conventionally manufactured grade material. These heterogeneities weaken
the corrosion-protective passive layer of the alloy, thereby facilitating the rapid
nucleation and growth of pits. In this context, the sintered-based 3D printed SS316L
is more susceptible than the LPBF-manufactured material due to the higher bulk
porosity content.

In 3D printed materials, cracking as a consequence of pitting is further aggravated
by the presence of applied stresses, which accelerates pit-to-crack transition. This
phenomenon is particularly noticeable in the sinter-based 3D printed material,
primarily due to its high porosity content, which serves as multiple sites for pit

nucleation.

The crack-branching behaviour is also influenced by the porosity, including factors
such as microscopy, morphology, quantity, and crack propagation dynamics. The
round and elongated pores present in the sinter-based SS316L, situated within an
environment of pseudo-random or relatively weak crystallographic texture, serve as
barriers to the propagation of secondary cracks that result from the branching of the
primary crack. These secondary cracks are eventually arrested, preventing further
sub-branching. In contrast, the absence of this arresting behaviour is evident in the
low-porosity (<1% bulk porosity) LPBF-SS316L and wrought alloys, as observed in
this investigation. A definitive threshold value for porosity content in relation to this

arresting behaviour could not be established.

The high residual stresses present in both LPBF-manufactured and CD wrought
SS316L significantly accelerate their susceptibility to SCC. This observation became
evident when stressed and unstressed C-rings produced through these two methods
cracked upon exposure to acidified chloride solution at boiling temperature. The
considerable tensile loads induced by the residual stresses induced by their
distinctive manufacturing methods facilitated the pit-to-crack transition. In contrast,
materials with minimal residual stresses, like the sinter-based 3D printed and SA
wrought SS316L, exhibited no cracking in their unstressed samples throughout the

duration of the test.
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6.3 Study limitations

As previously stated, the complex interplay of the parameters in the AM technologies
influence the microstructures of the 3D printed alloys, consequently affecting their
mechanical properties, pitting resistance, and, therefore, SCC susceptibility. One of the aims
of the investigation was to optimise the printing strategy for producing SS316L with
improved properties and performance. However, there was a time constraint for
manufacturing test samples under a wider range of printing variables in an iterative process.
Moreover, there are secondary effects of one printing variable on others, making it difficult
to manipulate multiple variables simultaneously and draw conclusive remarks. Conducting
tests on 3D printed samples to generate distinctively different microstructures, thus exploring
the influence of the parameters and their effects on properties/performance, would have
provided a comprehensive understanding. However, this was beyond the scope of the
project's timeframe. Overall, the thesis findings offer a clear view that AM technologies
involve complex and interdependent printing variables, making the iterative process intricate
and time-consuming. Drawing conclusions solely from an experimental-only approach might
prove challenging. Therefore, it is crucial to consider a simulation-based investigation in
conjunction with the experimental approach. Simulations could include a wider range of
parameter variations, providing narrower windows for exploration. The results from
simulations can then be validated through experiments. Nevertheless, based on the current
experimentation, common parameters were fixed to establish a baseline of results that can be

used for addressing new investigations.

Another limitation of this investigation is that, due to time constraints, the influence of post-
processing was only briefly incorporated to understand the resulting microstructures and
their impact on their material’s properties and performance. Similarly, the actual effect of
non-metallic inclusions and secondary phases on the crack-branching behaviour of the 3D
printed SS316L remains largely unexplored. The control over inclusions morphology,

distribution, and quantity is also unknown, necessitating thorough investigation.

In summary, the subject matter of this investigation is novel, and each aspect requires
dedicated investigations, drawing upon our existing knowledge of conventional materials as

a strong baseline.

6.4 Future research

The results obtained in this dissertation could serve as a foundations for enhancing the

resistance of 3D printing SS316L to SCC. While this investigation addresses certain
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knowledge gaps related to the interplay between 3D printed microstructures, SCC
susceptibility, and crack-branching behaviour, it also raises questions about the potential of
improving these properties through the refinement of printing strategies and the

implementation of post-processing techniques, as previously discussed.

It has been suggested that the SCC resistance of sinter-based SS316L could be significantly
improved by minimising structural defects and oxide inclusions through the careful selection
of appropriate feedstock. Strategies aimed at reducing SCC susceptibility might involve
using low-oxygen powder feedstock, combined with extended sintering times and the
optimisation of defect content and structural elements, such as grain size, defect morphology,
surface characteristics, etc.

The susceptibility of LPBF-manufactured SS316L to SCC could potentially be mitigated by
minimising the impact of the thermal residual stresses. This objective could be achieved by
employing commercial software to simulate various scanning strategies, aiming to produce
components with minimal residual stresses. Additionally, residual stresses could be reduced
through the optimisation of post-process stress relief heat treatments, or by avoiding the
introduction of residual stresses near the component/support interface through the
manufacture of supportless structures. The latter approach would also require the use of

software to determine the optimal printing strategy.

Further investigations could also explore the potential impact of post-processing steps on
improving the SCC resistance of 3D printed SS316L. For instance, one approach could
involve reducing the porosity content through surface treatments such as mechanical
attrition, thereby minimising susceptibility to pitting and subsequently increase the SCC
resistance of sinter-based manufactured SS316L. Some suggest the application of HIP to
printed specimens. However, applying the high force of HIP in the final printed components
might be impractical and could lead to geometrical distortions. Nevertheless, this approach
contributes to a deeper scientific understanding and provides valuable insights into

fundamental material science.
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Introduction

Additive manufacturing (AM), also known as 3D
printing, is a general term covering those technolo-
gies that allow the fabrication of complex physical
objects from digital data by the successive addition of
material [1-3]. Regardless of the type of feedstock or
binding mechanism, current AM technologies are
classified into seven basic categories, i.e. (1) binder
jetting, (2) direct energy deposition (DED), (3) mate-
rial extrusion, (4) material jetting, (5) powder bed
fusion (PBF), (6) sheet lamination and (7) vat pho-
topolymerisation [2-4].

SS316L is a widely used stainless steel in the
resource sector, due to its favourable corrosion
behaviour and good formability. Studies on SS316L
fabricated via PBF and DED showed that the manu-
facturing parameters have a direct impact on the final
microstructures,  porosity  characteristics  and
mechanical properties [5-15]. Issues with these AM
technologies include their initial capital costs, safety
concerns in relation to the handling of loose powder
and high energy sources, and also, the anisotropic
nature of microstructures producing columnar grains
[6-8, 15, 16]. Hence, in recent years, investigations
have been carried out to address these issues by
combining the low cost of extrusion 3D printing
techniques using fused filament fabrication (FFF)
with the strengthening process of metal injection
moulding (MIM). This combined AM technology is
referred as metal FFF [3, 17-22].

Manufacturing of SS316L via metal FFF starts with
loading the feedstock of pre-alloyed powder
embedded in a binder into the 3D printer. The feed-
stock is then heated just above its binder’s melting
point, 210 to 290 °C [22-25], allowing it to be extru-
ded line-by-line and layer-by-layer [2-4]. The as-
printed object, known as green-part, lacks all the
mechanical properties of the final densified metal. To
achieve the required strength, the green-part subse-
quently undergoes a series of post-print processing
stages similar to those used in MIM and powder
metallurgy (PM) technologies [3, 20, 23, 24]. Solvent
debinding is the first stage in metal FFF. Debinding
involves removing the primary binder material by
dissolving it in a suitable solvent, typically a liquid or
gas [13, 24, 26, 27]. The obtained structure, known as
brown-part, undergoes the next stage of the process
inside a furnace. During this next stage, the

@ Springer

] Mater Sci

remaining secondary binder is burnt off through the
porous structures at 425 to 600 °C temperature range,
a process known as thermal debinding [21, 23, 25, 27].
The heating rate during thermal debinding is opti-
mised to avoid blistering or cracking of the part. A
vacuum atmosphere is used to prevent the oxidation
of the steel particles; however, a reducing atmo-
sphere using hydrogen gas can also be employed
[24-27]. During the final stage, i.e. sintering, the
temperature reaches between 1250 and 1380 °C
[23, 25, 26]. During sintering, the specimen is held at
this peak temperature for 120 to 180 min
[13, 21, 23, 24, 26, 27]. Finally, the sintered part is
cooled down to room temperature either inside the
furnace or by air quenching [13, 21]. It has been
observed that a higher peak temperature and a longer
sintering result in microstructures with larger grains
and reduced porosity [24, 28, 29].

Recent  investigations have reported  the
microstructure and mechanical properties of FFF
fabricated SS316L [13, 17, 18, 21-27, 30-33]. Results
show that metal FFF produces porous sintered
materials [21, 24, 27], with a relatively large distri-
bution of austenitic grains [13, 24, 27] displaying a
ductile behaviour [21, 22] with varying other tensile
properties, which are a function of the building ori-
entation [13, 17, 21]. For instance, the porosity varied
between < 1% and 16% [17, 26], the average grain
size ranged between 25 and 75 pm [13, 17], the yield
strength (Sy) varied between 93 and 252 MPa [18, 23],
and the tensile strength (Su) ranged between 219 and
561 MPa [18, 30].

The objective of this work was to investigate the
relationship between the microstructures, tensile
properties and the fracture mechanism of the FFF
additively manufactured SS316L. A detailed mor-
phological and microstructural characterisation was
carried out using scanning and transmission electron
microscopy (SEM and TEM, respectively) and
microanalytical techniques, such as electron
backscattered diffraction (EBSD) and energy disper-
sive spectroscopy (EDS). The wrought condition of
the SS316L specimens was also tested and analysed,
and the results were compared to gain a better
understanding of the mechanical and chemical per-
formance of the sintered SS316L material. Results
were benchmarked with the literature covering
5S316L manufactured by PBF and DED.
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Experimental
Manufacturing technology

The SS316L used in this investigation was additively
manufactured with a sinter-based extrusion process
known as Bound Metal Deposition™ (Desktop
Metal®, DM) using the Studio System™ (DM) tech-
nology. The system comprises three units, printer,
debinder and sintering furnace. The printer uses
cartridges containing the feedstock in the form of
6 x 150 mm rods made of pre-alloyed SS316L pow-
der embedded in the wax- and polymer-based bin-
ders. The Studio Printer comprises a build volume of
300 x 200 x 200 mm® and a dual extrusion capability
for the ceramic-based media. This media creates an
interface between the part and its support structures
that is removed after sintering. Once the printing of
an object is done, it is moved to the Studio Debinder
unit which is an atmospheric pressure, low emission,
vapour and odour-tight distillation tank that uses a
proprietary solvent solution at 50 °C to remove the
wax-based binder and create an open-pore structure.
Then, the debound part is moved to the Studio Fur-
nace for sintering. The furnace, which operates under
vacuum in an argon-rich atmosphere, eliminates the
remaining binder in the brown-part during the
heating process and then sinters the part at high
temperature, followed by some degree of densifica-
tion. The entire process is controlled by the cloud-
based software Fabricate™ (DM).

Sample manufacture

The dimensions of the SS316L samples for micro-
scopy analysis were 10 x 10 x 3 mm. Subsize tensile
specimens were produced per the ASTM E8 recom-
mendations [34], i.e. 100 mm overall length, 6 mm
width, 32 mm length in the parallel section, and a
3 mm thickness. All specimens were 3D printed in
the XY orientation and Z-direction with the longest
dimension laying parallel to the X-axis as shown in
schematic Fig. la. The extruded line width was
500 pum, the deposited layer height was 150 pm, and
the contour shell thickness was 1.5 mm. The top-to-
bottom bulk volume was achieved with a linear raster
pattern than changed its extruding direction + 45°
and —45° with respect to the Y-axis with each
deposited layer. The other printing parameters were:
extruding temperature 175 °C, extrusion nozzle size

400 pm diameter, extrusion rate 30 mm/s, and build
plate temperature 65 °C. The sinter scale factors were
X =116, Y =116 and Z = 1.15. This indicates the
material allowance of the green-part to compensate
for the contractions during the sintering stage. The
solvent debinding was conducted for 15 h and the
thermal debinding at 550 °C for 2 h. The sintering
was performed at a peak temperature of 1350 °C with
a dwell time of 2 h. The process ended with furnace-
cooling the sintered parts down to room temperature.
Figure 1b shows the sintering furnace temperature
profile.

Microscopy sample preparation

Feedstock rods (cut longitudinally), brown-part and
sintered samples were mounted in cold epoxy resin.
Then, they were wet ground from 80 to 1200 grit SiC
abrasive paper and then mechanically polished down
to a final polish with 0.02 pm alumina suspension.
All polished samples were rinsed with ethanol, son-
icated in deionized water, dried with nitrogen and
placed inside a vacuum desiccator for at least 12 h
before the microscopy analysis. Sintered samples for
electron backscattered diffraction (EBSD) analysis
were additionally ion-milled for 30 min using a beam
voltage of 8 kV at a glancing angle of 4° with full
cycle rotational movements (TECHNOORG Linda,
SEMPrep2). Transmission electron microscopy (TEM)
samples were prepared using the focussed ion beam
(FIB) lift-out technique on a Dual Beam FIB/SEM
instrument (FEI Helios Nanolab G3 CX). The pre-
pared TEM lamella was a strip of 10 x 10 pm? with a
thickness below 100 nm. A carbon protective layer
was deposited on top of the region of interest using
an ion beam with a 30 kV voltage and 0.43 nA cur-
rent. Trenching, cutting, and thinning steps were
carried out at 30 kV and ion beam currents of
9.50-0.23 nA, as the thinning was progressed. After
thinning the TEM lamella to a thickness of 100 nm at
30 kV, a final cleaning was applied in two steps: the
first step was at a lower voltage of 5 kV for 1 min on
each side, followed by a low voltage of 2 kV cleaning
for 30 s on either side.

Microstructure investigation
The chemical composition of the powder used in this

investigation was verified by quantitative energy-
dispersive X-ray spectroscopy (EDS). The analysis
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Figure 1 a Test specimen 3D printing strategy, and b thermal profile used for sintering.

was performed on exposed particles on a section of a
brown-part. Measurements were taken with a cobalt
calibrated standard using a high sensitivity Oxford
EDS detection system coupled to a field emission-
scanning electron microscope (FE-SEM) (TESCAN
system, CLARA). The quantification was conducted
using the Oxford Aztec software. The chemical
composition of a SS316L. wrought sample was also
quantified for comparison. The microstructure of the
sintered material was imaged using the SE detector in
the FE-SEM, and its chemical composition was
mapped using EDS. The microstructure of the SS316L
wrought sample was also obtained by FE-SEM for
comparison. The particle size of the SS316L. powder
was measured with the open-source Image] software
by analysing the FE-SEM images of the feedstock
taken at different magnifications using both sec-
ondary electron (SE) and backscatter (BS) detectors.
Imaging and elemental analysis at nanoscale were
conducted on a TEM sample with a Field Emission
TEM operating at 200 kV beam voltage (FEI, Talos).

The phases present in the SS316L powder and
SS316L sintered material were identified via X-ray
diffraction (XRD) analysis using a Cobalt K alpha
powder diffractometer radiation source operating at
35 kV 40 mA using a LynxEye detector (Bruker D8
Discover). The XRD data were collected over an
angular range of 15° to 135° at a step size of 0.015°
and a time interval of 0.7 s. Likewise, a SS316L
wrought sample was also analysed in the same ana-
lytical conditions for comparison.

The volumetric porosity fraction of the SS316L
sintered material was determined with X-ray micro-
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computed tomography (micro-CT) in a 5 x5 x 3
mm?® sample cut from the corner of a square speci-
men to ensure having part of its contour shell and
bulk volume. The analysis was conducted using a 3D
X-ray microscope with an exposure energy of 140 kV,
during an exposure time of 24 h and at a pixel reso-
lution of 2.2 pm (Zeiss 520 Versa). The fraction area of
the samples’ porosity was quantified with Image] by
analysing cross-sectional SEM images at different
magnifications. The density of the SS316L sintered
material was calculated using the Archimedes prin-
ciple, as described in ASTM B311 [35].

The crystallographic orientation of the SS316L
sintered microstructures was mapped with respect to
the build direction (Z) using an Oxford symmetry
EBSD detector in the Tescan Clara FE-SEM. The data
were acquired at 2 pm step size, 28 kV beam energy,
and 21.2 mm working distance. Both EDS and EBSD
data acquisition were conducted with Aztec data
acquisition software, and the EDS and EBSD data
post-processing was undertaken using the Aztec and
AztecCrystal software, respectively. A clean-up pro-
cess was applied to the EBSD data to assimilate any
non- or mis-indexed points into the surrounding
neighbourhood grains. Less than 10% of the points
were modified in the process. The grain boundaries
were detected with a threshold misorientation of 10°
in conjunction with a minimum of 8 pixel of frac-
tional difference of misorientation variation and a
kernel size of 3 by 3. The grain size was measured as
the maximum Feret diameter. The average grain
aspect ratio was calculated as the fitted ellipse aspect
ratio with the X3 twins (<111 > /60°) boundaries
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excluded. The same analysis was conducted on a
SS316L wrought sample for comparison.

Mechanical properties

The mechanical properties (yield and tensile
strength) of the sintered SS316L samples were mea-
sured by tensile testing on triplicate specimens at
room temperature (25 °C). Tests were conducted on
rectangular subsize specimens using a 50 kN uni-
versal testing machine (UTM, Shimadzu) equipped
with 50 kN manual non-shift wedge grips. The UTM
crosshead speed was set to 0.48 mm/min within the
elastic region, while the displacement was measured
using an axial extensometer with a gauge length of
25 mm and a travel range of + 100% (Epsilon Tech
Corp). The test was paused once the proportional
limit was reached, the extensometer was then
removed, and the test was resumed at a UTM
crosshead speed of 1.6 mm/min until the specimen
fractured. Data were collected at a rate of 10 Hz in the
elastic region and 5 Hz in the plastic region. The test
was monitored with the Trapezium X software. The
tensile test, the dimensions of the specimens, and the
method to calculate the 0.2% offset yield strength
(Sy), tensile strength (Su), elongation after fracture
and reduction of area were conducted as per stan-
dard ASTM E8 [34]. The elongation at fracture was
calculated from the engineering stress—strain curve.
The Young's modulus (E) was approximated using
the least-squares method from 25 to 100 MPa using
the stress-strain data as recommended in the stan-
dard ASTM E111 [36]. All fracture specimens were
cut transversely (YZ plane) to a length of 10 mm,
sonicated in ethanol, rinsed with deionised water,
dried with nitrogen and placed inside a vacuum
desiccator for at least 12 h before the microscopy
analysis. Fractured surfaces were imaged using the
SE detector, and micro-chemical analysis was con-
ducted by EDS. The wrought SS316L specimens used
for comparison were wire-cut with the same dimen-
sions from a 3-mm-thick plate and similarly tested
and analysed.

Results
Microstructures and analysis

Table 1 presents the chemical composition of SS316L
powder and SS316L. wrought samples measured by
quantitative EDS along with the nominal composition
of UNS 831603 as per standard ASTM A240 [37].
From comparisons, the analysed powder metal met
the UNS 531603 requirements. A representative FE-
SEM image of the feedstock is shown in Fig. 2. The
measured average particle size distribution was d50
1.4 pm and d90 5.0 pm. A representative TEM image
and corresponding EDS map of the SS316L precursor
powder in Fig. 3 show the presence of spherical Si-,
Mn- and O-rich inclusions. The inclusion size varies
between 0.02 and 0.23 pm.

The XRD spectra of representative SS316L. powder
and sintered samples measured with respect to its
build direction (Z) are shown in Fig. 4. The SS316L
wrought data were added for comparison. It can be
seen from the figure that the SS316L powder con-
sisted mainly of y (FCC) austenite phase with a subtle
presence of retained & (BCC) ferrite. According to T.
Kurzynowski et al. [6], the retention of 3-ferrite in the
powder feedstock results from the rapid solidification
of molten SS316L during the gas atomisation process,
when the §-ferrite stabilisers, such as Cr, Mo and Si,
segregate to create later localised site-specific
metastable conditions in the austenitic matrix [6]. The
XRD data of the SS316L sintered sample solely shows
v (FCQC) austenitic phase confirming the full dissipa-
tion of the &-ferrite. Wrought data was added for
comparison.

Figure 5 shows a large field of view SEM images of
the SS316L wrought and sintered samples. The
grayscale contrasts indicate the presence of larger
austenitic grains in the sintered sample than the
wrought sample. Both samples comprise twin
boundaries. There is a high porosity and oxide
inclusion content in the sintered sample.

The micro-CT reconstruction in Fig. 6 reveals the
presence of the elongated defects correlated with the
printing raster pattern. The scan from the contour
shell shows a cumulative stack of parallel lines as
expected from the layer-by-layer print built up. The
total scanned volume was 6.9 x 10° um®, in which
the porosity volume was 8.75 x 107 pm?, ie. 1.27%
v/v. The total amount of macro- and microporosity
were 0.85% and 0.43%, respectively. The threshold
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Table 1 Quantitative EDS

chemical composition of Chemical composition in wt%

SS316L powder, SS316L

Material Fe Cr Ni Mo Mn Si
wrought and nominal UNS
S31603 SS316L Powder Bal 17.1 10.0 23 1.3 0.6
SS316L Wrought Bal 17.8 10.0 2.1 1.6 0.5
UNS S31603 [37] Bal 16-18 10-14 2-3 2 max 0.75 max

Figure 2 FE-SEM image of the feedstock showing the SS316L
powder with a particle size distribution of d50 1.4 um and d90
5.0 pm.

Oxide
Inclusion

Figure 3 TEM image and corresponding EDS map of a SS316L
particle showing a spherical inclusion rich in Si, Mn and O content
found in the SS316L precursor powder.

used to define micropores was < 10,000 um3. The
fractional area of porosity measured from post-pro-
cessed SEM cross-sectional images was 4.8% + 1.4.
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Figure 4 XRD spectra of SS316L powder showing an y (FCC)
austenite phase with a small presence of retained & (BCC) ferrite
(top), SS316L sintered sample (XY plane) showing a fully y
(FCC) austenite phase (middle), and SS316L wrought also
showing a fully y (FCC) (bottom).

The density of the sintered sample obtained using the
Archimedes principle was 7.43 g/cm® + 0.07.

A SEM image of a SS316L sintered sample with
corresponding EDS elemental maps is given in Fig. 7.
The images show the presence of two types of
inclusions, namely (1) irregular Cr-rich particles with
an average size of 3 ym and (2) spherical Si-rich
particles with an average size of 1.4 um. Both types
contain Mn and O. Identical findings are also repor-
ted in other investigations in 3D printed SS316L
produced via PBF [38] and DED [12]. According to P.
Deng et al. [38], the Si-Mn-O particles in the pre-
cursor powder were generated during the gas
atomisation process [38]. Yan et al. [39] observed both
inclusion types in PBF manufactured SS316L and
concluded the particles were Rhodonite (MnSiOs)
and Spinel (MnCr,0O,) [39]. However, the absence of
these phases in the XRD spectra might suggest an
amorphous nature of these inclusions, which
deserves further investigations.

Figure 8 shows a wide area EBSD map of the
Z-cross section (normal to the built direction) of a
sintered sample is shown with the corresponding
colour-coded inverse pole, indicating a weakly
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Figure 5 SEM  images showing large recrystallised
microstructures in the a SS316L wrought, and b sintered
samples, with the later showing distributed porosity, inclusions
and twin interfaces.

textured almost random orientation distribution. The
almost random orientation is also consistent with the
low intensity (x 1.26 random) in the {111} pole figure.
It should be noted that the EBSD area covered is
inadequate for the measured grain size, but as a non-
textured characteristic was found, it was not regar-
ded as critical. The twin content was measured as the
length fraction of the X3 boundaries in the
microstructure, which was 52.3% of > 10° bound-
aries. This finding is identical to the 53% reported by
Irukuvarghula et al. [40] in hot isostatic pressing
(HIP) processed SS316L steels [40]. The quantification
made from the grain size measurement is shown in
Table 2. In comparison, the SS316L wrought sample
showed a slight strengthening of the texture as seen
in the {111} pole figure, assumed to be caused by the
processing history of the sample, the detail of which

is beyond the scope of the manuscript. The grain size
measurements are shown in Table 2.

Mechanical properties

Representative engineering stress—strain curves of
both SS316L sintered and SS316L wrought samples
are shown in Fig. 9, along with the dimensions of the
test specimens. Results have shown that the sintered
specimens performed in a ductile manner, which is
represented by an initial linear elastic deformation
followed by a non-linear permanent deformation.
The calculated average Young's modulus (E, 196
GPa =+ 28) matched with other’s measurements, i.e.
202 GPa conducted at 25 °C room temperature [42].
The tensile strength (Su, 524 MPa + 1) and elonga-
tion at fracture (96% + 1) met and exceeded the UNS
531603 standard requirements [37]. The 0.2% offset
yield strength (Sy, 166 MPa + 2) was slightly (~ 2%)
lower than the minimum required. The mechanical
properties are summarised in Table 3.

SEM images of the fractured surface of both SS316L
wrought and sintered tensile specimens are pre-
sented in Fig. 10. The sintered specimens had a
ductile fracture, which was characterised by small
inclusions located inside the uniformly distributed
spherical dimples. The magnified image at the con-
tour shell and bulk volume shows the presence of
elongated macro-porosity. No evidence of secondary
central cracks or parabolic dimples, usually found
from a shear fracture, was observed in the sintered
sample; however, these features were found in the
fractured surface of the SS316L. wrought specimens.
A SEM image and corresponding EDS map from the
fractured surface of the SS316L sintered specimen
confirming the presence of a Si-Mn-O-rich inclusion
inside a spherical dimple can be seen in Fig. 11.
Finally, photographs of both SS316L sintered and
wrought fractured tensile specimens are given in
Fig. 12. While both sintered and wrought sample
fractured in a ductile manner, the sintered specimen
had a smaller necked region. A typical cup-and-cone
characteristic is observed in the wrought specimen.

Discussion
The mechanical properties of the 3D printed SS316L

in this work were compared with the literature of
SS316L additively manufactured via FFF, PBF and
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Figure 6 Micro-CT scans of a
SS316L sintered sample
showing the presence of
elongated macroporosity, a as
a 3D mesh-like pattern at the
bulk volume, b as a layer-by-
layer pattern at the contour
shell, and c as a layer-by-layer
pattern skewed 45° in the XY
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Figure 7 SEM image of a SS316L sintered sample and corresponding EDS elemental maps showing the distribution of Si-Mn-O-rich

spherical and Cr-Mn-O-rich irregular inclusions.

DED techniques. The results are summarised in
Table 4 which also includes the typical properties
obtained from well-established powder-based pro-
cesses such as MIM and PM. The MIM-316L and UNS
standard requirements for the 531603 grade were also
added for comparison.  Ultimately, some
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characteristics obtained from the literature such as
the size of the precursor powder as well as the
average grain size and amount of porosity of the
densified SS316L obtained with FFF, PBF and DED
processes are given in Table 4 for comparison.
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Figure 8 EBSD measured inverse pole figure maps of the a SS316L sintered and b SS316L wrought sample with corresponding {111}
pole figures.

Table 2 Grain size measurements of SS316L sintered and SS316L. wrought samples

Material Opverall grain size distribution (um) Average grain size (um) ASTM grain size No [41] Average grain aspect ratio
SS316L sintered  d50 35, d90 71 40 £23 75 3.0+24
SS316L ds0 18, d90 34 20 + 10 9.5 23413
wrought
@ Springer

137



Figure 9 Engineering stress—
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Table 3 Mechanical properties of the SS316L sintered and SS316L

Strain

wrought samples

Mechanical properties

Material Young’s Offset Yield Tensile Elongation at ~ Elongation after fracture Reduction
modulus (E) strength (Sy) strength (Su) fracture in 32 mm of area
(GPa) (MPa) (MPa) (%) (%) (%)
SS316L Avg 196 166 524 96 85 51
Sintered Min 156 163 523 95 80 50
Max 216 168 524 96 88 52
Std 28 2 1 1 3 1
Dev
SS316L Avg 240 286 644 88 86 55
Wrought
UNS 831603 [37] 202 [42] min. 170 min. 485 min. 40 n/a min. 40

Influence of sintering on the microstructure

This study revealed that the thermal profile in Fig. 1-
b for sintering yield an average grain size of 40 um,
which is larger than the observed in the wrought
sample. This can be seen in Figs. 5 and 8. The grain
growth most likely took place as a result of the high
temperature and long dwelling time inside the fur-
nace. Similar grain growth has been reported in other
FFF investigations [13, 17, 23]. It is pertinent to note
that the grain growth did not led to the formation of a
growth-dependent texture. In contrast, due to
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different thermal processings with the PBF and DED
involving a rapid melting followed by a rapid solid-
ification, the produced material is strongly textured,
and the microstructure is also asymmetric containing
elongated columnar grains in the build direction
along with much smaller grains that could grow
preferentially along the scanning directions [10, 43].

The micro-CT analysis showed that after sintering,
the final porosity of the additively manufactured
SS316L was 1.27% v/v, which appears consistent
with the findings by Y. Thompson et al. showing less
porosity is produced after sintering at higher peak
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Figure 10 SEM images of the tensile fractured surfaces in the a SS316L wrought and b sintered specimen showing their microscopy

features.

Figure 11 SEM image of a SS316L sintered fractured specimen
and corresponding EDS elemental map showing a Si-Mn-O
inclusion inside a spherical dimple.

temperatures and longer dwell time [24]. The poros-
ity content also depends on the built orientation and

10mm

Figure 12 Photographic image of both fractured SS316L sintered
tensile specimen (top) and SS316L wrought specimen (bottom)
showing two types of necked regions.

printing raster patterns, as it was reported by Damon
et al., and Suwanpreecha et al. [17, 19]. Similar effects
were also found for PBF and DED [7, 9]. The size of
the pre-alloyed powder used for making the feed
material used in this investigation was 8 to 30 times
smaller than the particles generally used in vast
majority investigations with PBF and DED. There-
fore, it would be a subject of research how PBF and
DED can produce denser objects with a porosity as
low as 0.2% [6, 10, 11]. The elongated macroporosity
found in the manufactured sintered SS316L is a
common defect of the FFF technique due to the
inherent nature of the line-by-line and layer-by-layer
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Table 4 Summary of mechanical properties, powder size, grain size and final porosity of SS316L manufactured by Metal FFF, PBF, DED,
MIM, PM and standard requirements for UNS S31603 and MIM-316L grade

Young’s Yield strength  Tensile strength  Elongation at Powder Grain Final
modulus (E) (Sy) (Su) fracture size size porosity
Manufacturing (GPa) (MPa) (MPa) (%) (pm) (um) (%)
technology
S316L sintered (this 196 166 524 96 d90 5.0 40 +23 1.27
work)
Metal FFF [13] 93—154 168—187 409—499 17-37 n/s 75+20 19 -21
Metal FFF [17] 185+ 5 155—-165 500—-520 32-37 n/s 25+3 05-17
Metal FFF [18] n/s 93—105 219-312 6—13 n/s n/s 4.6
Metal FFF [21] n/s n/s 412 56.3 3-15 n/s 7.5
Metal FFF [22] 157.2 + 4.5 148.0 & 4.5 4439 £ 59 433 + 25 1-10 n/s 9.8
Meta FFF [23] 198 252+ 7 521 £ 16 9 20-53 45+£5 7
Metal FFF [26] 132 + 65 n/s 296 + 78 32+ 16 n/s n/s 16
Metal FFF [30] n/s 251 561 53 n/s n/s n/'s
Metal FFF [31] n/s 194 £+ 19 441 + 27 29.5 £ 3.8 30-50 n/s 7.8
Metal FFF [32] 152 167 465 31 n/s n/s 1.5
PBF [6] 219 + 41 517 + 38 687 + 40 3285 20-63 n/s <02
PBF [7] n/s 430-536 509 — 668 12 -25 20-50 1 14-438
DED [9] 204 — 218 201 — 284 457 — 509 27 - 42 44 — 106 n/s < 1.0
DED [10] n/s 388 + 42 588 + 53 48+ 6 50 — 150 <10 0.1 -02
SS316L Wrought (this 240 286 644 88 n/a 20 n/a
work)
PM SS316L [28] 103—144 176—289 308—468 11-19 typ. 12 n/s 12.7-20.6
MIM SS316L [29] 185 180 520 40 n/s n/s n/s
UNS S31603 ASTM 202 [42] min. 170 min. 485 min. 40 n/a n/s n/a
A240 [37]
MIM-316L ASTM B883 190 min. 450 typ.  min. 450 typ. min. 40 typ. 50  n/s n/s n/s
[63] 540 520

process, regardless of the feedstock or post-process-
ing [2, 44, 45]. This pattern of porosity can be seen in
Fig. 6, creating a 3D mesh-like structure inside the
bulk volume, and a stack of lines resembling the
layer-by-layer printing process in the contour shell of
the specimen. The same type of FFF defect is reported
elsewhere [17, 19, 21, 22, 27, 33, 46].

Spherical nanosized Si-, Mn- and O-rich inclusions,
shown in Fig. 3, were observed in the original feed-
stock before sintering, which might alter or create a
new set of inclusions. Similar findings in the feed
powder of additive manufacturing and powder
metallurgy processes have been reported elsewhere
[28, 38, 39, 47]. Some investigations suggest that these
inclusions are formed in the powder during its
atomisation process [38, 47]. During sintering, these
inclusions may undergo physical and chemical
changes and may evolve into a new set of particles, as
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shown in Fig. 7. The presence of this new type of
irregular inclusions rich in Cr, Mn and O, suggests
the importance of the sintering process on their
morphology. The transformation from the fairly
stable Si-Mn-O into the Cr-Mn-O type after the heat
treatment of Fe-Cr alloys has also been studied
elsewhere [48-51]. These investigations observed that
the chemical composition of the Si-Mn-O-type
inclusions present in the as-cast Fe-Cr alloys will
either remain or change during heat treatment
between 1000 and 1300 °C, depending on the initial
content of Cr and Si in the steel matrix. Further
changes associated with new transformation phe-
nomena—as those occurring post-sintering in the
1100-1200 °C range for the PBF manufactured SS316L
alloy—make the matter more complex [51]. The dwell
time at peak temperature during the heat treatment
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was also found to play important roles for the
transformation [48, 51].

Influence of sintering on the mechanical
properties

The results presented herein showed that a sinter-
based extrusion technology can be used to additively
manufacture SS316L with a tensile strength (Su) and
ductility in agreement with the standard require-
ments for the UNS S31603 grade, and a yield strength
(Sy) slightly lower (~ 2%) than the minimum speci-
fied [37]. The higher yield strength (Sy) of SS316L
wrought, shown in Table 3, can be a contribution of
the smaller grain size distribution as per the Hall-
Petch equation [52, 53]. However, it should be noted
here that many interdependent factors contribute the
yield phenomena, and therefore, it should not be
further discussed based on the grain size only.

An attempt was made to predict the minimum
grain size requirement to attain the UNS S31603
standard benchmark of 170 MPa, assuming the other
factors remains constant. The analysis was done
using the Hall-Petch parameters experimentally
obtained for SS316L wrought alloys in the literature
[54, 55]. However, it becomes clear that none of the
reported data fit the performance of the sintered
material of the present study, i.e. the calculated yield
strength (Sy) for a 40 pm grain size was much higher
than the 166 MPa obtained herein. The discrepancy
of the results with those of the published data could
be explained by the fact that there is a significant
presence of twin boundaries that were not taken into
account in the Hall-Petch calculations. Also, as it is
noted earlier, while Hall-Petch provides a great
framework for strength prediction, the complexity of
the present materials due to the presence of porosity
and inclusions makes it difficult to predict and it
requires a dedicated approach to simulate.

In order to shed light on the effect of porosity on
mechanical properties, it was shown that the PBF and
DED processes can produce SS316L with a porosity
content that can be as low as 0.2% [6, 10, 11] and
hence can exhibit improved yield and tensile
strength. Porosity has a detrimental effect on these
strength and ductility parameters because of the
reduced area supporting the load and the stress
concentration factor at each pore [28]. However, an
investigation on the effects of sintering conditions on
the mechanical properties of MIM SS316L showed

that only the tensile strength and elongation were
dependent on the porosity content [56]. Further
details on the influence of porosity in the strength of
an additively manufactured SS316L via PBF and DED
can be seen elsewhere [7, 57].

Regarding ductility, this study indicated that the
elongation at fracture of the sintered tensile speci-
mens was in average 70% higher than other metal
FFF studies, as shown in Table 4. However, in some
of these studies, the reported elongation was not
calculated as per the ASTM ES8 standard [34], which
might explain the difference. When compared to the
reported data of PBF and DED manufacturing, the
elongation obtained in this study was 20% to 80%
higher. The reason might be due to the fact that there
is a significant strain field in the PBF and DED
manufactured samples that makes a drop in ductility.
Some improvements in ductility from the presence of
annealing twins have also been reported elsewhere
[57-601.

Influence of sintering on the fracture

The SS316L sintered specimens were fractured in a
ductile manner. The spherical dimples observed in
Fig. 10-d appeared similar in size and uniformly
distributed throughout the fractured surface. This
mode of fracture is predicted to be caused by the
presence of oxide inclusions, as shown in Fig. 7,
which acted as the void nucleation sites [52]. The
inclusion content, compared to SS316L. wrought, is
suspected to have led to the voids coalescence into a
single crack that lead to the fracture during in ten-
sion. As a result, no secondary central cracks nor
parabolic dimples were found in the fractography. It
is pertinent to note that the presence of parabolic
dimples indicates shear fracture [61]. Therefore, the
absence of these features in the sintered fracture
structure suggests that the material failed in pure
tension [61]. The presence of larger voids indicates
coalescence in both the wrought and sintered tensile
specimens, as shown in Fig. 10b and d, respectively.

Another characteristic observation in the fracture
surface of the SS316L sintered specimen was the lack
of a cup-and-cone shape at the necked region, as
shown in Fig. 12, which is a common feature of a
ductile fracture [52, 53]. The reason can be explained
by the tensile flow instability phenomena [52]. In
short, for a tensile specimen with a rectangular cross
section two types of tensile flow instabilities can take

@ Springer

141



place, i.e. diffuse and localised necking. The transi-
tion from diffuse to localised necking, as well as the
final extent of each instability mode, depends on the
capacity of the material to accommodate strains
before the geometrical softening cancels its strain
hardening [52]. In other words, when comparing two
metals, the one with the higher strain-hardening
exponent (n) will tend to maintain the rectangular
shape of its cross section for a longer period during
the tensile test before the fracture, than the metal with
the smaller n-value. The n-value was calculated for
both sintered and wrought materials to predict the
mode of behaviour by using the tensile test data and
following the procedure reported in [52]. The values
were 0.56 and 0.44 for the sintered and wrought
materials, respectively. It can be seen from the dif-
ferent necked regions in the sintered and wrought
specimens in Fig. 12 that the final instability mode
was affected by the different n-values. As a result, the
sintered specimen showed a larger localised necking
than the wrought. Furthermore, when comparing the
present investigation results with those from pure
copper (99.99%) rectangular tensile specimens, it was
found that the instability of the copper specimens
was dominated by localised necking, making no cup-
and-cone shape [62], because copper has an identical
n-value of 0.54 [52].

Conclusions

316L stainless steel was additively manufactured
with a sinter-based extrusion technology. A detailed
microstructure characterisation, tensile tests, and
fractography were conducted to investigate the
effects of sintering in the final microstructures and
mechanical behaviour of the manufactured materials.
Based on the results, the following conclusions can be
drawn:

1. The SS316L sintered samples revealed an
annealed microstructure composed of fully aus-
tenitic grains with an average grain size of 40 pm
and 1.27% v/v of combined porosity. None-
metallic particles, such as Si-Mn-O and Cr-Mn-
O inclusions, were also obtained. Nanosized Si-
Mn-O-type was found in the SS316L powder,
probably as a sub-product of its atomisation
process. Further research is required to elucidate
the mechanism responsible for the transformation
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of the Si-Mn-O inclusions into the Cr-Mn-O
particles during sintering. Thermodynamic sta-
bility studies followed by different stages of
sintering and in-depth microstructural analyses
using methods, such as TEM-based techniques,
will bring new insights into this complex
phenomenon.

2. The SS316L sintered samples had a Young's

modulus, tensile strength, and ductility compa-
rable to those of a standard UNS S31603 grade;
nevertheless, with a yield strength 2% lower than
the specified minimum value. The main reason
for the lower yield strength was attributed to the
relatively large grains as defined by the general
Hall-Petch relationship. The detrimental effect of
porosity content requires further investigation.

3. The SS316L sintered samples revealed a ductile

fracture in pure tension with two distinctive
features: i) a fractured surface with uniformly
distributed spherical dimples and no secondary
cracks, and ii) a necked region without the typical
cup-and-cone shape. The first type of fracture
surface was proposed to be the product of the
larger number of oxide inclusions present in the
microstructure compared to the wrought case,
leading to the formation of multiple voids coa-
lescing into a single crack. The second fracture
surface case was associated with the capacity of
the sintered samples to accommodate a larger
amount of strain-hardening during the tensile
test, compared to the SS316L wrought specimens,
which reduced the effect of the diffuse necking
while promoting the localised necking instead as
the dominating instability mode.
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Abstract: There is a fast-growing interest in the use of selective laser melting (SLM) for metal /alloy
additive manufacturing. Our current knowledge of SLM-printed 316 stainless steel (55316) is limited
and sometimes appears sporadic, presumably due to the complex interdependent effects of a large
number of process variables of the SLM processing. This is reflected in the discrepant findings in the
crystallographic textures and microstructures in this investigation compared to those reported in the
literature, which also vary among themselves. The as-printed material is macroscopically asymmetric
in terms of both structure and crystallographic texture. The <101> and <111> crystallographic
directions align parallel with the SLM scanning direction (SD) and build direction (BD), respectively.
Likewise, some characteristic low-angle boundary features have been reported to be crystallographic,
while this investigation unequivocally proves them to be non-crystallographic, since they always
maintain an identical alignment with the SLM laser scanning direction, irrespective of the matrix
material’s crystal orientation. There are also 500 == 200 nm columnar or cellular features, depending
on the cross-section, which are generally found all over the sample. These columnar or cellular
features are formed with walls made of dense packing of dislocations entangled with Mn-, Si- and
O-enriched amorphous inclusions. They remain stable after ASM solution treatments at a temperature
of 1050 °C, and therefore, are capable of hindering boundary migration events of recrystallization
and grain growth. Thus, the nanoscale structures can be retained at high temperatures. Large 24 um
inclusions form during the solution treatment, within which the chemical and phase distribution
are heterogeneous.

Keywords: selective laser melting (SLM); 3D printing; additive manufacturing (AM); 316 stainless
steel (SS316); EBSD; TEM

1. Introduction

Selective laser melting (SLM) is a powder-based 3D printing/additive manufacturing
(AM) technique for fabricating complex metallic parts with custom-designed internal
and/or external structures. In SLM, a digital system drives a high-power laser beam,
up to 1 kW, along a predesigned track to melt and fuse metallic powder particles layer
by layer to build a complex metal/alloy shape and/or internal structures that otherwise
would be impossible to fabricate with conventional metal processing techniques. SLM
was initially developed almost two decades ago [1], but until recently, it has primarily
been used in laboratory-scale and industrial prototyping [2-5]. Over the last ten years,
the manufacturing sector has shown a keen interest in using SLM for industrial mass
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production. This is primarily due to improvements in SLM printing hardware, e.g., laser
precision, powder manufacturing, etc., thus reducing time and production costs, as well as
increasing the inherent metallurgical benefits of SLM manufacturing [2—4]. SLM provides
a high degree of freedom in alloy compositions, covering both conventional and exotic
mixtures, e.g., high-entropy alloys, and provides for post-heating treatments [6-8]. There
are also unique metallurgical benefits in terms of the lightweighting and strengthening of
material via the control of solidification rates and compositional gradients. These benefits
are not possible, or are highly restricted, in conventional metal casting and subsequent
thermomechanical processing (TMP) [9-11]. As a result, the SLM technique is rapidly
being incorporated into industrial manufacturing [12-14], particularly in the aerospace,
automotive, biomedical and energy sectors [15-17].

The metallurgical process variables between conventional metal processing and SLM
are significantly different [18,19]. Consequently, the material properties, structures (at
macro, micro and nano scales), and application performance have large differences, even
for the same alloy composition. Nevertheless, it should be noted that the majority of
metal AM techniques are developed from the concept of conventional techniques such
as casting, welding, powder processing and/or cladding. These conventional techniques
are not ideal when developing additive manufacturing process parameters and variables,
and Aboulkhair et al. [18] recently summarized the SLM process variables, and their
differences compared to conventional processing. For instance, castability and weldability
are considered the primary characteristics for a given alloy’s suitability for SLM fabrication.
Indeed, there are marked differences between the solidification rates and conventional
welding parameters and those involved in SLM. Likewise, the remelting and rewelding
during subsequent SLM scanning creates a thermal effect that has some similarities to
conventional TMP [5].

Our current SLM knowledge is limited to a handful of alloy systems, including
aluminum [19-22] and titanium [10,23,24] alloys, as well as some studies on stainless
steel [25-28], nickel [29-32], cobalt [33-36], copper [37] and magnesium [38] alloys. Con-
sistent and systematic investigations are essential to developing a detailed understanding
of the effect of process variables on the microstructures and ultimate physical properties
of SLM-printed materials; as such, it has taken many decades of research to reach the
current level of knowledge for a given alloy system for a given conventional processing.
The SLM journey has commenced, and the processes, microstructures and properties of
materials processed in this way are in high demand because of the significant benefits
and rapid growth of the technique. This paper presents a comprehensive analysis of the
crystallography and composition of structures in an SLM-printed 316 stainless steel (SS316)
in the macro to the nano scales for advancing and rectifying our understanding on the
structural and crystallographic texture phenomena.

2. Materials and Methods

SLM printing was conducted with a 3D system Pro X DMP 320 machine by a com-
mercial 3D printing service company (Amiga Engineering, Tullamarine, VIC, Australia). A
SS316 powder feed supplied by TLS Technik GmbH & Co (Bitterfeld-Wolfen, Germany)
with 45 4= 10 um average size was used to print a rectangular block 40 x 40 x 2 mm (X:Y:Z),
see the schematic in Figure 1a inset. The other SLM parameters were 30 um layer thickness,
250 W laser power, 900 mm/s laser speed, 30 um scan resolution, parallel raster pattern
with 0° rotation, and high-purity argon as the shielding gas. The feed chemical composition
was provided by the supplier as 0.02 wt.% C, 0.51 wt.% Si, 1.0 wt.% Mn. 17.5 wt.% Cr,
2.3 wt.% Mo, 11.1 wt.% Ni, and Fe balance.
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Figure 1. EBSD-measured color-coded IPF map of the as-printed SLM sample showing the orientation
along the (a) BD and (b) SD. The insets in Figure la show the optical microscopy image and the
EBSD cross-section.

The printed material was subjected to an isothermal solution treatment at 1050 °C for
4 h in an argon-purged furnace followed by immediate water-cooling. The longitudinal
cross-section, see the schematic in Figure 1a inset, of both the as-printed and heat-treated
samples were cut, mechanically polished down to colloidal silica finish, and then ion milled
with a Technoorg Linda SEMPrep II system (Budapest, Hungary) to obtain a defect-free
surface suitable for investigation by electron backscattered diffraction (EBSD) investigation.
The ion milling parameters were 8 kV, 6° tilt and 360° rotation. EBSD was conducted
with an Oxford Instruments Symmetry™ system attached to a Tescan Mira (Brno, The
Czech Republic) field emission scanning electron microscope (FE SEM) operated at 15 kV
beam energy. Iron FCC (face-centerd cubic) phase from the Oxford database was used for
indexing EBSD patterns and the Oxford Instruments’ AztecCrystal software v.2.1.259 was
used to post-process and analyze the EBSD data.

Site-specific transmission electron microscopy (TEM) samples were prepared from
bulk samples using a Tescan Lyra Ga™ (Brno, The Czech Republic) focused ion beam (FIB)-
SEM. The final polishing step was performed with a low beam energy of 2 kV to minimize
ion beam damage. A FEI Talos FS200X G2 (Waltham, MA, USA) FE TEM was used for
the TEM investigation and was operated at 200 kV. Elemental mapping was conducted by
an energy dispersive spectroscopy (EDS) attached as two pairs of a FEI Super X detection
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system. Location-specific diffraction analysis was performed using selective area diffraction
(SAD) with an aperture with a diameter of 200 nm and convergent beam electron diffraction
(CBED). A double tilt holder was used to tilt the sample to the intended crystallographic
zone axis by navigating through the CBED generated Kikuchi pattern. TEM imaging
was conducted both in conventional and scanning TEM (STEM) modes. For STEM, the
bright field (BF) and high-angle annular dark-field (HAADF) mode were used to enhance
diffraction and atomic number contrast, respectively. TEM data acquisition and analysis
was undertaken using Velox software and diffraction data analysis was conducted using
the international center for diffraction data (ICDD) database.

3. Results and Discussion
3.1. Structural Symmetry and Crystallographic Texture

Figure 1a,b show EBSD color-coded inverse pole figure (IPF) maps in the building
direction (BD) and scanning direction (SD) in a BD-SD cross-section from an SLM-printed
block. The investigated cross-section schematic is shown in the inset in Figure 1a, in which
the terminology of the orthogonal print axes is shown, in convention with comparable
studies, e.g., [39]. In Figure 1, the optical micrograph shows the characteristic print features
in an SD-TD surface previously reported in numerous investigations [39-42]. From the IPF
maps, it is clear that the BD and SD were predominantly oriented along the <111> and <101>
crystal directions, respectively. It has been well-established that crystallographic texture in
iron controls its anisotropy in mechanical, thermal, magnetic and optical properties. The
observed macroscopic crystallographic texture is therefore likely to play a fundamental
control on the anisotropy of physical properties in SLM-printed S5316. The thick and
thin black lines in the EBSD map represent the high-angle (>15°) and low-angle (3-15°)
misorientation boundaries, respectively. The high-angle boundaries are broadly parallel to
the laser scanning tracks associated with printing. There was no evidence of the formation
of the }°9 twin boundary (<111>60°) in the as-printed sample. This finding is consistent
with the other literature, where no twin boundaries were reported in SLM-printed SS316,
although the wrought form of the material contained annealing twins [41,42]. The formation
of twin boundaries is generally promoted by low solidification rates [43,44]. Therefore, in
the case of SLM-manufactured SS316, where solidification occurs almost instantly at cooling
rates ranging from 10° to 107 K/s [2,45-47], the formation of twin boundaries is hindered.
This rapid cooling prevents sufficient time for the atoms to rearrange, which in turn delays
the nucleation and growth of twin boundaries. This is in contrast to wrought SS316L, where
cooling rates are much slower and facilitate the formation of twin boundaries [41,42].

In the IPF map presented in Figure 1b, there are thin <001>-oriented layers, colored in
red, between thicker <101>-oriented printing tracks, colored in green. These green and red
layers are called ‘major” and ‘minor layers’ by Sun et al. [48] (pp. 89-93). The thickness of
the major and minor layers varied between 100 and 200 um and 50 and 100 pum, respectively,
suggesting an overall crystallographic relationship between the major and minor layers. In
both IPF maps, there are other orientations in the major layers, which are present in the red
and green regions in Figure 1a, and red and blue regions in Figure 1b. EBSD analysis in the
TD revealed mixed orientation, not presented in the Figure 1. These findings suggest that
a sample-scale macroscopic crystallographic texture forms in SLM-printed SS316, which
is consistent overall with the recent literature, but the reported textures vary in terms of
crystal orientation [48-51]. An epitaxial growth mechanism between the major and minor
layers is regarded as the origin of the overall texture development [48]. However, lattice
epitaxy requires a perfect match between two lattice interfaces with common coincident
sites, which is somewhat unrealistic to imagine in the SLM-printed material, because it
contains a continuous change in orientation, as reflected by a gradual change in color
within short distances in the EBSD maps. Hence, a separate in-depth investigation at a
finer length scale is required to find out whether there are epitaxies over short distances,
and if this collectively develops the overall texture.
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In Figure 2a, the misorientation boundaries are elucidated in a higher-resolution,
100 nm step size, IPF map, whereby the SD is plotted as per the color-coded IPF section in
the inset. As before, the high- (>15°) and low-angle (3-15°) boundaries are represented by
thick and thin black lines, respectively. The corresponding Kernel average misorientation
(KAM) map is shown in Figure 2b, in which each data point represents the mean orientation
difference with the eight surrounding neighboring points. The blue-yellow-red legend in
Figure 2b indicates the relative KAM intensity. There is a correlation between Figure 2a,b,
viz., comparison of the white encircled areas shows that the high-stored-energy spots have a
higher density of misorientation boundaries. This observation can be understood in relation
to dislocation density because a higher dislocation density is required to accommodate
any misorientation. There were also regions of low stored energy. One such example
is encompassed with a white rectangular box, within which there is a small orientation
variation, represented by a minor change in the IPF color variation. Such low misorientation
variations indicate the presence of dislocation mesh and cell structures, which usually
accommodate relatively less energy [52]. Therefore, the as-printed sample showed an
overall heterogeneous distribution of the stored energy. This finding explains the spatial
variation of the micro- and nano-scale mechanical data in the SLM-printed material [53,54].

Figure 2. Higher-resolution EBSD maps of the as-printed SLM sample showing (a) color-coded
IPF map of SD to illustrate the inhomogeneities in the high (>15°) and low-angle (3-15°) boundary
distributions and their alignments with the SD and (b) the corresponding inhomogeneities in the
KAM plot.
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Figure 2a also reveals several other morphological features of the boundary. For
example, the majority of the boundaries were straight, though there were several high-
angle boundaries that had convoluted trajectories, some of which are indicated with white
arrows. This phenomenon indicates the occurrence of a thermally induced restoration
process, perhaps from the heat flow from the subsequent SLM scanning [52]. It is important
to note that the boundaries depicted in Figure 2 are also present in Figure 1. However,
Figure 1 provides a broader field of view, making the details of the boundaries less apparent.
Figure 2 complements Figure 1 by offering a closer view (or finer scale) that provides
additional information about the boundary features. There was no sign of recrystallization,
as noted by an absence of a trailed region with a uniform orientation behind a migrating
high-angle boundary [52]. The convoluted high-angle boundaries are expected to have
formed during solidification or due to subsequent thermal restoration [52], although the
process did not progress to the boundary migration stage of recrystallization.

3.2. Substructural Features

There is a profuse presence of straight misorientation boundaries in Figure 2a, which
are aligned, within a certain angular range, with the SD, as indicated by the black lines.
Some straight boundaries are aligned along the SD, as shown in Figure 2a, which is <101>
of the lattice direction. A small fraction also aligns at the right angle, in short segments
indicated with the black arrows, which is along the BD | | <111>. The remainder, accounting
for the largest fraction of straight boundaries, are aligned in the +30-45° angular range,
with the highest frequency being around 4-35°. Some boundary combinations also resemble
a leaf vein structure, with changing directions; one such example is circled in black at the
right bottom of Figure 2a. Therefore, the overall alignment of the straight boundaries is rather
complex, which Dinda et al. [55] (pp. 2152-2160) described as a function of the laser scanning
strategy. In some recent studies, the boundaries appeared to have a coincidence with the
crystallographic planes, most commonly along the {100} plane trace, e.g., SS316-, Ni-25%
(Mo, Nb and Ti)-, Al-, Ta-, Ti-Mo-Zr-Al- and Mo-Si-alloys [48,49,55-60]. A few mechanisms
for the formation of these textures have been outlined in the published literature based
on the formation of the solid/liquid interface in order to explain their crystallographic
origin. The scan rate and laser energy have been reported to play a vital role in this
regard [61]. In this investigation, however, the alignment of the straight boundaries
invariably remained identical within an angular range with the SD, irrespective of the
matrix orientation, as shown in Figure 2a. For instance, the boundary orientations in
the blue-, located in the upper left, and red-oriented regions comprise the same angular
alignments with SD as the boundaries found in the vast majority green regions. This
suggests that the low-angle straight boundaries are non-crystallographic, viz., they do not
preferentially form on a particular lattice plane trace(s). Although this conclusion is made
based on unequivocal evidence, it should be noted that only a 3D EBSD can reveal the real
crystallography of a 3D interface. There is evidence that 2D trace analysis of 3D boundary
features may lead to misleading conclusions. One such example is the low-angle microband
boundaries that form in high stacking fault energy materials that have been claimed to
be both crystallographic [62] and non-crystallographic [63]. This debate continued until
reconciliation was achieved on the basis of a 3D EBSD investigation [64,65].

A recent article by Pham et al. [51] (p. 749) accounts for the variations in boundary
formation in SLM-printed S5316, such as those seen in Figure 2a. The fundamental basis
remains identical to the previous reports, viz., the boundaries form along the solid-liquid
interface during the solidification process [48,66,67]. In Pham et al.’s simulation work, it
was demonstrated that side branching occurs, similarly to the current findings shown in
Figures 1 and 2, during the solidification process, and thus alters the shape of the solidifying
boundary front. As a result, the alignment of the solidification interface changes, and
therefore, the formation of low-angle boundaries takes place over a wider angular range.
The magnitude of side branching depends on a number of factors, primarily on the thermal
gradient and heat flux, and the SLM parameters that control these two. Each narrative in
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the literature on low-angle crystallographic boundary formation, including Pham et al.’s
study, is overwhelmed by the assumption that the solid/liquid interface appears as a
crystallographic lattice interface. However, physical details on the mechanism by which
the habit plane or rotation axis correlate with a preferred crystal plane or direction are
missing. Therefore, the mechanism of low-angle boundary formation is rather complicated,
because of the simultaneous occurrence of rapid solidification with the complex mechanical
interaction of the semi-solid pool by laser beam movement. In addition, there is thermal
pulsing during the subsequent overlay of layers.

Numerous investigations have reported columnar structures that also appear as fine
cellular structures in the transverse cross-section of SLM-printed SS316 [40,68,69]. An
example of such a cell structure is shown as an SEM image in the inset of Figure 3a. Unlike
the low- and high-angle boundary structures in Figures 1 and 2, this structure was found
homogeneously throughout the sample. These cellular structures have been reported to
vary in size from 0.25 to 1.2 um, with the actual size having an inverse relationship with the
laser scanning speed. [46,70,71]. It has been observed that these structures exhibit a weaker
strengthening effect compared to the grain boundaries of the microstructure [71]. Because of
the submicron-scale fineness of the cellular structures, an electron-transparent TEM sample
was prepared using FIB-SEM site-specific lift-out methods. Figure 3a shows an HAADF
STEM image of the TEM sample, in which the columnar structures are sub-vertical in the
cross-sectional lamellae. The walls of the columns are densely populated with dislocations,
and the walls are spaced parallel at an average distance of 500 nm. These boundaries were
also decorated with 5-30 nm spherical particles. The particles were tangled within the
boundary dislocations, see higher magnification image in Figure 3b, and created a pinning
effect. These particles are likely to have restricted any thermally activated migration, and
thus, restricted the structures to the nanoscale. The dislocation walls were 50-150 nm in
thickness and are expected to have created a strain field, which became apparent through
the diffraction contrast in the BF STEM imaging in Figure 3c, which was taken after tilting
the sample so that the boundaries were edge-on. These dislocation features are expected to
provide elevated strengthening in the SLM-printed SS316 material over the conventionally
processed grade that usually comprises large equiaxed grains, hundreds of pum in size, and
twin boundaries. This is reflected in a 20-50% improvement in the tensile strength of SLM-
printed SS316 over the conventional grade with an identical chemical composition [40].
The strength can also be improved by changing the laser strategy that works at a larger
length scale. While further discussions of mechanical properties are outside the scope of
this paper, it is expected from the results presented herein that superior strengthening at
the micro and nano scale can be achieved in SLM-printed grade due to the retention of
nanostructures and the formation of inclusions due to the rapid cooling (~10°~10° K/s) of
SLM solidification [72].

The darker appearance of the particles in the HAADF STEM images in Figure 3 in-
dicates that they had a lower average atomic weight than the matrix. In Figure 4, an
area was selected that contained larger particles, and these were subjected to elemental
analysis by STEM-EDS. Elemental maps revealed that the particles were rich in Mn, Si
and O. Significant efforts were devoted to determining the crystallographic identity of
the inclusions using SAD and CBED diffraction techniques, but no diffraction spots were
observed other than those from the FCC iron matrix, and therefore, these particles are likely
amorphous. This finding is consistent with the report by Salman et al. [69] (pp. 205-212).
It is pertinent to note that Shibata et al. [73] (pp. 522-528) found larger particles, ~1 um,
with identical morphologies in cast SS316. These were characterized as MnO-SiO, par-
ticles, solely based on the chemical ratio measured by electron probe microanalysis and
thermodynamic calculations. In some cases, they also found a small association of Cr;O3.
In regard to the current study, it is important to note that Cr was not measured within
the particles, and no Cr-C crystalline diffraction patterns were observed. Therefore, Cr is
expected to remain in the solid solution to provide the intended stainless property in the
SLM-printed SS316.
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Figure 3. HAADF STEM images showing (a) particle decorations in the dislocation-constituted
boundaries of the commonly found fine cell structures (in the inset) in the SLM-printed sample.
(b) Particle pinning at the dislocation boundary in a higher-magnification HAADF STEM image of
the white rectangular area located in subfigure (a). (c) BF STEM image showing the strain field width
of the dislocation boundaries at the boundaries edge on titled condition.

Figure 4. HAADF STEM image (top) of the nanoparticles and corresponding EDS-measured elemen-
tal maps (bottom) of the white rectangular area, showing that the particles are rich in Si, Mn and O
content in the as-printed SLM sample.
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3.3. Solution Treatment Structures

A solution treatment at 1050 °C for 4 h, per ASM [74] recommendations, of the as-
printed sample is expected to anneal any thermally unstable microstructures, and to ensure
a uniform Cr dissolution into the matrix. It is pertinent to note that the stainless properties
are impaired in conventional-grade SS316 because of the inadequate presence of atomic
Cr in the solution that occurs due to Cr-C formation. The solution treatment brings the
Cr atoms back to the matrix as solutes. Cr-containing inclusions were not observed in the
samples in this study, see Figures 3 and 4, which suggests that the solution treatment is
not needed for Cr dissolution purposes in the SLM material. However, the heterogeneous
boundary structures shown in Figure 2 may result in an uneven Cr distribution, because
dislocations are naturally preferable sites for solute atoms. Therefore, the solution treatment
may indeed promote an even Cr concentration.

Interestingly, only a subtle change took place in the substructures during the 1050 °C
solution treatment. Figure 5a,b present a comparative view in the form of KAM maps
that reveal an overall reduction in the KAM-intensive boundary density after the solution
treatment. The solution-treated structure is also shown in the BF STEM micrograph in
Figure 5¢, in which the dislocation-constituted boundaries underwent a thermal relaxation
process, compared with Figure 3, viz., the boundaries were curved and the dislocations
were dissociated. The rectangular area in Figure 5c is magnified in the HAADF STEM
image in Figure 5d. Analysis revealed boundary pinning by the inclusions that were
found in the as-printed sample in Figures 3 and 4. They were measured to contain Mn,
Si and O as per the as-printed sample. Overall, the inclusion density was significantly
reduced by the solution treatment, perhaps because of some degree of dissolution and/or
agglomeration. The high stability of the inclusions after the solution treatment at 1050 °C
explains why recrystallization and grain growth did not take place in the SLM-printed
material. Previously, Shibata et al. [73] (pp. 522-528) reported that amorphous Mn-Si-
O particles remain stable even after 1200 °C solution treatment in cast S5316, where
grain growth was not prevented because the density was low and the inclusions size was
large, >1 pm.

(a)'As printed SLM (b) Solution

(c) BF STEM

Figure 5. EBSD-measured high-resolution KAM map showing the differences in the stored energy
distributions between the (a) as-printed and (b) solution-treated SLM samples in the BD-SD cross-
section. TEM investigation of the solution-treated sample shows (c) the changes in the dislocation
boundary structures in a BF STEM image and (d) the retention of boundaries by particle (arrowed)
pinning in a magnified HAADF STEM image of the rectangular area marked in subfigure (c).
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It is important to note that inclusions 2-4 pm in size were also observed in the solution-
treated sample that were absent under as-printed conditions. An example is shown in the
upper inset in Figure 6a, whereby a TEM lamella was prepared by FIB and presented as a
STEM HAADF image (Figure 6a) in order to determine the chemical distribution within
the inclusion. The surrounding iron matrix appears brighter. It should be noted that it
was identified via TEM-EDS that the inclusions were rich in Mn, Si, and O, although there
were also Cr- and O-rich regions within the inclusions, which can also be seen as brighter
regions, as indicated by arrows, in the darker overall matrix. An SAD pattern was taken of
the marked area and indexed as Cr30y, as illustrated in the lower inset of Figure 6a. The
iron matrix also contained Cr, which was expected as the solute. These findings suggest
that during the solution treatment, a large fraction of the nano-sized inclusions agglomerate
into large 2—4 pm inclusions. The Cr from the solid solution also diffused and participated
in the formation of inclusions, since Cr was not found in the inclusions in the as-printed
sample. Overall, the localized corrosion resistance of the as-printed SLM-manufactured
55316 is excellent, which can be attributed to factors such as the absence of sulphides,
the presence of a more stable passive film, lower rates of metastable pitting, and a higher
pitting potential compared to its wrought counterpart [75-77]. However, the presence
of these large inclusions with heterogeneous chemical and structural distribution after
heat treatment, as reported in this work, has been shown to be detrimental to the alloy’s
resistance to localized corrosion by decreasing its pitting potential [78]. Therefore, the
solution treatment recommended by ASM [74] for conventional SS316 is, indeed, expected
to be detrimental to the SLM-printed material.

Figure 6. The structural and chemical heterogeneity of inclusions in the solution-treated SLM-printed
sample is shown in (a) the HAADF STEM image, and (b-e) the corresponding elemental mapping
for Si, Mn, O, and Cr, respectively. The insets in (a) show the inclusion from which the TEM sample
was prepared, and the indexed SAD pattern of Cr30y4 from the SAD-labeled area.
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SLM-manufactured SS316 components have shown excellent mechanical proper-
ties [40,79,80] and localized corrosion resistance [75-77], often surpassing their conven-
tionally manufactured wrought counterparts. Therefore, it is crucial to evaluate their
performance against common damage mechanisms observed in the energy sector, such as
stress corrosion cracking (SCC) or hydrogen-induced cracking (HIC), in both as-printed
and heat-treated microstructures. Additionally, exploring the optimization of properties
through variations in printing parameters or the utilization of post-processing steps would
be of great significance.

4. Conclusions

In this investigation, a thorough microscopic characterization of SLM S5316s/s under
as-printed and solution-annealed conditions was conducted at the macro, micro and nano
scales. The findings suggest some of the existing findings are inconclusive or imprecise,
and require further investigation to mature our knowledge in this area. The conclusions of
this study can be summarized as follows:

1. SLM-printed material possesses an asymmetric crystallographic texture and material
structure. The microstructure has a distinctive structural morphology along the
orthogonal axes of the sample, and develops crystallographic textures in SD | | <101>
and BD | I<111>.

2. Heterogenous distributions of misorientation boundaries and stored energy were
found throughout the SLM-printed structures. Twin boundary formation was not
observed in either the as-printed or solution-annealed samples.

3. In the as-printed structures, the typical straight misorientation boundaries were
characterized as being non-crystallographic. The boundaries maintained general
alignment with the SD within an angular range, irrespective of the matrix’s crystal
orientation, although there were occasional coincidences with crystal plane traces.

4. The high-angle boundaries in the SLM substructures underwent thermal restoration,
which was activated by the heat originating from the printing of the subsequent
layer. Pinning by the nano inclusions hindered classical recrystallization, and thus,
prevented the formation of a defect-free annealing structure, even after 4 h of solution
treatment at 1050 °C.

5. A nano-scale lamellar structure with a width of 500 + 200 nm formed homogeneously
throughout the printed material. Depending on the orientation, the structures ap-
peared with cellular or columnar morphologies in SEM and TEM images. Their
boundaries contained dense dislocation structures tangled with fine amorphous inclu-
sions containing Mn, Si and O. Cr was not found above the limit of detection in the
inclusions. Hence, Cr remains in the matrix to provide the stainless properties.

6. Some degree of dissociation of the dislocation boundaries occurred during the solution
treatment, but the overall refined structures were retained. Additionally, inclusions
with a size of 2-4 um formed, consisting of composite structures and chemical dis-
tributions. These inclusions can have detrimental effects on the localized corrosion
resistance of the alloy.
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Abstract: This study investigates the stress corrosion cracking (SCC) behavior of type 316L stainless
steel (SS316L) produced with sinter-based material extrusion additive manufacturing (AM). Sinter-
based material extrusion AM produces SS316L. with microstructures and mechanical properties
comparable to its wrought counterpart in the annealed condition. However, despite extensive research
on SCC of SS316L, little is known about the SCC of sinter-based AM SS316L. This study focuses
on the influence of sintered microstructures on SCC initiation and crack-branching susceptibility.
Custom-made C-rings were exposed to different stress levels in acidic chloride solutions at various
temperatures. Solution-annealed (SA) and cold-drawn (CD) wrought SS316L were also tested to
understand the SCC behavior of SS316L better. Results showed that sinter-based AM SS316L was
more susceptible to SCC initiation than SA wrought SS316L but more resistant than CD wrought
SS316L, as determined by the crack initiation time. Sinter-based AM SS316L showed a noticeably
lower tendency for crack-branching than both wrought SS316L counterparts. The investigation
was supported by comprehensive pre- and post-test microanalysis using light optical microscopy,
scanning electron microscopy, electron backscatter diffraction, and micro-computed tomography.

Keywords: chloride stress corrosion cracking (CSCC); crack-branching; C-ring specimen; porosity;
residual stresses; transgranular cracking

1. Introduction

Additive manufacturing (AM) encompasses the technologies used to create physi-
cal objects from digital data by successively joining materials [1]. Sinter-based material
extrusion, one of the AM technologies categorized by the International Organization for
Standardization (ISO) [2], is gaining popularity due to its ease of use, low running and
maintenance costs, and reduced safety risks [3,4]. Sintered-based AM involves a multi-step
approach that incorporates the principles of fused filament fabrication (FFF), also known
as fused deposition modelling (FDM), powder metallurgy (PM), and metal injection mold-
ing (MIM). The process starts by heating the pre-alloyed powder-bound feedstock to the
binder’s melting point, and then extruding it through a nozzle to fabricate the so-called
“green part”. In the subsequent step, the primary binder is removed through full immersion
in a solvent bath that leaves a component consisting of powder held by the secondary
binder. This so-called “brown part” is still incomplete in terms of engineering properties.
Therefore, in the final step, the component is strengthened by heating it just below the
alloy’s melting point, allowing the metal particles to sinter and create a structure that
requires minimal post-processing or machining. The resulting sintered microstructure has
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been reported to have a weak crystallographic texture, relatively large equiaxed grains, and
populated with twin boundaries, pores, and oxide inclusions [5-9]. These characteristics
diverge from the typical columnar grains found in other AM technologies where the heat
follows the dissipation route, such as laser-engineered net shaping (LENS) [10,11], elec-
tron beam additive manufacturing (EBAM) [12,13], and laser-based powder bed fusion
(LPBF) [14,15].

Stress corrosion cracking (SCC) is a form of environmentally-assisted cracking (EAC),
typically nucleating from localized corrosion sites when susceptible materials are exposed
above a threshold stress in specific corrosive environments [16-20]. For instance, in conven-
tional austenitic stainless steels, cracks originate from pits that create the stress concentra-
tion and acidic environment required for cracking [21-27]. The trajectory of the crack is
determined by the energy associated with its propagation process. Therefore, secondary
cracks, or crack-branching, occur due to the presence of an obstacle or a more energetically
favorable path [28]. The presence of a tensile stress, either residual, applied, or both, along
with a specific corrodent, are required for SCC to occur. Moreover, the cracks can grow and
propagate at much lower stress levels than those needed to fracture the material without
the corrodent [16,18,29-32]. Therefore, brittle SCC fracture can occur on otherwise highly
ductile materials [16,29,33].

Austenitic stainless steel UNS S31603 (SS316L) is considered an excellent material
for engineering applications due to its exceptional ductility, weldability, and corrosion
resistance [16,34,35]. Its low carbon content (max. 0.035% [36]) has largely eliminated
sensitization of its microstructure, which is responsible for intergranular SCC [16,34,35].
However, when exposed to hot environments containing halides, stressed SS316L can still
experience transgranular SCC [17,19,32,37]. Consequently, SCC poses a significant threat
to the integrity and reliability of equipment in the energy sector. Thus, it is crucial to
understand the influence of the AM process on SCC susceptibility.

Among the AM technologies, there has been a significant increase in the use of LPBF
to investigate SCC in SS316L due to its ability to produce an alloy with a fully austenitic
microstructure [38-40], extremely low porosity [40-42], excellent resistance to localized
corrosion [43-46], and outstanding mechanical properties [40—42]. This is due to the
distinctive manufacturing process of LPBF, in which a high-intensity laser is programmed
to melt layers of powder feedstock that solidify into near-net-shape parts [2,3,47] at cooling
rates ranging from 10° to 107 K/S [48-51]. However, this heating and cooling cycle at each
deposited layer results in LPBF-manufactured SS316L with high residual stresses [40,52,53],
which are known to increase its susceptibility to SCC [52,54,55].

The objective of this work was to determine the SCC behavior of SS316L additively
manufactured with sinter-based material extrusion when exposed to different stress levels
and temperatures in an acidic chloride environment. The study focused on the impact of
the sintered microstructure on the SCC initiation and crack-branching susceptibility. The
SCC response was compared with those obtained from similarly tested wrought SS316L
samples in solution-annealed (SA), and cold-drawn (CD) conditions. The investigation was
supported by comprehensive pre- and post-test microanalyses that included light optical
microscopy (LOM), scanning electron microscopy (SEM), electron backscattered diffraction
(EBSD), and micro-computed tomography (micro-CT).

2. Materials and Methods
2.1. Materials

The AM SS316L samples used in this investigation were fabricated using Bound Metal
Deposition (BMD) (Desktop Metal, Studio System; Burlington, MA, USA). The technology
includes the following: (i) rods of pre-alloyed SS316L powder held in a mix of polymer and
wax binder, (ii) an FDM 3D printer, (iii) a solvent-based debinding unit, (iv) a sintering
furnace, and (v) a cloud-based software (Live Studio v3.0) to control the process from
digital object to sintered part. Further information regarding the manufacturing process
can be found in a previous publication by Santamaria, R., et al. (2021) [9]. All BMD SS316L
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specimens for tensile and SCC testing were produced with the parameters summarized
in Table 1. For comparison, commercially available SA wrought SS316L seamless tubes
and CD wrought SS316L rod bars were included in the investigation. The tubes were
22 mm in diameter and 2 mm in thickness, while the rod bars were 25 mm in diameter. The
dimensions of all BMD-manufactured specimens, including thickness, width, and length,
were within 10% of the original design after sintering.

Table 1. Summary of parameters used to manufacture all BMD SS316L test specimens.

Printing Parameters

Debinding Parameters

Extrude line width: 0.5 mm Debinding time: 15h

Deposited layer height: 0.15 mm Debinding temperature: 50 °C

Contour shell thickness: 1.50 mm Debinding pressure: Atmospheric
Extrusion nozzle size: 0.40 mm Sintering parameters

Extrusion rate: 30 mm/s Heating rate: ~1.0 °C/min
Extrusion temperature: 175°C Thermal debinding temperature: 550 °C

Build plate temperature: 60 °C Thermal debinding dwell time: 2h

Sintering scale factors: X=Y=Z=115 Sintering temperature: 1350 °C

Bulk volume raster pattern: +45° / —45° each layer Sintering atmosphere: Ar >99.997% vol.
Infill density: 100% Sintering dwell time: 2h

Print orientation: Vertical (Z) Cooling rate: Furnace cooling

2.2. Analytical Characterization

Table 2 presents the elemental composition of the BMD SS316L used in this investiga-
tion determined with inductively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis. The chemical compositions of SA wrought SS316L. and CD wrought SS316L, as
given in their material test reports (MTR), are also presented in Table 2. The UNS S31603
nominal chemical composition range is added for comparison.

Table 2. Elemental composition in wt% of BMD SS316L, SA wrought SS316L, CD wrought SS316L,
and nominal composition of UNS $31603.

Alloy Source Fe C Ct Ni Mo Si Mn P S
BMD SS316L ICP-AES Bal. 0.020 16.3 104 212 0.61 122 0.010 0.010
SA SS316L MTR Bal. 0.012 16.1 10.1 2.03 0.46 0.92 0.036 0.002
CD SS316L MTR Bal 0.019 16.7 10.1 2.03 0.41 L72 0.024 0.025
UNS ASTM Bal. Max. 16.0 10.0 2.00 Max. Max. Max. Max.
S31603 A213 [36] 0.035 18.0 14.0 3.00 1.00 2.00 0.045 0.030

The constituent phases were identified via X-ray diffraction (XRD) analysis using a
Cobalt K alpha (A = 0.179 nm) powder diffractometer radiation source operating at 35 kV
40 mA with a LynxEye detector (Bruker, Billerica, MA, USA, D8 Discover). All XRD data
were collected within 20 ranging from 40° to 130°, using a step size of 0.015°, and a time
interval of 0.7 s. Content of y-austenite (FCC) and §-ferrite (BCC) phases were quantified
from the XRD patterns as the area of each crystalline peak over the total area of crystalline
peaks. Micro-CT analysis was performed ona 2 x 2 x 2 mm? cut sample using a 3D X-ray
microscope with an exposure energy of 140 kV, during an exposure time of 24 h, and at a
pixel resolution of 2.2 um (Zeiss 520 Versa, Oberkochen, Germany).

Microstructural characterization was conducted on representative samples, which
were cut, mounted in cold epoxy resin, manually wet-ground with SiC abrasive papers,
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and mechanically polished down to 1 um surface finish. Light optical microscopy (LOM)
analysis was conducted on samples chemically etched with a solution containing 100 mL
H,0, 10 mL HNO3, and 100 mL HCl. The concentration of nitric acid and hydrochloric
acid was 70% and 32%, respectively.

Electron backscatter X-ray diffraction (EBSD) analysis was conducted on samples that
were polished to a mirror surface finish with 0.02 pm colloidal silica, and then ion-milled
for 30 min using a beam voltage of 8 kV at a glancing angle of 4° with full cycle rotational
movements (TECHNOORG Linda, Budapest, Hungary, SEMPrep2). Samples were surface-
coated with a carbon film 5 um thick to prevent electrostatic charging. Microstructures
were imaged using secondary electron (SE) and backscatter (BS) detectors coupled to a
field emission scanning electron microscope (FE-SEM) (TESCAN system, CLARA, Brno,
Czech Republic). Elemental composition was mapped with a high-sensitivity Oxford
energy-dispersive X-ray spectroscopy (EDS) detection system attached to the FE-SEM. The
content of non-metallic inclusions was quantified from EDS elemental maps by dividing
the area of oxides or sulfides over the total area of the map, per ASTM E1245 [56].

EBSD was conducted with an Oxford symmetry EBSD detector in the FE-SEM on
70° tilted samples, at a working distance of 20 mm, with a beam energy of 28 kV, and a
beam current of 1 nA. A clean-up process was applied to the data to assimilate any non- or
mis-indexed points, ensuring that a maximum of 10% of the points were modified. Grain
boundaries were detected with a threshold misorientation of 10° in conjunction with a
minimum of 8 pixels of fractional difference of misorientation variation and a kernel size of
3 by 3. Kernel average misorientation (KAM) maps were used to investigate the presence
of local strain in the microstructures. This analysis was conducted using a 3 by 3 kernel
size, a square kernel shape, and a maximum misorientation angle of 5°.

The average grain size was measured as the maximum Feret diameter. The average
grain aspect ratio was calculated as the fitted ellipse aspect ratio. Twin content was measured
as the fraction length of X3 (<111>/60°) boundaries over the total length of y-austenite
(FCC) boundaries. The Schmid factor on the y-austenite (FCC) phase was measured in
the plane/direction {111}<110>. All data acquisition and subsequent post-processing were
conducted using the software Aztec v.5.1 and AztecCrystal v.2.1.259, respectively.

2.3. Mechanical Testing

Tensile tests were conducted according to ASTM E8 [57]. BMD SS316L and CD
wrought SS316L were tested with rectangular specimens, while SA wrought SS316L was
tested using tubular specimens with metallic plugs inserted in their ends to ensure a proper
grip. All tests were conducted with a 50 kN universal testing machine (UTM, Shimadzu,
Kyoto, Japan, AGS-X series). Displacements were measured using an axial extensometer
with 25 mm of gauge length and +25 mm of travel length (Epsilon TechCorp, Jackson,
WY, USA). The UTM crosshead speed was set to 0.375 mm/min, and the test was stopped
once a clear deviation from the initial linear behavior was observed. The actual yield
strength (AYS) of each alloy was calculated by intersecting their corresponding stress—strain
curves with an 0.2% offset line running parallel to their elastic portion, as per ASTM E8
requirements [57]. Figure 1 shows the geometries and dimensions of the tensile specimens.

Microhardness was measured on cut samples of untested C-rings prepared similarly
to the microstructural characterization procedure that removes the sample preparation
induced artifacts. The samples were obtained from the middle of the uppermost curved
surface of the C-ring. This test was conducted as per ASTM E384 [58] using a microhardness
tester (Duramin-4, Struers, Copenhagen, Denmark), an applied load of 2 Kg (HV2), and a
dwell time of 15 s. The bulk density was determined according to ASTM B962 [59] using a
density kit coupled to an analytical balance with a readability of 0.001 g and a linearity of
+0.002 g (Mettler-Toledo, ME203, Columbus, OH, USA). The relative bulk porosity content
was calculated as the ratio of the measured bulk density and the standard density of UNS
$31603 given in ASTM G15 [60].
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AL

Figure 1. Drawings of the specimens used for tensile testing BMD SS316L and CD wrought SS316L
(top), and SA wrought SS316L with snug-fitting metallic plugs (bottom). Units in millimeters.

2.4. SCC Susceptibility and Crack-Branching
The SCC susceptibility of BMD SS316L and its wrought SS316L. counterparts was
investigated by exposing C-ring samples to different applied stresses and temperatures.
The C-rings were designed following ASTM G38 guidelines [61], see Figure 2. This type
of specimen was selected due to its versatility to be elastically deformed at different
magnitudes, unlike the U-bent type suggested by ASTM G123 [62]. Duplicate BMD and
wrought S5316 C-ring specimens were stressed to 60% and 90% of their AYS to study the
effect of stress level on SCC susceptibility. Unstressed C-rings, i.e., 0% AYS, were also tested
for comparison and to investigate the possible influence of residual stresses on SCC. Tests
were performed in a 25% (by mass) sodium chloride (NaCl) solution, which was acidified to
pH 1.5 with phosphoric acid (H3POy), as per ASTM G123 [62]. In addition to the standard
boiling condition, tests were conducted at different temperatures, i.e., 30, 60, and 80 °C, to
define stress-temperature SCC thresholds.
0.D.22

i
!

Printing direction —>

! |
26.5 /Lﬂ)

Figure 2. Drawings of the C-ring type specimen used to investigate the SCC susceptibility in the
BMD SS316L and its wrought SS316L counterparts. Units in millimeters.

BMD SS316L C-rings were 3D printed in the vertical direction as shown in Figure 2.
All surfaces were wet-ground from 80-grit to 600-grit with SiC abrasive paper, avoiding
any excessive removal of material. Subsequently, C-rings were constant-strained to the
required level, as per ASTM G38 [61]. The constant-strain setup, which is shown in Figure 3,
consisted of two PEEK washers, two M6 titanium flat washers, one M6 titanium socket
cap bolt, one M6 titanium flanged lock nut, and a strip of clear PTFE heat shrinkable tube
molded to the bolt. The required strain level was obtained by attaching a 0.3 mm circum-
ferential strain gauge (Tokyo Measuring Instruments, Tokyo, Japan, FLAB-03-11-1LJC-F)
to the uppermost curved surface at the middle of the C-ring’s arc and width, as shown in
Figure 3. Then, the bolt was tightened until the reading in the data logger (Ahlborn, Sayner,
WI, USA, Almemo 2590) indicated the required strain value corresponding to 60% and 90%
AYS. All traces of the strain gauges and adhesive were manually removed with 600-grit
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SiC abrasive paper. The electrical insulation between the titanium bolt and the C-ring was
verified with a digital multimeter. The C-rings tested at 0% AYS were also prepared, as
shown in Figure 3, but no strain was applied in this case. SA wrought S5316L and CD
wrought SS316L C-rings were prepared following an identical procedure.

[ |

<>

loading direction loading direction

Figure 3. Schematics of the constant-strain setup used to stress the C-rings under different levels of
AYS. The circumferential strain gauge is located at the uppermost curved surface of the C-ring.

SCC tests were conducted by immersing the C-rings in a series of Erlenmeyer flasks
containing 750 mL of solution at the set constant temperatures. Each temperature was
monitored regularly with a thermocouple. Duplicate specimens of stressed and unstressed
BMD SS316L C-rings and their wrought counterparts were immersed in the solution. Each
Erlenmeyer flask contained three different C-rings, i.e., one from each alloy stressed at the
same level. The volume of solution per exposed C-ring surface area ratio was 11 mL/cm?,
which is twice the minimum ratio according to the ASTM G123 standard [62]. All C-rings
were standing on their washers to prevent stagnant solution spots at the contact points.
C-rings were removed weekly from the solution and inspected for cracks at a magnification
of 20x using a LOM. If no cracks were observed, the specimens continued the test in a
freshly prepared solution. If cracks were found, cracked specimens were removed from
the test and prepared for microscopy analysis. The tests continued for a maximum of six
weeks, as per ASTM G123 [62]. The degree of crack-branching was calculated by dividing
the total crack length, which includes both the primary and secondary cracks, by the length
of the primary crack. LOM images at 10x magnifications were used for this purpose.
This approach is consistent with other investigations [52,63]. Size and depth of pits were
measured according to the ASTM G46 standard [64].

3. Results
3.1. Analytical Characterization

Representative BMD and wrought SS316 XRD patterns are presented in Figure 4,
as indicated. The XRD patterns indicated that all the alloys contained almost entirely
y-austenite (FCC) with a minor presence of -ferrite (BCC) phase. The amount of d-ferrite
is summarized in Table 3. Retained &-ferrite in a relatively low temperature powder-based
additively manufactured SS316L can originate from the gas atomization process of the
pre-alloyed powder feedstock due to the ferrite-stabilizer effect of Cr, Mo, and Si [41].
Therefore, the small amount of §-ferrite found in BMD SS316L suggests that its allotropic
transformation into the y-austenite was incomplete during the sintering stage.

Table 3. Content of non-metallic inclusions, 8-ferrite (BCC) phase, and grain size measurements of
BMD SS316L, SA wrought SS316L, and CD wrought SS316L.

Alloy lNon-Metalljc B-Ferri:e Average Grain Aspect Ratio Twi.n . Schmid Factor
nclusions (%) Phase (%) Size (um) Boundaries (%) {111}<110>
BMD SS316L 323 6.09 40.8 £23.8 31+£24 53.2 0.69
SA SS316L 0.01 7.86 16.2 8.5 22+13 45.5 0.94
CD SS316L 0.39 0.95 43.5 + 33.6 39+36 39.4 0.96
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Figure 4. Representative XRD patterns of BMD SS316L, SA wrought SS316L, and CD SS316L showing
predominance of the y-austenitic with small fractions of 8-ferrite.

SEM-EDS analysis showed no evidence of sensitization, i.e., Cr depletion in the vicinity
of the grain boundaries, in any of the SS316L alloys, as illustrated in the elemental map
in Figure 5. BMD SS316L contained non-metallic particles rich in O, Si, Mn, and Cr, as
seen in Figure 5a, which are inherent to PM and MIM manufacturing processes [65-67]. SA
wrought SS316L had an almost negligible amount of round pores, and no oxide inclusions
were found, Figure 5b. CD wrought SS316L contained manganese sulfide inclusions (MnS),
Figure 5¢, common in cold-worked austenitic stainless steels [35,68,69]. Table 3 summarizes
the content of non-metallic inclusions in BMD SS316L and its wrought counterparts.

Figure 5. Representative EDS elemental map of (a) BMD SS316L showing inclusions rich in O, Si,
Mn, and Cr, (b) SA wrought SS316L showing slight presence of round pores and lack of non-metallic
inclusions, and (c) CD wrought SS316L showing elongated MnS inclusions.
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Figure 6 shows representative inverse pole figure EBSD maps with respect to the build
direction (Y-axis) of BMD SS316L and its wrought SS316L counterparts. The corresponding
BMD SS316L {111} pole figures in Figure 6a show a weakly textured, almost randomly
oriented distribution with low intensity (x1.17 random). In comparison, Figure 6b,c shows
a slight texture strengthening in wrought SS316L (x2.81 random) and CD wrought SS316
(x2.27 random), as indicated. These texture developments are assumed to be caused by
the processing history, which is beyond the scope of this study. Figure 6a also shows an
elongated pore in the BMD SS316L sample, perpendicular to its build direction. This type
of porosity is inherent to the extruding nature of FDM manufacturing [70,71].

(b) (c)

Figure 6. Representative EBSD maps with corresponding {111} pole figures of (a) BMD SS316L, (b) SA
wrought $§316L, and () CD wrought SS316L C-rings taken from their uppermost curved surfaces.

Figure 7 shows the KAM maps of the corresponding EBSD scans in Figure 6, illustrat-
ing areas of slight local plastic deformation, i.e., residual stresses, in the microstructure of
BMD SS316L. Figure 7b shows negligible local straining in SA wrought SS316L, as opposed
to CD wrought SS316L which contained substantial residual stresses, Figure 7c. The distinct
degree of residual stresses observed in the wrought materials is caused by their processing
conditions [72], which are also beyond the scope of this study. Grain measurements, such
as average grain size, aspect ratio, twin boundary content, and Schmid factors are included
in Table 3. Further information regarding the influence of the sintering process on the
microscopy of the BMD-manufactured SS316L can be found in a previous publication by
Santamaria, R., et al. (2021) [9].

=

Elongated porosity

()

(b) ()

Figure 7. Representative KAM maps with a maximum misorientation angle of 5° in (a) BMD SS316L,
(b) SA wrought SS316L, and () CD wrought SS316L C-rings taken from their uppermost curved surfaces.
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3.2. Mechanical Testing

Figure 8 presents the elastic regions of the engineering stress-strain curves of BMD
§5316L and SA and CD wrought SS316L, indicating their corresponding 60% and 90% AYS
values. As shown in Figure 8, CD wrought SS316L had the highest average AYS due to cold
working, i.e., 646 + 8 MPa, followed by the SA wrought SS316L, i.e., 293 & 6 MPa, and
lastly, the BMD SS316L with an AYS of 167 & 2 MPa. Similar values of AYS in AM sinter-
based SS316L have been reported elsewhere [8,73-75]. Table 4 summarizes microhardness,
bulk density, and relative bulk porosity content.

Santamaria et al. (2021) [9] conducted a detailed investigation on the impact of the
sintering process on the tensile properties and fracture behavior of the BMD-manufactured
SS316L. They found that the AM SS316L had a lower yield and tensile strength, caused by
its relatively larger grain sizes. However, AM SS316L showed excellent ductility attributed
to the abundance of twin boundaries. The AM SS316L fractured in a ductile manner,
with spherical dimples uniformly distributed throughout the fracture surface, containing
evidence of oxide inclusions. No secondary cracks or parabolic dimples were observed,
indicating that the fracture was due to pure tension. Additionally, the necked region
exhibited no cup and cone shape, attributed to the tensile flow instability phenomena.

Table 4. Average mechanical properties of BMD SS316L and its wrought counterparts.

Allo AYS Microhardness Bulk Density Relative Bulk
Y (MPa) (HV2) (g/em?) Porosity (%)
BMD SS316L 167 +2 1171432 7.564 + 0.013 521
SA SS316L 293+6 163.9 £ 2.5 7.935 4 0.025 0.57
CD SS316L 646 = 8 277332 7.953 + 0.027 0.35
BMD SS316L SA wrought SS316L CD wrought SS316L
600 600 - 600 -
90% AYS
500 500 - 500 -
© 400 400 | 400
[ 60% AYS
<
d&’ 300 300 4 300 4
& 90% AYS
200 4 2004 200 4
60% AYS
100 2 100 100 *
& &
3 o
%) @
T T

0 1 0 t T 1 t T 1
0.000 0.002 0.004 0.006 0.000 0.002 0.004 0.006 0.000 0.002 0.004 0.006
Strain (mm/mm)

Figure 8. Stress-strain curves within the elastic region of BMD SS316L, SA wrought SS316L, and CD
wrought SS316L showing their corresponding 60% and 90% AYS.

3.3. Pitting and Cracking Susceptibility

Figure 9 summarizes the susceptibility to pitting and cracking initiation of BMD and
SA and CD wrought SS316L at different stress and temperature levels over six weeks, as
indicated. In Figure 9, cells colored in green represent no pitting, cells colored in yellow
indicate that pitting was observed, and cells colored in red indicate SCC had occurred.
At 30 °C, none of the C-rings showed evidence of pitting for the duration of the tests.
However, pits were observed in all alloys within the first week when exposed to higher
temperatures, i.e., 60 “°C and above. In boiling solution (~106 °C), pits quickly (Week 1)
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transitioned into cracks for BMD and CD wrought SS316L at 90% AYS. The SCC resistance
of all alloys decreased with increasing time, stress, and temperature, in agreement with
the literature [18,20,33,76]. Figure 9 also shows that SA wrought SS316L had the highest
SCC resistance, as indicated by only 2 out of 12 conditions that led to cracking, followed by
BMD SS316L with 4 conditions, and finally, CD wrought SS316L with 7 conditions. It is
noteworthy to mention that in stressed CD wrought SS316L specimens, all cracks started
from the sharp edges of their curved surface, whereas in unstressed specimens, cracks
initiated at their flat surface. The difference in crack initiation location was attributed to the
residual stresses introduced during the manufacturing process and subsequent machining
of the C-rings [76-79].

AYS (%)

AYS (%)

AYS (%)

BMD
Ss316L

|cD wrought

‘ $5316L

RA
8|8|e

Figure 9. Pitting and cracking susceptibility map of BMD SS316L and its wrought SS316L counterparts
at different test conditions over a period of six weeks.

Figure 10 illustrates the size and distribution of corrosion pits in unstressed BMD
and SA and CD wrought SS316L C-rings on their flat and curved surfaces after a week
of exposure to the boiling solution. As shown in Figure 10, the printed material had the
largest pits, while both wrought counterparts exhibited smaller pits that were similar in
size. However, CD wrought S5316L had more pits than the other two alloys. Figure 10 also
confirmed that residual stresses were sufficient to cause SCC in the unstressed CD wrought
SS316L specimens after a week of immersion in the boiling solution. Table 5 summarizes
the average pit size measurements made on unstressed C-rings after one week in boiling
solution, as well as the average pit depth in cracked specimens under stress. As seen in
Table 5, BMD SS316L had the largest and deepest pits in both measured conditions, while
SA wrought had the smallest ones.

Table 5. Average pit size and pit depth measurements made on stressed and unstressed BMD SS316L.
C-rings and wrought counterparts.

Unstressed C-Ring (0%AYS) in Stressed C-Ring (90%AYS) in
A Boiling Solution after 1 Week Boiling Solution after Cracking
0]
¥ Pit Size (um) in  Pit Size (um) in Pit Size Pit Depth
Flat Surface Curved Surface (um) (um)
BMDSS3 16L 112 £ 117 89 + 154 406 + 359 190 £ 135
SA SS316L 31 427 28+16 213 +£178 58 +£27
CD SS316L 88 + 61 27+11 205 + 118 130 + 84

3.4. Crack-Branching Susceptibility

Figure 11 shows transgranular SCC in BMD, SA and CD wrought SS316L after expo-
sure to the boiling solution under a stress of 90% AYS. Identical crack morphology was
observed in all specimens regardless of the applied stress and temperature. SCC started
from pits and propagated perpendicularly to the applied stress direction, in agreement
with the literature [33,76,80,81]. Figure 11 also shows that BMD SS316L had the least
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amount of crack-branching while both wrought SS316L counterparts cracked in a similar
fashion. The calculated crack-branching ratio for BMD and SA and CD wrought SS316L
was 1.84 um/um, 4.29 um/pm, and 4.64 um/um, respectively.

(a) BMD 553161 (b) SA wrought SS316L (c) €D wrought 553161

SaE
N

Figure 10. LOM images of unstressed C-rings after one week in boiling solution, showing different
sizes of corrosion pits in (a) BMD SS316L, (b) SA wrought SS316L, and (¢) CD wrought SS316L. The
top images correspond to the C-rings’ flat surfaces, while the curved ones are presented at the bottom.

Corrosion pit

P ] . i loa
, ‘ B0 T
(a) (b) ()

Figure 11. LOM images of etched microstructures in (a) BMD SS316L, (b) SA wrought SS316L, and
(c) CD wrought SS316L C-rings after exposure to boiling solution, showing SCC initiated from pits
and propagated perpendicular to the applied stress of 90% AYS.
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The transgranular nature of SCC in BMD SS316L was also confirmed by the EBSD
analysis shown in Figure 12, which include all Euler map, KAM, and phase distributions
along with the overlaid band contrast images to facilitate locating crack propagation
through the grains. Figure 12 also illustrates some of the characteristic features of the BMD
SS316L microstructure, such as twin boundaries, round porosity, oxide inclusions, and
b-ferrite (BCC). Additionally, Figure 13 shows an SEM image of a crack that propagated
through elongated pores of a BMD SS316L sample without branching. The lack of branching
was attributed to the arresting effect of the pores, which is also visible in the micro-CT scan
in Supplementary Video S1.

Oxide inclusion

Porosity

Delta ferrite (BCC)

Figure 12. Representative (a) EBSD map, (b) KAM map, and (c) phase map with overlaid band
contrast of BMD SS316L, showing transgranular cracking, twin boundaries, oxide inclusions, round
porosity, and area of -ferrite.

Printing direction

Figure 13. Photographic and SEM image of the curved surface of a BMD SS316L C-ring after exposure
to boiling solution under 90% AYS, showing SCC crossing perpendicular to the elongated porosity.

4. Discussion

The results from this study are consistent with the established body of knowledge
showing that non-sensitized austenitic stainless steels under tensile stress are suscepti-
ble to transgranular SCC when exposed to hot acidic chloride solutions, i.e., 60 °C or
above [16,18,20,34]. Additionally, results demonstrated that, when tested under the same
conditions, BMD SS316L was more susceptible to SCC initiation than SA wrought SS316L
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but, given its much lower strength, more resistant than CD wrought SS316L, Figure 9. It is
important to note that samples were stressed at a fixed percentage of their AYS. Thus, the
actual stress level of CD wrought SS316L. was substantially higher at 60% and 90% AYS
(i.e., 388 MPa and 581 MPa) than SA wrought (i.e.,176 MPa and 264 MPa) and BMD (i.e.,
100 MPa and 150 MPa) samples. Nevertheless, the results are considered valid since the
loading conditions represent the reasonable utilization values for the materials in service,
where designers take advantage of the higher yield strength of the CD wrought material.
Results of unstressed samples also highlighted the influence of residual stresses on SCC
susceptibility, with CD wrought samples experiencing SCC cracks after three weeks of
exposure to the boiling conditions.

The manufacturing route influenced SCC morphology. Highly branched cracks are
a frequent SCC characteristic of austenitic SS in chloride solutions [33,37,82]. SA and CD
wrought samples exhibited the expected branched morphology. In contrast, BMD SS316L
showed transgranular cracking with little to no branching, Figure 11. Given that all alloy
compositions met the requirements of the UNS S31603 alloy type [36], the different crack
morphologies can be attributed to differences in alloy microstructure features such as
defects and chemistry-phase-crystallography distributions.

4.1. Susceptibility to SCC Initiation: Pit-to-Crack Transition

The susceptibility map in Figure 9 shows that CD wrought SS316L had the lowest
SCC resistance. As discussed above, SCC susceptibility depends on the extent of plastic
deformation of the cold-worked condition [35,82,83]. Cold working introduced substantial
residual stresses, as shown in the KAM map in Figure 7, promoting SCC nucleation [77].
High-strength SSs, such as CD wrought SS316L, are known to have a low threshold stress
intensity factor for SCC (Kjscc), an indication of their low SCC arrest capacity [16,27,31,84].
Due to their lower strength and applied loads, SA wrought and BMD SS316L had improved
resistance to SCC initiation. However, BMD exhibited a relatively lower SCC resistance
than SA wrought SS316L, especially considering the AM samples’ lower strength.

The lower SCC resistance of BMD SS316L was attributed to the higher content
of microstructural heterogeneities, such as pores and oxide inclusions, Figure 5 and
Tables 3 and 4. These defects serve as preferred stable pit nucleation sites [67,85-88]. Faster
sharp pit propagation, in turn, facilitates the so-called pit-to-crack transition [21-26]. The
more extensive and deeper pits in BMD SS316L, Figure 10 and Table 5, negatively af-
fected SCC resistance. The SCC resistance of BMD SS316L could be markedly improved
by decreasing porosity and oxide inclusions. Strategies to reduce SCC susceptibility in-
clude using low-oxygen powder feedstock and prolonging the sintering time to reduce
pore size, albeit at the expense of grain growth [65-67]. Post-processing steps such as
high isostatic pressure (HIP) could also be introduced to close the bulk porosity [5,89-92].
Lastly, shot-peening could also close surface pores and introduce compressive residual
stresses [93-96].

4.2. Crack-Branching

The noticeable difference in SCC morphology between wrought and BMD SS316L
samples, illustrated in Figure 11, was attributed to the presence of randomly oriented
equiaxed grain aggregates—with minimal or no influence of special boundaries—and to a
high content of twin boundaries in the BMD microstructure, Figure 6 and Table 3. These
features are commonly found in materials processed with sinter-based manufacturing
technologies [5,8,9,73-75], which act as barriers for crack-branching of transgranular SCC.

The weakly crystallographic textured microstructure of BMD SS316L resulted in an
overall reduction of the Schmid factor, as given in Table 3. The Schmid factor indicates
the increased resolved shear stress to initiate the slip across grains [97-101]. Furthermore,
the equiaxed grains are crystallographically randomly oriented and comprise a larger
amount of twin boundary fractions in BMD SS316L, thus enhancing the resistance to
crack propagation via branching in non-localized directions [98,100-103]. In addition, the
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higher porosity in BMD SS316L acted as an obstacle to crack-branching. A similar arrestor
effect, caused by the blunting of the crack tips, has been reported elsewhere in additively
manufactured porous alloys [104-106]. The influence of the non-metallic inclusions and
retained &-ferrite (BCC) on the resistance to crack-branching could not be determined since
no clear relationship was observed.

5. Conclusions

This work determined the SCC behavior of SS316L additively manufactured by sinter-
based material extrusion. Tests were conducted in an acidified chloride solution (25 wt%
NaCl, pH 1.50) at different stress levels and temperatures to identify SCC thresholds.
Results were compared with the SCC response of conventional SA and CD wrought
SS316L. Results were supported by a thorough characterization that included LOM, SEM-
EDS, EBSD, and micro-CT. The following conclusions were drawn based on the evidence
presented above:

1. SCC resistance increased in the following order: SA wrought > BMD > CD wrought SS316L.

2. The sinter-based manufacturing process used to produce BMD SS316L resulted in
lower residual stresses and lower strength, contributing to a higher SCC initiation
resistance than the highly stressed CD wrought condition.

3. The large grain aggregates, equiaxed grain morphology, weak crystallographic texture,
and a large content of twin boundaries decreased the SCC crack-branching of BMD
SS316L when compared to SA and CD wrought SS316L.

4. The porosity distribution of BMD SS316L had a mixed impact on its SCC resistance.
While these defects facilitated the pit-to-crack transition, they also acted as crack
arrestors by blunting the crack tips.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16114006/s1, Video S1: Micro-CT scan of BMD SS316L with
respect to its build direction (Z) showing the propagation of the secondary cracks being arrested by
the elongated porosity.
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SCIENCE SECTION

Stress Corrosion Cracking Behavior of
Austenitic Stainless Steel 316L Produced
Using Laser-Based Powder Bed Fusion

Ricardo Santamaria,** Ke Wang,* Mobin Salasi,* Mehdi Salem,*** Philippe Lours,***
Mariano lannuzzi,* and Md Zakaria Quadir**

Austenitic stainless steel UNS S31603 (SS316L) is widely used in the resources industry due to its excellent corrosion resistance, ductility,
and weldability. Recently, laser-based powder bed fusion (LPBF) manufacturing has gained popularity for creating SS316L components with
complex geometries and superior mechanical properties. However, the rapid melting and solidification of the deposited layers during the
thermal cycle of LPBF produce residual stresses. Components manufactured through LPBF are frequently used under applied stress in
corrosive environments. Thus, it is crucial to understand their susceptibility to stress corrosion cracking (SCC) and the impact of residual
stresses. This study investigated the combined effects of applied stress and temperature on the SCC behavior of LPBF SS316L using custom-
made C-ring test specimens. Cold-drawn wrought SS316L was included for comparison. Stress relief heat treatment, microhardness testing,
partial immersion testing, and microanalysis techniques, such as light optical microscopy, scanning electron microscopy, and electron
backsacttered diffraction were used to quantify the SCC behavior. The outcomes of this study showed that stressed and unstressed LPBF
SS316L specimens were highly susceptible to cracking around their printed holes. The SCC susceptibility was attributed to the residual
stresses introduced by the printed supports, as both polished and as-printed holes showed similar cracking behavior. This work provides
valuable insights and lays a foundation for further research into the impact of using C ring samples to investigate SCC susceptibility and sheds
light on the SCC susceptibility of as-printed components of complex geometry printed with supports due to the influence of residual
stresses.

KEY WORDS: additive manufacturing, crack initiation, printed support structure, residual stress, selective laser melting

INTRODUCTION that occurs when a susceptible material is exposed to a
specific environment above a certain tensile stress level. Cracks
often nucleate from localized corrosion; thus, SCC occurs
when the service temperature exceeds a critical localized cor-
rosion temperature.®**°%2 |n SCC, cracks can initiate and
propagate at much lower stress levels than those required to
innovation.” AM technologies include binder jetting, direct energy ~ acture the material in the absence of a corrodent, i.e, once
deposition, material extrusion, material jetting, sheet lamina- the cracking initiates, it propagates until the applied streaszs_“
tion, vat photopolymerization, and powder bed fusion (PBF) 23S  exceeds the fracture strength of the remaining ligament.
Nowadays, it is common to use AM to produce engineering- Therefore, using AM technologies, such as PBF, to produce

dditive manufacturing (AM) encompasses the technolo-

gies used to produce physical objects from digital data by
adding layers upon layers of material."®> Compared to tradi-
tional manufacturing, AM has the potential to reduce complexity
in the supply chain in terms of quality, impact, cost, speed, and

grade metals such as copper,®® stainless steels, ' titanium- ~ SS316L components with improved properties is of great
based,"*"'® aluminum-based,'”""® and nickel-based alloys.?* interest.*>"4¢
Thus, AM technologies have gathered growing interest from In PBF, a high-intensity energy source, such as a laser
different industries such as biomedical, transport, aerospace, (LPBF) or an electron beam (EB) PBF, is used to melt layers of
and energy among others,*?327 powdered feedstock that solidify at a calculated rate of ap-
Stainless steel SS316L (UNS $31603'") is widely known proximately 10° K/s to 107 K/s*"* into near net shape parts.*>*
for its ductility, weldability, and good corrosion resistance in LPBF-manufactured SS316L is known to be produced with
certain oxidizing conditions.®"*' However, when exposed to fully austenitic microstructures,'?%2->% extremely low porosity
halides, such as chloride ions, while being stressed under ten-  content,**5*5% and nanosize nonmetaliic inclusions.**%55¢
sion, SS316L can be susceptible to stress corrosion cracking Moreover, LPBF SS316L has shown excellent localized corrosion

(SCC).*2-%8 SCC is a form of environmentally assisted cracking  resistance®®*® and outstanding tensile properties. >3-4
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SCIENCE SECTION

Nominal Composition of UNS S31603

Table 1. Elemental Composition of the Prealloyed SS316L Powder, LPBF-Manufactured SS316L, CD Wrought SS316L, and

Chemical Composition in wt%

Material Source Fe [C Cr Ni Mo Si Mn P S
Powder Material Bal. | 0.01 17.7 126 2.36 0.65 0.90 0.007 0.01
SS316L certificate

LPBF ICP-AES Bal. | 0.02 17.5 123 2.02 0.06 0.62 <0.01 0.01
SS316L analysis

CD wrought | Material Bal. | 0.02 16.7 10.1 2.03 0.04 1.72 0.024 0.02
SS316L certificate

UNS ASTM Bal. [ Max. 0.03 | 16.0 10.0 2.00 Max. 1.00 | Max. 2.00 | Max. 0.045 | Max. 0.03
$31603 A276%° 180 14.0 3.00

However, the cyclic process of melting and rapid cooling through
the deposited layers leaves LPBF SS316L parts with a
metastable microstructure containing a high degree of residual
stresses.”*%%%° These stresses, which can be between
250 MPa (36 ksi) and 500 MPa (72 ksi),***%%"%% ysually start as
tension loads at the external surfaces of the component, and
gradually turn into compressive loads at its core.>*®° The
magnitude of these process-induced residual stresses in
LPBF-manufactured SS316L can be high enough for SCC to start
at an applied stress lower than the material's yield strength or
even in the absence of an externally applied load.*>%9%* In
addition, residual porosity and a rough surface finish, which are
inherent in the LPBF manufacturing process, are factors known to
increase the SCC susceptibility,*>®° as they facilitate localized
corrosion initiation.”®”® Yazdanpanah, et al.,”® observed that SCC
in LPBF-manufactured SS316L with high levels of residual
stress started from microstructural heterogeneities, such as melt
pool boundaries and grain boundaries, and from machining
marks and pore sites, whereas for annealed specimens, only
pitting was observed. Therefore, it is possible to decrease the
SCC susceptibility by improving the surface finish of the printed
material throughout grinding or machining. However, the lo-
calized plastic deformation from these processes may also
introduce additional residual stresses that could further in-
crease their SCC susceptibility.>>**%7678 A more practical
route to improve the SCC resistance of LPBF-manufactured
components is reducing their intrinsic residual stresses by op-
timizing the printing parameters such as laser power, scanning
strategy, and printing orientation,®®”®"*2 or by adding postpro-
cessing steps to the as-printed object, e.g., stress relief heat
treatment®>#3-#¢ or shock peening.®*#7-8¢

This study investigated how the residual stresses on
LPBF-manufactured SS316L C rings printed with supports
influenced their high SCC susceptibility. To assess this,
stressed and unstressed test specimens were immersed in an
acidified chloride solution at boiling temperature, and their
time-to-crack was monitored. Furthermore, stress relief heat
treatment and partial immersion tests were conducted to
mitigate the impact of residual stresses on the SCC suscepti-
bility around the printed holes. A detailed post-testing
characterization was performed using light optical microscopy
(LOM), scanning electron microscopy (SEM), and electron
backscattered diffraction (EBSD) analysis. The cracking be-
havior of cold-drawn wrought SS316L C rings was used as a
comparison.

" Trade name.

EXPERIMENTAL PROCEDURES

2.1 Materials

The SS316L used in this investigation was produced with
LPBF. The material was additively manufactured using fresh
nitrogen-atomized prealloyed SS316L powder with an average
particle size of 35.7 pm, and a particle size distribution of D50
33.1 pm and D90 55.2 pm. The SS316L powder was kept for at
least 12 hin an oven at 50°C (122°F) to remove moisture prior to use.
Before printing, the build plate was preheated at 100°C (212°F) to
decrease thermal gradients, the oxygen content was reduced to
less than 0.2%, and the chamber was filled with high-purity argon.
All LPBF SS316L specimens were produced with a layer thickness of
50 pm, no fill contour, no down-skin layer, and using a zig-zag
pattern without rotation between layers to achieve the bulk volume.
The laser power (P) was 275 W, the scanning speed (V) was
700 mm/s, and the hatching space (h) was 120 pm. Commercially
available cold-drawn (CD) wrought SS316L, which is known for its
high-yield strength and residual stresses resulting from its plastic
deformation process,®®? was used for comparison.

The LPBF SS316L elemental composition was deter-
mined with inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). Table 1 summarizes the elemental com-
position of the prealloyed SS316L powder used in the LPBF
process and the CD wrought SS316L rod bar, as reported in
their manufacturer certificates. Table 1 also shows the externally
analyzed composition of the as-printed LPBF SS316L and the
nominal composition of UNS S31603 for comparison.

2.2 | Microstructure Characterization

The phased composition of the LPBF and CD wrought
SS316L were identified via x-ray diffraction (XRD) using a Cobalt
K alpha powder diffractometer radiation source operating at
35 kV and 40 mA with a LynxEye' detector (Bruker D8 Discover).
The XRD data were collected over an angular range of 40° to
130°, a step size of 0.015°, and a time interval of 0.7 s. The
microscopy analysis was conducted on tested and untested
samples that were cut, mounted in cold epoxy resin, wet ground
with SiC abrasive paper, and mechanically polished down to a
1 pm surface finish. Samples intended for LOM analysis were
chemically etched with a solution containing 100 mL H,0,
10 mL HNOg, and 100 mL HCI. The concentration of nitric acid
and hydrochloric acid was 70% and 32%, respectively. Sam-
ples for EBSD analysis were polished to a mirror surface finish
with 0.02 pm colloidal silica and then ion-milled for 30 min
using a beam voltage of 8 kV at a glancing angle of 4° with full
cycle rotational movements (TECHNOORG Linda, SEMPrep2").
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SCIENCE SECTION

All samples for EBSD analysis were surface coated with a 5 pm
carbon film to prevent electrostatic charging.

The microstructures were imaged using secondary
electron (SE) and backscatter (BS) detectors in a field emission-
scanning electron microscope (FE-SEM) (TESCAN system,
CLARA). The crystallographic orientations were mapped using
an Oxford' symmetry EBSD detector in the FE-SEM, on
samples tilted 70°, with a working distance of 20 mm, a beam
energy of 28 kV, and a beam current of 1 nA. A clean-up
process was applied to the EBSD data to assimilate any non or
misindexed points into the surrounding neighborhood grains,
ensuring that less than 10% of the points were modified. Grain
boundaries were detected with a threshold misorientation of
10°, a minimum of 8 pixels of fractional difference of misorien-
tation variation, and a kernel size of 3 x 3. Grain size was
measured as the maximum Feret diameter. The kernel average
misorientation (KAM) maps were obtained using 3 x 3 square
kernels and a maximum misorientation angle of 5°. All data
acquisition and subsequent postprocessing were conducted
using the software Aztec' and Aztec Crystal', respectively.

2.3 | Mechanical Properties

Mechanical properties, including yield strength (Sy), tensile
strength (Su), elongation at fracture, elongation after fracture,
reduction of area, and elastic modulus (E), were measured at
room temperature. The tests were conducted in triplicate speci-
mens. The LPBF SS316L, provided by IMT Mines Albi (France),
was tested using rectangular specimens that were 55 mm (2.20 in)
long, 8 mm (0.30 in) wide, and 2 mm (0.08 in) thick manufactured
in the horizontal orientation. The displacement during the tensile
test was measured using an axial extensometer with a 15 mm
(0.60 in) gauge length and +5 mm (0.20 in) travel length (Epsilon
TechCorp'). The crosshead speed in the universal testing ma-
chine (UTM) was set to 0.225 mm/min within the elastic region and
0.750 mm/min within the plastic region. The CD wrought SS316L
was tested according to ASTM? E8%* using custom rectangular
subsize tensile specimens that were 100 mm (4 in) long, 6 mm
(0.24 in) wide, and 3 mm (0.12 in) thick, also as per ASTM E8. The
specimens were machined from a 25 mm (1 in) diameter rod bar.
The displacement during the tensile test was measured with an
axial extensometer with a 25 mm (1 in) gauge length and +25 mm
(1 in) travel length (Epsilon TechCorp'). The UTM crosshead speed
was set to 0.375 mm/min within the elastic region and 1.25 mm/
min within the plastic region. The displacement rates were different
in both materials as their gauge lengths were different, as
defined in ASTM E8. Figure 1 shows the geometry and dimensions
of the LPBF SS316L and CD wrought SS316L tensile specimens.

All tensile tests were conducted using a 50 kN Shimadzu®
UTM equipped with 50 kN manual nonshift wedge grips. All data
were collected at a rate of 10 Hz using the Trapezium X'
software. The actual yield strength (AYS) of the LPBF SS316L and
the wrought SS316L were calculated by intersecting their
corresponding engineering stress-strain curves with an 0.2%
offset line running parallel to the elastic portion of their curves,
per ASTM E8.%“ The slope of the offset line, i.e., an approximation
of the material's elastic modulus (E), was calculated using the
least-squared method per ASTM E111.%° The microhardness was
measured according to ASTM E384°¢ using a microhardness
tester (Duramin-4, Struers'), an applied load of 2 Kg (HV2), and a
dwell time of 15 s. The bulk density was calculated using the
Archimedes principle per standard ASTM B962°7 with a density

2 ASTM International, 100 Barr Harbor Dr., West Conshohocken, PA 19428-
2950.

55

1

2
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FIGURE 1. Geometry of the rectangular specimens used for the tensile
tests (a) LPBF-manufactured SS316L and (b) machined CD wrought
SS316L. Units in millimeters.

kit coupled to an analytical balance with a readability of 0.001 g
and a linearity of +0.002 g (ME203, Mettler-Toledo).

2.4 | Stress Corrosion Cracking

The SCC behavior was investigated by monitoring the
time required by the materials to crack when subjected to a
stress level corresponding to 60% and 90% of their AYS while
immersed in a boiling solution, i.e., 106°C (223°F). Unstressed
specimens, i.e., 0% AYS, were also tested for comparison. The
test solution was 25 wt% NaCl acidified to pH 1.50 with phos-
phoric acid (HsPO,), per ASTM G123.%% The test specimens
used in this investigation were C rings designed per ASTM G38.%°
The LPBF SS316L C rings were manufactured, as shown in
Figure 2(a), and their holes were re-bored with a slightly larger drill
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Loading direction

FIGURE 2. (a) Geometry of the custom C-ring specimen used to
investigate the SCC susceptibility of LPBF and CD wrought SS316L
and (b) schematics of the constant-strain assembly according to
ASTM G38.
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bit to remove the printed supports. All surfaces of the C rings
were sequentially wet-ground with abrasive papers from 80- to
600-grit SiC. Although the dimensions of the C rings were not
measured after surface finishing, the grinding process produced
no excessive material removal. Notably, during the initial
stages of this investigation, the printed holes were left in their as-
printed condition. However, after preliminary results (not
shown), it was decided to polish them in the same way as the rest
of the C ring. All tests were performed at least in duplicate, as
explained below.

The C rings were stressed to their corresponding
material's AYS using a constant-strain setup, per ASTM G38.°°
The assembly, shown in Figure 2(b), consisted of two PEEK
washers, two M6 titanium flat washers, one M6 titanium socket
cap bolt, one M6 titanium flanged lock nut, and a strip of clear
PTFE heat shrinkable tube molded to the bolt. The stress levels of
60% and 90% AYS were obtained by attaching a 0.3 mm (1/64
in) circumferential strain gauge (FLAB-03-11-1LJC-F, Tokyo
Measuring Instruments') to the middle of the uppermost
curved surface of the C ring, as shown in Figure 2(b). Then, the
bolt was tightened until the reading in the data logger (Almemo
2590, Ahlborn') indicated the strain value corresponding to the
required stress level. This procedure was conducted
according to the stress considerations outlined in ASTM G38,%°
which states that the nominal stress exists only along a line
that runs across the C ring at the middle of its arc. Therefore, the
strain should be measured at that location, where the strain is
maximum. However, the circumferential stress may vary across
the width of the C ring, and the extent of the variation depends
on the width-to-thickness and diameter-to-thickness ratios of
the specimen. In general, the stress is greater at the edges
than in the middle, but only finite element modeling (FEM) can
determine the actual location of the maximum stress for a
given C-ring's configuration, which was outside the scope of our
work. All traces of the strain gauges were manually removed
with 600-grit SiC abrasive paper. The electrical insulation be-
tween the bolt and the C ring was verified with a digital
multimeter. All of the C rings tested at 0% AYS were also
prepared, as shown in Figure 2(b), although no stress was
applied to the bolt. The CD-wrought SS316L C rings were sim-
ilarly prepared and included as a control.

Each test condition consisted of a flask containing
750 mL of the test solution and two C rings, one from each
material stressed to the same corresponding AYS. The ratio of
the volume of solution per exposed surface area of specimens
was 17 mL/cm? (109 mL/in), which is more than threefold the
minimum required by ASTM G123.°% The SCC susceptibility of
each material was assessed as the time required to observe
the first cracks. Therefore, longer exposure times without
cracking indicated a lower SCC susceptibility. All C rings were
removed from their test solution weekly, cleaned, and inspected
for cracks at a magnification of 20x using LOM. C rings
showing SCC were cut and prepared for post-test microscopy
analysis, while C rings with no cracks continued the test in
freshly prepared solution until the next inspection for a maximum
of 6 weeks, per ASTM G123.%% As removing the specimens for
inspection is expected to disturb the local corrosion cells and
may affect the results,”® and due to the aggressive nature of
the test solution for most stainless steels, a 1-week inspection
frequency was considered sufficient to determine the onset of
cracking.

Two different methods were used to investigate how
residual stresses affect the cracking behavior of LPBF-
manufactured SS316L. The first method involved subjecting

SCIENCE SECTION

FIGURE 3. Schematic of the partial immersion test applied to the as-
printed LPBF SS316L C ring.

duplicate C rings to a stress relief heat treatment in a vertical tube
furnace under vacuum at 650°C (1,200°F) for 2 h. After stress
relieving, the C rings were manually wet ground down to 600-grit
using SiC abrasive paper, left overnight to recover the passive
film, and tested unstressed, i.e., 0% AYS, in boiling solution
(approximately 106°C [223°F]). In the second method, dupli-
cate C rings were manually wet-ground down to 600 grit,
stressed to 90% of their AYS, and left to passivate overnight.
The specimens were then partially immersed in boiling solution
while hanging upside-down, with the uppermost curved sur-
face immersed in the solution, while the printed holes were kept
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FIGURE 4. XRD patterns of LPBF and CD wrought SS316L showing
the presence of y (fcc) austenite as the only phase in their
microstructures.
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SCIENCE SECTION

above the solution level, Figure 3. Weekly inspections were

conducted on all C rings to determine the onset of cracking.

RESULTS

3.1/ Microstructure Characterization
Figure 4 shows representative XRD patterns of LPBF
and CD wrought SS316L. Both materials consisted entirely

LPBF SS316L—As-printt

of y-austenite (fcc), i.e., 8-ferrite (bcc) was not detected
within the resolution of the technique. Figure 5 shows EBSD
maps perpendicular to the build direction and corresponding
color-coded inversed pole figures (IPF) of the LPBF and the
CD wrought SS316L microstructures obtained from un-
tested C rings. The IPF showed strongly textured LPBF and
wrought SS316L microstructures indicated by the high-

intensity poles in the {111} pole figure, i.e., 2.32 and 2.27 times

(111}

° (a)

FIGURE 5. EBSD maps and color-coded inverse pole figures of untested C rings showing textured microstructures in the (a) as-printed LPBF

(b)

SS316L perpendicular to its printing direction and (b) CD wrought SS316L.
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FIGURE 6. Engineering stress-strain curves within the elastic region of (a) LPBF SS316L and (b) CD wrought SS316L along with the location of

their corresponding AYS.
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random, respectively. Figure 5 also indicates relatively large
austenitic grains in the LPBF and the CD-wrought SS316L
microstructures. Their average grain sizes were 57452 pm in
the LPBF SS316L and 44+34 pm in the CD wrought SS316L.
The overall grain size distributions were Dso 39 pm and Dgg
124 pm for the LPBF SS316L, and D5 34 pm and Dgg 90 pm for
the CD wrought SS316L. The fitted ellipse aspect ratios were
3.0+1.8 for the LPBF SS316L and 3.9+3.6 for the CD wrought
SS316L.

SCIENCE SECTION

3.2 | Mechanical Properties

Figure 6 shows representative engineering stress-strain
curves of LPBF SS316L and its CD wrought counterpart in their
elastic regions and corresponding AYS. The AYS of LPBF and
CD wrought SS316L were 529 MPa (77 ksi) and 646 MPa (94 ksi),
respectively. Although the displacement rates differed for
each material due to their different gauge lengths, which may
affect their tensile properties,®* the C rings were stressed to
their corresponding material's AYS, which allowed a proper

Hole/support interface

Printing direction (2)

Printing direction (Z)

Table 2. Mechanical Properties of As-Printed LPBF SS316L, CD-Wrought SS316L, and Standard Requirements for UNS
S31603 g
Elastic Yield Strength | Tensile El at | El of
Modulus (E) (Sy) Strength (Su) | Fracture After Fracture | Area Bulk Density
Materials GPa (ksi) MPa (ksi) MPa (ksi) % % % glem® §
LPBF SS316L 211412 5294 65647 4311 1242 451 7.894+0.013
(30.6£1.7) 10° | (770.6) (95+1.0)
CD wrought 21447 64618 71746 4915 1342 6612 7.953+0.027
SS316L (31.0£1.0) 10° | (96+1.2) (104+0.9)
UNS S31603% | 202'%° Min. 170 Min. 485 Min. 40 n/a Min. 40 7.98'%
(29.3) 10° (25) (70)
UNS S31603 117 Shopd Min. 450 Min. 585 Min. 30 n/a Min. 40 n/a
(strain- (29.3) 10° (65) (85)
hardened)'°?
K
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(b)

FIGURE 7. Photographs of as-printed LPBF SS316L C rings fully immersed in boiling solution showing similar SCC morphologies under
(a) unstressed (0% AYS) and (b) stressed (90% AYS) conditions. The red arrows indicate the location of the hole/support interfaces.
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The bulk porosity of LPBF SS316L was less than 1%. Table 2
summarizes additional tensile properties, such as elastic mod-
ulus, tensile strength, elongation at fracture, elongation after
fracture, and reduction of area. The average microhardness of

evaluation of SCC susceptibility despite the difference in

geometry and displacement rates.
The bulk density of LPBF and CD wrought SS316L were

7.894+0.013 g/cm® and 7.953£0.027 g/cm?®, respectively.

Printing direction (Z) —
ing direction (Z) —

(a) (b)
FIGURE 8. Photographs of LPBF SS316L C rings with (a) as-printed holes and (b) polished holes, showing similar SCC that initiated from pits near
their printed holes in the unstressed (0% AYS) and stressed (90% AYS) conditions, respectively.

Cracking direction (X)

Printing direction (Z)

immersion in boiling solution showing transgranular cracking.

Table 3. SCC Behavior of LPBF SS316L and CD Wrought SS316L C Rings Tested at Different Conditions in Acidified
Chloride Boiling Solution.”)

Stainless Steel 316L C Rings in Boiling Solution

Partially Immersed Fully Immersed
Stress level LPBF as-printed Wrought cold-drawn LPBF as-printed LPBF stress-relieved
0% AYS - 3 week 1 week 2 week
60% AYS - 2 week 2 week -
90% AYS 2 week 1 week 3 week -
Crack location Arch Arch Hole Hole

A The number in the cells corresponded to the week when the cracks were observed. Ndash correspond to untested conditions.
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the as-printed LBPF SS316L, the stress-relieved LBPF
SS316L, and the CD wrought SS316L were 224+3 HV2, 195+2
HV2, and 28243 HV2, respectively.

3.3/ Stress Corrosion Cracking

Evidence of SCC in the as-printed LPBF SS316L C rings
tested in boiling solution while stressed to 0% and 90% AYS is
shown in Figures 7(a) and (b), respectively. The figures show
that regardless of the applied stress, the stressed and un-
stressed C rings cracked with similar morphology, initiating
from corrosion pits near the edges of their printed holes.
Figure 8(a) illustrates the results of one of the initial C ring tests
with as-printed holes, whereas Figure 8(b) corresponds to one
with the as-printed surface removed by grinding. Interestingly,
both initiation sites were perpendicular to the hole/support
interfaces, as depicted by the inset images in Figure 9. Highly
branched SCC initiated near the printed holes from corrosion pits
on unstressed and stressed LPBF SS316L C rings with the
holes in as-printed and polished conditions, respectively
(Figure 8). SCC is initiated from the polished surface of the
C ring near the holes regardless of the stress state and surface
condition. Figure 9 shows an EBSD map and corresponding
band contrast, revealing transgranular SCC in an unstressed
(0% AYS) LPBF SS316L C ring that cracked from the same
location around the printed holes. The SCC behavior of fully
immersed as-printed LPBF and CD wrought SS316L C rings
under different applied stress levels is summarized in Table 3.
As seen in Table 3, a trend was observed between the im-
mersion condition and time to crack initiation. In this regard, fully
immersed as-printed LPBF C rings took longer to crack when
stressed to higher stress levels than partially immersed samples.
Nevertheless, cracks always initiated near the same locations
around their printed holes and perpendicular to the printed
supports, regardless of the applied stress. The SCC resistance
of the CD wrought SS316L decreased with applied load, in
agreement with the literature®>*'-#2193 and the cracks always
initiated on the curved surface.

The role of residual stresses on the unexpected SCC
behavior in LPBF SS316L C ring samples was investigated by
conducting a stress relief heat treatment on as-printed C rings.
Figure 10 shows KAM maps perpendicular to the build direction
of the as-printed and stress-relieved LPBF SS316L C rings, as
indicated. The as-printed LPBF SS316L microstructure contained
local strain around their grain boundaries caused by its pro-
cessing history. This local strain, depicted by the green areas in
Figure 10(a), indicates a high degree of residual stress.'%*%°
Inversely, the microstructure of the heat-treated LBPBF SS316L
showed fewer areas with local strain, Figure 10(b). A quanti-
tative representation of the reduction in residual stresses due to
the heat treatment is shown in Figure 10(c). As seen in this
figure, the stress relief effect of the heat treatment reduced the
magnitude of the KAM angles. The overall KAM distributions
went from Dso 0.96°, Dgg 1.89° in the as-printed LPBF SS316L, to
Dso 0.64°, Dgo 1.43° in the heat-treated LPBF SS316L. A
Kolmogorov-Smirnov (K-S) test using OriginLab's' statistical
tools was conducted to confirm that both distributions were
significantly different, and the results are presented in
Figure 10(c).

Figure 11 illustrates the SCC of a stress-relieved LPBF
SS316L C ring when tested in boiling solution without applied
stress, i.e., 0% AYS. As shown in Figure 11, in the absence of
applied stress, cracking still occurred at the same locations near
the printed holes and perpendicular to the printed supports.
Moreover, the crack morphology was similar to its as-printed
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FIGURE 10. KAM maps of untested LPBF SS316L C rings in their (a) as-
printed and (b) stress-relieved conditions. The KAM histogram in
(c) shows the redistribution of local misorientations after the stress
relief process.
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counterparts, although the initial main crack propagated lon-
ger before branching in the annealed specimen. As seen in
Table 3, the heat-treated specimens cracked 1 week after the
as-printed counterparts. These findings indicated that the SCC
resistance of unstressed LPBF SS316L C rings slightly im-
proved after stress relief.

The as-printed LPBF SS316L C rings stressed to 90%
AYS were also partially immersed in boiling 25% NaCl (pH 1.5), as
shown in Figure 3. As the dissolved oxygen concentration is
much lower at the boiling temperature (106°C [223°F]) than at
room temperature,'%® pitting and SCC were supported by the
hydrogen evolution reaction rather than the oxygen reduction
reaction, which allows a direct comparison between fully and

partially immersed tests. After exposure, the partially immersed
printed material cracked transgranularly from its uppermost
curved surface, i.e., where the nominal applied stress is
maximum,®®'°7 Figure 12. Figure 13 shows the SCC behavior
of the fully immersed 90% AYS CD wrought samples. As seen in
Figure 13, the CD-wrought SS316L samples cracked per-
pendicular to the direction of the applied stress from its curved
surface. However, cracking initiated from the edges of the

C ring rather than from its middle area. Cracking from the edges
of the samples was attributed to the residual stresses intro-
duced during the machining process.***%% Nevertheless, both
materials cracked along the line of maximum applied stress
when stressed to 90% AYS. Notably, the percentage of the total

Heat-treated LPBF SS316L C ring, 0% AYS, fully immersed in boiling solution

Printing direction (Z)

FIGURE 11. Photographs of an unstressed (0% AYS) stress-relieved LPBF SS316L C ring after fullimmersion in boiling solution showing identical

SCC morphology and crack location as its as-printed counterparts.

Printing direction (Z)

>

<

FIGURE 12. As-printed LPBF SS316L C ring stressed at 90% AYS showing (a) its partial imnmersion setup, (b) SCC located at the middle of its
uppermost curved surface, and (c) an etched imaged showing the resulting transgranular SCC morphology.
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100 um

FIGURE 13. CD-wrought SS316L 90% C ring showing (a) full immersion setup, (b) photograph illustrating SCC that started from the edge of the
uppermost curved surface, and (c) a micrograph showing the resulting transgranular SCC morphology.

pitted area in the fully immersed samples (approximately
0.22%) was, on average, 4 to 5 times higher than the percentage
of pitted area in the partially immersed samples (approximately
0.05%). Therefore, considering that the immersed area of the fully
immersed sample is about three times larger compared to the
partially immersed sample, this suggests that the difference in
the immersed surface of the samples had no impact on the
distribution of pitting or the onset of cracking.

DISCUSSION

All LPBF SS316L C rings manufactured with printed
supports were consistently susceptible to SCC. Regardless of
whether the specimens were stressed (90% AYS) or un-
stressed (0% AYS), as-printed or heat-treated, they all developed
cracks from the same location near the printed holes and
perpendicular to the hole/support interface, as illustrated in
Figures 7, 8, and 11. All cracks exhibited a highly branched
morphology, indicating a similar fracture behavior across the
different test conditions and, thus, suggesting the presence of
highly localized residual stresses at the cracking sites. The stress
relief heat treatment applied to the specimens reduced re-
sidual stresses, as evidenced by the KAM maps and distribution
shown in Figure 10, as well as the 13% reduction in micro-
hardness. Interestingly, the stress-relieved specimens exhibited
a slightly different cracking behavior than their as-printed
counterparts, as can be seen in Figures 7 and 11, in which the
length of the main crack before branching was around three
times longer than in the as-printed condition. Nevertheless, the
cracking location remained consistent near the printed holes,
indicating that the stress relief process was only partially ef-
fective at reducing SCC susceptibility. The surface finish of the
printed holes did not play a role in SCC initiation, as evidenced by

Figures 7 and 8, where all cracks occurred in the same location
—i.e., from pits located on the polished surface of the C rings and
near the printed holes—regardless of the hole's surface
roughness. These observations suggested that factors other
than the hole's surface roughness, particularly residual
stresses, may be influencing the SCC behavior of the LPBF
SS316L C rings.

The influence of residual stresses around the printed
holes was further demonstrated through partial immersion tests
conducted on stressed C rings (90% AYS). As the printed
holes were positioned above the solution line, Figure 3, the
specimens cracked along the axis of maximum applied stress,
Figure 12. This SCC behavior, characterized by highly branched
transgranular cracks, was comparable to that observed in CD
wrought C rings, Figure 13, although the wrought specimens
cracked from the edges instead of the center or the curved
surface. The different crack initiation site was attributed to the
residual stresses introduced during the machining process of
the CD-wrought SS316L C rings.>>*8697678 These results un-
derscore the significant role of residual stresses in dictating
the path of crack propagation, regardless of the manufacturing
method used.

The results from the partial immersion tests summarized
in Table 3 indicated that the LPBF C rings developed SCC 1 week
after the CD wrought samples. Notably, no cracks were ob-
served at the printed holes, confirming the absence of residual
stress influencing the SCC of the material at those locations.
This apparent marginal improvement in the SCC resistance of the
printed material compared to its wrought counterpart could be
attributed, for instance, to a delay in pit nucleation and the lower
applied stress.'®®""° However, to provide a comprehensive
understanding of this phenomenon, further analysis would be
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Printing direction (2)

(b)

FIGURE 14. Hypothesized: (a) residual stresses produced in the hole/support interface of the C rings, (b) unstressed C ring with SCC initiating

(©

from corrosion pits at the 3 and 9 o'clock sites, and (c) “stress relieving” effect of the applied load over the residual stresses.

necessary, for instance, by including testing LPBF C rings
manufactured at different orientations and specimens with drilled
holes instead of printed ones.

Itis hypothesized that the hole/support interface, located
at the 12 and 6 o'clock positions, as shown in Figure 14, expe-
rienced volumetric contraction during the rapid cooling from
the melting temperatures during the production of the C rings,
resulting in the observed residual stress effect. This phe-
nomenon may have introduced compressive stresses through
the supporting structure, forming two additional sites of
maximum tensile residual stress at the 3 and 9 o'clock positions,
as shown in Figure 14. This stress effect, resembling a “C ring
within the C ring"” scenario, is believed to be the primary cause of
the systematic cracking of the C rings at the 3 and 9 o'clock
positions.

Finally, this study found that the SCC susceptibility of the
LPBF C rings decreased as the applied stress increased, par-
ticularly in the unstressed LPBF C rings, which exhibited faster
crack initiation than their stressed counterparts, as reported in
Table 3. In the absence of rigorous FEM, which is beyond the
scope of this investigation, these unexpected results can be
explained using vector analysis. In this regard, the 3 and 9
o'clock positions are the locations of the highest tensile residual
stress in unstrained C ring, Figures 14(a) and (b). In contrast, in
stressed C rings, Figure 14(c), the stress acts perpendicular to
the main component of the residual stress, reducing the
magnitude and changing the direction of the stress. This unin-
tentional “stress relieving” effect is hypothesized to have
lowered the SCC propensity (measured as a longer crack initi-
ation time) around the printed holes. Nevertheless, as all
stressed LPBF C rings continued to crack at their printed holes
suggests that the resulting “vector stress” in this area was
above the externally applied stress.

CONCLUSIONS

This study investigated the SCC behavior of LPBF-
manufactured SS316L using stressed and unstressed C rings
immersed in boiling, 106°C (223°F), 25% NaCl (pH 1.5). The
analysis included a stress relief heat treatment and a partial
immersion test to elucidate the effect of residual stresses, as
well as a comprehensive microstructure characterization to an-
alyze the cracking behavior. The following conclusions were
drawn based on the results presented above:
> Localized residual stresses introduced by the printed
supports reduced the SCC resistance of SS316L C rings man-
ufactured by LPBF. This observation has important

implications, as it suggests that LPBF-manufactured compo-
nents with complex geometries that require printed supports
may also contain residual stresses, leading to decreased SCC
resistance.

> Provided that the effect of residual stresses is mitigated or
removed by a stress relief heat treatment, LPBF SS316L had a
marginally better SCC resistance than CD wrought SS316L
when stressed at 90% of their corresponding AYS values, as
determined by a 1 week delay in crack initiation time.

> A stress relief heat treatment improved the SCC resistance
of LPBF SS316L. However, more research is needed to deter-
mine the degree of improvement that can be achieved and to
identify the best temperature and duration of the heat-treatment
process.
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