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ABSTRACT

The overarching goal of this research is to investigate the processing, structure,
properties, and performance of (mechanical) property-graded bulk structures made from
a single metallic alloy via a laser powder bed fusion (LPBF) process. With a vision to
realize repeatable/reproducible functionally-graded additively manufactured (FGAM)
bulk structures, this study aims to elucidate the underlying causes of the variations in
macro- and microstructures in relation to process conditions, the resulting physical and
mechanical property distributions, and its local and global mechanical performance. For
this purpose, a systematic design of experiments that spanned the volumetric energy
density (VED)-related process parameter design space was utilized to investigate the
range of functionally-acceptable physical/mechanical properties achievable in stainless
steel 316L via a pulsed selective laser melting (SLM) process. Results demonstrated the
significant, but functionally-usable variations attainable in hardness, relative density, and
modulus. Property variations resulted from a combination of porosity types/amounts,
martensitic phase fractions, and grain sizes. Based on these, select process parameters
were utilized for fabricating ASTM standard tensile/bending specimens with intended
property differentials within its gauge volumes. Analyses of structure and property
variations were performed, coupled with metallography, microscopy, and spectroscopy.
Digital image correlation (DIC) was used to examine the evolution of spatial and
temporal strains, especially at zonal interfaces. Altogether, this work helped lay the

foundation for tailoring the structure, properties and performance of FGAM bulk parts.
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1. INTRODUCTION

1.1 Aim and Objectives

The overarching goal of this research was to systematically investigate the
causalities within the processing-structure-properties-performance (PSPP) framework
for the SLM of SS 316L FGAM bulk structures. Specifically, this study aims to
elucidate the relationships between AM process conditions and variations in macro- and
microstructures and how such physicochemical traits affect the resulting property
distributions. To achieve this goal, the following objectives were coined:

e Investigate the VED-based process parameters to identify the processing bounds
for obtaining specific macro/microstructures and functionally usable properties

¢ FElucidate processing-structure links at micro/macro scales to identify root causes
of physical/mechanical property variations

e Investigate the FGAM bulk structure strain performance under various loadings
and ascertain the role of zonal interfaces

e Develop guidelines for a single alloy graded bulk structure fabrication on a

pulsed laser-based SLM platform for repeatable part production



1.2 Motivations

With a growing need for the development of application-specific materials in
aerospace, automotive, biomedical, and consumer products, conventional monolithic
materials are limited in their capability to be tailored to the application. Functionally
graded materials (FGMs) are a special class of composite materials that combine
multiple materials, compositions, or geometries in gradually varying fashions, in one or
more directions, from one end-surface to another, resulting in spatial variations of
material properties [1]. FGMs offer abilities to gradually transition microstructure and
compositions within a single component to meet local and bulk performance
requirements of the component for end-use applications [2, 3]. FGMs are often
characterized by their spatial variations of the constituent materials or
macro/microstructure (e.g., porosity, phase, texture, grain size, etc.) thereby, changing
the corresponding material properties in line with the functional requirements [4, 5].
FGMs can also eliminate the sharp material type/property interfaces responsible for
initiating failures and replace them with a smooth transition from one material to another
[6, 7].

Additive manufacturing (AM), also known as three-dimensional (3D) printing, is
a unique technique that allows the fabrication of three-dimensional near-net-shape parts
by layer-wise addition of material [8-10]. This transformative process provides a high
degree of design customization and efficient stock material usage with minimal waste

[11-13]. AM has gained worldwide popularity across almost all sectors due to its
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offering an enhanced alternative to many conventional manufacturing processes [14-17].
As per the recent Wohlers Report, the AM industry will see significant growth and may
well exceed the total market presence of over $40.8 billion by 2024 [18].

AM techniques enable a paradigm shift in FGM processing by allowing the
directional control and spatial gradation of printed structures, hence coining a new term,
Functionally Graded Additive Manufacturing (FGAM) [19]. Multi-material materials
can well surpass monolithic materials’ mechanical and microstructural limitations due to
their unique capabilities of having heterogeneous properties [20]. Figure 1 illustrates two
materials, when spatially graded, exhibit uniquely irreconcilable properties compared to

that when processed individually.
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Figure 1. Schematic of multi-material (density) distributions within the part [19].

However, multi-material structures present several challenges in terms of
uncertainty at manufacturing and processing and performance and service life due to the

heterogeneous nature of graded interfaces, different mechanical behaviors under stress,
3



thermal expansions, corrosions, amongst others. Figure 2 illustrates a multi-material
sample that exhibited a large crack at the interface due to the different coefficients of

thermal expansions amongst them.

Invar

Transition

Ti-6Al-4V

Figure 2. Optical micrograph of multi-material FGAM sample exhibiting a large
interlayer fracture at the transition region [21].

Single material FGAM processing via SLM is a novel research quest to
overcome challenges and complex multi-material compatibility issues. Currently, with
limited studies investigating the guidelines for design, fabrication, and performance,

single material gradation offers the following advantages:
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e Avoids sharp property interfaces, most common in multi-material parts, and
limits restrictions and vulnerabilities of extraneous welds and joints

e Multi-material parts (manufactured via AM/other) can commonly display
‘incompatibility’ by sharply differing thermal coefficients and/or stress
discontinuities leading to part failure. Further, certain material combinations in
close contact can promote corrosion or other degradation mechanisms. Instead,
when restricted to common chemical composition, the potential for such
‘material incompatibility’ is minimized.

e Currently, SLM machines are restricted to a single hopper (one powder
feedstock), so investigating the repeatable property variations is worthwhile for
tuning thermomechanical responses.

e Finally, the ability to tune spatial physical/mechanical property distributions
allows for parts to be designed/optimized for minimizing weight, deflection, etc.
For instance, stiffer (higher elastic modulus) layers could be imparted as
top/bottom layers in bending beams to control deflection, and outer surface
layers could be made to have higher hardness for abrasive wear resistance,

failure paths or zones could be intentionally designed, etc.

In light of this, SLM offers tailoring of component macro/microstructure for
efficient geometry/weight in specific thermo-mechanical applications while using a

single alloy.



Alongside the ability to produce singular, low-volume components, SLM offers a
single-step process to achieve multi-functionality in the as-built part, e.g., harder surface
layers, which, conventionally, would require post-processing. SLM manufacturers have
a single powder hopper (currently but changing), which further warrants an investigation
into achievable property variations for a given metal or alloy. Thus, the full potential of

the SLM processing of FGAM has yet to be realized.

1.3 Research Methodology

In this work, a systematic investigation was carried out to demonstrate the
fabrication of property-graded 316L bulk structures via SLM. Here, we provide a better
understanding of the processing-structure-properties-performance (PSPP) framework for

the SLM of FGAM bulk structures, as illustrated in Figure 3.

Processing Structure Property Performance

Macro-

VED-r [ i
elated Relationship Imicrostructures Relationship Physical Relationship
(porosity, grain (porosity, density) performance

AM process
morphology, phase 14 >
parameters <:> <:> Mechanical (stress-strain, failure)

fraction)

Local/global

(hardness, modulus,
strength, ductility)

(laser power, scan

velosity) Interfaces

Chemical
composition

Figure 3. Framework implemented for this research work.

A brief overview of the research objectives and goals for each of the core pillars,

i.e., processing/structure/properties/performance, are explained.
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The processing research area of SLM involves an extensively complex
phenomenon at different spectrums of the processing steps. Even for a slight
modification or minor adjustments in the feedstock material, component orientation or
geometry, process parameters, or post-processing steps could result in drastically
different properties in printed components. For this, the relationships between VED-
related process parameters, such as laser power and scan speed/exposure time, were
investigated to identify functionally acceptable processing bounds.

Structurally, the SLM process produces uniquely nonhomogeneous macro- and
microstructures. Due to rapid solidification processing, detailed examinations have been
made to elucidate the relationships between SLM process conditions and variations in
macro- and microstructures and how such physicochemical traits affect the resulting
property distributions.

Properties of SLMed materials or parts have been shown to supplant
conventionally processed materials (hardness, tensile, fatigue, corrosion, etc.). Physical
and mechanical responses have been investigated for structures fabricated using
different SLM process conditions and are further linked to length-scale-dependent
microstructures.

Performance of graded bulk structures (tailored for various thermo-mechanical
responses) has been undertaken to investigate the effects of zonal variations in
local/global strain evolution (spatial/temporal) and their roles in failure. The role of

interfaces has also been explained in detail.



1.4 Expected Original Contributions

The outcomes of this research will add to the knowledgebase of the PSPP chain
for SLM of metals from the perspective of designing and fabricating FGAM parts.
Specifically, mechanical property-graded bulk structures can be realized from a single
metallic alloy (SS 316L) and tailored for thermo-mechanical performance and failure.
The following original contributions are expected from this research work:

e A mapping of the relevant process parameter subset design space that details the
physical/mechanical property trends in relation to the VED-based process
conditions — will define the processing bounds for functionally acceptable
property ranges and will enable one to select a process parameter combination
that intentionally yields a different (but repeatable) property value for SS 316L

e Scientifically linking the processing-structure-property chain of the SLM of SS
316L by correlating the processing-related causes with the variations in macro-
and microstructures, and hence the resulting (intended) physical/mechanical
property distributions — the focus will be on elucidating the underlying principles
behind each cause-effect pair and their implications

e Local and global strain evolution (spatial/temporal) and failure in bulk FGAM
structures under different loading/stress states

e Quantification of the spatial property resolutions that are repeatably achievable

e Role of zonal interfaces under strain evolution and for failure



Altogether, these findings could be used to control and alter the spatial macro-
and microstructures of FGAM structures and further lay the foundation for
understanding and tailoring the local and global mechanical properties and performance

of FGAM bulk parts as well as the role of interfacial zone morphology.

1.5 Dissertation Structure

The dissertation is arranged in the following order: Chapter 1 reported
objectives, motivations (including a brief review on AM, FGM, and FGAM), research
methodology along with intellectual merits and original contributions from this research
endeavor. Chapter 2 provides an in-depth review of the state-of-the-art multi-
disciplinary literature review. Firstly, a general summary of additive manufacturing
processes is presented. Next, a detailed overview of the selective laser melting process is
presented, along with process-specific parameters and post-processing techniques.
Current knowledge of stainless steel is presented, followed by SLM processed SS 316L
and their mechanical/physical properties and microstructures. Lastly, the chapter
highlights the research in the functionally graded material field and summarizes
identified knowledge gaps. Chapter 3 introduces the research methodology framework
implemented during this study, including the research questions, tasks, and outcomes.
Chapter 4 discusses the materials and equipment used in spectroscopy, microscopy
along with the details about the experimental procedures for physical/mechanical

testing. Chapter 5 focuses on the research's main theme, i.e., performing experiments to



obtain usable property range for SS 316L when processed on a pulsed system. The
remainder of the chapter examines the relationship of VED-related process parameters to
dependent physical/mechanical properties. The purpose of Chapter 6 is to study the
causation of mechanical property variations by investigating the microstructure at
different length scales (micro, meso, and macro). This chapter also presents an in-depth
analysis of microstructures and physical phenomena at each scale to showcase the
causalities within the PSPP framework. Chapter 7 summarizes the remaining parts of the
study, including manufacturing of property graded structures to be tested under various
loading modes. Next, the effects of interfaces on local/global performance are presented.
Chapter 8 discusses a summary of the main conclusions obtained from this research and

briefly discusses the future work.
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2. BACKGROUND & LITERATURE REVIEW

The literature review presented is an amalgamation of multi-disciplinary fields
ranging from material science and metallography to mechanical engineering and
manufacturing. The state-of-the-art in selective laser melting (SLM) especially
pertaining to SS 316L, is presented, and literature reviews of stainless steels and
functionally graded materials (FGMs). Finally, current knowledge of SLM related to

FGMs is also explored to identify knowledge gaps.

2.1 Additive Manufacturing

Additive Manufacturing (AM), a.k.a. 3D printing, is a process for producing
three-dimensional parts by layer-wise addition of material [22-25]. It is an umbrella term
for a set of technologies and processes that have gained maturity over the last three
decades. Considering AM, an understanding of layered fabrication dates back to 1920
when Baker [26] (U.S. patent, 1,533,300) used an electric arc and metal electrode to
form decorative articles using the layer-wise material addition. Furthermore, Blanther
[27] discovered methods for topography and photosculpture in 1892. The field of AM is
continuously evolving, and this report reviews a most recent subset of articles published

in Science Direct, as seen from Figure 4.
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The American Society for Testing of Materials (ASTM) F2792-10 defined AM

as "the process of joining materials to make objects from 3D model data, usually layer

upon layer, as opposed to subtractive manufacturing methodologies" [28]. Figure 5

provides a multi-scale overview of AM applications in different sectors that have

reached a maturity level to be adapted for commercial usages.
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Figure 5. Multi-scale applications of different AM processes [13].

Figure 6 provides a broad classification of different AM processes based on the
ASTM F2792 standards. They are primarily classified into seven types; namely, material
jetting (MJ), binder jetting (BJ), directed energy deposition (DED), material extrusion
(ME), powder bed fusion (PBF), vat polymerization, and sheet lamination. Further,
hybrid manufacturing approaches could combine aspects of the above seven process

type or combine additive and subtractive manufacturing processes on a single platform.
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Figure 6. Seven families of AM processes according to ASTM F2792 standards.

Furthermore, the metal AM processes have gained special attention from
researchers across industries and academia alike. As per the recent Wohlers Report
2020, the global AM market will see a significant growth of 14.4% and may well be
exceeding the total market presence of over USD 26.68 billion by 2027 [18].
Advancements in metal 3D printing will be projected around USD 10 billion by 2027.
This overwhelming popularity is not surprising because it aligns well with technologies
such as scanning and reverse engineering that primarily drive component customization

[29]. Figure 7 illustrates the classification of metal AM processes.

14



Metal Additive

Manufacturing
/'R /J\
Powder Wire Sheet
\|/ N

Directed Energy Laser Metal

i 102 i i Di ition-Wire (LMD- i i
Powder Bed Fusion Deposition Binder Jetting eposi Ior\‘N ) ire (| Sheet Lamination
N\ L N\ N
Electron Beam Melting Laser Metal Deposition Electron Beam Additive
(EBM) (LMD) Manufacturing (EBAM)
N— N— N—r
e 7 N\
Selective Laser Melting Laser Engineer Net
(SLM) Shape (LENS)
N— N—

Figure 7. Classification of metal AM processes [13].

In a nutshell, AM is a unique manufacturing technique that is based on the
common principle of slicing a solid 3D CAD model into multiple 2D layers, where each
layer is built at a time and can be customized with a choice of processing conditions,
thus providing design freedom to build complex part geometries to near-net-shape [30].
Furthermore, manufacturing parts via this approach eliminate part-specific tooling
requirements, saves materials, and reduces machine downtime, leading to an increase in
equipment readiness [31, 32].

Figure 8 illustrates a comparison between primary manufacturing processes,
including subtractive and additive manufacturing processes, in terms of material volume

(in cubic centimeters) consumed for obtaining a representative bracket.
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Figure 8. Comparison amongst various primary manufacturing processes [33].

For this thesis’s purpose, we will be focusing on selective laser melting (SLM)
technology. The following sections aim to introduce and explain the SLM working
principles, laser processing parameters (particularly VED-related process parameters),

and melting and solidification phenomenon.

2.2 Selective Laser Melting (SLM)

The laser powder bed fusion process (L-PBF) is one of the most versatile, well-
researched, and important metal AM techniques that belong to a sub-class of powder-
bed fusion (PBF) as per the terminology devised by ASTM International [28]. The L-
PBF process is also sub-divided into Selective Laser Sintering (SLS) and Selective laser

melting (SLM) [34]. SLS has been predominantly used in the manufacturing of plastic
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parts, whereas SLM is for metal. SLM is also known as Direct Metal Laser Sintering
(DMLS).
The following sub-sections explain the general framework of the SLM process,

working principles, process physics, and current and future state of the art and trends.

2.2.1 General Process Overview

SLM has been at the forefront of AM for the last two decades and has
successfully realized a wide array of functional metal components, giving many design
choices to improve and optimize the part functionality and usable life [35]. More
recently, SLM manufacturers are coming up with next-generation SLM platforms with
state-of-the-art updates such as multiple high-performance lasers, increased build
volumes, configurable lasers/optics, no materials restrictions, open-source control
software, amongst other capabilities that will further enhance the SLM technology [36-

39].
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Figure 9. Schematic representation of the SLM process [40].
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As shown in Figure 9, the SLM process utilizes a bed of powder metal, which is
selectively melted with the aid of a high-energy laser beam, focused at a defined area
where the powder is spread uniformly [41, 42]. Selected locations of the powder bed are
exposed to the laser beam at a controlled speed, which in turn fuses the powder, creating
a solid 3D part layer-wise in an inert gas environment [43]. The SLM process involves
repeated heating and cooling cycles, and hence thermal gyrations. This process repeats

until the desired part geometry is achieved, as seen from Figure 10 [44-47].

i
v
«
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Figure 10. Obtaining “Picture-to-Part” via SLM [36].

2.2.2 Ongoing Research Themes in SLM

Early research on SLM was credited to Schleifenbaum and coworkers for
demonstrating the tool-free manufacturing of complex part geometries [48]. Kruth et al.
[49] have studied SLM of iron-based powder and characterized the parts by their
microstructure, density, and mechanical properties. Kamath et al. [50] have reported that
L-PBF has over 100 significant process parameters requiring process planning and

control to ensure repeatable parts of desired geometry and material properties.
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Assessment of these vital factors helps to understand the SLM process and how to obtain
high-performance, defects-free, mission-critical parts with desired design optimization,
mechanical properties, and near-full density [51-53].

To contribute to a greater understanding of the SLM process and further improve
the part quality and reliability, substantial research efforts are underway, as seen from

Figure 11.
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Figure 11. Ongoing research avenues for the SLM.

Researchers have reviewed recent developments of SLM literature with studies

that have provided the status of this technology ever since it was first commercially
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emerged in 1987. Initially, it was limited to mere a rapid prototype manufacturing up
until early 2000, from where the SLM has been on a path to become a mature
technology [54-56]. Scientific, technological, and economic challenges have currently
been addressed for SLM processed parts [57-62].

As of today, only conventional materials are fabricated using SLM [63]. SLM
can only process over 20 different metallic alloys ranging from Inconel 625, Inconel
718, Ti-6Al-4V, Ti-6Al-7Nb, Ti-24Nb-4Zr-8Sn, Cobalt-based super-alloys, tantalum,
AlSi10Mg, Al6061, Maraging Steels, H-13 Tool Steels, Stainless Steel (SS) 316L, 304,
AISI 420, 17-4PH, 155PH, amongst several other [64-69]. As illustrated in Figure 12,
designing next-generation alloys will be a critical technological gap for the current SLM

landscape.

>1000

All known alloys [€

~700

Casting alloys <€

Materials (22) _

-0}

Figure 12. Current processability of alloys for the SLM [70].
20



2.2.3 Influence of Powder Feedstock

Powder morphology (for instance, shape, size, chemical composition) plays a
crucial role in achieving the desired part performance. Researchers have paid attention to
obtain revised powder manufacturing methods that suites AM industry needs in contrast
to regular powder metallurgy (PM) and metal injection molding (MIM) sectors [71-80].
There are several powder processing techniques to produce metallic powders used in
SLM, including gas atomization (GA), water atomization (WA), rotary atomization
(RA), and plasma rotating electrode processing (PREP) [81]. Spherical-shaped particles
have been preferred during SLM, which are commonly processed by the GA process.
Powder particles exhibit irregular and sharp profiles when processed via the WA
technique. Figure 13 illustrates SEM micrographs of stainless steel 316L powder

particles processed by two different processing techniques.

Figure 13. SEM images of stainless steel 316L. powder particles processed via the a)
GA and b) WA techniques [82].
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2.2.4 Laser-Powder Interactions

After the powder is spread on the build plate or top of the already solidified
layer, it is imperative to have a correct amount of laser exposure for successful melting
and subsequent processing. The amount of energy imparted on the powder bed
determines the melt pool shape, size, and ultimately solidification phenomenon [83].
The surface roughness, quality, and mechanical properties of the printed parts will be an
amalgamation of the powder bed’s thermal mapping and heat transfer phenomenon.
Figure 14 illustrates a cross-sectional view of laser and powder bed interactions when

the laser beam strikes the powder particles.
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Figure 14. Schematic of cross-sectional view of laser-powder interactions [84].
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Suppose the laser source moves too fast or too slow. In that case, the temperature
distributions on the powder bed will be nonhomogeneous, experiencing phenomena such
as Marangoni flow and conduction, convection, as well as radiation [85]. In case of too
rapid and localized exposure of high-energy laser beam could induce defects such as

residual stresses, material vaporization, elemental segregation, keyholing, spattering,

and inclusions as seen from Figure 15 [86].
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Figure 15. Laser path and powder interactions during SLM [86].

2.2.5 Influence of SLM Process Parameters

The right combinations of process parameters are of paramount importance in
obtaining printed parts with the desired mechanical/physical properties. With SLM
technology progressing robustly, several current limitations about the building part's size

have also been overcome to manufacture large-scale complex parts [87].
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As illustrated in Figure 16, Malekipour et al. [88] studied the framework of the
SLLM process parameters and organized it into pre-process, controllable, and post-

processing operations and represented the true interlinkage amongst them.
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Figure 16. Classification of SLM process parameters [88].

Pre-process parameters are usually fixed parameters such as powder type,

powder size distribution, powder packing density, inert gas flow rate, laser spot size,
24



laser pulse wavelength, and others that typically remain unchanged during the SLM

process. Controllable process parameters include laser power, laser scan speed, scan

pattern, hatch distance, layer thickness, amongst several others. Finally, separate post-
processing (such as surface modifications, heat treatment, etc.) of parts is conducted to
improve mechanical properties. Equipment manufacturers usually provide their

“recommended” set of process parameters to their users to print defects free parts.

Key SLM process parameters and their effects on properties/performance are
summarized:

. Laser-related parameters (laser power, laser spot size, laser intensity, laser pulse
duration, laser mode, etc.) have the most significant influence on microstructure,
phase formation, density, hardness, tensile strength, fatigue strength, amongst
other factors [89, 90]; Laser power (too much or too little) alters melt pool
geometry (too deep or too shallow) as well as temperature distribution across the
build plate, which determines the final microstructure, phases, texture, residual
stresses, and defects, amongst others [91];

o Temperature-related parameters (powder bed temperature, base plate preheating,
build chamber temperature) affects heating of powder particles on the powder
bed, leading to differences in sintering and packing of powder particles and
hence different thermal gradients [92];

. Scan-related parameters (scan speed, scan pattern) has a significant influence on

microstructure, mechanical behavior, surface finish, defects, etc. [93, 94];
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Hatch distance or hatch spacing determines the overlapping conditions between
adjacent laser scan tracks. It is recommended to have 25 to 33% overlap between
adjoining scan tracks to ensure defects free parts [95];

Build direction, geometry, and part orientation on build plate affects cooling and
heating cycles with noticeable differences in microstructure, mechanical
properties, surface roughness, crack growth [96, 97];

Powder-related parameters (powder morphology, processing techniques, packing
density, reuse) determines the part quality as well as underlying defects such as
balling, porosity, denudation (or clearing of powder around a laser-track),
spatter, etc. [98];

Inert gas (type, flow direction, flow rate) in the build chamber prevents part
oxidation, reduces spatter and other unwanted by-products such as metal vapor

and plasma plumes [99, 100].

2.2.6 SLM Processing Effects on Structure and Properties

A consensus in the literature is that measuring energy density supplied to the

powder bed is one of the significant factors affecting SLM part density [101-107].

Energy density is a composite parameter that helps to understand the melt pool behavior

during the SLM process, an extensively complex phenomenon that has been best defined

in literature with terms such as linear energy density (LED), area energy density (AED),

and volumetric energy density (VED) [108]. LED (J/mm) relates essentially two

parameters, laser power (P) and scan speed (V).
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Considering the hatch spacing (%) along with LED gives AED (J/mm?). Adding
layer thickness (¢) to AED provides VED (J/mm?). The VED is a composite parameter
that relates laser power (P), scan speed (V), layer thickness (¢), and hatch spacing (k).
The energy density (E,), or total energy input per unit volume or VED, is given by
equation (1) [109]:

P
Ev =
V+hxt

(D)

In SLM, porosity can be mostly controlled by optimizing specific process

parameters, i.e., laser power (P) and scanning velocity (V), as shown in Figure 17.
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Figure 17. Schematic of the energy density contour for the SLM process.
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These two parameters have a significant impact on the quality of SLM parts. For
example, having higher P and lower V imparts a higher VED on the powder layer
leading to a deeper melt pool wherein the already solidified layer could be re-melted and
may lead to keyhole defects [110-112]. Similarly, having lower P and higher V" imparts
lower VED leading to a shallow/smaller melt pool and hence lack-of-fusion defects
[113-115]. Donik et al. [116] reported different mechanical properties for SLMed SS
316L samples processed with the same VED. Moreover, both P and V's combined
effects result in complex thermal histories inside the melt pool, which affects the
solidification microstructure of the material and, thereby, the resulting mechanical
properties [117]. Furthermore, studies have shown VED also significantly affects the
grain size, texture, and orientation [118-120]. According to Wang et al. [121], with an
increase in VED, the primary dendrite arm spacing was significantly increased. They
concluded that this was due to the non-equilibrium thermal gradient inside the melt pool
at higher VED.

These energy-related parameters have reportedly shown a significant impact on
the formation of defects in SLM components [122, 123]. For example, having higher P
and low v imparts an excessive energy density on the powder layer leading to a deeper
melt pool wherein the already solidified layer could be re-melted and may lead to
keyhole defects [110-112]. Similarly, having lower P and higher V' imparts low energy
density leading to a shallow/smaller melt pool and exhibiting lack-of-fusion defects
[113-115]. Moreover, both P and V's combined effects result in complex thermal

histories inside the melt pool, which affects the solidification microstructure of the
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material and, thereby, the resulting mechanical properties [117]. The changes in energy
density also significantly affect the grain size, as reported in the previous studies [119,

120].
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Figure 18. 30 Single tracks of SS 316L for various VED combinations [124].

Figure 18 illustrates 30 single deposited tracks of SS 316L processed for
different P and V' combinations while keeping the L7 constant [124]. As mentioned
earlier, when VED is relatively low, the track has shown irregularities in shape with
unevenness and non-homogeneous melting. At sufficiently higher VED, track
morphologies have been smooth with evenness and continuation. Therefore, it becomes

vital to select a suitable VED range that will yield defects free parts.
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Increasing the energy density reduces the temperature gradient and affects the
grain size and shape [125]. The Marangoni effect due to the gradient in temperature
inside the melt pool further affects the solidification microstructure, creating multi-
directional grain orientation textures [126, 127]. Researchers have opted for modeling,
simulations, and finite element analyses to obtain an extensive understanding of SLM
process dynamics, multi-scale/physical across the length and time scales, as illustrated in

Figure 19 [128-130].
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Figure 19. Schematic of multi-scale, multi-physics phenomena in the SLM [130].

SLM parts have showcased defects at several length scales. These defects
typically involve porosity, lack of fusion, inclusions, unconsolidated powder, trapped
powder, entrapped gas, keyhole pore, voids, and residual stresses [131]. Figure 20

illustrates the SLM melt pool with various expected defects [132].
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Figure 20. Schematic of the SLM melt pool with expected defects [132].

The presence of one defect type can trigger the next one. For example, having
low VED may lead to under melting, which may lead to un-consolidated powder. While
continued explorations regarding making the SLM more robust and viable
manufacturing techniques are in full swing, several mechanisms require careful
investigations. Notably, the need for a specific approach towards process parameter
optimization, understanding melt pool dynamics, and flaws formation, resulting in
mechanical properties and post-processing techniques amongst continuous and pulsed

SLM platforms that can lead to R&R production of mission-critical parts.
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More recently, the introduction of artificial intelligence (AI) and machine
learning (ML) tools in metal AM space has further broadened the research horizons
[133, 134]. Real-time, closed-loop control of SLM systems has now been possible with
built-in monitoring systems that can measure the ongoing parts’ thermal signatures from
the build plate and adjust the scan speed and laser power accordingly [135, 136].
Moreover, in-situ process monitoring with high-speed imaging techniques has proved to
be a useful tool in further establishing universal understanding amongst process
specifications, laser-powder interactions, melt-pool dynamics, and defects formation
with an ultimate goal of bettering part quality [137-139]. Therefore, it is expected to
propose modifications in existing SLM platforms to accommodate high-resolution
tomography, optical metrology, closed-loop process feedback, and monitoring

techniques to improve process stability [140, 141].

2.2.7 Post Processing
Once the parts are built, several post-processing steps are taken before using the
parts for their intended use - the first one is removing the unconsolidated powder

surrounding the printed parts, as seen from Figure 21.
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Figure 21. Post build powder removal [Courtesy: APWORKS].

More often, several other post-processing steps are taken based on the end
requirements. These include machining, polishing, electro-polishing, grinding,
sandblasting, shot peening, and vibratory finishing, amongst several others [142].

Moreover, several studies have reportedly investigated SLM parts identical in
appearance yet not conforming to strict technical expectations [143, 144]. It is estimated
that surface finishing can cost up to roughly 60% of the total cost for a given SLM
component. Figure 22 illustrates a comparison between as-printed and post-processed

SLM fabricated SS parts.
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Figure 22. Before and after surface finishing of SS test part [Courtesy: Fintek].

To eliminate the property variations to certain extents, several researchers have
looked at the post-processed or performance enhancement techniques such as surface
finishing, heat treatment (HT), hot isostatic pressing (HIP), and HIP+HT that have
effects on the final part's properties, including hardness, toughness, yield strength,
residual stresses, density, ultimate strength and fatigue resistance [34, 145, 146]. In a
recent study, Tascioglu et al. [147] have studied the effects of different heat treatment
temperatures on SS 316L samples to establish a substantial correlation between heat
treatment and mechanical performance (microhardness, wear, etc.). They concluded that
an increase in heat treatment temperature severely degrades the microhardness due to the
release of residual stresses in SLM parts. To further understand the flaws formation in

L-PBF, Snow et al. [148] provided a systematic review of each type of flaw and
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categorized them into systematic and stochastic. Figure 23 represents the overall process

steps involved from the ‘Picture-to-Part’ journey for the SLM process.
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Figure 23. Illustration of steps involved in a typical SLM process [149].
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2.3 Stainless Steels

According to the American Iron and Steel Institute (AISI), stainless steel (SS)
typically falls into several major groups:
e Austenitic grades (identifying numbers of either 200 or 300).
e Ferritic steels (identified as the 400 series).
e Martensitic grades (also has some 400 series designation).

e Precipitation-hardened grades [150].

Steel is still the most common engineering material, especially stainless steel.
The word ‘steel’ refers that iron represents the bulk of the material and ‘stainless’
denotes the absence of staining, rusting, or corroding in hostile environments where
‘normal’ steels are susceptible [151]. ‘Stainlessness’ in the steel comes from adding
chromium (Cr), at least 11 wt%. Higher Cr can be added to guard in harsh environments
(for instance, moist or polluted environments) that may trigger rusting or pitting.
Molybdenum (Mo) is added for improving the resistance against pitting, Silicon (Si)
provides better oxidation resistance at elevated temperatures, whereas Nickel (Ni) is
added to obtain austenite. Figure 24 illustrates the general classification system used for

steels [152].
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Figure 24. General classification of steels [152].
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Figure 25. Fe-C equilibrium phase diagram: Amount of wt% C is crucial in
determining the solidification path [153].

Figure 25 illustrates Iron-Carbon (Fe-C) equilibrium phase diagram that shows
the relationships amongst temperature and wt% C while keeping the pressure constant at
1 atm. The microstructure of steels consists of various phases that are spatially arranged.
Final mechanical and physical properties (including hardness, ductility, creep, and
impact resistance) for any steel largely depend on the shape, size, crystal structure, and
composition of phases. In most steels, iron exhibits two allotropes in body-centered

cubic (BCC) ferrite and face-centered cubic (FCC) austenite. Iron melts above 2800 °F
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(1538 °C) and is in a liquid state. Upon iron solidification, the BCC lattice phase starts
to form stable from 2541 to 2800 °F (1394 to 1538 °C). The FCC phase is formed when
the temperature drops below 2541 °F (1394 °C). On the other hand, some
microstructures are far from equilibrium. One such phase is body-centered tetragonal
(BCT) martensite. BCT martensite has supersaturated carbon and is farthest from
equilibrium. By adding different alloying elements and selecting optimum heat

treatment routes, researchers have regularly controlled the steel microstructures [150].

2.3.1 Stainless Steel 316L

Stainless steel belongs to a group of Fe-Cr, Fe-Cr-C, and Fe-Cr-Ni systems
derived from Fe-C-X steels (wherein X represents alloying elements present). Stainless
steel 316L (SS 316L) is a widely popular alloy due to its combination of excellent
machinability, good wear resistance, superior elevated temperature, and corrosive
environment use along with low costs. SS 316L is an austenitic series of high-alloyed
steel that is ideal for operating in elevated temperature and highly corrosive
environments [154]. As explained earlier, SS 316L exhibits these properties due to Mo
and Ni's presence, along with a lower carbon presence (less than 0.03 wt%), making it
suitable for welding applications [151, 155, 156]. Figure 26 summarizes physical,

mechanical, electrical, and thermal properties for conventionally processed SS 316L.
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Physical Properties

Density

Mechanical Properties

Hardness, Brinell
Hardness, Rockwell B
Hardness, Vickers
Tensile Strength, Ultimate
Tensile Strength, Yield
Elongation at Break
Modulus of Elasticity
Charpy Impact

1zod Impact

Electrical Properties

Electrical Resistivity

Magnetic Permeability

Thermal Properties

Specific Heat Capacity

Melting Point

Solidus

Liquidus

Maximum Service Temperature, Air
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Figure 26. Properties of conventional SS 316L [157].

2.3.2 Common Microstructures of Stainless Steel 316L

Comments

V-notch, 30°C

21°C

from 0-100°C (32-212°F)

Intermittent Service

Continuous Service

The microstructure of stainless steel 316L consists of common phases such as

austenite (FCC), ferrite (BCC), and martensite (BCT), and which are the most relevant

to this study as seen from Figure 27.
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Figure 27. OM of steel phases a) Austenite b) Ferrite and ¢) Martensite [158].
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SS 316L is an austenitic steel with a primary FCC austenite phase. The austenite
phase has angular grain boundaries with an average hardness ranging between 100-400
HB. On the other hand, the ferrite phase has rounded grain boundaries and a softer
average hardness of 100-250 HB. Martensite phases have a needle-like (acicular)
structure, both brittle and hard, with an average hardness of 200-700 HB.

Phase formations and transformations that occur in steel can be understood from
a simple Fe-C equilibrium phase diagram (cf. Figure 25). Typically, during the liquid
state solidification, the first phase that forms is high-temperature §-ferrite (BCC) [52].
Moreover, with the modification in the cooling rate, the high-temperature §-ferrite can
be decomposed to a high-temperature austenite phase (FCC) which can then
decomposed to a low-temperature a-ferrite (BCC) [152]. In addition, a hard martensite
microstructure (BCT) can be obtained from austenite by a further increase in the cooling

rate.

2.4 SLM of SS 316L

2.4.1 General Overview

By controlling the SLM processing conditions, SS 316L parts have been printed
at near full density [159-161]. Further, corrosion and cavitation erosion resistance and
other material properties of SLM-produced SS 316L parts have been investigated
recently [162-164]. Li et al. [165] have confirmed the effects of the process parameters
(varying laser power, scan speed, hatch spacing, and layer thickness) on the porosity

and, thereby, on the density of the parts produced. They reported the densification
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mechanisms at differing scan speeds (100 mm/s, 200 mm/s, 300 mm/s) while keeping
other parameters constant and concluded that at higher scan speed, there was a linear
increase in the number of irregular pores. Kurzynowski et al. [166] evaluated process
parameter impacts on the microstructure and texture of parts by changing laser power
(100200 W), scanning speed (0.2-0.22 m/s), energy density (81-150 J/mm?), and
scanning strategies. More recently, high-speed X-ray imaging has also been used in
understanding changes to the melt pool solidification by in-situ sample analysis [167].

Furthermore, other studies have focused on the corrosion and material
characterization of SLM processed SS 316L [168]. Zhong and coworkers [169] have
investigated the occurrence of a cellular microstructure during SLM of SS 316L and
attributed it to compositional fluctuations and the constitutional supercooling theory and
stressed that more undercooling favored a dendrite mode of solidification. Krell et al.
used SLM to produce hierarchical microstructures with several grains at a macro scale, a
cellular subgrain at the microscale, and precipitants at the nanoscale within the cellular
structure [170].

Moreover, Liverani et al. reported optimum process parameter windows for the
SLM manufacture of SS 316L [29]. Other studies have documented a significant spread
in the variations of mechanical/physical properties with process parameters for SLM
processed SS 316L [171-174], including the effects of laser power and scanning speed
on the mechanical properties as reported by Ahmadi et al. [175]. Studies have also
focused on investigating the performance of SLM fabricated parts in tension, fatigue,

bending, and tribological conditions [176-179].
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2.4.2 Solidification Fundamentals

In SLM, the solidification dynamics and resulting microstructure are governed
by the local temperature gradient, G, and the solidification velocity, R and are often
represented by the solidification maps, as shown in Figure 28 [180].

G and R's combined effects lead to morphological changes, crystal growth,
crystallographic orientation texture development, and solidification mode (for instance,
planar, cellular, columnar, or equiaxed). For example, low G and high R lead to
equiaxed grains, whereas a planar grain shape is formed at high G and low R. Typically,
each SLM deposited layer exhibits an ‘epitaxial grain growth mechanism’; however, the

growth orientation of cells changes depending on the thermal gradient direction [181].
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Figure 28. Variation of solidification modes for different G and R conditions [182].
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Epitaxial grain growth is seen when re-melting of the already solidified layer
occurs, providing a preferred crystallographic orientation and growth direction for the
newly deposited layer.

Chen and coworkers [183] studied the grain growth observed during the SLM
process and suggested the absence of planar solidification. It was due to extremely high
laser scan speed (V' = 200-2500 mm/s) used in SLM which favors non-planar growth
compared to conventional welding process (V' = 2-15 mm/s). At lower G/R ratios,
solidification mode changes to cellular, cellular-dendritic, or dendritic, depending upon
the constitutional undercooling ahead of the advancing solidification front (the moving
solid/liquid interface). Constitutional undercooling is referred to as microsegregation
due to thermal and compositional fluctuations near the solid/liquid interface, thereby
lowering the freezing temperature [184]. Figure 29 shows possible nucleation and

growth mechanisms and grain structure effects during the melt pool solidification [185].

Heat Source Scanning

)

( I Bulk nucleation Molten pool

Equiaxed
grains

Columnar-to-Equiaxed
Transition D
Columnar P
grains Ly — Fusion line

Competitive «~="~ - Epitaxial rIucIeation | Underlying layer

growth

Figure 29. Possible growth mechanisms and effects on the grain structure [185].
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During the build, melt pools are stacked on top of each other in the vertical
orientation; thereby, G remains vertical at the center and does not alter towards the top
of the melt pool. However, G changes significantly sideways, altering the heat flux and
hence the direction of cell growth. Furthermore, the product of GXR depicts the scale of
the solidification microstructure. Higher the cooling rate, the smaller the cell spacing
and the finer (smaller) the grain size. To obtain highly isotropic properties, it is desirable
to have an equiaxed solidification. This diagram is often utilized in casting and welding
as well [182]. Kim et al. [186] have recently revised the conventional solidification
maps and tailored them to AM by including energy density and laser scan speed.

SLM involves simultaneous melting of a powder layer and the partial re-melting
of the previously solidified layer underneath, which affects the grain size and
morphology, phases, and induces pores, cracks, and residual stresses as noted in [187-
189]. As seen from Figure 30, different solidification microstructures have been

obtained by varying the energy input [186].
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Figure 30 (a-c). Different solidification microstructures are obtained via varying
energy input. Figure re-created from reference [186].

46



The cell spacing 4 (um), for austenitic stainless steel, can be calculated from
[190, 191]:
A=80.T033 2)
where 4 is the cell spacing in (um), and 7 is the cooling rate (K/s).
Different dominant phenomena impact the SLM process, including but not
limited to laser absorption and reflection, mass and heat transfer, fluid flow due to
surface tension variations, phase transformation, chemical reactions, and motion of

liquid-solid interface (solidification mode) within the melt pool.

2.4.3 Microstructural Development
Figure 31 shows SS 316L microstructure comparisons when parts are fabricated

conventionally, such as casting and hot pressing with the SLM [192].

SLM processed

Figure 31. SS 316L microstructures processed by traditional vs. SLM process [193].

Casting process has the cooling rate of 0.5 K/s, which creates rectangular grains

with an average size of 91 £ 17 um. In contrast, hot pressing has a cooling rate of 3 K/s
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leading to an average grain size of 25 + 4 um. The SLM process experiences an
extremely high thermal gradient of about 10° (K/m) [194]. SLM forms very fine,
metastable microstructures of an average grain size of 13 + 4 pum. The observed
microstructural change can be attributed to thermal cycles of rapid heating and cooling
associated with the SLM process [195, 196]. Figure 32 shows an SEM micrograph of SS
316L processed by a Renishaw showing various cells in a melt pool of 316L along with

transverse and longitudinal sections and related features [197].

Figure 32. 316L microstructures processed by a Renishaw showing columnar grain
growth across the melt pool boundaries (as seen in a). Rod-like cells in melt pool
envelop in both transverse (b) and along the longitudinal (c¢) sections of the sample.
[197].
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Past work has shown the average cellular spacing of about 1.5 + 0.5 um for a
laser power of 380 W, and 0.75 + 0.5 um for the laser power of 200 W, leading to an
average cooling rate of about 1.7 x 10° to 1.4 x 10° K/s, respectively [198]. Sun et al.
[199] reported the average cell spacing of about 1 um for a cooling rate of about 5.8 x
10° K/s. Saeidi et al. [200] reported the cell spacing of about 0.5 pm for a cooling rate of
about 4.8 x 10° K/s. These studies show a wide variety of cooling rates and resulting cell
sizes. It is known that the finer grain size often leads to higher hardness and high

strength [201].

Figure 33. The microstructure of SLM processed Inconel 718 cube of 2mm? when
processed by laser power of a) 950 W and b) 250 W [202].

Figure 33 depicts two cubes, both of size 2 mm?® fabricated by SLM via
implementing two different laser intensity profiles (Gaussian and Flat-top) at different

laser powers (250 W and 950 W) in a study conducted by Popovich et al. [202]. They
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found a sharp transition from fine to coarse grains with corresponding hardness changes
(~20% reduced hardness for coarse-grained regions). Also, sections perpendicular to
build directions showed distinct microstructures. More recently, Pham et al. [197], if the
printed part contains porosity, then the cooling rates are significantly reduced (up to two
orders of magnitude), thereby altering the local thermal gradient by acting as thermal
insulation. This, in turn, changes both G and R in the regions above pores. Yadollahi et
al. [203] reported that rapid solidification and the presence of Cr, Mo, and Si
(conductive to ferrite formation) result in an increased percentage of ferrite at the cell
boundaries. At the same time, the interiors of grain remain mostly in the austenite phase,
thus affecting mechanical properties. It is recommended to carry out solution annealing
and homogenizing post-processing to alleviate the elemental segregation.

In summary, previous studies conclude that SLM process parameters play a vital
role in changing the thermal history, which affects the solidification microstructure and
material properties of SS 316L. An in-depth understanding is necessary to relate the
resulting macro- and microstructure to the VED-related process parameters to obtain

usable and repeatable properties.

2.5 Previous Related Work in SLM

Structures (at various scales) are significant contributors to the overall
characteristics of how metals and alloys exhibit their mechanical and physical
properties. Classically processed alloys via casting or forging will yield fairly

standardize and homogenized macro- and microstructures [118]. Limited property
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variations are thus attainable in finished parts due to several processing constraints.
However, to obtain the controlled variations in physical and mechanical performances
within the same part via tuning structure manipulations becomes expensive and difficult
to accomplish by such processing techniques.

AM with unique layer-by-layer processing presents an unrivaled design freedom
to manipulate site-specific, on-demand properties and shorter lead times. A usable
property (functionally valid) range must be explored for various physical and
mechanical properties such as density, hardness, modulus, fatigue, amongst several
others. Engineering applications that specifically demand multipurpose parts are suitable
avenues where these functional ranges can have inherent advantages. Thus far, minimal
processing windows and resulting property ranges have been reported for alloys
processed via DED and PBF processes. For instance, relative density between 90-99%
still be a structurally valid range for non-critical, multipurpose parts and can very well
fulfill the industrial application requirements. With the highest industrial relevance at the
moment, SLM thus becomes an ideal processing technique to explore further and
examine the available ranges of different alloys and fabricate parts that are both
sustainable and cost-effective. SLM capabilities to perform gradation has been tested via
different approaches, including but not limited to assimilating various alloys, altering
laser-related process parameters, and using different scanning strategies [204].

Only a handful of studies in the literature show the SLM processing capabilities
towards the single alloy gradations. The early work of Mumtaz and Hopkinson [205]

used SLM to fabricate bi-material specimens with Zirconia and Waspaloy using a high-
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power Nd:YAG laser. The experimental work by Niendorf [206] demonstrated the use
of SLM to produce a step-change SS 316L structure by using two different laser powers
(400 and 1000 W) along with powder layer thickness (50 and 150 pm) while keeping the
VED constant. They found columnar coarse-grains for regions processed with 1000 W
and fine-grains for 400 W and showcased a local difference in mechanical properties by
employing hardness and tensile tests. Popovich et al. [202] examined a step change of
Inconel 718 by using two different laser intensity profiles (Gaussian and Flat-top) at
laser powers (250 W and 950 W) and found a sharp transition from fine to coarse grains
with corresponding changes in hardness (~20% reduced hardness for coarse-grained
regions). Holzweissig et al. [20] fabricated a material transition between tool steel H13
and SS 316L by utilizing a reconfigured recoater design for SLM to accommodate two
different materials. More recently, Attard et al. [207] have exhibited microstructural
control for SLMed IN718 via altering the thermal history by tweaking process
parameters (scan strategies, hatch spacing, laser power). They obtained two different
microstructures (highly columnar and quasi-equiaxed) and concluded the preheat level

from the previous layer to be the critical factor in forming the ultimate microstructure.

2.6 Functionally-Graded Materials (FGMs)

With the growing need to develop application-specific materials in aerospace,
automotive, and biomedical industries, conventional monolithic materials have found

limited usage due to their homogeneous properties. Tailored materials can well surpass
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monolithic materials' mechanical and microstructural limitations due to their unique
capabilities of having heterogeneous properties [20]. Figure 34 summarizes the aspects

of material development towards FGM [208].

Pure Surface
Metal ] ’[ Alloys ] . [ Treatment ] .

Powder
Metallurgy ] ‘

Composite
Materials ].{ FGMs

Figure 34. Steps to development of FGMs [208].

Graded bulk structures or functionally graded materials (FGM) have come to
existence due to the conventional composite materials' threshold to ascertain spatial
property gradation that fulfills the designated performance requirements [209, 210].
Figure 35 depicts the possible property variations achievable via FGMs when compared

to conventional composites [211].
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Figure 35. Possible property variations achievable in conventional vs. FGMs [211].
53



The current pools of alloys are constrained in cost, stringent processing, and
unfavorable phases [212]. To overcome this barrier, an idea of FGMs was presented in
1972 for polymers and composites based on mimicking nature (teeth, bones, woods, fish
scales, bamboo trees, etc.) [211]. Macro- and microstructure (for instance, density, grain
size, texture), phases, and composition gradations are typically chosen as altering it
could yield a significant change in material properties and, in turn, an efficient structural
component [4, 5, 213].

Figure 36 shows one such bulk FGM structure wherein the intended property
variations have been achieved due to variations in the grain size and altering the

mechanical properties.
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Figure 36. Schematic of property variations due to grain size in bulk FGM [214].
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Moreover, as illustrated in Figure 37 different types of FGM gradient can be

achievable based on composition, microstructure, porosity [211].

Type of FGM Gradient

r Composition Microstructure Porosity

Gradient Gradient Gradient

Figure 37. Schematic of three types of FGM Gradient [211].

2.6.1 Classifications of FGMs

FGMs are a special class of advanced material that can be individually tailored to
local mechanical, thermal, or electrical applications [2]. While fabricating FGMs, it is
vital to control composition, structure, and texture distributions, and any other necessary
elements [212]. They are characterized by their spatial variations in composition across
the volume, thereby changing the corresponding material properties according to the
functional requirements [4]. Graded materials can also achieve an amalgamation of

usually irreconcilable properties of homogeneous materials.
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As seen in Figure 38, FGMs are categorized based on their ability to attain

spatial variations in their compositions in one, two, or three-dimensions [215].

One Dimensional Two Dimensional Three Dimensional
Gradient Gradient Gradient

i[ll"l .’| .’l TR

Figure 38. Classification of types of gradient [216].

2.6.2 Manufacturing Techniques for FGMs

FGMs have been conventionally processed using techniques ranging from
deposition methods (chemical vapor deposition/infiltration), castings (centrifugal/slip),
powder metallurgy, surface chemical reaction methods, sol-gel method, plasma spraying

methods, spark plasma sintering (SPS), and diffusion and reaction techniques as shown

in Figure 39 [217].
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Figure 39. Types of FGM fabrication methods [218].

However, these methods are limited in their capability and often require
specialized tooling, and involve significant post-processing [218]. Especially the multi-
material compositional grading has several limitations such as weaker interfaces and
chemical instabilities (e.g., brittle intermetallics), microstructure non-homogeneities
leading to unpredictable properties, non-uniform post-processing needs, intricate mold
design needs, varied working temperatures, stress concentration, and cracking, amongst
others; hence, property/performance tuning is difficult. Yang et al. [219] have
highlighted such mismatch issues in thermal properties for ceramic materials resulting in
improper layer bonding. It remains crucial to justify the dependency on current FGM
processing techniques amidst growing structures that showcase a certain mechanical

response under various loading conditions [209].
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2.6.3 Functionally Graded Additively Manufactured (FGAM) Materials

Layer-wise tailoring is inherent to AM processing, and as such, various AM
techniques have yielded promising results for fabricating spatially graded parts that
artificially alter physical/mechanical properties within the parts [220-224]. Dehoff et al.
[225] have exhibited a site-specific control of properties using electron beam melting
(EBM) by switching the heat source from a lie to a point, which resulted in the different
crystallographic orientation of grains within the part. Tammas-Williams and Todd [226]
have provided an in-depth review about how AM components can be optimized to
reduce the financial burden of otherwise using all expensive materials throughout the
component to fulfill the condition requirement of one location. Ilie et al. [227] fabricated
SS 316L parts via SLM for a predictable mechanical failure by incorporating variation
in density at strategic locations within the samples. However, they kept the VED of 62
J/mm? constant with varying laser power (150-200 W) and exposure time (70-93 pus).
For metals, directed energy deposition (DED) and gas metal arc (GMA) AM have been
explored to create or repair 3D structures with compositional control [228-232].

Moreover, these techniques have limitations, including low resolution and
precision, material wastage, and comparatively poor process control due to the powder-
fed nature of the process. Moreover, the complex thermal histories, adjoining deposition
tracks, interfaces, as well as frequent and intermittent deposition stoppages have resulted
in uncontrolled distributions of the intended properties and have led to premature failure

of graded components due to distortion, warpage, and cracking [233].
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Figure 40. Temperature gradients and cooling observed during solidification for
SS316 parts using different AM methods. Oval shapes represent the ranges of
various studies included [234].

On the other hand, SLM has much higher heating-cooling rates (10* to 10% K/s)
than GMA and DED (103 to 10° K/s), as shown in Figure 40. This magnitude difference
in cooling rates of the DED process results in structures with predominantly columnar
grains. Moreover, the slower scan speed impedes achieving equiaxed microstructure.
However, Parimi et al. [235] have achieved equiaxed grains in a DEDed structure from
Inconel by adjusting the heat flux. On the other hand, Spatially varying temperature
gradients lead to diverse grain structures in the SLM, as shown in Figure 30. As has
been understood in the literature, the SLM solidification microstructure within a single
melt pool exhibits a mix of columnar grain (at the bottom) and equiaxed grains (on top).
By varying the energy input within the melt pool, different grains can be achieved.
When imparting higher laser power, re-melting the previously solidified layer, thereby

re-melting the equiaxed grains again. This forms columnar grains that grow across the
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melt pool boundary. However, when the laser power is kept low, the grain morphology
remains within one-layer thickness. This feature of exhibiting multiple grain
morphologies (microstructures) can be leveraged to fabricate FGAM parts exhibiting
different physical/mechanical behaviors.

However, only a handful of studies have looked at SLM capabilities to assimilate
different materials [204]. The early work of Mumtaz and Hopkinson [205] used SLM to
fabricate bi-material specimens with Zirconia and Waspaloy using a high-power
Nd:YAG laser. The experimental work by Niendorf [206] demonstrated the use of SLM
to produce a step-change SS 316L structure by using two different laser powers (400 and
1000 W) along with powder layer thickness (50 and 150 um) while keeping the VED
constant. They found columnar coarse-grains for regions processed with 1000 W and
fine-grains for 400 W and showcased a local difference in mechanical properties by
employing hardness and tensile tests. Holzweissig et al. [20] fabricated a material
transition between tool steel H13 and SS 316L by utilizing a reconfigured recoater
design for SLM to accommodate two different materials. More recently, Attard et al.
[207] have exhibited microstructural control for SLMed IN718 via altering the thermal
history by tweaking process parameters (scan strategies, hatch spacing, laser power).
They obtained two different types of microstructures (highly columnar and quasi-
equiaxed) and concluded the level of preheating from the previous layer to be the key
factor in the formation of the ultimate microstructure.

Based on the above discussion, it is clear that the SLM can be used for

microstructural grading by artificial alteration of grain morphology, size, and texture by
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imparting various process-specific means. However, limited literature is available for
obtaining a single material gradation via SLM. Single material gradation is essentially
vital for applications where it would be a catastrophe to have a mismatch between
different materials by means of thermal expansions or under non-homogeneous loading
conditions. Moreover, a single material grading can limit extraneous welds and joint’s
restrictions and vulnerabilities and minimize performance-related uncertainties of multi-

material FGMs.

2.7 Knowledge Gaps

Based on the literature review, there has been significant effort in understanding
the AM processing of SS 316L. However, a lack of clarity exists in how VED-related
SLM process parameters could be used to control and tune the physical/mechanical
property distributions that can realize FGAM structures. Furthermore, the existing
PSPP framework is inadequate in correlating the feedstock pedigree, SLM machine
specifications, build thermal histories, correlation in build-orientation-mechanical
testing, and defect statistics, amongst others [236].

In the context of this research study, the following knowledge gaps were
identified:

. A lack of knowledge of the functionally-usable property ranges achievable in a
repeatable and reproducible (R&R) manner in SS 316L via pulsed SLM, and the

multivariate process parameter ranges that can reliably impart them
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J Although important contributions have been made in the processing- and
structure-based causes of mechanical property variations and the data spread in
SS 316L, there is a lack in the understanding of leveraging the significant
variations that are achievable in the mechanical/physical properties

o Spatial property resolutions achievable via SLM are not known

o A lack of understanding of the local and global mechanical performance of
single-alloy FGAM structures under various loading modes

. The role of FGAM interfaces (i.e., locations of property change) in property
resolution and performance

° Stress-strain evolution and failure of FGAM structures

In this context, SLM is a promising solution for fabricating application-specific
FGAM structures that can be tuned for thermo-mechanical performance. Nonetheless,
R&R, resolutions, and transferability are significant challenges to be addressed before
end-use. To this end, our work systematically investigates the processing-structure-
property-performance relationship of property-graded bulk structures made from a
single metallic alloy via pulsed SLM. Analyses are presented to elucidate the underlying
causes of the macro- and microstructures' variations in relation to process conditions, the
resulting physical and mechanical property distributions, and its local/global mechanical
performance evolution until failure. Altogether, this work strives to lay the groundwork

for designing FGAM structures optimized for the application.
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The novelty of this research work has been the achievements in property
variations by altering only two process parameters, the effects of laser power and laser
scan speed. Essentially, the work investigates how with the supplied heat energy
(changing estimated cooling rates), the solidification microstructures (within local melt
pool) are evolving and what causes changes in their physical/mechanical responses. The
work also serves as a proof-of-concept for designing and fabricating single alloy FGAM

parts for various loading conditions.
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3. RESEARCH METHODOLOGY

This research's overarching goal was to systematically investigate the causalities within
the processing-structure-properties-performance framework for the selective laser melting
(SLM) of FGAM bulk structures. Specifically, this study aims to elucidate the relationships
between AM process conditions and variations in macro- and microstructures and how such
physicochemical traits affect the resulting property distributions.

The core premise of this work lies in the fact that understanding/tracking the thermal
influences during processing allows for repeatable and reproducible macro/microstructures and
properties, and hence systematically leveraging these is the key to FGAM structures. Several
scientific inquiries are made and hypotheses tested in the process — from situating microstructure
traits and property variations within the process parameter design space to correlating thermal-
driven microstructure morphology to local/global performance and beyond. To elucidate the
relationships within, a number of research questions (RQ) and formulated and corresponding

tasks are laid out to answer them.
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RQ-1: What are the processing bounds of VED-related process parameters that will yield
functionally-acceptable SS 316L bulk structures via a pulsed SLM process?

Task 1A: Conduct a systematic mapping of the SLM process-parameter design space, formulate
a design of experiments of dominant parameters, and manufacture SS 316L samples

Task 1B: Characterize the samples' resulting macro- and micro-structures (optical/electron
microscopy, spectroscopy), physical properties (Archimedes density test, ImageJ porosity), and
mechanical properties (Vickers microhardness, nanoindentation hardness, and modulus) to
identify acceptable VED-related process parameter ranges for each property type

Outputs: Process parameters that will yield functionally-acceptable SS 316L samples, and a
mapping of the subset design space detailing the property trends in relation to process
conditions, which will enable one to select a process parameter combination that intentionally

yields a different (but repeatable) property value for SS 316L

RQ-2: What are the underlying processing-structure causes of physical and mechanical
property variations?

Task 2A: Quantify/correlate directional-porosity/defects vs. mechanical properties (microscopy)
Task 2B: Map the grain size/morphology variations and phase fractions (across longitudinal and

transverse planes) vs. resulting mechanical properties (SEM, XRD, EBSD)
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Task 2C: Quantify the spatial property resolutions achievable in SS 316L via SLM by
fabricating continually smaller zones with intended property variations (in both XY/XZ planes),
and investigate the causes

Outputs: Linking of the processing-based root causes with the variations in macro- and
microstructures, and hence the resulting (intended) spatial mechanical property variations in
longitudinal and transverse directions — the focus will be on elucidating the underlying principles

behind each cause-effect pair and their implications

RQ-3: How do FGAM bulk structures evolve under stress/strain-based control till failure?
Task 3A: Fabricate stiffness-graded FGAM structures and map deformation behavior (DIC)
Task 3B: Map the spatial and temporal strain behavior (via DIC) in property-graded multi-zone
FGAM bulk structures under stress states, and evaluate the behavior/influence of zonal
interfaces as well as fracture surface

Outputs: Local and global strain evolution (spatial/temporal) and failure in bulk FGAM
structures under different loading/stress states, a quantification of the spatial property resolutions

that are repeatably achievable, and the role of zonal interfaces on strain evolution

Altogether, this effort will help lay the foundation for tailoring the structure, properties,

and performance of single alloy FGAM bulk parts made using the SLM. This work contributes
66



to a greater understanding of the single alloy gradation with the obtainable mechanical/physical
data spread in SS 316L. Furthermore, this work provides an opportunity to leverage the
significant variations achievable in the property domains for SS 316L, which may potentially be

used for mission-critical parts manufacturing.
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4. MATERIALS & METHODS

In this chapter, a general description of the instrumentation and the material
utilized for this study is presented. It is done to offer better insights into the SLM

system’s operation and raw materials used in the process. Figure 41 provides procedural

steps that were followed in this study.

Process Parameter Selection

* Formulate a design of experiments
* Select controllable parameters
* Select fixed parameters

Fabrication

* Build 3D CAD model

* Generate .stl file

* Process paramter control instructions via QuantAM
* Other details such as, build orientation, Ar flow, etc

Sectioning and Mounting

* Powder removal from build plate

* Wire EDM for part removal

* Metallographic samples cut along/perpendicular
* Hot backelite mount

Grinding and Polishing

* Mechanical polishing on silicon carbide papers
* Fine polishing using (6, 3, and 1 pm) diamond
suspension

Electro-chemical Etching

* 10%wt oxalic acid and 90%wt deionized water

* Apply 5V DC for 90 s

* Rinsed with water and acetone

* Characterize for the grain morphology, and phases

ANAVAVAVAN

Microscopy and Spectroscopy

* Field emission scanning electron microscopy (FEG-
SEM): Zeiss Sigma 300

* Electron backscattered diffraction (EBSD) and EDS

* X-ray diffraction (XRD) at 2theta from 0-90 degrees

~

Mechanical and Physical property
testing

* Vickers hardness measurements at 0.5 kg load
(HV,s), dwell time of 10 s
* Density using analytical balance based on the

Archimedes' principle and ImageJ

N

* Nanoindentation hardness/modulus

A4

Figure 41. Procedural steps for manufacture and characterization of samples.
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4.1 SLM Machine Specifications

Renishaw AM 400 (Renishaw, Gloucestershire, England) platform, as shown in

Figure 42, was employed to fabricate all the samples used in the present study.

Figure 42. The Renishaw AM 400 SLM platform [237].

The device is equipped with a Ytterbium fiber laser (YFL) (SPI Lasers,
Southampton, UK) in Q-switched (pulsed wave) mode with a maximum power of 400

W. The maximum build size for this machine is 250 (L) mm x 250 (W) mm x 300 (H)
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mm, and the maximum build rate of 20 cm*/h. No preheating of the build platform was
considered during the build. To spread the powder dosage evenly across the build
platform, a silicon wiper was used. Based on the manufacturer profile recommendations,
a powder layer thickness of 50 um and a hatch spacing of 110 um were set along with

other optimal parameters, as shown in Table 1.

Table 1. Recommended process parameters by the manufacturer.

System Parameters Value
Layer thickness, L7 — (um) 50
Hatch distance, # — (um) 110
Laser power, P — (W) 150 to 250
Exposure time, # — (us) 60 to 100
Point distance, PD — (um) 50
Scan speed, V' — (mm/s) 500 to 800

4.1.1 Relevant Details of the Laser

As illustrated in Figure 43, unlike continuous wave (CW) laser system, which is
described by the velocity, the pseudo-modulated (“move-fire”) system provide discrete
pulses for a fixed exposure time at a spot and moves to the next point by a set distance,

called, point distance (PD). Jump speed (JS) is the speed with which the galvanometer-
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driven mirrors move per the raster motion of lasers from point to point. JS was kept

constant at 5000 mm/s during the builds.

Continuous
Point distance Exposure

Single
Exposure a. Pulsed laser systems b. Continuous laser systems

Figure 43. Illustration of the types of laser exposure mechanisms for a) pulsed wave
(Q-switched) laser systems and b) continuous wave (CW) laser systems.

The laser beam has a wavelength of 1070 nm in the near-infrared and (spot)
diameter based on D46 was approximately 70 um with a TEMoo Gaussian beam profile,

as shown in Figure 44.

Figure 44. Illustration of various Gaussian beam profile modes [238].
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4.1.2 Laser Scan Strategy
Laser beam scanning in the XY plane was done with a meander scan pattern for

all the builds, as illustrated in Figure 45.
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build {
direction | layer thickness
(Z-axis) layer n+2 i |
A
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Z | /
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//
/
//
//
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Figure 45. Meander scanning strategy utilized for irradiation in SLM for the
fabrication of SS 316L samples.

Meander scan strategy was preferred for the parts having a small and
homogeneous cross-section. The scanning was implemented in a clockwise direction
with a scanning angle of 67° between adjacent layers (N® and N + 1% to reduce the

anisotropy in the build direction (XY plane).
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Quant AM software was used to specify build orientations and support structures

with no border scans, down-skin, or up-skin strategies, as shown in Figure 46.

A - Contour space
B - Volume offset hatch
C - Spot Compensation

Hatch pattern

Contour space
Inner contour scan

Contour scan
Part Slice

Figure 46. Meander scanning strategy within a single slice of a part geometry [239].

During the SLM, a laser beam scans multiple laser paths to build the required
part geometries accurately. These include the hatch pattern, contour space, and point
exposures. Most of the material is consolidated by a hatch pattern. The contour scan is
typically at half of the beam diameter offset from the part boundary. It improves part
accuracy, surface finish and eliminates regions not covered during the hatching. The

laser point exposures will influence the defect formation during the process. With longer
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point exposures, parts have shown a lower lack of fusion (LOF) defects but at the

expense of higher build time [240].

4.1.3 Build Chamber Conditions

Figure 47 illustrates the key elements inside the build chamber of RENISHAW

AM 400 platform.

Powder
Ho per

Inert Gas

Powder
Overflow

Figure 47. Key elements inside build chamber of RENISHAW AM 400.

This included the substrate material or base plate made of SS 316L and was

commercially produced (cold-rolling and annealed). Before the process begins, the build
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chamber is first vacuumed to a pressure of ~950 mbar. Next, argon is pumped from the
outlets at constant pressure until the build chamber reaches 15 mbar and the oxygen
level below 500 ppm. This helps minimize combustion alongside removing secondary
byproducts such as weld spatter and fumes from the work area [100]. During the build,
any extra powders are collected in the powder overflow containers and then can be
sieved and reused in the next build. Post-build completion, air blasting is used to remove
the loose powder particles, and samples were carefully hand-plucked with the help of

pliers from the base plate. No post-processing was performed on the printed samples.

4.2 Feedstock Material

A commercially available N> gas-atomized AISI 316L stainless steel powder,

sourced from Renishaw plc., was used as raw material for manufacturing of the samples,

as seen in Figure 48. The virgin powder particles had a high volume of nearly spherical

shape.
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Aspect Ratio: 1.430
Roundness: 0.490

Aspect Ratio: 1.885
Roundness: 0.400

Signal A = SE1
WD = 9.5mm Mag= 1.00KX

Figure 48. Morphology of virgin SS 316L powder particles employed in the
experiments, and aspect ratio as well as roundness for the powder particles.

Table 2. Nominal chemical composition (in wt %) of SS 316L. powder (as supplied)
[241] and the ASTM A240 [242] specified composition range of SS 316L.

Element (wt.%) Cr Ni Mo Mn Si C N Fe

SS 316L powder 17.1 124 29 109 0.7 0.01 0.1 657

ASTM A240 - 20 16-18 10-14 2-3 <2 <1 <0.03 <0.1 bal

Table 2 lists the powder’s chemical composition, as received from the Renishaw
Inc. Figure 49 provides EDS analysis of virgin SS 316L powder. As seen, the low C
contents in 316L SS reduce this material’s susceptibility to sensitization which could

reduce the mechanical properties of the manufactured parts.

76



Figure 49. EDS maps for virgin SS 316L powder showing high concentration of Cr,
Ni, and Fe.

Table 3. Results from SS 316L PSD analysis.
Stainless Steel Particle Size Distribution Analysis

DAvg Distribution
Based on Davg 10% 50% 90%
Agglomerates SS 21.49 pm 34.75 pm 51.93 pm
Spherical SS 19.17 pm 26.35 pm 34.96 pm
Satellite SS 5.08 pm 45.40 pm 45.68 pm

Table 3 provides the SS 316L virgin powder particle size distribution (PSD)
analysis (courtesy: Nanoscience Instruments). A total of 2200 powder particles were
analyzed for the D10, D50, and D90 distributions. More details about the powder

particle analysis are found in Appendix A.
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Histogram Chart Generated Based on DAVE
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Figure 50. Particle Size Distribution (PSD) of as received SS 316L. powder based on

(a) average particle count and (b) particle volume in pm?>.

Figure 50 illustrates the powder size distributions (PSD) of D(10) = 19.17 um,

D(50) = 26.25 pm, and D(90) = 37.96 um. Previous studies showed similar powder

characteristics have been reported in the literature for a successful build and

investigating the microstructure and mechanical properties of SLM-fabricated 316L

[145, 243].
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Figure 51. Diffractograph for SS 316L precursor powder showing FCC austenitic
diffraction peaks.

Figure 51 illustrates representative X-ray diffraction (XRD) measurements
performed on the virgin SS 316L powder. Miller indices were identified based on the
diffracted angle (2Theta). Initial inquiry shows that the powder has a predominant face-
centered cubic (FCC) austenite phase. However, small traces of ferrite/martensite may
also exist in the austenite matrix. Figure 52 shows an SEM image of impure or recycled

powder particles of SS 316L.
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EHT = 15.01 kV Signal A = SE1
WD = 9.5mm Mag= 1.00KX

Figure 52. SEM micrograph of loose impure SS 316L powder particles. Highlighted
with yellow circles are non-spherical, partially sintered powder particles.

Figure 53 illustrates concentrations of Cr, Fe, Mo, Ni, O, Si, and C, identified by
EDS analysis. As highlighted, the particles showed irregularity in shape with an increase
in powder particle agglomerations. Also, partially melted and sintered particles were also

observed.
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Figure 53. EDS maps for impure SS 316L. powder showing high concentration of
Cr, Ni, and Fe.

4.3 Testing and Measurement

The following sub-sections provide brief descriptions of various physical and

mechanical testing procedures.

4.3.1 Bulk Density and Porosity Measurements

The density of all samples was measured individually using the Archimedes
method described by Spierings et al. [244]. A sample density was calculated by
measuring the weight of samples measured in air and distilled water, as illustrated in

Figure 54.
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Figure 54. Density test setup based on Archimedes method.

The distilled water is held at a constant temperature of 23.1°C, with the density is
0.9975 g/cm? by considering the temperature and fluid-density dependencies [245]. Two
repetitions were taken for each sample, and the density of which was then calculated by
dividing the mass of the specimen in water by the volume of water displaced. The
apparatus has a measuring accuracy of + 0.1 mg. The relative density is expressed as the

percentage of the nominal density of SS 316L powder (7.99 g/cm?).

4.3.2 Hardness Measurements
Vickers microhardness (HV) profile measurements were taken on the polished
surfaces using the Beuhler Wilson VH1102 Microhardness tester (Illinois Tool Works).

Following ASTM E92, a square-based pyramidal diamond indenter was used to probe
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sample surfaces polished as per HV testing requirements [246]. The distance between
successive indents was ~1 mm, and indents were kept at least 1.5 mm away from the
sample edges. The applied load was 0.5 kgf (denoted as HVy.5) with a dwell time of 10 s.

The setup is shown in Figure 55.

Figure 55. Beuhler Wilson VH1102 microhardness tester.

4.3.3 Nanoindentation Measurements
Nanoindentation tests were carried out at the ambient temperature in the air
chamber using the Hysitron TI 950 Triboindenter nanomechanical testing instrument as

illustrated in Figure 56.
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Figure 56. Hysitron TI 950 Triboindenter nanomechanical test setup.

It is equipped with a depth-sensing resolution of 0.04 nm and a load sensing
resolution of 1 nN. To carry out the indentations, a Berkovich type of diamond indenter
was used that has a tip radius of 150 nm. Fused silica was used for calibration of the
frame and contact area. The collected data was then adjusted for elastic recovery,
considering the unloading residual depth with less than 10% of the maximum load
applied.

Room temperature nanoindentation testing were carried out on all samples based
on the ASTM E-2546 standards and following the procedure as outlined by Oliver and

Pharr [247].

84



4.3.4 Tensile Testing with Digital Image Correlation

Dog-bone-shaped rectangular cross-section tensile specimens of various sizes
were designed based on the ASTM ES8 specifications and tested at room temperature for
all the samples used during this study [248]. The tests were performed on the MTS
Insight system with a 30 kN load cell at an applied cross-head displacement rate of 0.05
mm/s along the building direction (BD). There was no grinding or post-processing
performed on the built-surface of the samples. The average surface and area roughness
of the surface was measured and found to be in the range of 6 um. Figure 57 shows the

tensile test setup.

Figure 57. MTS Insight tensile testing setup.

85



Figure 58. Overview of the 2D DIC experimental setup.

Table 4. Summary of selected 2D DIC parameters.

2D DIC system parameters

Camera CCD-130 stereo
Lense 35 mm compact
Exposure 1 ms
Aperture /8
Resolution 7 um

Software parameters

Software Vic-2D
Subset size 17 pixels
Step size 3 pixels
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Two-dimensional digital image correlation (2D-DIC) technique was used to
calculate the strain evolution in the sample’s gauge section. The 2D-DIC system setup
and relevant parameters are shown in Figure 58 and Table 4 respectively.

DIC is a technique which is based on the comparison of sequential images taken
during the deformation of a test specimen [249]. DIC calculates the displacement based
on a correlation algorithm by matching the grey scale values between two deformation
states. To facilitate this, a speckle pattern is applied on the specimen surface. Moreover,
in order to create the speckles on the surface of the samples, spray-painting was used. As
previously reported by the Haddadi et al. [250] finer speckle patterns assist in obtaining
more ‘randomness’ as against larger ‘dotted’ patterns. Figure 59 illustrates various types

of speckle patterns that can be implemented during the DIC.

Repetitive ; Non-repetitive : Non-repetitive - Non-repetitive
Anisotropic Anisotropic Isotropic ' |sotropic
High-contrast High-contrast Low-contrast @ High-contrast

Figure 59. Various types of speckle patterns used in DIC analysis.

In order to prepare samples for DIC, first, a coat of white paint was sprayed and
later the contrast was developed with the black paint as illustrated in Figure 60.
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Figure 60. Speckle pattern generation with white and black spray paint.

The local and global performance during the tensile test were obtained by
mapping the spatial and temporal strain behavior in property-graded multi-zones via
commercial 2D Digital Image Correlation (DIC) software, VIC-2D, by Correlated

Solutions Inc as shown in Figure 61.

B Vic-2D Analysis

14.735

File: 4/5 Points: 16350  Time: 1.1 Confidence: 0.011  Iterations: 2.0

| View Report Close

Figure 61. Vic-2D window showing overview of correlation in progress and results.
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4.3.5 Four Point Bending Test with Digital Image Correlation

In order to investigate the material’s bend or flexural strength, a four-point
bending test set-up was used in accordance with the ASTM C1161-18 standard test
procedure [251]. The bending tests were performed on the MTS Exceed system (Model
E44) with a 30 kN load cell at an applied cross-head displacement rate of 0.5 mm/min
perpendicular to the building direction (BD). Strain rate was kept at 10 s*! displacement
cutoff was 2.5 mm at the loading points. Furthermore, there were no grinding or post-
processing performed on the built-surface of the samples. Similar to tensile samples, the
average surface and area roughness of the surface was found to be in the range of 6 um.
Figure 62 and Figure 63 shows the four-point bending fixture and DIC test setup,

respectively.

Figure 62. Four-point bending test setup on MTS Exceed test frame.
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Figure 63. Four-point bending test setup with DIC.

4.4 Microstructural Characterization

As-printed samples were sectioned for metallography on both the longitudinal

(XY plane) and transverse (XZ plane) cross-sections using an alumina blade on an

Allied TechCut 5 precision high speed saw as illustrated in Figure 64.
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Figure 64. Allied TechCut S precision saw to section specimens.

The samples were then hot mounted in bakelite using Buehler SimpliMet 4000

mounting press as seen in Figure 65 and samples in Figure 66.

Figure 65. Buehler SimpliMet 4000 mounting press.

91



Figure 66. Sectioned and mounted samples in bakelite.

Samples were then grounded with silicon carbide (SiC) paper ranging grit #320-
1200 and followed by MD-Largo (DiaPro Largo 9 um suspension). The samples were
then polished with MD-Dac (DiaPro Largo 3 pm suspension) [252]. Microstructural
characterization was carried out using a LEICA DM 2500 M (Wetzlar, Germany) light

optical microscope (LOM).

Figure 67. ZEISS EVO LS 15 SEM platform.
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Figure 67 shows Zeiss EVO LS 15 field emission gun scanning electron
microscopy (FEG-SEM) platform was used for capturing higher magnification imaging
for this study. Also, energy dispersive spectroscope (SEM-EDS), and electron
backscattered diffraction (EBSD) were also analyzed using it.

Moreover, the samples were electrochemically etched using 10%wt oxalic acid
and 90%wt deionized water under 7 V DC for 20 s as illustrated in Figure 68. Post

etching, the samples were rinsed with water and acetone and dried using compressed air.

Figure 68. Electrochemical etching setup.

X-ray diffraction (XRD) was done in a PSD (Lynx-Eye, Bruker-AXS) with a
1kW Cu X-ray tube, maintained at 40 kV and 25 mA. The 20 range was from 0 - 60°

with a step size of 0.015°.
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5. MAPPING PROCESS PARAMETER BOUNDS AGAINST STRUCTURE &

PROPERTY TRENDS (RQ-1)

This chapter is aimed at investigating the reliable fabrication of SS 316L samples
that exhibit repeatable variation in mechanical properties, with a view to eventually
design and manufacture functionally-graded bulk structures by SLM. In order to achieve
it first the process parameter mapping was carried out for SS 316L alloy on a pulsed
laser system. Overall, this part of the study aims to answer research question 1 (RQ-1),
i.e., “What are the ranges of VED-related process parameters that will yield functionally-
acceptable SS 316L bulk structures via a pulsed SLM process?” This is the first step
towards exploring the usable range of mechanical properties (such as hardness, density,
and modulus) achievable for SS 316L by varying energy density-based process

parameters.

5.1 Mapping SLM Process Parameters Design Space

A systematic design of experiments (DOE) that spanned the volumetric energy
density (VED)-based process parameter design space was utilized to investigate the
range of functionally-acceptable physical/mechanical properties achievable in SS 316L.
For this, selection of process parameters were chosen after careful literature review
within a range of usable relative densities between 90-100% [253]. Specifically, the

laser power was varied in the step of 25 W between 150 to 250 W. The scan speed was
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varied from 500-800 mm/s during the build by changing the exposure time from 60 to
100 ps. PD of 50 um was kept constant. This was done to reliably and repeatedly obtain
variations in mechanical properties (specifically hardness and density). Table 5 shows

the VED-related process parameters used for the experiment.

Table 5. VED-based process parameters used for experiments.

Sample# P (W) t (us) V(mm/s) P/WV(J/mm) Ey(J/mm?)

1 150 63 800 0.19 34.09
2 150 71 723 0.21 37.72
3 150 80 652 0.23 41.83
4 150 92 577 0.26 47.27
5 150 108 500 0.30 54.55
6 175 63 800 0.22 39.77
7 175 71 723 0.24 44.01
8 175 80 652 0.27 48.80
9 175 92 577 0.30 55.14
10 175 108 500 0.35 63.64
11 200 65 779 0.26 46.68
12 200 68 750 0.27 48.48
13 200 71 723 0.28 50.30
14 200 74 698 0.29 52.10
15 200 77 674 0.30 53.95
16 200 80 652 0.31 55.77
17 200 84 625 0.32 58.18
18 200 88 600 0.33 60.61
19 200 92 577 0.35 63.02
20 200 97 550 0.36 66.12
21 200 108 500 0.40 72.73
22 225 71 723 0.31 56.58
23 225 80 652 0.35 62.74
24 225 92 577 0.39 70.90
25 225 108 500 0.45 81.82
26 250 80 652 0.38 69.72
27 250 92 577 0.43 78.78
28 250 108 500 0.50 90.91
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Figure 69. PV map implemented for processing 28 SS 316L samples.

Figure 69 shows the P and V' design space utilized for fabricating 28 samples,
each with unique processing conditions. This was done with a view on demonstrating the
fabrication of single-alloy bulk structures with spatially-tailored properties by selectively
varying the process parameters chosen from the pool of choices.

Renishaw QuantAM software was used to specify the build orientations and
other arrangement of all 28 samples which were appended onto 4 standard dog bones

(ASTM E8), as circled in Figure 70 and processed as shown in Figure 71.

Figure 70. Layout of 28 samples (as circled) arranged using QuantAM software.
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Figure 72. As-built samples on the build plate with the support structures. Sample

numbers are also indicated. Observe that sample #28 exhibited curling due to
higher energy input.
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As-built samples are shown in Figure 72. Wire electrical discharge machining
(EDM) was used to cut out the samples as shown in Figure 73. All the samples were cut

from the middle region of the built sample.

Sectioned parts
each with different
process parameters

Figure 73. Samples were cut using wire-EDM from the middle region. Each sample
is 7 mm long, 5 mm thick, and 5 mm wide.

To characterize mechanical/physical properties, all the samples were carefully
sectioned, hot mounted, and polished, following standard procedures as shown via the

flowchart in Figure 41.

5.2 Properties and Characterization

This section presents the findings of the experimental characterization of as-built

SS 316L samples made via SLM. There were no post-processing steps performed
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(thermal or surface finishing) on any of the samples. The microhardness results are
reported first. The porosity results are discussed using both optical and bulk density
techniques. Low-magnification optical images of polished specimens have also been
presented.
5.2.1 Results of Physical and Mechanical Properties

Typically, hardness does get affected by the amount of porosity and the
microstructure present in the material. Hardness measurements on all twenty-eight
samples were performed. Figure 74 illustrates the Vickers hardness test surfaces and

indent locations for sample #1, which had the lowest relative density value of 90.78%.

Figure 74. Vickers hardness indents on the lowest density sample #1 (90.78%).
Visible are hatch patterns and pores (pores were due to incomplete melting of the
powder).
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Figure 75. Vickers hardness indents on a higher density sample #12 (98.21%). Note
the significantly less pores in comparison to Figure 74.

Figure 75 on the other hand show the hardness test surfaces and indent locations
for sample #12, which had one of the higher relative densities measured at 98.21%. The
observed significant differences in porosities are directly responsible for the
corresponding densities of the samples and is a significant contributor to the composite

and nano-hardness measured on the samples.
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Table 6. Average hardness and density results.

Sample # Avg. HVos Std. dev. Avg. density (%)
1 294.10 12.10 90.8
2 246.95 10.05 95.9
3 262.65 13.35 98.0
4 260.75 25.65 99.0
5 284.00 0.60 99.9
6 209.15 28.55 96.4
7 262.05 12.55 97.9
8 262.00 9.50 99.9
9 262.15 7.15 98.2
10 302.05 8.65 97.8
11 259.90 5.1 98.7
12 270.75 6.15 98.2
13 272.75 0.65 97.8
14 317.90 13.90 97.5
15 269.40 24.50 98.4
16 260.85 2.35 97.2
17 257.85 0.55 97.4
18 277.85 6.85 98.8
19 256.40 1.50 97.2
20 282.90 2.20 98.1
21 266.40 3.10 98.8
22 275.80 4.20 99.1
23 260.50 7.80 98.9
24 267.85 6.35 98.6
25 279.20 6.50 99.2
26 266.80 0.30 98.4
27 269.70 2.30 99.9
28 266.45 6.05 99.4

As shown in Table 6, results show a broad range of microhardness values

varying with VED.
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Significant hardness variations were achieved by imparting different energy
inputs. Samples processed with low powers (150-200 W) showed relatively higher
hardness variations than the remaining samples. The highest microhardness measured
across the samples was 318 HVos (P =200 W; V= 698 mm/s; Ev = 52.10 J/mm?), which
was closest to the one reported by Saeidi et al. [174] of 320 HV. They reasoned such
exceptional hardness on two main factors, the first being the existence of cellular
subgrain microstructure (with dimension ranging between 0.5 — 1 um) that believed to
accumulate more considerable stresses and provide extra strength—the second being
oxide inclusions that blocking the dislocation movement and results in higher strength.

On the other hand, the lowest microhardness measured was 209 HVos (P = 175
W; V=800 mm/s; Ev =39.77 J/mm?), which also was in line with the values reported by
Tucho et al. [254] and Sun et al. [199]. Figure 76 summarizes the hardness variations of

measured across 28 samples, each with a varying VED values.
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Figure 76. Vickers hardness of 28 samples showing the effects of VED. Highlighted
circles show five selections of hardness values incorporate for fabricating gradient
samples.

In general, the obtained hardness range for samples (209-318 HVys) was
significantly higher when compared to conventionally casted SS 316L (150-160 HV).
The reason being, SLMed components tend to exhibit much more refined (smaller)
grains due to higher thermal gradient (higher cooling rates) [255]. Generally, higher
VED results in the re-melting of the already solidified layer and promotes grain
refinements. Finer (smaller) grains enhance hardness, whereas the coarser (larger) grains
yield lower strength to withstand deformation due to indentation (Hall-Petch
relationship) [256]. The existence of phases (other than austenite) can also impact the

observed hardness differences.
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Relative density (via Archimedes method) [257] and porosity measurements
were obtained for all twenty-eight samples. As reported earlier in Table 6, results with a
range of 90-99% and minimal spread across the samples due to their unique processing

combinations. Figure 77 illustrates density measurements across all 28 samples.
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Figure 77. Relative density graph for the SLM-built SS316L samples with varying
process parameters. The average density data represented was measured by the
Archimedes method. Notice the five circled values chosen for the gradient sample
fabrication.

As frequently reported in the literature and discussed earlier, the input energy
imparted on the powder bed, amongst other processing conditions, plays an important
role in the final part microstructure. Having low energy input results in unmolten
material and thereby increased porosity by forming lack-of-fusion (LOF) defects. It was

evident in the case of sample 4 with the lowest density (p) of 90.78% (P = 150 W; V' =
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800 mm/s; Ev = 34.09 J/mm?®). However, a similar trend for higher energy input was not

observed. Typically, too high energy input results in eliminating pores and defects (such

as voids, balling, LOF) but at the same time can cause serious evaporation of material as

well as re-melting of the already solidified layer below, resulting in keyhole defects.

Moreover, as-built samples surface roughness may also influence the bulk density

outcomes. However, it was noticeable that near-theoretical densities of 99.9+% could be

repeatedly achievable with certain process parameter combinations.

5.3 Down-selection of Five Process Parameter Combinations

were down-selected from 28 samples as summarized in Table 7.

Table 7. Selected five process parameter configurations.

Five process parameter sets with different VED-based process parameter sets

Sample Laser Power Scan Speed Energy Density P/V
# P) V) (Ev) [J/mm]
[W] [mm/s] [J/mm?]
1 175 800 39.77 0.22
2 200 577 63.02 0.35
3 200 750 48.48 0.27
4 150 800 34.09 0.19
5 200 698 52.10 0.29
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These process combinations were chosen to yield a repeatable and monotonic
change in specific mechanical properties, which will be employed to design and
additively manufacture functionally-graded structures for performance tailoring along
with an in-depth analysis of microstructure and mechanical and physical properties
(hardness, density/porosity, Young’s modulus).

Furthermore, optical images were used to measure the defect free region of the
sample surface in transverse (XY) plane, each captured at equal magnification having

the same size as shown in Figure 78.
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Figure 78. Light optical images of five-selected samples which will be used for
fabricating graded bulk structures.
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Density comparisons were made for the selected five samples using the

Archimedes method (bulk sample) as well as with the Image J (2D plane),

Figure 79.

as seen in

Relative Density (%)
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Figure 79. Comparison of densities: the red square markers are data points from
the Archimedes method, whereas the black circle markers represent data points of
the optical method (Image J).

The density values based on the optical images seems to be in-line with the

Archimedes method for sample #1 and #4. On the other hand, for higher density samples

the images at the given magnification did not exhibit defects. It is important to note that

this difference is largely due to the relatively smaller area of measurement in case of

Image J when compared to the bulk volume in case of the Archimedes method.

107



230

220 1
210

1 2030 { 211.1
200 {

190
| 187.4

180

170 A

160 ] 162.9
150 154.1

® Young's Modulus

Young's Modulus E (GPa)

140

1 2 3 4 5

Selected Sample

Figure 80. Nanoindentation measurements of Modulus of Elasticity (GPa) for
selected five SLM-built SS316L samples.

Figure 80 summarized the results of the nanoindentation tests, Young’s modulus.
Like density and hardness, a similar trend of variations can be seen across selected five
samples in the modulus of elasticity. A total of eight (4 x 2) indents performed on the
five selected samples at a span of 20 pm (over 10 times the depth of penetration) with a
loading/unloading rates of 0.05 mm/s and dwell time of 12 s. The maximum depth of
penetration was approximately 1.5 pm, and the applied load was around 250 mN.

Specifically, the modulus values for sample 1, and sample 2 were 203.9 + 4.66
GPa and 211.1 £ 9.62 GPa, respectively. Simultaneously, the lowest and the highest
hardness values were found to be 3.83 £ 0.17 GPa and 4.81 + 0.52 GPa for sample 1 and
sample 2, respectively. According to Hitzler et al. [258], the mismatch between the

modulus and the hardness results could be due to individual grain having different
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crystallographic  orientations. =~ Moreover, the location-dependent anisotropy,
inhomogeneous melting of powder particles, and indentation near defects such as lack-
of-fusion defects or voids might have caused variations in the obtained results. In the
present study, samples 1 and 2 were processed with the VED of 39.77 J/mm? and 63.02
J/mm?, respectively. Additionally, these variations in the VED could have likely caused
the accumulation of higher residual stresses in sample 2, also exhibiting the highest
average modulus of elasticity across all the samples. Typically for SLM processing, it
was recommended to keep low power and increased exposure levels to better
nanoindentation response [259].

Table 8 gives an overview of the physical and mechanical properties observed
across five selected samples. The observed difference between the Vickers and nano
hardness results could be due to possibilities in the latter case of indenting over one

grain, grain boundary, or intersection of two grains since the material is polycrystalline.
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Table 8. Summary of physical and mechanical properties of selected five samples.

# P V E, P HVos Nano E
[W] [mm/s] [J/mm’] [%] (Std. Dev.) Hardness |[GPa]
[GPa] (Std.
(Std. Dev.) Dev.)

1 175 800 39.77 96.35 209 3.83 203.9
(28.5) (0.17) (4.66)

2 200 577 63.02 97.23 256 4.81 211.1
(1.5) (0.52) (9.62)

3 200 750 48.48 98.21 271 4.01 187.4
(6.2) (0.11) (5.79)

4 150 800 34.09 90.78 294 3.98 154.1
(12.1) (0.30) (6.1)

5 200 698 52.10 97.5 318 4.62 162.9
(13.9) (0.23) (2.43)
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5.4 Observations and Deductions

In this part of the study, several SS 316L samples were additively fabricated
using the Renishaw AM400, a pulsed selective laser melting (SLM) system, to
systematically investigate the range of mechanical properties (such as hardness, density,
Modulus, and stress-strain behavior) achievable for selected alloy system. The design of
experiments (DOE) revolved around varying volumetric energy density (VED)-related
process parameters such as laser power and scanning speed, which in combination
signifies the amount of energy imparted into the melt pool.

Moreover, VED-based factors that may affect the correlations between different
samples due to their processing bounds. Processing within these bounds provides useful

information about the types of processing defects the sample would exhibit, as illustrated

in Figure 81.
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Figure 81. VED-based bounds indicating different regions of defects.
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Throughout the experiments, the samples’ macro- and microstructural
investigations as well as physical (hardness, modulii, etc.) and mechanical properties
(Vickers microhardness, nanoindentation hardness, and modulus) were measured.
Several significant variations across the hardness (209-318 HVys), Archimedes density
(90-99%), nano hardness (3.83-4.81 GPa), and modulus of elasticity (154.1-211.1 GPa)
were measured and recorded.

Archimedes density measurements of all 28 samples on a PV map is shown in
Figure 82. As noticed, at a very high scan speed, samples seemed to exhibit low
densities (high porosities), indicating the presence of lack-of-fusion (LOF) type defects
due to insufficient VED due to low laser power and high scan speed values. Figure 83

highlights trends observed for the Archimedes densities across all 28 samples.
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Figure 82. Archimedes density for all 28 samples. Highlighted is monotonic change
in density with a single power.
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Figure 83. Archimedes density for all 28 samples. Highlighted in black circles are
the five selected samples for graded bulk structure fabrication.

For example, at a constant power of 150 W, a monotonic decrease in density

(99.9 to 90%) was achievable, whereas, at a higher power of 225 W, density ranges were

mostly 99%+.
Relative density vs. VED
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Figure 84. Single parameter control of relative density is achievable at constant

laser power of 150 W.
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Figure 84 highlights a second order equation for lower densities (~90-99 %) by
single parameter control, which in this case, is keeping the laser power constant at 150
W and varying V from 500-800 mm/s. Density can be expressed within the selected
processing bounds with the equation,
Density = -0.04 (VED)? + 3.7 (VED) + 9.5 (3)
Similar trends have been observed for the optical density measured across both

XY/XZ planes for all 28 samples as highlighted in Figure 85.
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Figure 85. Optical density for all 28 samples across both XY/XZ planes. A second

order equation for lower densities (~90-99%) and a linear fit for higher densities
(~99% +).
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Overall, decreasing the laser exposure time, thereby increasing VED, leads to
better melting of powder particles and thereby obtaining near full density samples.
Saturation point for VED was found to be 44 J/mm?, below which there was significant
drop in density, below ~97%.

In case of average microhardness, similar to density, a PV map was constructed
with measurements done across all 28 samples, as illustrated in Figure 86. As
highlighted, hardness could be monotonically controlled from 302-209 HVos by

increasing the scan speed at a constant laser power of 175 W.
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Figure 86. Hardness for all 28 samples. Highlighted is monotonic change in
hardness with a single power.
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Hardness vs. VED
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Figure 87. Monotonic change in hardness is achievable at constant laser power of
175 W.

Figure 87 depicts a second order equation for hardness which can be expressed
as,

Hardness =-0.08 (VED)? + 11.3 (VED) — 104.04 (4)

However, hardness it is important to note that hardness is dependent on a
combination of factors such as pore fractions, phase fractions, grain sizes, etc. Within the
processing bounds, these equations and findings will form a valuable catalogue of data
for optimal selection of processing parameters to yield repeatable and reproducible SS
316L samples within a functionally-acceptable range.

In summary, this part of the experiments yielded a catalogue of process
parameters that can yield repeatable and reproducible SS 316L samples. This could also
enable one to select a process parameter combination that intentionally yields a different

(but repeatable) property value within a functionally acceptable range.
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6. INFLUENCE OF PROCESSING AND MICROSTRUCTURE ON PROPERTIES

(RQ-2)

In this chapter, set of studies were carried out to investigate the causes of
mechanical property variations. In order to achieve the objectives, firstly, the in-depth
microscopy and spectroscopy were performed to study the variations in macro- and
microstructures with reference to VED-related process parameters of all 28 samples.
Next, phase identifications were carried out to better understand how different
physicochemical traits affect the resulting property distributions across both longitudinal
and transverse planes for all 28 samples. Furthermore, five samples were down-selected
with a view to create FGAM bulk structures and were further analyzed. In depth, defect
characterizations were carried out which shows defect population varying within the
selected processing window. This investigation helped in linking of the processing-based
root causes with resulting property variations and showed that how property variations
resulted from combinations of porosity types/amounts, martensitic phase fractions, and
grain sizes.

Overall, this part of the study aims to answer research question 2 (RQ-2), i.e.,
“What are the underlying causes of mechanical property variations?” The outcome of
this chapter will provide catalogue of process parameters to yield repeatable and
reproducible SS 316L samples. Moreover, it provided mapping of the subset design

space detailing property trends, defects, etc. in relation to process conditions.
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6.1 Macro-scale Observations

Microstructure investigation not only helps study the melting process but also the
defects formation in relation to process parameters. To reveal microstructure on a small
scale, representative images of the transverse (XY) and longitudinal (XZ) sectioned
polished surfaces of as printed SS 316L are obtained.

Figure 88 shows low-magnification optical images of polished surfaces of select

samples in the transverse (XY) plane.
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Figure 88. DoE of the process parameters design space for SLM of SS 316L
samples. Representative optical micrographs of the etched top build surfaces show
over-melted, well-melted, and porous regions highlighted with different colors as
per the color bar on the right.
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Highlighted VEDs were calculated from equation (1) and depicted by a color-
coded scale bar. The experimental design centered on the recommendations from OEM
supplier (Renishaw, Gloucestershire, England) which suggested Ev = 48.48 J/mm?® (P =
200 W, V' =750 mm/s) for near-full density parts. At a lower Ev = 34.09 J/mm? (P = 150
W, V' = 800 mm/s) for instance, there was insufficient melting of powder particles as
well as inadequate melt pool overlaps, leading to significant lack-of-fusion (LOF)
defects. In contrast, at higher Ev = 63.02 J/mm? (P = 200 W, V' = 577 mm/s) for instance,
porosities decreased due to adequate melting and fusion, as corroborated by the work of
Choo et al. [198] and others [145, 165, 171].

Light optical images of mirror-polished surfaces of select five samples were
obtained in both XY-plane (transverse) and XZ-plane (longitudinal) directions. Each
captured at equal magnification has the same size to reveal microstructure on a small
scale. Representative optical micrographs of the transverse (XY) and longitudinal (XZ)

sectioned polished surfaces of as printed SS 316L are highlighted in Table 9.
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Table 9. Summary of optical micrographs in both XY and XZ plane of five samples.

Details XY-Plane XZ-Plane
Sample -1 \ N\ ! ) e & 3 .
i - “ \ Y - p * ’o‘ N
P=175W, s N / - -
E:3977 Scan track ' L
J/mm?,
p=96.35% ‘\/
% Lack offusmn Lack of fusnon el
§ N ; - 3 " - -~ 3 ' v ’
"‘ e = ! - * 4 y -
200 pm s plie 200 pm "
A ‘ = < ‘l
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P:200W, : Gas Pore / Lack of fusion
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p=97.23% \ ' :

/ Lack of fusion
* e
LI
I
200 pm 200 pm
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Table 9. Continued.

Details XY-Plane XZ-Plane
Sample -3 /,
P:200W, Porosity ~— i
E:4848 Porosity : \ i
J/mm?,
p=98.21%

200 pm —

Sample -4 . # ‘ﬁ W p Scantra:l:h:"‘*ﬁ » J i ‘/’} a o
P=150W, - )» L ": r 4 - ? & 3

E=34.09
J/mm?,

p=90.78%

Sample -5 _ « .
P:200W, bl Porosity

E=52.10 - ' B ) :
J /mm3’ 4 Porosity ‘ 'o . \‘

p=97.50%

200 pm

The comparisons were carried out for investigating the optical porosities and

correlating it to the observed property changes. Some of the pores and lack of fusion
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defects were seen on the sample surfaces, even with naked eyes. Amongst the selected
five processing parameter combinations, there were two processing windows in
particular, for sample 4 and sample 2, which had the lowest and the highest energy
densities, respectively. At a lower energy input sample 4 (Ev = 34.09 J/mm?, P =150 W,
V=800 mm/s), for instance, there was insufficient melting of powder particles as well as
inadequate melt pool overlaps, leading to significant visible holes, voids, and lack-of-
fusion (LOF) defects. This sample showed the highest porosity of 9.22% amongst the
five samples. This was most likely due to a low power value and high scan speed that
may have produce discontinuities in the melt pool tracks and hence generated poor
weldability, resulting in low density and high porosity. In contrast, at higher energy
input processed sample 2 (Ev = 63.02 J/mm?3, P =200 W, ¥V = 577 mm/s) for instance,
porosities decreased to 2.77 %. It could be due to sufficient melting and fusion, leading
to also change in melt pool shape, grain size/texture, and residual thermal stresses, as
corroborated by the work of Choo et al. [198] and others [145, 165, 171]. However, the
lowest porosity was about 1.79% for Sample 3, which also had the optimum energy
density input.

Figure 89 shows the light optical micrographs of sample 3 (Ev = 48.48 J/mm3, p
= 98.21%) in both transverse and longitudinal planes to represent SLM processing
characteristics. Notice the hatch lines/distance in relation to the scan direction, well
overlapped melt pools, layer thickness, and strong bonding across the layers, all

indicating a successful and complete fusion of powder particles.

122



Figure 89. Optical images showing hatch overlapped regions and laser scan tracks
and half-cylindrical contours of melting pools and layer thickness in transverse
(XY) and longitudinal (XZ) sections, respectively.

Figure 90 illustrates the scanning electron microscopy (SEM) images with more
detailed microstructural characteristics. Notice SLM process specific features visible at
higher magnifications, including size and shape of melt pools. These images reveal how
the grain morphologies and orientations along with distributions would look like along
different planes. For clarity, the following direction nomenclatures were used: building
direction (BD) along Z-axis, scanning direction 1 (SD1) along X-axis, and scanning

direction 2 (SD2) along Y-axis of build chamber.
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Figure 90. SEM images of SLM processed SS 316L. sample 2 in (a) XY plane
showing the laser scan tracks and hatch overlapped regions, and (b) XZ plane
showing the half-cylindrical melt pools and layer thickness.
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Figure 91. SEM images showing the laser scan tracks, melting pools morphology,
and defects (for instance, un-melted powder particles, voids, Lack-of-fusion voids)
in transverse (XY) and longitudinal (XZ) sections for sample 4 (p = 90.78%) and
sample 3 (p =98.21%).

An interlayer adhesion or bonding becomes a critical factor in fabricating fully
dense parts. If the energy density imparted would be insufficient to melt the powder
particles and part of the underneath material, there will be a lack of adhesion between
the layers and can induce lack-of-fusion (LOF) porosity in the final parts, as illustrated
in Figure 91.

The defects size found to be between 30 pum to 1 mm. Also, small spherical gas

pores (~10-20 um in size) are noticeable. They formed due to entrapped gas pockets
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during the powder production process or between the powder particles that did not

escape the melt pool before solidification. [198, 199, 260].

6.2 Micro-scale Observations

To reveal microstructural characteristics on an even smaller scale, several high-
magnification scanning electron microscopy (SEM) images of both transverse (XY) and
longitudinal (XZ) sectioned etched surfaces of as printed SS 316L were studied as
highlighted in Figure 92.

Microstructures exhibited long elongated grains parallel to BD and consistent
with earlier studies on SLM fabrication of 316L [29, 161, 171, 173, 199]. It is interesting
to note that more defects (pore-type) were observed for sample 1 and sample 4,
processed with low energy inputs, including lack-of-fusion (LOF) defects and keyhole
porosity. The keyhole pores are relatively large and are predominantly observed in

samples processed at higher energy inputs, such as sample 2 and sample 5 [122].
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Figure 92. SEM micrographs of sample 3; (a) the transverse (XY) plane illustrated
with the white arrows, and (b) the longitudinal (XZ) plane fusion line between the

two melt pools is seen with grain refinements of cell structure illustrated with the
white arrows.

A complex cell growth mechanism, known as side-branching, was seen inside the
melting pool [197]. This phenomenon occurs especially at melting pool boundaries due
to a change in local thermal gradient and is responsible for an altercation in the direction
of growth for coarse elongated grains, which typically favors growing perpendicular to
the half-cylindrical contours of the melt pool boundaries (fusion lines). Equiaxed grains
are visible at the center of the melt pool and are believed to have been formed at the end
of the solidification. Moreover, the epitaxial grain growth was also seen across the melt

pool boundaries.
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Figure 93. SEM images showing the defects in XY plane of the sample. A) Melt
tracks with lack-of-fusion defect, B) Solidification defect due to incomplete binding
is visible, C) and D) Cellular cells inside a melt pool.
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Figure 94. SEM micrographs showing the defects in (XZ plane of the sample. A)
Lack-of-fusion pore and unmelted powder particle, B) Zoom-in region of fusion
line between the two melt pools along with spherical gas pores, C) Higher
magnification of fusion line region depicting side-branching of cell structure.
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Figure 93 and Figure 94 reveal how the grain morphologies and orientations, and
distributions would seem to form along different planes to the build directions. Within
the melt pool, cells initially grow in preferential directions parallel to the direction of
local thermal gradients. Further, as they continue to grow, a changing thermal gradient
affects the cell growth, promoting side-branching of cells. Such side instabilities
promote dendritic growth from cellular and can cause significant detrimental effects on
the overall mechanical properties of the sample. The presence of the side branching was
visible on both the transverse/longitudinal planes.

Overall grain structures observed here have been equiaxed, columnar, and mixed.
The average planar grain sizes (diameter) were measured following the intercept method
per ASTM standards [261]. Typically, equiaxed grains have grain size (diameter) in the
range of 2-10 um, whereas columnar grain size (diameter) can be greater than 10 um
[262]. Moreover, we also noticed grains smaller than 1 um in size. In the case of grain
shape and size measurements, in general, it is both ambiguous and challenging to come
up with accurate measurements. The values of the grain size presented should be taken

into account with caution.
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6.3 Defects Characterizations

The solidification defects can be catastrophic to printed parts intended
functionality and service life. Defects are the aspects that limits the SLM processed SS
316L structures for applications that calls for strict part quality. Therefore, it becomes
vital to understand the evolution of porosity, voids, various other defects and their
distinctive morphologies (shape, size, and orientation) [263]. It is widely reported that
the process-induced pores and defects are primarily governed due to alteration in
processing conditions. Figure 95 highlights the different defect regions found to be

prevalent during SLM fabrication.
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Figure 95. SLM processing regimes showing different defect regions.
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Figure 96 and Figure 97 shows OM and SEM micrographs of sample in XZ
plane showing melt pools, LOF voids, pores, and spherical gas pore. To understand the
defect morphologies (circularity, pore radius, aspect ratios), both XY and XZ planes for
all 28 samples have been analyzed. Figure 98 represents the defect analysis of both
planes for sample 1. Largest pore radius was 91.95 um for XZ plane whereas highest

mean pore radius was 14 + 24.8 um and highest aspect ratio 2.12 + 1.4 um.
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Figure 98. Defect analysis of (Top) XY plane and (Bottom) XZ plane for sample 1.
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Similarly, Figure 99, Figure 100, Figure 101, and Figure 102 shows the defect

analysis of both planes for sample 2, 3, 4, and 5, respectively.

Amount and Pore Size in XY Plane for Sample-2 (p = 97.23%)
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Figure 99. Defect analysis of (Top) XY plane and (Bottom) XZ plane for sample 2.
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Amount and Pore Size in XY Plane for Sample-3 (p = 98.21%)
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Figure 100. Defect analysis of (Top) XY plane and (Bottom) XZ plane for sample 3.
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Amount and Pore Size in XY Plane for Sample-4 (p = 90.78%)
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Figure 101. Defect analysis of (Top) XY plane and (Bottom) XZ plane for sample 4.
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Amount and Pore Size in XY Plane for Sample-5 (p = 97.50%)
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Figure 102. Defect analysis of (Top) XY plane and (Bottom) XZ plane for sample 5.
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Furthermore, XCT analysis was conducted to study the sphericity for sample 5 as
shown in Figure 103. Table 10 shows the system parameters used for capturing the

images in both planes.

Table 10. Summary of XCT parameters used in analysis of 3D defects for sample 5.

Sample: B1 B1 B2 B2
Scan Type: Scout Zoom Scout Zoom
Source Voltage (kV): 160 160 160 160
Source Power (W): 25 25 25 25
Source Current (pA): 156 156 156 156
Exposure time (s): 0.7 12 0.8 12.5
Optical magnification: 0.4x 4x 0.4x 4x
Voxel size (um): 15.0444 2.0074 15.01 2.0295
Number of projections: 801 801 801 801
Frames per projection: 1 1 1 1
Detector binning: 2 2 2 2
Versa Filter: HE6 HE6 HE6 HE6
Individual Scan Time: [HH:MM:SS] 0:51:06 4:49:43 0:53:54 4:37:55

Sphericity Analysis by XCT for Sample-5 (p = 97.50%)

700
Number of pores analyzed = 961
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Figure 103. Sphericity analysis by XCT for sample 5.
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Table 11. Summary of defects in both XY and XZ plane of select five samples.

Sample Details I Z 2 £ =
XY [ xz XY | xz XY [ Xxz xy [ xz Xy [ xz

Density (Archimedes) (%) 96.35 97.23 98.21 90.78 97.5

Density (Image J) (%) 96.12 96.73 99.78 99.81 99.92 99.86 89.35 90.38 99.75 99.69
Largest Pore Radius (um) [ 63.36 91.95 20.99 20.76 18.27 20.99 99.68 137.01 38.14 10.28
Mean Pore Radius (um) [14.28 + 20.30] 14 +24.8 [5.77 + 8.92]3.37 + 6.35] 3.4 + 6.43 [7.46 + 9.85]7.47 + 14.48[20.26 + 36.72[5.89 + 11.73[1.37 + 2.86
Mean Circularity 0.58 + 0.20 [0.63 = 0.18[0.89 + 0.11]0.85 + 0.14]0.48 = 0.24[0.86 + 0.17] 0.52 + 0.22 | 0.53 +0.22 | 0.77 = 0.20[0.56 = 0.19
Mean Aspect Ratio 2.12 + 1.40 [1.96 & 0.95[1.26 + 0.45]1.68 + 0.67]1.76 + 0.83[1.27 + 0.48] 2.21 + 1.71 [ 2.12+ 1.19 [ 1.82+ 1.86] 1.65+ 0.9
Mean Roundness 0.47 £ 0.20 [0.51 + 0.19]0.79 + 0.160.59 + 0.18[0.56 + 0.20[0.78 + 0.17] 0.45 + 0.20 0.47 +0.20 [ 0.55 + 0.24] 0.6 + 0.21

Table 11 summarizes the results of select five samples in both planes. As the

VED increases from 34.09 to 63.02 J/mm?, an increase in average circularity, decrease in

pore radius, decrease in aspect ratio and increase in roundness was observed. Figure 104

shows the XY and XZ plane density (optical) against VED.
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Figure 104. Optical density in both planes for select five samples against VED.
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Figure 105 and Figure 106 shows the mean circularity and mean pore radius for

select five samples against VED.
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Figure 105. Mean circularity in both planes for select five samples against VED.
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Figure 106. Mean pore radius in both planes for select five samples against VED.
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Figure 107. Mean circularity in both planes for all samples against VED.
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Figure 108. Mean pore radius in both planes for all samples against VED.
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Optical density vs. VED
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Figure 109. Optical density in both planes for all samples against VED.
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Figure 110. Optical defects in both planes for all samples against VED.
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Table 12. Summary of directional defects for all samples. Highlighted in grey color are select five samples.

sample # | VED XY. XZ. Avg:. XYPIZIrzan XY Mean XZPI:,/I':an XZ Mean Avgp.ol\:I:an XY Mean C)i(chE,IIae:i:y XZ Mean éfcr;?tr; Ayg. Me-an
Density | Density | Density i Pore SD X Pore SD . Circularity Circularity Circularity
Radius Radius Radius SD SD
14(1_3) [34.09| 89.35 | 90.38 | 89.87 7.47 14.48 20.26 36.72 13.87 0.52 0.22 0.53 0.22 0.53
2(1_4) |37.72| 96.15 | 99.89 | 98.02 3.62 7.81 1.19 2.6 2.41 0.66 0.21 0.82 0.14 0.74
61(2 5) |39.77| 96.12 | 96.73 | 96.43 | 14.28 20.3 14 24.8 14.14 0.58 0.2 0.63 0.18 0.61
3(1_5) [41.83| 98.06 | 97.89 | 97.98 3.64 7.22 3.71 7.09 3.68 0.62 0.22 0.64 0.21 0.63
7(2_6) [44.01| 98.81 | 98.66 | 98.74 2.43 4.46 4.25 6.27 3.34 0.72 0.18 0.75 0.16 0.74
11(3_1) |46.68| 99.81 | 99.73 | 99.77 3.61 3.3 2.52 4.31 3.07 0.79 0.16 0.76 0.18 0.78
4(1_6) |47.27| 99.07 | 99.58 | 99.33 2.24 5.01 3.3 3.73 2.77 0.73 0.17 0.75 0.17 0.74
123 (3 _2)|48.48 | 99.92 | 99.86 | 99.89 3.4 6.43 7.46 9.85 5.43 0.48 0.24 0.86 0.17 0.67
8(2_7) | 48.8 | 99.49 | 99.61 | 99.55 2.06 1.77 1.87 1.99 1.97 0.83 0.14 0.79 0.14 0.81
13(3_3) | 50.3 | 99.88 | 99.79 | 99.84 1.62 1.67 1.82 4.41 1.72 0.83 0.13 0.81 0.13 0.82
145(3_4)| 52.1 | 99.75 | 99.69 | 99.72 5.89 11.73 1.37 2.86 3.63 0.77 0.2 0.56 0.19 0.67
15(3_5) [53.95| 99.47 | 99.09 | 99.28 1.99 3.29 1.76 1.86 1.88 0.79 0.15 0.77 0.16 0.78
5(1_7) |54.55| 99.52 | 99.65 | 99.59 1.52 2.01 1.83 2.8 1.68 0.81 0.14 0.76 0.16 0.79
9(1_1) |[55.14| 99.85 | 99.72 | 99.79 2.16 1.61 0.98 0.83 1.57 0.85 0.11 0.76 0.18 0.81
16 (3_6) |55.77| 98.61 | 98.62 | 98.62 2.13 3.81 2.69 4.83 2.41 0.76 0.16 0.73 0.18 0.75
22 (4_4) [56.58| 99.86 | 99.91 | 99.89 1.58 1.64 1.82 3.28 1.70 0.83 0.13 0.79 0.15 0.81
17 (3_7) |58.18| 98.19 | 98.75 | 98.47 2.03 3.98 4.01 5.85 3.02 0.76 0.16 0.76 0.17 0.76
18(2_1) |60.61| 99.93 | 99.15 | 99.54 1.65 2.58 2.83 2.75 2.24 0.84 0.12 0.77 0.17 0.81
23(4_5) [62.74| 99.88 | 99.95 | 99.92 1.62 1.6 1.36 1.03 1.49 0.81 0.13 0.85 0.1 0.83
192 (2 _2)|63.02| 99.78 | 99.81 | 99.80 5.77 8.92 3.37 6.35 4.57 0.89 0.11 0.85 0.14 0.87
10(1_2) [63.64| 99.84 | 99.67 | 99.76 1.74 3.01 1.13 4,75 1.44 0.8 0.14 0.77 0.17 0.79
20(2_3) [66.12] 99.95 | 99.89 | 99.92 1.69 2.05 1.38 3.18 1.54 0.86 0.09 0.83 0.11 0.85
26(4_1) [69.72] 99.97 | 99.96 | 99.97 2.31 2.1 3.13 3.63 2.72 0.81 0.15 0.83 0.13 0.82
24 (4_6) | 70.9 | 99.79 | 99.89 | 99.84 2.13 8.72 2.21 5.13 2.17 0.86 0.08 0.81 0.12 0.84
21(2_4) [72.73] 99.68 | 99.88 | 99.78 1.64 5.15 0.77 1.01 1.21 0.79 0.14 0.79 0.14 0.79
27 (4_2) |78.78] 99.94 | 99.93 | 99.94 1.95 2.15 0.72 0.53 1.34 0.82 0.12 0.83 0.12 0.83
25(4_7) [81.82| 99.83 | 99.85 | 99.84 6.19 7.83 1.22 3.02 3.71 0.83 0.15 0.63 0.26 0.73
28 (4_3) [90.91| 99.7 | 99.74 | 99.72 3.81 12.72 2.28 3.59 3.05 0.79 0.16 0.74 0.18 0.77
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6.4 Phase Identification Analysis

SLM-processed SS 316L has been shown to form different phases, including
face-centered cubic (fcc) austenite, body-centered cubic (bee) ferrite, and body-centered
tetragonal (bct) martensite [264]. In order to correlate the mechanical property
differences across samples, grain size calculations and phase fraction identification were
performed.

6.4.1 Major Phases & Grain Size

We have observed and identified three distinct phases in selected five samples
and grouped them based on the samples having the martensite phase fraction and others
without it, as shown in Figure 111.

Ferrite phase formation in austenitic stainless steel is typically due to diffusion or
segregation [265]. However, the volume fraction of ferrite depends on the cooling rate,
and a higher cooling rate can obstruct diffusion. Also, both Austenite and ferrite phase
fractions are critical in controlling the ductility and hardness of steel. Martensite (with a
needle-like (acicular) structure), on the other hand, is formed due to diffusion-less
transformation. As the formation of the martensitic phase from austenite involves
interatomic movements, three possible martensite crystal structures could include bct

alpha prime, bce alpha prime, or hexagonal close-packed epsilon (hcp) martensite [266].
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Figure 111. Representative optical images of sample #2 (Ev =39.77 J/mm3; p =
96.35%), #3 (Ev = 48.48 J/mm3; p = 98.21%), and #5 (Ev = 52.10 J/mm?; p =
97.50%) showing phases of ferrite, austenite, and martensite [264].
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Additionally, martensite has two types of morphology — laths and plate, the
formation of which depends on the carbon content. Lath martensite is typically seen in
low C (<0.6 wt%) stainless steel, such as 3161, whereas plate martensite is seen in high
carbon steels [267]. Small traces of the martensite phase were identified alongside the
significant presence of austenite and ferrite phases across all the samples, which is

summarized in Table 13.
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Table 13. Summary of identified phases for all samples. Highlighted in grey color are select five samples.

Sample # | XYY Opt. Den (%) | XZ Opt. Den (%) Phases in XY Plane Phases in XZ Plane
14(1 3) 89.35 90.38 ferrite and austenite ferrite dominates with some austenite
2(1 4 96.15 99.89 ferrite and austenite ferrite dominates with some austenite
61(25) 96.12 96.73 ferrite and austenite ferrite dominates with some austenite
3(1.5 98.06 97.89 ferrite and austenite austenite dominates with some ferrite
7(2 6) 98.81 98.66 ferrite and austenite austenite dominates with some ferrite
1131 99.81 99.73 ferrite, austenite, some martensite |austenite dominates with some ferrite and martensite
4(1.6) 99.07 99.58 ferrite and austenite austenite dominates with some ferrite
1233 2) 99.92 99.86 ferrite, austenite, some martensite  |austenite dominates with some martensite
8127 99.49 99.61 ferrite, austenite, some martensite |austenite dominates with some ferrite and some martensite
13 (3 3) 99.88 99.79 ferrite, austenite, some martensite |austenite dominates with some ferrite and martensite
1453 4 99.75 99.69 ferrite, austentite, some martensite |austenite dominates with some martensite
15(3.5) 99.47 99.09 ferrite, austentite, some martensite |austenite dominates with some ferrite and martensite
5.7 99.52 99.65 ferrite, austentite, some martensite |ferrite, austenite with some martensite
9(1. 1) 99.85 99.72 ferrite, austentite, some martensite |[ferrite, austenite with some martensite
16 (3 6) 98.61 98.62 ferrite, austentite, some martensite |austenite dominates with some ferrite and martensite
22 (4 4) 99.86 99.91 ferrite, austenite, some martensite |austenite dominates with some ferrite and martensite
17(3.7) 98.19 98.75 ferrite, austenite, some martensite |austenite dominates with some ferrite and martensite
18(2. 1) 99.93 99.15 ferrite, austentite, some martensite |ferrite, austenite, and martensite
23 (4.5) 99.88 99.95 ferrite, austentite, some martensite |austenite dominates with some ferrite and martensite
192 (2 2) 99.78 99.81 ferrite and austenite austenite dominates with some ferrite
10 (1 2) 99.84 99.67 ferrite and austentite ferrite dominates with some austenite
20 (2 3) 99.95 99.89 ferrite, austenite, some martensite |austenite dominates with some ferrite
264 1) 99.97 99.96 ferrite, austenite, some martensite |austenite dominates with some ferrite and martensite
24 (4 6) 99.79 99.89 ferrite, austenite, some martensite |austenite dominates with some ferrite and martensite
21 (2 4) 99.68 99.88 ferrite, austenite, some martensite |ferrite, austenite with some martensite
27 (4 2) 99.94 99.93 ferrite, austenite, some martensite |austenite dominates with some ferrite and martensite
2547 99.83 99.85 ferrite, austenite, some martensite |ferrite dominates with some austenite and martensite
28 (4 3) 99.7 99.74 ferrite, austenite, some martensite |austenite dominates with some ferrite and martensite
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Table 14. Summary of five samples with processing conditions, and test results.

# Eyv HVos Nano E p Major Grain
[J/m (Std. Hardness [GPa] [%] Phases Size
m’]  Dev.) [GPa] (Std. Identified [pm]
(Std.Dev.) Dev.) (Std.
Dev.)
1*  39.77 209 3.83 203.9 96.35 Ferrite, ~3-5
(28.5) (0.17) (4.66) Austenite  (£0.5)
2*  63.02 256 4.81 211.1 97.23 Ferrite, ~3-5
(1.5) (0.52) (9.62) Austenite  (£0.5)
31 48.48 271 4.01 187.4  98.21 Ferrite, ~2-4
(6.2) (0.11) (5.79) Austenite,  (£0.5)
Martensite
4*  34.09 294 3.98 154.1 90.78 Ferrite, ~2-4
(12.1) (0.30) 6.1) Austenite  (£0.5)
5t 52.10 318 4.62 162.9 97.5 Ferrite, ~1-2
(13.9) (0.23) (2.43) Austenite,  (£0.5)
Martensite

* samples with mostly ferrite and austenite phases in the microstructure
T samples with martensite, ferrite and austenite phases in the microstructure

Table 14 shows the five-selected samples have been grouped on the basis of
major constituent phases identified along with their physical/mechanical properties that
were later used in fabricating FGAMs. The observed difference between the Vickers and
nano hardness results could be due to possibilities in latter case of indenting over one

grain, grain boundary, or intersection of two grains since the material is polycrystalline.
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6.4.2 XRD Analysis
The diffraction patterns were measured using X-ray diffraction (XRD) analysis,

and diffractograms are generated for the specimens on both side surfaces

(longitudinal/XZ plane) and the top surface (transverse/XY plane). For the sake of

brevity, diffractograms for sample 3 are presented in Figure 112.
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Figure 112. XRD diffractogram of SLM-fabricated SS 316L on two different
surface planes for sample 3 showing the prominent diffraction peaks of phases.
Black color represents the transverse (XY) plane or top surface, whereas the red
color represents the longitudinal (XZ) plane or side surface pattern.

The data collected considers both the depth and surface of sample 3 that
exhibited the predominant presence of face-centered cubic (fcc) austenite phase, typical
for austenitic steel having a single austenite phase, based on the literature [198, 199]. For

top surface austenite, peaks were found at 26 of approximately 26.71°, 29.63°, 43.76°,
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43.87°, and 50.94°. For the side surface, 260 was 26.67°, 43.74°, 43.85°, and 50.92°. We
also observed a small amount of a body-centered cubic (bcc) ferrite phase for both top
and side surfaces at 26 of 28.37°, 35.34°, 36.86° 42.71°, and 54.85°. Similar peak
position observations were also made previously in a relevant study [268]. XRD analysis
of top and side surfaces also suggests the presence of small (relatively weak) peaks of
the body-centered tetragonal (bct) martensite phase along with other significant phases
(austenite/ferrite). However, due to subtle changes between ferrite and martensite peaks,
care is needed when identifying them.

Our observations indicate that rapid solidification and high thermal stresses due
to repeated heating-cooling cycles lead to non-equilibrium microstructures leading to the
formation of different phase fractions [161, 254]. Moreover, the XRD findings are in
agreement with the optical observations that were conducted for sample 3. The peak
widths at full-width at half maximum (FWHM) near the asymptotic part of the tails of
XRD peaks were estimated at 26 of approximately 26.71° and 28.37° for top and side
surface, respectively. The top surface has shown more peak broadening, with FWHM is
equal to 0.5034, and that of the side surface is equal to 0.4198. Such peak broadening
indicates higher residual thermal stresses induced due to higher laser irradiation on the
top surface than the side surface. Such accumulated residual stresses have altered the

mechanical properties such as hardness as per Murr et al. [269].
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6.4.3 EBSD/EDS Analysis

Electron backscatter diffraction (EBSD) analyses were used for mapping the
crystallographic orientation and localized crystal structures of sample 5 in different
cross-sections of the as-built samples as shown in Figure 113 and Figure 114.

The present analyses were done over polished sample surfaces with an
approximately scan area of 100 um? at higher magnifications, which would usually
detect very localized information about the sample surfaces. Comparing information
qualitatively can help understand the change in grain size and morphology. Nonetheless,
both samples have shown mostly cellular (equiaxed) and columnar sub-grain
microstructures and differences in grain orientations, textures, and grain sizes were also
noticeable, as reported [163, 270, 271]. These are typically present when a Gaussian

beam profile is used for SLM of SS 316L.

150



IPF Coloring

TE

Phase Color 4

1 |iron fec

Figure 113. (A) EBSD (2D) maps of the as-built SS 316L. sample in a transverse
(XY) plane. Pole figures and inverse pole figures are also shown. (B) EDS mapping
of the sub-structure with selected region's elemental distributions with
corresponding Fe, Cr, Ni, Mo, C elemental maps.
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IPF Coloring

Phase Color 5

Figure 114. (A) EBSD (2D) maps of the as-built SS 316L. sample in a longitudinal
(XZ) plane. Pole figures and inverse pole figures are also shown. (B) EDS mapping
of the sub-structure with selected region's elemental distributions with
corresponding Fe, Cr, Ni, Mo, C elemental maps.

The inverse pole figure (IPF) maps shown have been calculated from the EBSD
data of sample 5 in the transverse (XY) plane and longitudinal (XZ) plane. The IPF

orientation maps indicate the preferred grain orientations in the given surfaces and
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confirm this behavior with the three-color (red, green, and blue) value corresponding to
the crystal direction. We noticed multicomponent cubic textures in XY and XZ planes
for sample 5, as reported in another similar study for SLM-fabricated SS 316L [166]. As
can be seen in XY plane sample that it shows partial bands with no crystallographic
orientation affinity for the [100], [110], and [111] poles for the XY plane. This
phenomenon could be explained by the change in solidification mode and structure from
columnar to equiaxed grain transitions [207, 272].

The EBSD map of the sample's side surface in XZ plane shows a lack of apparent
domination of one of the orientation maps' colors. This suggests the absence of a
preferred alignment of the <100>, <110>, and <111> axes with the build directions.
Also, noticed the clusters of highest pole densities in the [100] pole figure at <001>
positions of the standard stereographic projection. The sample exhibits no clear
indication of melting pools. Also, the columnar grains can be seen growing near
perpendicular to the building direction (across melt pool boundaries), as reported by
other literature [273]. This phenomenon suggests that most grain growth took place
across the melt pool boundaries and that new grains are formed by epitaxial columnar
grain growth due to rapid solidification rates of the SLM process [254, 274].

However, other literature on SLM of SS 316L reported <001> orientation (in
build direction) as preferred because of the high thermal gradient [263, 275, 276]. There
were no preferred crystallographic orientations for the XY plane samples, which could
be due to the scan pattern and scan orientations, which will significantly influence SLM

parts' final texture. We employed a meander scan strategy that rotates 67° between the

153



consecutive layers. This phenomenon causes a mismatch on the melt tracks and alters
the thermal profile in both transverse and build directions, ending in highly randomized
crystal orientations. In addition, cells grow in preferential directions also tend to get
influenced by the local thermal gradient inside the melt pool formed due to scan pattern,
promoting cell side-branching. Such side instabilities promote dendritic growth from
cellular and can cause significant detrimental effects on the sample's overall mechanical
properties.

Energy dispersive spectroscopy (EDS) analysis of the as-printed SLM SS 316 L
reveals low variation, randomly distributed compositions maps for Fe, Cr, Ni, MO, and
C for sample 5 in both transverse (XY) and longitudinal (XZ) planes are seen in Figure

115.

Spectrum 2

Electron Image 1

Spectrum 1

Figure 115. EDS spectrum of SLM fabricated SS 316L for, a) selected top surface
area for sample 5, b) point analysis chosen over an unmelted powder particle.
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This non-quantitative analysis provides a spatial contrast of the presence of
different elements and inclusions seen at the SS 316L samples' cellular sub-grains. Table

15 provide relative comparison with virgin SS 316L powder, area EDS, and point EDS.

Table 15. Composition (wt %) distributions of before and after SLM processing.

Element (wt.%) Cr Ni Mo Mn Si C N Fe

SS 316L powder 17.1 12.4 2.9 1.09 0.7 0.01 0.1 657
Area EDS 16.15 11.05 2.57 0.58 0.71 6.93 - 60.60

Point EDS 13.58  5.99 .11 5.69 8.31 6.86 - 35.05

At the onset, the element distributions seemed inhomogeneous. SS 316L powder
has a very high nominal composition (wt %) for both Cr and Ni. Typically, Mo and Cr
tend to increase surface tension and can assist with promoting ferritic growth. During the
melt pool solidification, Cr may react with residual oxygen inside the SLM processing
chamber to form oxide inclusions, which later could precipitate with Mo at the sub-grain
boundaries due to Marangoni convections [174]. For wrought SS 316L, Mn-S inclusions
can be formed near the austenite grain boundaries, which with the Cr-depletion, may
promote local pitting corrosion [163]. However, we couldn’t locate any Mn-S clusters or
Cr depleted regions on both sample surfaces. This could be due to the rapid cooling rates
of SLM processing that reject Mn-S inclusions and promotes Cr-depletion. However,

few sites show some presence of carbide precipitates. Furthermore, Cr and Ni have
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dissimilar diffusion coefficients; however, relatively even distributions can be observed
on element maps for both elements [277].

We also observed a large presence of oxygen and carbon elements. We believe
that most oxygen contents were detected due to the remaining oxygen inside the build
chamber or left in between the powder particles due to the atomization process or due to
the oxide formations. On the other hand, a large presence of carbon could be due to the
steps involved in sample preparations or the formation of soot or carbide precipitants.
Similar observations have been reported in previous studies for higher oxygen and
carbon presence [234, 278, 279]. Superior corrosion resistance provided by SS 316L
mostly comes from the addition of Cr, Ni, and Mo, which seems to be maintained across

most of the sample except when encountered by any unmelted powder particles.

6.5 Resolution Study

This part of the study aims to quantify spatial property resolutions by fabricating
continually smaller zones with intended property variations and to investigate causes. In
short, it examines resolution of pulsed SLM platform to fabricate SS 316L structures by
varying process parameters up to l-layer thickness. In this case, four configurations
following the DOE, as shown in Figure 116, were designed. The configurations were
named as 1-layer, 2-layers, 4-layers, and 8-layers and arranged on build plate with

support structures as illustrated in Figure 117.

156



ALL DIMENSIONS ARE IN MM
1-layer configuration

2 2dayers configuration
8-layers configuration

Figure 116. Resolution study DOE with 1-layer, 2-layers, 4-layers and 8-layers
configurations. Each layer is S0 pm in thickness. Layers shown in purple color are
processed using standard process parameters.

Figure 117. Resolution study (pyramids) samples arranged on the build plate.
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FITN

4-layers

Figure 118. Mounted and polished resolution study samples.

Figure 118 illustrates all four configurations of the samples sectioned and
mounted for subsequent grinding and fine polishing. This was done to prepare samples
for the nanoindentation test.

Total of 51 (17 rows, 3 columns) indents were carried out on each of the four
sample configurations. Between adjacent rows of indents, span of 20 pm, 40 pm, 80 um
and 160 um were kept for sample with 1-layer, 2-layers, 4-layers, and 8-layers
configurations. Figure 119 illustrates the numbering of all 51 indents and spacing of 20
um between adjacent rows and columns for 1-layer configuration sample. Furthermore,
there was 140 um distance kept from the top surface before starting the indentations to

ensure valid conditions for the test.
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X Scale[mm] I0.64720 Y Scale[mm] |0.48320

Figure 119. 1-layer grid arrangements for nanoindentations. Each layer has three
indents at 20 pm x 20 pm grid with indents starting from lower left (1) to top-right
corner (51).
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Figure 120. Force-Displacement plots for 51 indents for 1-layer sample.
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Figure 120 shows the force-displacement curves for all 51 indents of 1-layer
configuration sample. As seen, there were no animalities detected in the curves that
resembled tight grouping and repetition.

Figure 121 and Figure 122 shows the result of average hardness and average
nano modulus for 1-layer configuration sample. The results showed average hardness
variations between ~2.6 — 2.9 GPa and average modulus ~121 — 141 GPa for 1-layer
configuration sample. The results show relatively lower values when compared to the
reference hardness values of ~3.8 — 4.81 GPa and modulus values of 154.1 —211.1 GPa.
This could be due to resulting melt pool overlaps and remelting as well as defects and

pores which might alter the properties in adjacent layers.
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Figure 121. Average hardness for 1-layer sample.
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Figure 122. Average modulus for 1-layer configuration sample.

Figure 123 and Figure 124 shows the overview of polished sample surfaces for 1-
layer, 2-layers, 4-layers, and 8-layers configurations. All samples have been mounted in
XZ plane and have shown presence of presence of process-induced defects such as,
LOF, gas pores, keyhole across different layers. Furthermore, comparisons have been
made across all four types of samples for hardness and modulus and illustrated in Figure
125 and Figure 126, respectively. Overall, the hardness tends to be lower across all
sample configurations, however, 8-layers configuration (yellow color) showed sharp
variations. In terms of modulus, 4-layer configuration (grey color) showed higher
average modulus whereas 1-layer configuration (blue color) showed lower average
modulus. These results indicate that in order to achieve sufficient variations there should

be minimum number (at least 4-layers) of layers needed.
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Figure 123. Light optical overview of polished surfaces of 1-layer and 2-layers samples.

162
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Figure 124. Light optical overview of polished surfaces of 4-layers and 8-layers samples.
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Figure 125. Comparisons of average hardness of all four sample configurations.
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Figure 126. Comparisons of average modulus of all four sample configurations.
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Figure 128. SEM images of etched 2-layers sample configuration.
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Figure 127 and Figure 128 shows light optical and SEM images of the etched
sample surface for 2-layers configuration in XZ plane. As marked, the sample exhibits
number of curved melt pools, remelting of already solidified layers, melt pool overlaps,
pores, voids, and presence of high angle grain boundaries (HAGB), which could
potentially have influenced the hardness and modulus values. Moreover, to capture the
elemental distributions at the overlapped regions, EDS analysis was conducted as

showed in Figure 129.

Iron Oxygen

7 Element Weight
il Symbol (%)
Fe 64.55
Cr 16.02 A
o 3.37 "
Ni 11.54 Nickel Molybdenum Silicon
Mo 3.16
Si 091

Mn 0.46

Figure 129. EDS analysis of on melt-pool overlap region for 2-layers sample.

Presence of Cr, Ni, and Fe within the acceptable levels, however, the substantial
presence of O levels were also noticed. This could be due to formations of oxides in the
overlap regions. The remaining elements distributions seemed to be in line with that of

the virgin SS 316L powder.
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6.6 Observations and Deductions

The overall theme of this investigation was focused on elucidating the underlying
causes of property variations through material characterization in order to provide
insights into grain size/morphology variations and phase fractions (across longitudinal
and transverse planes) for SLM-fabricated samples. The processing- and microstructure-
based dependencies of property variations were mapped across all 28 samples in order to
identify cause-effect pair for property changes and their implications. As illustrated in
Figure 130, process parameter bounds for achieving dominance of specific

microstructures were defined.
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Figure 130. Summary of phases in both planes for all 28 samples.
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For instance, scan speed bounds of ~550 mm/s or less yields ferrite dominance,
whereas VED between ~44-64 J/mm?® leads to formation of highly martensitic grains.
The underlying reasoning for differences observed in phase dominance can be explained
in terms of cooling rates. Lower VED results in shallower melt pools, yielding more
randomly oriented, equiaxed/fine ferrite grains. This lower VED bounds can be achieved
at higher scan speeds by keeping low laser power or vice versa. Similarly, at a higher
VED, melt pools are relatively deep and forms coarser/elongated austenitic grains.
Dominance of martensite within VED bounds have resulted in higher hardness zone
within the processing bounds.

Ferrite (equiaxed grains) seemed to be dominating when the scan speed bounds
are too low (~500 mm/s) or too high (~700 mm/s). It could be due to more spherical
grains formed due to shallower melt pool features. In case of austenite (angular grains),
the presence was found to be outside the VED threshold of 44-64 J/mm?; correlating
well with relatively coarser grains which were observed across the multiple sample
optical images. They could be formed due to the lower cooling rates, allowing grains to
grow. Finally, martensite (needle-like structure) was observed within the VED window
~40-60 J/mm?. The formation of martensite most likely affected by cooling rates (rapid
cooling rates). The martensite was found to increase the hardness across these samples.

Additionally, the boundaries of defect regions based on observations and

supported by VED-based logic are presented in Figure 131.
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Figure 131. PV map for defects across all samples.

As highlighted, in a lower VED regime, because of the insufficient input energy
imparted which resulted in insufficient melting, lot of LOF defects were observed. These
defects were significant over scan speed value of ~600 mm/s at a laser power of 125 W.
Within higher VED regime, due to mostly sufficient energy to melt and fuse the powder,
overall resulted in lower porosity. Above threshold value of VED ~60 J/mm?, increase in
keyhole/gas pores (entrapped gases) were predominant.

Overall, these results can be implemented to perform microstructural engineering
with precise and repeatable control at localized level (for instance, melt pool shape, grain
size) and global level (for instance, phases, texture). Altogether, potentially, this work
lays the foundation for understanding and tuning the global mechanical performance of

FGAM bulk structures as well as the role of interfacial zones.
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7. STRAIN BEHAVIOR OF GRADED FGAM BULK STRUCTURES (RQ-3)

In this chapter, a set of studies are performed to investigate property-graded
multi-zone bulk structures with pre-defined parameters. First part of the study looks at
fabricating the stiffness-graded FGAM structures and map their deformation behavior
(DIC) under stress/strain-based control till failure. Fractography was conducted on the
samples to ascertain and correlate fracture mechanisms. Next, the role of interfaces
between graded zones were examined to understand how they affect local/global (stress-
strain) performance of FGAM structures. Finally, resolution study is undertaken to
observe and quantify the R&R of mechanical property variations. Overall, this chapter
answers research questions 3 (RQ-3), i.e., “What are the spatial property resolutions
achievable in SS 316L via a pulsed SLM?”, research question 4 (RQ-4), i.e., “How do
zonal interfaces affect local and global (stress-strain) performance of FGAM structures
under various loading modes?”, and research question 5 (RQ-5), i.e., “How do FGAM

bulk structures evolve under stress/strain-based control till failure?”

7.1 Sample Fabrication and Performance Tests

This part of the study investigates the tensile and fatigue behavior,
spatial/temporal strain evolution, and fractography of samples comprised of different-
property zones both individually and composites. 2D digital image correlation (DIC)

technique has been implemented for FGAM to correlate strain patterns observed in test
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samples' graded gauge length. Furthermore, additional mechanical and fracture behavior
have been evaluated by designing specific FGAM specimens subjected to four-point
bending (FPB) tests. All sample preparations have been based on following the
respective ASTM guidelines, maintaining the dimension ratios to yield accurate test

results.

7.1.1 Tensile Tests
Tensile tests were performed at room temperature following the ASTM ES8
guidelines and methodology described in chapter 4 [280]. A representative tensile

specimen geometry is shown in Figure 132.
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I
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G: Gauge Length
W: Width
21 mm R: Fillet Radius
C: Width of Grip Section
T: Thickness

Figure 132. Dimensions of tensile specimen based on ASTM ES8 [248].
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Table 16. Tensile specimen nomenclatures with hardness and density values.

Group Sample HVos  Density (%)

209 F
1 209 M 209 96.35

209 B

256 F
2 256 M 256 97.23

256 B

271 F
3 271 M 271 98.21

271 B

294 F
4 294 M 294 90.78

294 B

318 F
5 318 M 318 97.5

318 B

260 F
6 260 M 260 97.2

260 B
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Figure 134. SLM printed SS 316L tensile, bending, fatigue, and resolution samples.
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Table 16 provides a summary of six group of samples that were selected for

tensile test behavior. Figure 133 illustrates the build plate with sample arrangement.

Notice the build plate front side marked with the red color arrow to locate the Front (F),

Middle (M), and Back (B) tensile samples. Figure 134 shows as-built SS 316L samples

with support structures.

Tensile tests for all 18 samples at room temperature were performed and tensile

properties have been obtained. For sake of brevity a detailed tensile property analysis for

group 1 sample (209 F) is presented in Figure 135 and results are tabulated in Table 17.
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Figure 135. Stress-strain plot for 209_F sample.
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Figure 136. Stress-strain plot for all 18 samples.
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Table 17. Tensile properties for 209 _F sample.

Property Value

0.2% Yield Strength (MPa) 542.33
2% Yield Strength (MPa) 576.77
Ultimate Tensile Strength (MPa)  634.22
Elongation (%) 26.47
Youngs Modulus (GPa) 34.28
0.2% Unloading Modulus (MPa) 500

2% Unloading Modulus (MPa) 494.83

To ascertain individual bulk mechanical performance, along with determining
their spatial property resolutions achievable, all test samples were tested in single run of
experiments. Figure 136illustrates how all 18 samples showed significant variations in

UTS, modulus and elongation. Table 18 further summarizes tensile properties.
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Table 18. Tensile performance for six variants across three sample positions.

Sample Place Grp.1 Grp.2 Grp.3 Grp4 Grp.S Grp.6
209) (256) (271) (2949 (318) (260)

Front 634.22 638 642.11 652.78 628.44 628.89

UTS (MPa) Middle 626.11 651.55 632.89 606.78 642.78 619.11

Back 634.89 572.44 584.78  636.78 591.78 584.11

Front 3428  35.45 25.5 15.81 14.14 32.7

Modulus
Middle 2429 2424 26.67 33.9 53.70  53.70
(GPa)
Back 16.96 43.24 24.13 40.28 32.22  40.28
Front 2647  31.60 25.58 30.55 2437  32.66
Elongation
Middle 28.37 3232 28.53 14.93 2732 2230
(%)

Back 29.47  13.19 6.93 25.26 1829  11.46
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Table 19 shows the tensile performance comparison for SLM and traditionally

processed tensile specimens.

Table 19. SLM tensile performance when compared to traditionally made samples.

Parameter As-cast Annealed SLMed SLMed
316L 316L

(99.9% (99.9%

density) density)
(as-built) (post-

processed)
0.2% YS
365 +22 241 444 £ 27 375+ 11
(MPa)
UTS (MPa) 596 + 16 586 567+ 19 635+ 17
Modulus
200 - 150-200 -
(GPa)
Elongation
69+9 50 44 +7 51+3
(%)

There are several possible explanations for observing such differences. The first
and the foremost is that the vertically build sample typically exhibits a reduction in
strength due to boundary layers being perpendicular to the loading direction as opposed
to horizontally build samples [274]. This orthogonal alignment between the layers and
principal loading direction causes sample to yield prematurely with low elongation and
UTS. Next, and the most important reason is the presence of intentionally large porosity
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levels due to tailored processing conditions. The wide spreads of elongations were also
reported in other similar studies on SLMed 316L samples [281, 282].

There were significant differences across UTS, modulus and elongation across
front sample-to-sample. Traditionally as-cast SS 316L has ~200 GPa modulus, 590 MPa
of UTS, and elongation of around 70%. The reasoning could be ductility-limiting flaws

generated when fabricating these samples and calls for further investigation.

7.1.2 Fractography

Generally, SS 316L is a low stacking fault energy material with dominant
deformation mechanism of dislocation slip [283]. SLM processed SS 316L has shown to
produce unique nonequilibrium microstructural features including but not limited to
semi-spherical fusion boundaries, large fractions of LAGBs (as high as ~ 57% of total
boundaries), local lattice misorientations, elemental segregations (along the HAGBs and
cellular walls), precipitates, and impurities [284].

To understand the reduced mechanical performance and characterizing the
material performance across the samples, fracture surface examinations were carried out.
Figure 137 shows side by side comparisons of front tensile specimens for locating failure

regions.
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Figure 137. Side by side comparison of fracture location in the gauge section of
front tensile samples.

All samples showed that fracture was initiated in the gauge length, aligning with

ASTM test guidelines. Samples were prepared for fractography as shown in Figure 138.

1204T 318T 260 T

Fracture Surfaces of Front Samples

Figure 138. Fracture surfaces (top & bottom) mounted for six front tensile samples.
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Furthermore, Table 20 illustrates the top and bottom fracture surfaces for each of
the six front tensile samples. Several features and defects have been highlighted (with
yellow color dotted lines) that were observed across the samples. Table 21 shows the

reference wrought SS 316L sample for the comparison.
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Table 20. Fractography observations for front 6 samples.

Sample details Top surface Bottom surface

Sample # 1
HV =209

Power=175 W

VED = 39.77

J/mm3

Density = 96.35 %

Key observations - Defects at different length scales (tens of microns to a fraction
(meso and macro- of a milimeter)
level) - Clusters of several unmelted powder particles visible, may be

due to insufficient melt pool overlaps

- Macro-level pores (~0.1 mm) and large voids, due to process-
induced defects, may be important factor in sample failure

- Micro-level unmelted powder particles (~20 microns)

- Dark color patches of pores in SEM images may suggests

presence of non-metallic inclusions, e.g. SiO:
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Table 20. Continued.

Sample details Top surface Bottom surface

Sample #2

HV =256
Power =200 W
VED = 63.02
J/mm3

Density = 97.23 %

Key observations - Macro-level pores and large voids (~0.1 mm)
(meso and macro- - No visible unmelted powder particles
level) - Cracks noticeable around pores/voids

- Evidence of secondary cracking, fracture noticeable at
different height

- Microvoid coalescence mechanism of separation was evident
indicating ductile failure mode

- Narrow, knife-like fracture line
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Table 20. Continued.

Sample details Top surface Bottom surface

Sample #3

HV =271
Power =200 W
VED = 48.48
J/mm3

Density = 98.21 %

Key observations - Partially unmelted powder particles (~ 20 microns) present

(meso and macro- - Micro-pores (~ 10 - 60 microns) present,

level) - Few regions show microvoid coalescence as well as plastic
flow

- Multiple cracks visible with multiple origins
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Table 20. Continued.

Sample details Top surface Bottom surface

Sample #4

HV =294
Power = 150 W
VED = 34.09
J/mm3

Density = 90.78 %

Key observations - Microvoid coalescence mechanism of separation was evident,

(meso and macro- indicating ductile failure mode

level) - Defects significant, river patterns indicating multiple crack
initiations

- Macro-level pores and large voids noticeable (~0.1 mm)

- Few unmelted powder particles
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Table 20. Continued.

Sample details Top surface Bottom surface

Sample #5

HV =318
Power =200 W
VED =52.10
J/mm3

Density = 97.50 %

Key observations - Occasional presence of unmelted powder particles
(meso and macro- - Large voids of unmelted powder particles, with average size
level) (~ 50 microns) visible

- Inclusions may be invisible/hidden under the surface

- Pore-nucleated microcracks are visibly present
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Table 20. Continued.

Sample details Top surface Bottom surface

Sample #6

HV =260
Power =200 W
VED = 55.77
J/mm3

Density = 97.19 %

Key observations Typical ductile dimple fracture, microvoid coalescence

(meso and macro-

Evidence of secondary cracking (~ 0.1 mm)

level) Few unmelted powder particles
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Table 21. Fractography observations for reference wrought SS 316 L.

Sample Top surface

details

Wrought SS

Study by

Byun et

al. 2021

[284]

Key - Typical narrow, knife-edge shaped fracture surface
observations - Ductile failure mode, due to large number of
(macro- dimples/ductile ridges

level) - Less number of pores visible

189



7.2 Graded Structures Fabrication and Performance

7.2.1 Tensile Samples (Normal Stresses)

A selected subset of process parameter combinations was utilized for fabricating
ASTM ES8 standard tensile specimens with monotonic changes in hardness along its

gauge length. Three pairs of standard tensile specimens with different gauge volumes

were fabricated: (25 mm x 10 mm x 6 mm) marked as size 100%, (12.5 mm x 5
mm) marked as a size 50%, and (8 mm x 3.2 mm x 1.92 mm) marked as a size

depicted in Figure 139.
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Figure 139. Dimensions of medium size (50%) tensile specimen in mm based
ASTM ES8 [285]. Notice the five different zones having monotonic changes in

on

hardness along its gauge length. Also shown is the picture of the post-build base

plate and other relevant details.
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7.2.1.1 Comparison of Hardness Measurements

Vickers hardness tests were conducted for each zone as well as at the transitional

regions within the graded (tensile) samples, and results were comped with the HV from

the original DOE, as illustrated in Figure 140.
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Figure 140. Pre-and post-tensile hardness measurements were taken at the

transitional regions (common boundaries between two zones) as highlighted with
arrowhead.
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Figure 141. Comparison of microhardness: the square markers show target,
whereas the red circle markers represent data points of the gradient sample for
medium size graded sample.

From Figure 141, it is clear that most hardnesses matched that of the preliminary
results (except for sample 5). As noted earlier, SLM part hardness is affected by
amalgamation of several phenomena affecting at multiple scales. At macro-scale
(porosity), micro-scale (grain morphology including sizes/distributions, dislocation
networks, triple junctions, etc.), and nano-scale (atomic crystal defects) [286]. Figure
142 provides comparison amongst hardness of pre and post tensile for medium FGAM

sample.
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Table 22. Post-tensile hardness for each zone and interfaces for medium sample.

Zone Avg.HVos Target HVos

1 237+7 209
12 249 £ 13 N/A
2 257+1 256
23 2285+35 N/A
3 246 + 14 271
34 240 + 4 N/A
4 257.5+25 294
45  2145+15 N/A
5 2445+0.5 318
56 241 +8 N/A
6 2555+1.5 261
370
350 4
330 1
310 1 318
g 290 I 04
?2 270 4 ol P 264.75 .
AR 237 254.35 : 246 {‘ e 244.5 25557
& 230 t '
;% 209 . ¢ 2%
190 4
170 B
150
1 2 3 4 5 6
-a-Selected Sample ® Target HV
Selected Sample & Pre-tensile HV ® Post-tensile HV

Figure 142. Comparison of microhardness: the red square markers show target,
whereas the green circle markers represent data points from post-tensile
measurements for medium size graded sample.
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7.2.1.2 Tensile Testing & Digital Image Correlation (DIC)
Tensile testing was carried out on the large, medium, and small size samples as

illustrated in Figure 143.
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1

Pttt

39.77 JImm3, 96.35%
63.02 J/mm3, 97.23%
48.48 J/mm3, 98.21%
34.09 J/mms3, 90.78%
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—

Figure 143. Location and properties (HV, Ev, p) of different zones highlighted on
large samples.

Figure 144 illustrates the stress-strain curve for the large FGAM sample,

showing relatively low UTS, yield strength and elongation when compared to the other

SLM 316L samples.
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Figure 144. Stress-strain curve of graded large sample #2.

From the stress-strain curve of the large composite sample 2, as seen from Figure
144, a linear elastic behavior is observable till a YS of ~535 MPa, with E found to be
about 42 MPa. The UTS was ~634 MPa and an elongation at break of 45%. This is
expected since graded sample has a gauge volume with composite properties causing it
to perform differently. These findings, when compared with homogeneous SLMed SS
316L, in terms of UTS (382-492 MPa) is higher, YS (~442-582 MPa) is closely
relatable, whereas the elongation is high (about 12% higher than previous results) but
very similar to HIP processed samples (~49 %). Tensile performance for the remaining

large composite sample is depicted in Figure 145.

195



Stress-Strain Curve of LS1
500

w
=3
S

......

........

Stress (MPa)

[N
1=}
S

100

0
0 5 10 15 20 25 30 35 40
Strain (%)
Figure 145. Stress-strain curve of graded large sample #1.
Table 23. Graded sample tensile performance.
Parameter MS-1 MS-2 LS-1 LS-2
0.2% YS
560.78 572.55 344.39 477.97
(MPa)
2% YS
587.13 594.14 372.78 535.25
(MPa)
UTS (MPa) 641.69 650.07 409.09 633.82
Modulus
36.57 117.75 78.86 42.97
(GPa)
Elongation
56.60 52.31 36.50 45
(%)
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Table 23 summarizes the tensile property parameters of the medium sample (MS)
and large sample (LS) determined from the stress-strain data obtained during the
uniaxial tensile testing. The strength (YS, UTS) and ductility (Elongation) parameters
for the two tests for each MS and LS variants demonstrates a variability in terms of
mechanical behaviors due to differences in gauge length processing conditions. As
reported by Byun et al. [284] YS signifies the strength of the material in early plastic
deformation region and should be carefully considered as it is typically sensitive to the
defect density as well as its distributions, and that microstructure-dependence of UTS is
smaller than that of YS. One of the regions (zone-4) in the gauge length has processing
parameters that showed significant porosity and LOF defects (confirmed in the tensile

postmortem analysis).
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Figure 146. Stress-strain curve of graded medium sample #1.
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Figure 147. Stress-strain curve of graded medium sample #2.

Figure 146 and Figure 147 shows tensile performance of both medium graded
samples. The UTS, elongation and 2% yield strength matched between them, however,
the modulus were inferior for sample 1. It could be due to the initial slippage
experienced by the sample within the jaws. Generally, the observed values across
samples were higher for UTS and YS, with about 10% decrease in average elongation at
break, when compared to traditionally-made samples.

Moreover, both large samples revealed the evolution of the similar strain patterns
as shown in Figure 148. Successive strain build up is depicted at different time intervals
within the stress-strain curve for a large sample 2 is shown in Figure 149 and depicted

via successive DIC images in Figure 150.
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A region of interest (ROI) was selected enclosing the entire gauge length (fillet to

fillet) to evaluate the strain induced in the longitudinal direction.

Sample 1
g =

Sample 2

Figure 148. DIC images of longitudinal strains across the graded gauge length of
samplel and sample 2 are shown. Highlighted marks showed the similar behavior
of maximum strain regions.
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Figure 149. Stress strain curve for graded large sample 2 with highlighted points
indicating maximum localized strains captured via DIC during the test.
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Figure 150. Successive DIC images of longitudinal strains in % of the large sample
of highlighted points on the stress-strain curve.
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Figure 151. Temporal strain evolution induced in each zone (shown as pixels)
during the tensile test until 26% global strain.
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As seen from Figure 151 different line colors indicate different strains during
different test instances. As the test progressed, the maximum-strained regions shifted
across the zones. Up until ~1-2% strains all zones showed direct correlation to their
individual hardness. After that, the strain in zones shifted due to combination of factors
such as density, modulus, phase fractions, as well as microstructures. These trends have

been captured and represented in Figure 152.

Avg. strain in Y direction (eyy) vs Image no. Fig. 154
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Figure 152. Zone-wise temporal strain evolution induced in each of the five zones.
Highlighted regions in green color showed shifts in strains during the test.

Figure 153 and Figure 154 represents the highlighted trends wherein zones of
highest strain shifted from 5 (maximum HV) to 2 (maximum nano E) as the test
progressed, eventually failing within zone 2. As noted earlier, the observed response

could be due to the influence of several different property characteristics (density,
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hardness, thermal histories, microstructures, phase fractions etc.) attributed to each zone

and their unique processing conditions.
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Figure 153. Temporal strain evolution (jumping around) across the five zones
during the elastic regime of tensile testing.

Moreover, as seen earlier that imparting different VED, significant variations in
microstructure have been obtained. These processing variabilities have, for example,
altered the cooling rates within each zone. With decreased cooling rates, grains have
more time to grow in a preferred crystallographic orientation [198]. Conversely, finer
(smaller) grains form due to higher cooling rates. This suggests potential differences in
strain hardening responses across zones with different original properties (among other
phenomena). Similar indicators were also observed in the subsequent fractography

analysis.
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Figure 154. Zone-2 induced the maximum strain at the end of tensile test.

It is common to observe high levels of scatter amongst mechanical properties
measured for SLMed parts. Such variations are inherent to both controllable and difficult
to control parameters, such as, scan strategies, build directions, SLM machine platforms,
etc. For tensile testing, the build orientation plays a key role in the obtained desired
properties. Vertically built samples are found to have a lower tensile strength during
vertical loading than that of horizontally built samples [156]. In addition, the
performance comparison across the samples fabricated on the continuous laser to the
modulated laser beam should be carefully considered. This is due to the underlying melt
pool formation which is different in each case.

203



Moreover, to understand the interlinkage between tensile performance and
feature sizes, Roach et al. [287], investigated 153 samples of different sizes and reported
that yield strength (YS), ultimate tensile strength (UTS), and modulus (E) generally
decreased with decreasing specimen size. They also found surface roughness (due to
geometry) as a critical factor that increased stress concentrations and hence triggered
fracture.

A brief comparison of different results from previous studies that reported the
tensile performance of SLM processed homogeneous SS 316L are summarized. Donik et
al. [116] used an AconityMINI SLM platform, and varied laser power (between 150 to
350 W) and scan speed (between 400 mm/s to 800 mm/s) to fabricate quad coupons in
vertical direction (converted in Metric ISO thread M6 test probes). They reported results
(average of three tests) and found YS (582-606 MPa), UTS (691-715 MPa), and
elongations (26.4-33.4 %,). Ilie et al. [227], used Renishaw SLM 125 to vertically build
three sets of tensile samples (ASTM E8) with laser power (150, 175, 200 W) and
corresponding exposure time (93, 80, and 70 us) while maintaining constant VED. With
around 3% porosity variations across the samples, giving 0.2% yield point (442-582
MPa), UTS (382-492 MPa), and elongation (17-26 %). Lavery et al. [145], used
Renishaw AM250 machine to fabricate 42 rectangular and 6 cylindrical tensile bars with
scan speed of 590 mm/s and VED of 49.13 J/mm?, giving UTS as-built (469 + 72 MPa),
UTS post HIP (513 + 49 MPa), and elongation for as-built (21.83 £+ 12.4 %) whereas
elongation for post HIP (40.89 + 9 %) for vertically built samples. In other relevant

study, Zhang and coworkers [288] used MCP Realizer SLM250 system with vertical and
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horizontal samples, resulting in modulus (E) (150-200 GPa), UTS (500-600 MPa) and
deformation exceeding 10%. Recently, Chadha et al. [289], reported 130% increase in
ductility of as-built samples when post-processed with a combination of HIP and
annealing heat treatment without scarifying UTS.

Conventionally processed (wrought, sheet or rolled) SS 316L (with relative
density of 7.79-7.97 g/cm?) results in E (~193-196 GPa), UTS (~550-560 MPa), YS
(~230-235 MPa), and elongation of (55 + 2 %) [290-292]. However, Hutchinson [293]
reported a drastic decrease in the value of E (~101 GPa) for SS 316L having [001]
texture orientation. According to Li et al. [294], SLMed 316L tends to show anisotropy
in the YS and UTS in comparison to wrought material, however, the elongation till break

1s about 45% lower than for the rolled material.

7.2.1.3 Fractography

The size comparison between the pre- and post-tensile samples are presented in
Figure 155. A representative specimen for each configuration is placed in the middle for
size comparison. Across all samples, reasonable agreement is witnessed for the

maximum-strained region and location of fracture.
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Figure 155. Size comparison post-tensile test amongst different sample sizes. Notice
the fracture location highlighted by the pink arrowheads.

Figure 156. Fracture morphologies of large tensile sample tested along build
direction (a-b) low magnification and (c) high magnification views on the fracture
surfaces. River marks are visible along with pores.

The fracture morphologies of large tensile sample are shown in Figure 156. The
close-up view shows a typical ductile mode of failure. This kind of localized stress arises
due to presence of pores and other unmelted regions that introduces a reduction in
effective cross-sectional area and eventually increase the structural heterogeneity [262].

The magnified view shows a river marks indicating the direction of crack growth which
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was along the build direction. The fracture surface also showed the process induced
defects (LOF porosity, unmelted powder particles) indicative of high scanning speed

used during the processing.

7.2.2 Bending Test with DIC

Four-point bending (FPB) tests performed on the homogeneous (with uniform
property) and graded (with graded properties) specimen with the same dimensions of
lengthxwidthxheight (LxBxH) =50 mmx4mmx3mm. FPB test were conducted in
accordance with the ASTM C1161-18 standards to investigate the behavior of as-printed

SLM SS 316L FPB samples as illustrated in Figure 157.
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Figure 157. Dimensions of FPB samples as per the ASTM C1161-18 [251].

The homogeneous samples were designed to have the uniform properties in each
of the outside and inside regions, whereas the graded samples had different
hardness/modulus (HV/E) properties between the inside and outside regions of the

samples as illustrated in Figure 159.
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Figure 158. Schematic representation of the FPB test. Regions denoted with a and b
were graded with select process parameters.

=

Figure 159. As-printed homogeneous and graded FPB specimens. Notice the outer
and inner regions with different properties.
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Figure 159 illustrates the vertically built as-printed FPB specimens with different
property arrangements on build plate. There were total of 18 samples with different
configurations were built for FPB test. As can be observed from Figure 160, load-
deflection curve of sample 4T2 was loaded up to the peak load and subsequently
unloaded. Throughout FPB test, sample showed little divergence thereby establishing
good repeatability and bulk behavior. In general, results showed the consistency of FPB

test procedure employed.

Load vs Deflection Curve for Sample 4T2
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Figure 160. Load-deflection curves for FPB sample 4T2.

Furthermore, to showcase the feasibility of gradation, one composite sample 4T2
(combination of parameters used in processing sample 2 and sample 4) and its analysis

in both Exx and Eyy directions have been provided. Figure 161 represents the selected
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ROI in central area of the sample (to capture pure bending) for DIC analysis and

progression from beginning till the end of test for sample 4T2.
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Figure 161. DIC image of sample 4T2 from (a) during the test (b) bands of different
colors shows the strains in Exx direction during FPB test. Note the transition from
tension (red color) to compression (blue color) at the bottom and top of the beam,
respectively.
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Figure 162. Line analysis and strain distributions of sample 4T2 in (Top) Exx
direction and, (Bottom) Eyy direction during FPB test. Note the lines were
symmetrical with respect to the neutral axis.
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Figure 163. Point analysis of sample 4T2 in Exx direction during FPB test. The
curves represent strains at select points in Exx. Note the lines passing through the
middle point showed very little deflection due to vicinity to the neutral axis.

Figure 162 and Figure 163 shows the line and point DIC analysis of FPB test of
sample 4T2, respectively. As the test progressed, the load experienced by the top surface
was compressive whereas the tension at the bottom surface. Strain distributions
(especially, Exx strain lines) at the center had very little deflections due to vicinity to the
neutral axis. It was evident in both line and point analysis that compressive strains were
observed in the inspected regions at the top of the sample (points PO and P1), wherein
almost similar pattern can be identified for regions at the bottom of the sample (points

P3 and P4) at the opposite ends.
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7.3 Interfaces

Interfaces were found to be present in the boundary between two distinct zones
within the gauge length. Figure 164 illustrates interface region within the gauge length

of medium tensile sample.
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Figure 164. Interface region within the gauge length of medium tensile sample.
Note 2_3 represents region between zone 2 (P =200 W; Ev = 39.77 J/mm3; p =
96.35%) and zone 3 (P =200 W; Ev =48.48 J/mm3; p = 98.21%).
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The interfaces showed a clear transition in physical/mechanical properties as well
as microstructures, thereby affecting the global behavior of the FGAMs. Interfaces could
be thought of as buffer regions due to their dissimilar and discontinuous properties.
However, understanding the role of the interface becomes rather critical to avoid
compromising the structure integrity, and attaining the desired performance for graded

parts.

Melt track

Interface
boundary
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@

SD2
)

x Melt pool
boundary

Figure 165. A portion of the interface reconstructed from a set of optical
micrographs in different planes. The features are marked on two different planes
along with the interface. Pore defects on the surface of zone 2 are visible, whereas
relatively denser surface is seen for zone 3.

Figure 165 illustrates a reconstructed image of transition or interface region
(zone 2 into zone 3). Melt tracks are visible in XY plane due to laser scan pattern
(meander with 67° rotation) whereas melt-pool morphologies are present in XZ plane

(along BD). Comparing the two surfaces, larger pores are observable for zone 2 as
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opposed to denser surface for zone 3. These surface pores in zone 2 are identified as
LOF pores and typically present due to insufficient VED, higher scan speed, or larger
hatch spacing than optimum [295]. As noted in the previous section, the hardness
measurements were carried out on the interfaces and reported in Figure 142.

Carefully observing the interface region reveals presence of pores, however,
these pores have a smaller size. These could be ascribed to combination of different
phenomenon, such as, melt pool overlap in the vicinity of interface region, a laser scan
rotations, a mismatch of the melt pool position, as well as size effects [296]. This could
be leveraged to design structures having predictable properties and control, as well as to

transition between zones based on the application requirements.

7.4 Observations and Deductions

This phase of the study looked at the fabrication and performance of
homogeneous and graded bulk structures of SS 316L for mapping their deformation
behaviors via tensile and bending tests. It turns out that during tensile test, non-uniform
and localized strains were jumping around the gauge length throughout the test. As noted
earlier, the underlying reason for such jumping of strains could be due to the
combination of porosity, hardness, microstructures, phase fractions etc. attributed to
each zone due to their unique processing conditions. Moreover, both large tensile
samples showed similar trends of the spatial and temporal strain behavior in property-

graded multi-zones, indicative repeatable behavior.
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Analysis of fracture surfaces of each individual (homogeneous) and graded
(composite) samples indicated a typical ductile failure mode. Across front, middle, and
back tensile sample configurations, back samples showed the most variations in their
tensile properties, indicating the placement of parts on the build plate with respect to the
build chamber conditions (for instance, laser incident angle, direction of inert gas flow,
etc.) could play a role in final part properties. Furthermore, during postmortem several
unmelted powder particles and large voids were noticed at the fracture surfaces,
indicating high stress concentration regions.

Additionally, FPB test with DIC captured both localized strains and global
performance of homogeneous and graded specimens. As expected, the homogeneous
sample showed consistent and repeatable bulk behavior. The analysis of graded sample
provided the strains in both Exx and Eyy directions under tension and compression. It
would be interesting to consider fabricating the bending specimens in horizontal build
direction to compare and contrast the performance.

Lastly, the interfaces between the graded regions were investigated to research
their influence on the property gradations. This is especially important when designing

components/structures with predictable properties and failure.
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8. CONCLUSIONS AND FUTURE WORK

The present study was focused on understanding the causalities within the
processing-structure-properties-performance (PSPP) framework for the SLM of SS 316L
to realize functionally-graded additively manufactured (FGAM) bulk structures. The
focus was to elucidate the relationships between AM process conditions and variations
in macro- and microstructures, and how such physicochemical traits affect the resulting
physical/mechanical property distributions. Specifically, this study involved
investigating the role of VED-based process parameters and their processing bounds for
SLM processed SS 316L in functionally-usable property bracket, and their influence on
the resulting solidification macro/microstructures. Further, their impact on property
distributions (and the resulting local/global strain performance under various loading
modes), the spatial resolutions achievable, and the role of interfaces were investigated as

well. The following conclusions are derived from this work:

o Density can be reliably controlled (within 90-99.9%, defined as the ‘functional’
range) by altering just one process variable, namely, laser exposure time (which
directly affects laser scan speed). At a constant laser power of 150 W, by
increasing the scan speed from 500-800 mm/s, the density can be monotonically
decreased from 99.9% to 90%. This would be a preferred and more reliable

approach rather than altering multiple parameters simultaneously.
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- This is in alignment with the fact that as the exposure time (and scan
speed) increases, it proportionally reduces the volumetric energy density
(VED) imparted. This was confirmed by the evidence of a larger percent
fraction of lack of fusion (LOF) pores that are primarily attributed to not
having the needed energy to sufficiently melt the power.

Across the (28) samples, it was possible to reliably obtain/impart a hardness

variation spanning 209 - 318 HVys, with the lowest and highest hardness

obtained at P = 175 W, V' = 800 mm/s and P = 200 W, V' = 698 mm/s,

respectively. Unlike density, imparting intended hardness differences (209-318

HVo.5) needed more than just single parameter to be controlled. Nonetheless, a

monotonic hardness decreases from 294 to 209 HVys can be reliably obtained at

a laser power at 175 W, and increasing the scan speed from 500-800 mm/s.

- Unlike relative density (primarily due to pore size/fraction) which can be
monotonically controlled by a single process parameter (viz., scan speed),
harness is dependent on a combination of factors — pore fraction, phase
fraction, grain size, etc., justifying the need to use multiple parameters.

- This is also evidenced by the higher hardness observed in samples that
contained a ‘detectable’ volume fraction of martensite, vs. those with just

austenite and ferrite.
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Figure 166. Summary of process parameter bounds on PV map highlighting processing-structure-property
relationships for all samples.
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Altering VED (Ev) enables intended variations in as-built part density/porosity.
Higher porosities and defects were found in samples processed with Ev lower
than ~ 44 J/mm?, which resulted in a significant drop in densities (below 97%).
Solidification defects such as lack-of-fusion (LOF) was significant in these low-
density samples. The higher density samples showed smaller micro-pores,
suggesting that the variation in density is primarily rooted in pore morphologies.
- This was evidenced by the LOF pores (non-spherical) observed at low
VED vs. gas pores (spherical) observed at too high of a VED.
Microscopy revealed differences in microstructural morphology with
identification of varying fractions of austenite, ferrite, and martensite phases. The
presence of martensite (with a needle-like (acicular) structure) was found to be
affected by the VED magnitudes. Samples processed with Ev within 44-54
J/mm?, have shown martensite phase fractions. Nevertheless, at higher VED (Ev
~60 J/mm?®) there were gas pores (entrapped gases) observed due to either pre-
existing gas inside the powder (gas atomization processing or chamber oxygen)
and/or vaporized material during fusion which could lead to changes in the local
thermal field (cooling times) and therefore, alter the formation of solidification
microstructure. Similarly, the absence of martensitic phase fractions at lower
VED (Ev ~40 J/mm?) could be result of disruptions and thermal insulations due
to the large lack of fusion (irregular pores) defects and voids.
It is deduced that the overall property variations result from a combination of
porosity types/amounts, martensitic phase fractions, and grain sizes.
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DIC analysis was performed to capture mapping of the spatial and temporal

strain behavior in property-graded multi-zones of composite tensile samples.

Results showed non-uniform and localized strains in different zones (within the

gauge length) throughout the test with zones of maximum strain shifting between

zone of different properties.

- Up until ~1-2% strains all zones showed direct correlation to their
individual hardness. After ~2%, the relative magnitudes of strains within
individual zones shifted.

- This could be due to combination of factors such as porosity, modulus,
and phase fractions, among others affecting the plastic deformation.

- It was observed that zone with the lowest (nano) modulus deformed first
and then maximum strain region shifted to the zones with higher
modulus. These modulus values were from nanoindentation
measurements.

- UTS values across five zones varied between ~607 to 653 MPa whereas
the strain at break ranged from ~ 20 to 28 %. Furthermore, the modulii
obtained were not consistent with the previous test.

Four-point bending tests on composite samples (hardness/modulus varying as a

function of the distance from the neutral axis) showed expected trends in axial

(Exx) and lateral (Eyy) strain evolutions. By using different property

combinations and configurations (e.g., thickness ratio between zones),

controllable lateral deflections and stress/strain distributions could be obtained.
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. The ability to vary hardness (and other properties) as a function of the depth from
the surface has significant applicability in tribological applications.

J Zone interfaces within the gauge length showed microstructure heterogeneities.
Such difference can be attributed to the varying thermal history induced due to
different processing conditions and effects (VED, porosity, melt pool
morphologies, etc.). The interfaces could be leveraged to design structures with
predictable properties and failure.

. Fracture surface analysis reveals typical ductile failure. It also shows the
presence of unmelted regions and LOF defects which increase the local stress
concentration thereby reducing real cross-sectional areas and serving as crack

Initiation sites.

Altogether, this research endeavor helped generate the knowledgebase of the processing-

structure-property-performance (PSPP) chain for SLM of a single metallic alloy from the

perspective of designing and fabricating FGAM parts.
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APPENDIX A

Powder Size Distribution

Detailed particle size distribution (with counts and volume) analysis was carried
out for the virgin SS 316L powder as-received with assistance from Nanoscience
Instruments. A total of 2200 powder particles were analyzed for the D10, D50, and D90

distributions as shown in Table 24.

Table 24. Results from SS 316L. PSD analysis.
Stainless Steel Particle Size Distribution Analysis

DAvg Distribution
Based on Davg 10% 50% 90%
Agglomerates SS 21.49 pm 34.75 pm 51.93 pm
Spherical SS 19.17 pm 26.35 pm 34.96 pm
Satellite SS 5.08 pm 45.40 pm 45.68 pm

Average Diameter of Stainless Steel Particles Identified_By Count

DAve Distribution

Bin (pm) Count Bin (pm) Count Bin (um) Count

[4-6) 11 | [20-22) 196 | [36-38) 93
[6-8) 3 | [22-24) 239 | [38-40) 55
[8-10) 4 | [24-26) 244 | [40-42) 42
[10-12) 10 | [26-28) 269 | [42-44) 34
[12-14) 16 | [28-30) 217 | [44-46) 24
[14-16) 37 | [30-32) 184 | [46-48) 26
[16-18) 73 | [32-34) 165 | [48-50) 12
[18-20) 117 | [34-36) 128 | [50-94) 66
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Table 25. Results from spherical SS particle examples.

Individual Particle Parameters

Selected particles based on

| ROUNDNESS, ASPECT, Descending

265

3162pm
"5
2
10 9
3
7
‘4
1
6
'8
Rank D Size | Width | ¢y X Y | Aspect | Area |Roundne| Form jEdgeRou] pep Fe
(um) (um) ss Factor | ghness
Spherical
1 2038 24.408 | 24.176 ss -15.363 | -2.470 1.018 | 455.727 | 0.974 0.849 0.677 24.088 | 69.700
Fe Fe
400
Cr
200 i
C Cr Fe Ni Ni
0 1 2 3 4 5 6 7 8 9 10
Rank D Size | Width | ¢y X Y | Aspect | Area |Roundne| Form jEdgeRou] pep Fe
(um) (um) ss Factor | ghness
Spherical
2 493 24633 | 24.422 ss -16.484 | 3.052 1.011 464.047 | 0.974 0.850 0.631 24.307 | 67.700
Fe Fe
crl Cr
1 .
Cr Fe Ni Ni
1 2 3 4 5 6 7 8 9 10




Table 25. Continued.
Size Width Roundne | Form | EdgeRou
Rank ID () (o) Class X Y Aspect Area = Fownr || diness ECD Fe
3 1100 23.963 | 23.566 Sp?éical -16.933 | 0.812 1.027 | 438.922| 0.973 0.828 0.760 23.640 | 66.200
Fe
600 Fe
400 aof Gr
200 | ¢/ ) Cr FeNi i
0! Sl
0 1 2 3 - 5 6 7 8 9 10
Rank D Size Width Class X Y Aspect . Roundne | Form |EdgeRou ECD =
(pm) (pm) ss Factor | ghness
4 1674 21.627 | 21.512 Sptgesrical -15.833 | -1.439 1.009 | 356.759 | 0.971 0.861 0.542 21.313 | 67.300
Ni
8 9 10
Size Width Roundne | Form | EdgeRou
Rank ID (o) () Class X Y Aspect Area o Feenr || @mess ECD Fe
Spherical
5 404 32.640 | 32.585 3S -15.995 | 3.365 1.002 | 811.906 | 0.970 0.699 0.941 32.152 | 66.200
Fe Fe
400
200 Wi §
i
Cr Fe Ni NiZn Zn
0 1 2 3 4 5 6 7 8 9 10
Size Width Roundne | Form | EdgeRou
Rank ID (o) o) Class X Y Aspect Area s Frenn || s ECD Fe
6 2261 23.974 | 23.640 Sp}gesrical -13.177 | -3.178 1.019 | 437.639| 0.970 0.869 0.586 23.605 | 67.800
Fe Fe
400
Cr n
200 Cr Fe Ni Ni
0 1 2 3 4 5 6 7 8 9 10
Rank D Size Width Class X v Aspect Aron Roundne | Form | EdgeRou ECD ==
(pm) (pm) ss Factor | ghness
7 1484 22.560 | 22.061 Sphsesrical -15.233 | -0.361 1.023 | 387.347 | 0.969 0.873 0.672 22.208 | 67.900
3
Fe
400
c Cr
200 i o Fe Ni N
0t ; v 7 : T
0 1 2 3 4 5 6 7 8 9 10
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Table 25. Continued.

Rank D Size Width Class X v Aspect Area Roundne | Form |EdgeRou ECD Fe
(pm) (pm) ss Factor | ghness
Spherical
8 2317 30.718 | 30.165 sS -14.159 | -3.866 1.019 | 717.450 | 0.968 0.833 0.626 30.224 | 66.900
Fe Fe
400
Cr
200 .
Cr Fe nj Ni
0 1 2 3 4 6 7 8 10
Rank D Size Width Class X v Aspect Area Roundne | Form |EdgeRou ECD Fe
(pam) (pm) ss Factor | ghness
9 543 | 18416 | 17.042 |SPREICA| 11477 | 2003 | 1036 [257.832| 0968 | 0814 | 0832 | 18.119 | 67.200
Fe
600 Fe
400
Cr
200 | ¢ Cr Fe Ni Ni
0 2 3 4 6 7 8 10
Rank D Size Width Class X v Aspect Area Roundne | Form | EdgeRou ECD Fe
(pm) (pm) ss Factor | ghness
10 483 14.411 14.135 Sphsesrical -17.089 | 2.743 1.020 | 157.787 | 0.967 0.837 0.574 14.174 | 66.700
Fe re
400
Cr
200 C
Cr Fe Ni Ni
0 2 3 4 6 7 8 10
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Table 26. Results from aggloromates SS particle examples.

Aggloromates SS Particle Examples

Individual Particle Parameters

Selected particles based on

DMAX, ROUNDNESS, Descending
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3162um
9 3
N \3
2
7
10! 4
6
Size Width Roundne | Form | EdgeRou
Rank ID (um) (um) Class X Y Aspect Area . Factor | ghness ECD Fe
Agglome
1 2162 | 101.434 | 45.356 rates SS -14.182 | -2.863 2.236 |2626.247| 0.325 0.255 0.508 57.826 | 66.300
Fe
Fe
i Cr
C Cr Fe Ni Ni
0 1 2 3 4 5 6 7 8 9 10
Class X Y | Aspect | Area [Roundne| Form |EdgeReu}  pop Fe
ss Factor | ghness
Agglome
2 1554 90.724 | 63.671 rates SS -16.377 | -1.033 1.430 ([3165.876 0.490 0.136 0.843 63.490 | 67.700
Cr n
Cr Fe Ni Ni
3 4 5 6 7 8 9 10




Table 26. Continued.

Rank D Size Width Class X v Aspect Area Roundne | Form | EdgeRou ECD Fe
(pm) (um) ss Factor | ghness
Agglome
3 1465 87.727 | 75.306 rates SS -15.903 | -0.512 1.165 |[2786.765 0.461 0.142 0.834 59.567 | 60.700
Fe
Cr
Y NI Ni
” N
2 3 5 6 7 9 10
Rank D Size Width Class X v Aspect Area Roundne | Form |EdgeRou ECD Fe
(um) (pm) ss Factor | ghness
Agglome
4 2180 84.206 | 44.681 rates SS -12.702 | -2.938 1.885 (2227.310( 0.400 0.250 0.618 53.253 | 63.200
Fe
500 | ¢ fe
Cr
C A Cr \ Fe Ni j
ot - . - > A
0 2 3 B 5 6 7 8 9 10
Rank D Size Width Class X v Aspect Area Roundne | Form |EdgeRou ECD Fe
(1m) (pm) ss Factor | ghness
Agglome
5 506 82.512 | 59.656 || ~° gg | -16.075 | 3.039 1.383 [2471.275 0.462 0.195 0.759 56.094 | 67.400
Fe
Cr
Cr Fe Ni Ni
- 5 6 7 8 10
Rank D Size Width Class X v Aspect Area Roundne | Form |EdgeRou ECD Fe
(nm) (pm) ss Factor | ghness
Agglome
6 2362 78.608 | 51.230 || =2 og | -13.481 | -4.155 1.534 [2334.101 0.481 0.281 0.914 54.515 | 48.600
50
(0] i Fe
n Aol g
0 H- e bl ;
0 1 2 3 4 5 6 7 8 10
Rank D Size Width Class X v Aspect Area Roundne | Form | EdgeRou ECD Fe
(um) (pm) ss Factor | ghness
Agglome
7 1723 77.093 | 37.600 || =° og | -14.939 | -1.498 2.050 |1828.952| 0.392 0.304 0.648 48.257 | 62.800
Fe
Cr
Cr FENi Nj
3 4 5 6 7 8 10
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Table 26. Continued.

Rank D Size Width Class X v Aspect Area Roundne [ Form |EdgeRou ECD Fe
(pm) (pm) ss Factor | ghness
Agglome
8 614 76.511 52.366 rates SS -16.003 | 2.662 1.567 |2222.177| 0.483 0.312 0.877 53.192 | 67.900
Fe
=
Cil . Cr
i —
cr Fe Ni Ni
1 2 3 4 5 6 7 8 9 10
Rank D Size Width Class X v Aspect Area Roundne [ Form | EdgeRou ECD Fe
(pm) (pm) ss Factor | ghness
Agglome
9 454 74.204 | 47.677 rates SS -18.476 | 2.767 1.892 |2048.827| 0.474 0.287 0.883 51.075 | 70.300
Fe
300
200 Cr
100 )CLAF,T cr FeNi i
0t
0 1 2 3 - 5 6 7 8 9 10
Bl D Size Width i X v Aspect N Roundne | Form | EdgeRou ECD Fe
(pm) (pm) ss Factor | ghness
Agglome
10 2149 73434 | 383.705 | = og [ -14.733 | -3.081 2.502 |[1655.064| 0.391 0.392 0.979 45.905 | 68.100
Fe
Cr
Cr - Ni Ni
1 2 3 4 5 6 7 8 9 10
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Table 27. Results from satellite SS particle examples.
Satellite SS Particle Examples

Individual Particle Parameters

Selected particles based on

AREA, Descending

Stage Map

271

3162um
1
‘4
2
'3
Rank D Size Width Class X v e Aroa Roundne | Form |[EdgeRou ECD Fe
(pm) (pm) ss Factor | ghness
Satellite
1 537 48.427 | 42.991 ss -13.114 | 2.933 1.126 | 1441.356| 0.783 0.539 0.970 42.839 | 67.800
Fe
Cr
Cr FeNi s
3 4 5 6 7 8 10
Rank D Size Width Class X v Aspect Area Roundne | Form |EdgeRou ECD Fe
(pm) (pm) ss Factor | ghness
2 1285 51.135 | 42.555 Satsesllite -12.827 | 0.547 1.236 | 1434.237| 0.698 0.665 0.837 42.733 | 64.300
Fe
Cr
Cr Fe Ni Ni
3 4 5 6 7 8 10




Table 27. Continued.

Rank D Size Width Class X v Aspect Area Roundne | Form |[EdgeRou ECD Fe
(pm) (nm) ss Factor | ghness
3 2010 50.338 | 43.255 Satsesllite -16.140 | -2.481 1.165 |1376.660| 0.692 0.689 0.508 41.867 | 69.100
e
400
200 [ e Cr
C i Cr Fe Ni Ni
ot ,\/’4\:1\' SOV ; .
’ 0 1 2 3 4 5 6 7 8 9 10
Size Width Roundne | Form |[EdgeRou
Rank ID () ) Class X Y Aspect Area s Feenr || climess ECD Fe
4 922 5.478 4.654 Satsesllite -10.479 | 1.656 1.177 17.923 0.760 0.790 0.535 4.777 | 70.900
Fe
600 Fe
400 .
u Cr :
200 Cr ENi Cu  Cu
0t
0 1 2 3 4 5 6 7 8 9 10
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APPENDIX B

Thermal Conductivity

Thermal conductivity study was performed in collaboration with the UT
Arlington. Six cylindrical samples were fabricated based on the same processing
conditions as that of graded samples to understand their thermal conductivity range. A
significant change in thermal conductivity, K (W/mK) of ~2 W/mK, was observed

across the six samples in Figure 167.
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Figure 167. Difference in thermal conductivity amongst samples with varying
porosity.
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