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Abstract

Binder jet printing (BJP) offers a cost-effective and highly efficient alternative to other additive manu-
facturing techniques. The engineering performance of printed parts is positively correlated with their
densification. However, achieving high-density components for 316L stainless steel via BJP remains
challenging, as numerous factors during both the printing and post-processing stages can influence the
final density of the samples.

In this study, a printer and a proprietary binder developed by Concr3de were employed to fabricate
samples using two sizes of 316L stainless steel powders (<18 ym and <25 pm). Following the standard
workflow of printing, debinding, and sintering, various samples were produced by adjusting the printing
and sintering parameters. Through characterization and comparative analysis, several key findings and
conclusions were drawn.

The sintering process and density were examined, revealing that when the sintering curve included
debinding at 450°C for 5 hours followed by sintering at 1400°C or 1410°C for another 5 hours, the
sample density stabilized at approximately 94%, with peak values reaching around 98%. This provides a
theoretical basis for future post-processing of BJP-manufactured 316L stainless steel samples in industrial
applications.

Mechanical properties and shrinkage were also analyzed, showing that the mechanical properties (e.g.,
hardness) of the samples varied significantly under different sintering atmospheres. Additionally, the
shrinkage rate perpendicular to the printing direction (N-direction) reached up to approximately 21%
after sintering. Analysis of the printing process, combined with comparisons to other studies, suggests
that the green parts in the N-direction exhibit a significant amount of compressible space, indicating
that the current printing process leaves room for improvement in the densification of green parts.

Microstructural observations using SEM and OM revealed the presence of voids within the samples.
These voids are suspected to be Type III pores during the sintering process.

Key Words: Binder jet printing, 316L stainless steel, sintering, densification
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Introduction

The rapid advancement of social productivity and technological progress leads to the conflict between
traditional manufacturing techniques and advanced design concepts. Traditional manufacturing
struggles to adapt to the rapid iteration of modern markets, lacks the capability to produce complex
geometries under limited budgets, and fails to meet the growing demand for customization. These
challenges have constrained further progress in social productivity, giving rise to Additive Manufacturing
(AM) technologies. AM enables the conversion of two-dimensional designs into three-dimensional
physical models, quickly transforming computer-based concepts into tangible objects. AM has integrated
disciplines such as computer science, mechanical engineering, control engineering, and materials
science since its inception in the 1980s, and thus, it has been widely adopted in fields including
aerospace, biomedical, and automotive sectors, positioning itself as a pivotal technology in the future of
manufacturing(1, 2, 3, 4, 5].

The ASTM F42 Committee classifies AM technologies into seven categories: Binder Jetting (BJP),
Direct Energy Deposition (DED), Material Extrusion, Material Jetting, Powder Bed Fusion (PBF), Sheet
Lamination, and Vat Photopolymerization. Unlike traditional subtractive or formative manufacturing
methods, AM employs a layer-by-layer approach to build components, facilitating the production
of geometrically complex parts and supporting a wide range of materials, such as metals, ceramics,
and polymers[6]. Additionally, AM holds considerable economic value, including material recycling,
streamlined processes, reduced production line investments, and decreased tooling and labor costs[7].

The predominant feedstock forms for metal AM are powders and wires[8], with PBF, DED, and BJP
being the primary powder-based metal AM techniques. Table 1.1 gives a direct comparison among
these three AM techniques. PBF and DED utilize thermal energy, such as lasers or electron beams, to
melt materials in an inert or vacuum environment. However, rapid heating and cooling rates in these
processes make it difficult to control microstructure, often resulting in residual stresses that can cause
part deformation and cracking][6, 9, 10, 11].

In contrast, the BJP process forms components at ambient temperatures, followed by debinding and
sintering under uniform thermal conditions, which eliminates residual stresses. Therefore, BJP is
considered more environmentally friendly and suitable for metals with high reflectivity, thermal
conductivity, or low thermal stability. Furthermore, BJP does not require additional support structures,
providing greater flexibility and economic benefits. It has thus been recognized as "one of the most
promising and competitive AM processes”. However, the final density of metal components produced
by BJP is usually lower than those produced by powder metallurgy or other metal AM methods, which
causes inferior mechanical properties and limits the application of BJP products. Therefore, addressing
this challenge remains a major focus for its development[12, 13, 14].
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Table 1.1: Characteristics of powder bed-based metal AM process [15]

Process Advantages Disadvantages
High Printing Precision High Cost
PBF High Component Density High Residual Stress
Good Final Mechanical Properties | Time Consuming
High Cost
High Printing Precision High Residual Stress .
DED High Component Density External Support Required
Limited Materials
Time Consuming
High Resolution
Low Cost Limited Materials Choice
BJP Large Parts Printing Low Component Density
Fast Printing Process Post-Processing Maybe Required
No External Support

The commonly used metallic materials for Binder Jet Additive Manufacturing (BJAM) include stainless
steel, nickel-based superalloys, titanium alloys, copper, and other metals. Among these, ferrous alloys
(e.g., iron and steel) are widely employed in the aerospace, medical, automotive, and construction
sectors, making them some of the most extensively applied and relatively mature materials for BJP
technology. Achieving high-density stainless steel parts remains a critical research focus within BJP.
Common approaches include infiltrating with a low-melting-point metal or using alternative methods
such as nanoparticle jetting or the addition of sintering aids[16, 17]. Studies have also demonstrated that
the density of parts produced using solely ferrous powders can be improved by optimizing parameters
such as stainless steel powder particle size and shape, sintering temperature, and time[18]. The latter
approach serves as the motivation for this project, which aims to enhance the density and industrial
performance of products by optimizing printing and post-processing parameters using only 316L
stainless steel powder.

This research opportunity is provided by the company CONCR3DE. One of CONCR3DE’s core activities
is the customization of material and application requirements, utilizing a diverse range of materials,
including stone, ceramics, (bio)polymers, and stainless steel. To ensure that product quality can meet
client expectations, this project aims to investigate how Binder Jetting Printing (BJP) can be used to
achieve 316L stainless steel samples with desirable engineering properties. Since the engineering
performance of the final samples is positively correlated with their densification, achieving high final
density is crucial. Furthermore, in alignment with the company’s resource allocation and production
strategy, this project exclusively involves 316L stainless steel powder rather than mixed powders, and
will use only the proprietary binder developed by the company.

1.1. Study Objectives

In this study, samples were fabricated using 316L stainless steel powder combined with a binder
through a binder jet 3D printer. The materials and equipment employed in this project were provided
by Concr3de. The primary objective of the study is to characterize the performance of the fabricated
samples and identify effective approaches to enhance their properties based on experimental data.
Accordingly, the project is divided into three specific objectives:

1. Determination of optimal green body printing parameters
Parameters such as powder packing density, layer thickness, and printing speed during the
fabrication process significantly influence the properties of the green parts, including density,
shape accuracy, and binder distribution uniformity. Therefore, identifying appropriate printing
parameters is critical for the preliminary control of sample performance.

2. Optimization of debinding and sintering parameters
Both the debinding process and the post-treatment stage have a substantial impact on the
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performance of metal samples produced via binder jetting. While the debinding process determines
the residual binder content in the samples, the sintering process governs the microstructure of the
samples, thereby affecting their engineering properties. In this project, sintering was selected as
the post-treatment method.

3. Investigating the relationship between process parameters and final sample performance
The final engineering properties of the samples, such as hardness and tensile /compressive strength,
are positively correlated with the ultimate density of the 316L stainless steel samples. Since the
final density is influenced by the sintering and printing processes, understanding the specific
effects of these parameters on the sample properties is of paramount importance.

1.2. Project Limitations

This project is rooted in the company’s operational needs rather than pure academic research, which
introduces the following constraints:

1. Resource limitations may affect results
Due to resource constraints within the company, practical challenges such as the use of two different
types of 316L stainless steel powder, reliance on varied printing equipment, and potential machine
malfunctions were encountered during the project. Additionally, given the time restrictions,
the conclusions drawn from this study may not represent definitive results, and the parameters
identified may not be optimal.

2. Incomplete experimental design

Since all resources were provided by the company, certain experiments were simplified or omitted.
For instance, the debinding process was simplified due to the proprietary nature of the binder
used by the company. Limited TGA testing was conducted to determine relatively optimal
debinding parameters rather than conducting in-depth research. Similarly, tensile testing could
not be performed because dog-bone-shaped samples could not be fabricated successfully, and
compression tests were limited by the large size of the printed samples, which precluded repeated
trials to validate findings. Furthermore, variations in powder and printing equipment contributed
to considerable uncertainty in the sample density results.

3. Limited generalizability of conclusions

Since this project is based on Concr3de’s specific production processes, the findings are heavily
influenced by experimental equipment, raw materials, and environmental factors, and may not be
applicable to other studies. For example, the printing process was conducted near a harbor, but the
effect of humidity on 316L stainless steel powder was not considered, despite its potential to cause
corrosion during sample storage. Additionally, the binder used in this study is proprietary, and its
exact composition is confidential, making it difficult to evaluate its effect on the final properties of
the 316L stainless steel samples. Consequently, the curing and debinding parameters determined
in this study may lack broader applicability.

1.3. Thesis Structure

This thesis is structured into five main parts: the literature review, the methodology, the results, the
discussion, and the conclusion.

¢ Literature Background (Chapter 2):
This chapter provides an overview of the technical background and fundamental principles of
binder jetting (BJ) technology. It also discusses the technical specifics and advancements in BJ
technology for stainless steel printing, with a particular focus on the challenges associated with
printing 316L stainless steel using this method.

¢ Methodology (Chapter 3):
This chapter details the methods and equipment employed in the study, explaining their relevance
to the research objectives and how they support the experimental process.
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¢ Results and Discussion(Chapter 4):
This chapter presents the data and visual outcomes obtained from the experiments conducted
during the study, analyzes these experimental results presented, and explore the underlying
causes of observed phenomena and identifying potential optimization strategies.

¢ Conclusion (Chapter 5):
This chapter summarizes the key findings derived from the study. Additionally, it addresses
the limitations of the research, offers recommendations for future work, and highlights existing
research gaps.

¢ Knowledge Gap and Future Research(Chapter 6):
This chapter mentions the knowledge gap and relative research that requires to be done in the
future.



Literature Background

Binder jet 3D printing (BJP) was first introduced by Sachs[19] in 1990. As an additive manufacturing
(AM) technology, BJP involves the layer-by-layer bonding of powder materials using a binder to form
green parts, which are subsequently processed through debinding and sintering to yield the final
components. Numerous factors during the initial powder preparation, the intermediate green part
printing, and the final sintering stages can significantly influence the performance of the final parts.
This study aims to address these factors by fabricating 316L stainless steel samples using materials and
equipment provided by Concr3de. The research focuses on characterizing the effects of various process
parameters on the properties of the final components, such as density, hardness, and compressive
strength, and identifying key parameters suitable for production optimization.

This chapter begins by outlining the development of BJP technology, followed by an introduction
to its fundamental principles. It then discusses the outcomes and challenges associated with the
production of 316L stainless steel samples via BJP, as well as the parameters that impact the performance
of BJP-fabricated 316L stainless steel components. In summary, this chapter provides a preliminary
overview of the foundational principles and critical parameters of BJP based on current research findings.

2.1. Development of Binder Jet Printing

Binder jet printing process was originally known as "3D Printing" or "ProMetal" technology[20, 21].
In 2013, the ASTM committee formally reclassified this process as "Binder Jetting Printing"[22]. This
technique involves selectively bonding metal powder particles using a liquid binder to fabricate printed
green parts. These green parts subsequently undergo post-processing steps, including debinding,
sintering, and infiltration, to achieve the desired structural integrity, density, and mechanical performance.
The binder jetting process primarily defines the component’s geometry, while the subsequent post-
processing steps enhance its densification and mechanical properties, as illustrated in Figure 2.1[23].

N \ ) "

Material Printing Curing Debinding Sintering
Preparation - [:>
*Powder *Green part *Cured part *Brown part «Final part

J 7 J J

Figure 2.1: Process flow of binder jetting printing[23]

After Sachs and his team initially proposed the Binder Jetting (BJP) technology, the American company
Z Corporation obtained the licensing rights to the technology in 1995 and subsequently launched

5
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a series of printing devices. In 1996, the American company Extrude Hone acquired MIT’s patent
for the technology and introduced the world’s first metal Binder Jet Additive Manufacturing (BJAM)
machine, the ProMetal RTS-300, in 1997. In 2003, ExOne was established as a spin-off from Extrude
Hone, focusing specifically on binder jetting for stainless steel components and casting molds. In 2013,
the ASTM committee in the United States officially named the binder jetting technology as BJAM. In
2015, Z Corporation introduced a full-color BJAM printer. By 2018, metal BJAM was recognized as
one of the "Top 10 Breakthrough Technologies" by MIT Technology Review. In 2021, the American
companies Desktop Metal and Uniformity Labs jointly developed a BJAM printer capable of producing
fully dense 6061 aluminum alloy components. In recent years, BJAM has expanded its range of printable
materials beyond iron-based alloys to include titanium alloys, high-temperature superalloys, and
reactive metals such as aluminum and magnesium, significantly broadening its application domains[24].
The development of BJP technique is shown in Figure 2.2[24].

Sachs (MIT) team  ExOne specializes in 3D printing HP, GE, and Digital Metal Research begins on

develops 3D Printing  of stainless steel components introduce new equipment reactive metals

technology and casting molds i :
Extrude Hone launches ASTM offir;ially names BIP is one%of the "Top 10
the world's first metal the technology as Breakthrough Technologies”

3D printing device "Binder Jetting" by MIT Technology Review

Figure 2.2: Development of BJP technique[24]

Compared to other additive manufacturing (AM) technologies, Binder Jetting Printing (BJP) offers
several distinct advantages, including low cost, a wide range of compatible materials, good surface
quality, and the absence of a need for support structures. Lindemann et al. investigated the cost structure
of metal AM processes and concluded that machine costs contribute most significantly to the lifecycle
cost of parts[25]. Unlike laser-based AM technologies, BJP does not require lasers or precision optical
components, resulting in lower machine production costs. Additionally, BJP supports a broader range
of materials compared to other AM techniques.

2.2. Printing Process

As described at the start of chapter 2, BJP is a rapid prototyping technology based on the discrete-stacking
principle. The printer appearance is shown in Figure 2.3 [26], and the whole process containing both
printing and post-processing is given in 2.4[27]. For a typical binder jet printer, there are two working
plantforms, namely powder supply platform (on the left) and powder building platform (on the right).
And for a complete printing process, many steps are involved. First, the digital model of the final
components will be designed and sliced into layers of the desired thickness within specific software.
Next, the spreading roller will spread a layer of powder from the the supply platform to the building
platform. Then, the printhead deposits the binder onto the powder bed selectively following the
two-dimensional cross-sectional contour of the desired object. Through the infiltration of the binder
among powder particles, the binder bonds with the powder within the selected region, undergoing
physical or chemical reactions, while the remaining areas of the powder bed remain loosely packed.
After the bonding within one powder layer, the building platform descends by one layer thickness, and
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the powder bed ascends accordingly. Then, the roller will spread the powder again to fill the empty
space created by the descent of the building platform, and printhead will give binder again. So with
powder spreading, the next layer of powder will be bonded and formed. This cycle continues iteratively
until all the required layers have been printed. Finally, the final product, also called green part, will
be obtained. To make these components can satisfy the engineering requirements, post-processing is
usually necessary.

Powder Spreading Tool Exlutcd Ohjeet

Powder Supply

_Build Envelop
Figure 2.3: Schematic diagram of binder jetting system[26]
Repeat spreading then printing until complete
Print head
Roller Roller Loose der Printed i
S B'“""[_! Printing new layer 0 st e
- - |-
P 1 Holder
Build bed Build bed Supply bed Build bed Supply bed Curing binder in the oven
Spreading 1% layer Printing 1* layer Spreading new layer
Sintering Infiltration
’ Support e Printed part
Printed part material material P
o o) R | g -
I 1 1 | 1 {E}
Alumina plate Alumina erucible Alumina crucible
Sintering toward Removing loose powder Infiltrating molten material Removing loose powder
near full density and burning out binder phase

Figure 2.4: Steps of sample production by BJP[27]

2.2.1. Powder Preparation

Before the process illustrated in Figure 2.5 begins, an additional step is required: the preparation of
powder materials. During this phase, selected powders undergo pre-processing operations such as
drying and sieving to ensure uniform dispersion during the printing process. Research on various
powder types, including different compositions and particle size distributions, led to the first application
of ceramics in BJP in 1993. Components fabricated using this process consistently achieved densities
exceeding 99.2% after sintering[28]. Notable ceramics produced through this method include alumina,
silica, and titanium dioxide[29].

However, early studies highlighted that fine powders, which are necessary to achieve optimal powder
bed density, often exhibit poor flowability, hindering the formation of defect-free layers[28]. Additionally,
green bodies produced using dry powders typically have relatively low density, necessitating additional
steps such as isostatic pressing to improve density. These supplementary steps significantly constrained
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the range of geometric shapes that could be effectively processed. Consequently, certain material
preparation techniques have been developed to enhance the performance of final components.

For instance, in the manufacturing of metallic and ceramic materials, polymer binders are applied to
produce green components, which remain in an unsintered or pre-fired state. After production, these
green parts are removed from the additive manufacturing system and subjected to 2-3 furnace cycles.
During the initial cycle, a low temperature is applied for several hours to remove the polymer binder.
In the second cycle, high temperatures are used to sinter metal or ceramic particles, resulting in a
component density of approximately 60%. The third cycle introduces a bronze ingot (or an alloy with a
lower melting point than the powder alloy) into the furnace, facilitating the infiltration of bronze into the
part’s pores and achieving a final density exceeding 90%. This furnace-based process is consistent with
the indirect processing methods used for producing metallic and ceramic components, as illustrated in
2.5 [30].

Green part
Loose powder Melting and resolidification of
Metal or ceramic particles mixed polymer binders enable complex
with polymer binders parts to be formed without thermally
aﬁecting the metal or ceramic
a powders
I
Powder
bed fusion
processing
Furnace
processing

Furnace
processing

Finished part Brown Part
Infiltration with lower melting Polymer vaporization and particle
temperature metal results in a sintering at elevated temperatures
dense, finished component results in a porous, sintered
component

Figure 2.5: Indirect processing of metal and ceramic powders using PBF[30]

This indirect processing method uses polymer-coated metallic powders or a mixture of metallic and
polymer powders to create metallic components. The process consists of two main stages: debinding
and infiltration/consolidation. During the debinding stage, the polymer binder is removed from the
green part through melting and evaporation, while elevated temperatures promote slight necking
(sintering) between metallic particles. Subsequently, a lower-melting-point metal is introduced to fill the
remaining porosity, resulting in a fully dense metallic part. The consolidation stage involves additional
sintering and densification to reduce porosity. Infiltration offers excellent dimensional control with
minimal shrinkage; however, the resulting structures are composites, unlike monolithic structures



2.3. Post Processing 9

formed from a single material type[30].

Furthermore, the addition of auxiliary components can optimize powder performance. For example,
incorporating low-melting-point additives as sintering aids into stainless steel powders can reduce
production costs while enhancing the density and mechanical properties of the final components. A.
Sharon et al. [sharon1997environmental] blended copper-based powders with 304L stainless steel
powders, utilizing the transient liquid phase to improve the sintered specimens’ density and corrosion
resistance. Specimen porosity was observed to be 6.5% when the copper additive content was reduced
to 7 wt%. Do et al. [31] explored the effects of boron-based additives (B4C, BN, B) on the density and
mechanical properties of sintered specimens. Their study involved sintering specimens with varying
sintering aid contents for 6 hours in an argon atmosphere. The addition of 0.75 wt% B4C at 1200°C
achieved a relative density of 99.67% without significant deformation. Furthermore, Abenojar et al. [32]
incorporated 1.5 vol.% and 3 vol.% SiC powder into 316L stainless steel. The reaction between SiC and
the stainless steel matrix produced a low-melting Fe-SiC phase, which enhanced both the density and
mechanical properties of the sintered bodies. At 3 vol.% SiC content, the sintered specimens exhibited
optimal wear resistance, although there was a slight reduction in corrosion resistance.

2.2.2. Curing and depowdering

After printing, the binder must be dried to impart sufficient green strength to the printed powder[27].
This curing process involves removing the build box from the printer, subjecting it to heat to ensure the
binder is adequately dried, and enabling the manual extraction of green parts from the powder bed.
Typically, the build box containing the powder bed and printed parts is transferred to an oven, where the
curing temperature ranges from 180 to 200°C, with the duration determined by the build box volume
and binder properties [33]. Watters et al. [34] proposed an enhanced curing protocol incorporating
vacuum, heat, visible light, and pressure to improve the strength of binder jet 3D printed components.
Following the curing process, the green parts achieve sufficient strength for handling and are subse-
quently transferred to the densification furnace. During this stage, loose powder in the build box is
removed through a combination of vacuuming and careful manual brushing by operators. Individual
components are further cleaned using brushes for surface finishing or gentle vacuuming/air blasting
to clean intricate internal features. Special care is required for printed parts with delicate features or
overhanging structures to prevent breakage. The green parts, consisting of metal powder loosely bound
by the binder, are then densified through sintering or infiltration to achieve high density and the desired
mechanical properties[27].

2.3. Post Processing

After printing, the green body, which is enveloped by unbound powder, requires post-processing to
transform into a product. Post-processing includes debinding and sintering, and for binder jet process,
infiltration can be applied for a high densification during sintering[23, 35].

2.3.1. Debinding

Most binders are based on organic compounds that decompose when heated. Thus, debinding step
affects both densification and residue’s composition. For BJP, thermal debinding parameters are
determined through thermogravimetric analysis of the dried binder in the sintering atmosphere to
identify critical decomposition temperatures. Heating at these key decomposition temperature points
may be adjusted to ensure complete binder removal without generating excessive gas pressure within
the pores. Gas transport and part heating can be slow, especially when parts are surrounded by
refractory powder for support during sintering. Wu et al.[36] demonstrated that vacuum debinding of
alumina-loaded slurry achieved higher density in a shorter processing time than thermal debinding at
atmospheric pressure. The impact on composition may depend on particle size and the surrounding
atmosphere. Smaller particles are more likely to absorb carbon due to increased surface area. In some
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cases, oxidizing atmospheres may be used to improve binder removal, while reducing atmospheres is
necessary for most metals’ optimal sintering. The debinding process produces a ‘brown’ part, which is
more fragile than the green part due to the significant removal of the binder system, and the duration
of the process depends on the geometry of the part and the thickness of the section. Besides, the
composition and resulting properties of brown part can be sensitive to the atmospheric composition
during post-processing[26, 35].

2.3.2. Sintering

Oxidation reactions and residual binder can lead to the formation of unintended compositions. As a
result, debinding and sintering are typically performed concurrently in a protective atmosphere, such
as argon, or under vacuum conditions. Sintering mechanisms can be categorized into two types: non-
densifying and densifying. At lower temperatures, sintering is primarily governed by non-densifying
mechanisms, such as surface diffusion, lattice (volume) diffusion on particle surfaces, and vapor transport.
During this stage, while particle coarsening occurs, neck growth remains minimal. As the temperature
increases, densifying mechanisms become dominant. For metallic materials, grain boundary diffusion
and lattice diffusion between particles are the primary densifying mechanisms. These processes facilitate
neck growth, which significantly enhances the densification of the component[23, 37].

Figure 2.6 illustrates the three stages of the sintering process. (a) represents the initial metallic bond
formed at particle contacts due to atomic diffusion at lower sintering temperatures; (b) and (c) represent
the formation of sintering necks as atomic migration from the powder particle surfaces to neighboring
particles occurs with increasing sintering temperature and also shows the ongoing growth of sintering
necks, gradual reduction in pore size and serialization as the sintering temperature increases and the
holding time extends[38].

The initial stage primarily involves the formation of sintering necks between particles, where pores
remain interconnected without significant grain growth. Only about 2-3% densification occurs during
this initial stage. The intermediate stage occurs at slightly higher temperatures and involves the evolution
of microstructures at interconnected pores. Sintering necks grow from approximately 30% of particle
diameter to about 50%, significant enough to allow interference and overlap. Grain growth and pore
shrinkage primarily occur through particle rearrangement[39]. Up to 93% densification occurs during
the intermediate stage[40]. The final sintering stage occurs at temperatures similar to or slightly higher
than the intermediate stage and primarily involves the closure of spherical pores. In this stage, pores
move along grain boundaries or become isolated within grains. While the density of the sintered
body slightly increases, grain growth also occurs rapidly. If the sintered body cannot achieve complete
densification, pore coarsening may occur [41].

Grain Increasing grain size Maximum grain size
(a) (c Small pore
— size
/T\ N J \ /,/—\\ )
N\ /£ S g
. 2 \ g
~~ 7 S N s = et N 4
Big pore Grain Decreasing Grain
boundary pore size boundary
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" b form y
INITIAL STAGE INTERMEDIATE STAGE FINAL STAGE

Figure 2.6: Sintering model[38]
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During the sintering process, the components are subjected to heat, and mass transport, primarily
through diffusion, reduces surface free energy and decrease pore fraction within the compact. Smaller
particles enhance the sintering capability of the compact due to their higher surface energy[42, 43].
Particle morphology also has an impact on sintering behavior[44]. Furthermore, the shape of the
powders determines how they are packed in the green state, consequently affecting the density of
the sintered final product[45]. According to the research of Mohsen Ziaee et al.[26], sintering can
achieve almost complete density (> 99% of theoretical) when the green body is highly dense, typically
necessitating a green density exceeding 50%. Lower densities result in pore enlargement with limited
densification. Shrinkage will occur during sintering densification, typically ranging from 15% to 20%,
depending on green part density.

Additional steps are required when sintering alone cannot achieve desired densification. The choice
of techniques depends on whether the porosity is interconnected or closed. In cases of open porosity,
infiltration with low-melting-point alloys can be highlyemployed. For closed porosity, hot isostatic
processing (HIP) can significantly reduce or eliminate pores to enhance final properties[46]. Typically,
sintering must attain a 90-92% density to create discrete circular pores suitable for hot isostatic
pressing[26].

2.4. Important Parameters

2.4.1. Powder Related Parameters

Particle Size Distribution

The particle size distribution (PSD) of powder influences the flowability and deposition of parts after
sintering, determining the powder packing ratio, binder saturation in the green state, and final part
surface roughness, and also impacts on layer thickness[47]. Changes in particle size distribution and
average size can alter powder bed packing density and flowability during printing. They also affect the
powder bed’s pore size distribution and uniformity, subsequently influencing binder spreading and the
strength of printed parts[48].

Particle size distribution and average size can affect the maximum packing density of the powder bed,
thus impacting the composition and properties of the final parts[49]. Broader particle size distributions
are associated with higher packing densities, as smaller particles fill the gaps between larger ones,
thereby increasing packing density[50]. For powders with narrower size distributions, no matter fine or
coarse particles may create voids during binder jetting that cannot be eliminated in the final sintering
stage. While printing with fine powders can enhance the volume density and surface roughness of
sintered parts, their limited flowability and poor filling performance make them less commonly used
as direct printing materials[51]. A full particle size distribution can provide higher green density,
reduce the generation of pores and thereby enable higher density in parts after sintering[52]. Typically,
multimodal powders can help to improve powder bed packing density, with coarse particles ensuring
flowability. In contrast, fine particles fill the gaps between larger ones to enhance powder bed packing
density[31]. So a proper particle size distribution is advantageous for solidifying the powder during
printing, improving the final part surface roughness, and reducing dimensional deformation and
shrinkage.

In the case of binder jet, the powder remains packed on the powder bed, so the bulk density determines
the green part density, which determines the sintering performance of the subsequent powder compact.
The powder size in BJ ranges from 0.2 to 200um[53]. Figure 2.7 [54] qualitatively displays micrographs
of various BJP-manufactured metal powder particle sizes, ranging from fine to coarse. Compared
with larger particles, finer particles exhibit poorer flowability due to inter-particle friction that inhibits
particle sliding and effective packing. Thus, attributed to greater van der Waals forces, small particles
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own larger surface area and high inter-particle friction, and hence, the lower flowability and suboptimal
packing properties[20, 47] are caused.

Tum

Figure 2.7: Micrographs of gas-atomized Inconel 718 powders (a) 7um, (b) 21um,(3) 70um[54]

Packing Density

Powder spreading is a crucial step in powder bed additive manufacturing, significantly impacting
powder bed quality, primarily in terms of density and surface condition. Key factors influencing powder
spreading include feedstock powder characteristics, such as particle size and morphology, and the
type of spreader employed (e.g., wiper, counter-rotating roller, forward-rotating roller). Additionally,
methods involving multiple layers or a single layers for assessing powder bed density can lead to
divergent results.

According to the research of Y.Bai et al.[55, 56], compared with monodisperse powder, the mixture of
bimodal powder exhibits higher packing density (8.2%), better flowability, increased sintered density
(4.0%), and reduced body shrinkage during sintering (6.4%). Moreover, spherical morphology is the
favored choice considering both the flow ability and the compatibility with binders of powder materials
during the recoating step. Larger powder particles offer enhanced flow and packing quality but a
reduced sintering driving force which potentially tents to hinder densification during sintering. The
phenomenon that most powder mixtures display an extended particle size deviation rather than a
discrete bimodal distribution can be attributed to the inadequate large-to-small particle size ratio
employed in the research conducted by Bai et al.[55]

Multiple modes in feedstock materials significantly influence various properties of the final binder
jetted components [57]. The research by Do et al. [31] indicates a notable rise in packing density, from
51.3% in unimodal PSDs to 60.3% in bimodal PSDs and further to 63.9% in trimodal PSDs, thereby
enhancing the surface quality of the binder jetted SS316L stainless steel. Mirzababaei et al. [47] presented
findings where a bimodal powder sample with a 70D-30S ratio demonstrated a green density of 60.3%.
Additionally, Sohn et al. [58] reported that the extension of particle size distribution contributed to an
increase in packing density, with Gaussian and log-normal size distributions of bimodal powders with
a 60:40 ratio yielding packing densities of 78.2% and 77.5%, respectively [47].

There are many methods to measure the powder bed density. A straightforward method is to measure the
total mass and bulk volume of the entire powder bed consisting of multiple powder layers. Alternatively,
powder bed density can be estimated by measuring the mass and bulk volume of a portion of the
powder bed. Cups and fences can be printed within the powder bed, as shown in Fig 2.8 (a)[59], then
the enclosed powder in cups or fences can be collected for density calculation. This method is also used
for single-layer bed density measurement by printing fences matching the layer thickness[60]. There
are other methods for local powder density measurement. For instance, cylindrical or square tubes
can be inserted into an established powder bed from above (Fig2.8 (b)), and the powder within them
can be gathered[42, 61]. Besides physical tools, a portion of the powder bed becomes immobilized by
applying liquid photopolymer resin to a specific area of the powder bed and curing it with light. Using
computed tomography (CT) scanning on the immobilized powder bed and employing image processing
software, powder bed density can be calculated (Fig. 2.8 (b))[62]. It is also possible to simplify powder
bed density measurement by reducing the build volume (Fig 2.8 (d))[63, 64].

In addition to experimental methods, powder bed density has been investigated using Discrete Element
Method (DEM) simulations. DEM tracks the motion of individual particles by solving Newton’s
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equations for both translational and rotational motion, allowing for the calculation of powder bed
density based on particle locations[65].

Tube inserted after
Printed cup powder bed is formed

Printed fences

(a) (b)

Immobilized dk Customized
powder bed ¢ Photopolymer platform
6

(c) (d)

Figure 2.8: Measurement of powder bed density: (a) Cups/Fences printing, (b) Tubes insertion,(3) Powder bed immobilization
with photopolymer, (4) Build volume reduction[59]

Flowability

Powder flowability denotes the powder’s movement ability during printing, which is pivotal in binder
jetting. It governs the powder’s consistent deposition onto the powder bed. Favorable flowability leads
to uniform powder spreading, enhancing the final part’s resolution, dimensional accuracy, and density.
Inadequate flowability causes uneven powder bed surfaces, potentially resulting in part defects and
performance issues [49]. Flowability relies on several parameters: powder morphology, average size,
size distribution, composition, and external environmental factors [27]. Typically, spherical powders
demonstrate superior packing density, facilitating improved flow and settling, while irregular powders
exhibit poor flowability due to inter-particle adhesion. Studies by the Chmielus team comparing
different powder morphologies revealed that spherical powders with lower oxygen content yield final
parts with higher relative density and superior mechanical properties compared to irregular powders
[66]. Decreasing particle size in fine powders enhances van der Waals forces between particles, notably
diminishing powder flowability by overcoming gravitational forces [49, 48]. Thus, particle size emerges
as a crucial factor influencing powder flowability. Furthermore, adjustments in external environmental
parameters, such as humidity, temperature, and additives, can also alter powder flowability.

2.4.2. Printing Process Parameters
Droplet Spacing and Line Spacing

The deposition of binder droplets onto the powder bed is governed by factors such as print head velocity,
the diffusion rate of the binder within the powder layer, droplet spacing (d1), and line spacing (d2), as
shown in Figure 2.9a[26, 27]. Upon deposition, the binder droplets infiltrate the powder bed under the
influence of capillary forces and gravity until equilibrium is achieved. When droplet spacing is large,
individual droplets are deposited independently and subsequently absorbed. As spacing decreases,
overlapping droplets create narrower, fan-shaped lines. A further reduction in spacing eliminates the
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fan-shaped geometry, producing smooth and straight lines with uniform edges, which represent the
narrowest lines achievable during printing. However, excessive reductions in spacing may result in
localized line expansion, leading to non-uniform widths. At elevated powder bed temperatures, where
evaporation rates exceed the ejection speed of droplets, the droplets dry individually, rendering spacing
irrelevant to line width [67].

Reducing the spacing between droplets increases binder consumption, which enhances the strength of
green parts but can lead to broader binder lines, thereby compromising resolution [68, 69]. Excess binder
can be removed post-printing through the application of heating elements, allowing for smaller spacing
while maintaining high precision. Given that nozzle distances generally exceed line spacing, multiple
injections are often required to complete a single layer. Alternatively, alternating droplet deposition can
mitigate oversaturation but involves additional steps, thereby reducing production efficiency [26]. While
excessively small line spacing prolongs print time and heightens the risk of oversaturation, overly large
spacing may result in edge sealing, obstructing binder infiltration [27, 68]. Optimal spacing facilitates
the rapid absorption of droplets, enabling adjacent lines to form a well-bonded powder layer.

Figure 2.9b illustrates four types of line defects. Only diagram (c) representing the ideal condition,
while the other three result in diminished print accuracy. (a) depicts discrete droplet distributions when
droplet spacing is large, preventing overlap, (b) shows the coalescence of droplets when the diffusion
diameter of the droplets is marginally smaller than the spacing, and (d) illustrates instability caused by

excessively small droplet spacing[70].
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(b) Drop line defects: (a) Dispersed, (b) Periodically irregular, (c)
(a) Schematic diagram of droplet spacing and line spacing[27] Stable and Parallel-Sided, and (d) Unstable and bulging[67, 70]

Figure 2.9: Drop spacing and common modes

Binder-Powder Interaction

The dimensional accuracy of BJ-printed parts is determined by the binder’s deposition within the
powder bed, making an optimal collision between the binder and the powder bed crucial [71]. Figure
2.10 (A) illustrates the effects of droplets on the powder bed, with (a) to (e) representing the powder
bed’s decreasing absorption capacity for the binder. The powder ejection observed in (b) and (c) is a
primary cause of surface roughness in the samples[72]. Figure 2.10(B) presents three collision modes. In
Figure 2.10 (B)-(a), a tunneling effect is observed in fine, viscous powders (similar to (A)-(b)), where the
droplet penetrates the powder bed and pulls loose agglomerates, resulting in the formation of spherical
particles due to incomplete penetration. (B)-(b) depicts the ideal collision effect, while (B)-(c) (similar to
(A)-(c)) shows the formation of powder craters when droplets impact the dense powder bed at high
speeds[73, 71].



2.4. Important Parameters 15

A)

(a)Sink O
7 T 77777

(b)Penetration . -

w9 ek
77777 b 7es _od

(d)Spread © L Powder ejection
(e)Splash/ .
Breakage .

Figure 2.10: Drop-Powder interaction analysis: (A) Influence of droplet on powder bed, and (B) Schematics of three granule
formation mechanisms: (a) tunneling, (b) spreading, and (c) crater formation [71, 72, 73]

The wetting of droplets depends on the relative sizes of liquid droplets and powder. It can be categorized
into two cases: when liquid droplets are larger than the powder, it involves four stages—droplet
formation, coalescence, adhesive migration, and mechanical dispersion; when liquid droplets are
smaller, the liquid covers the powder and infiltrates through capillary pressur[26]. In practical printing,
droplets impact the surface at high speeds, and their kinetic energy is comparable to the surface energy
of the powder. Interactions between adjacent droplets can complicate wetting behavior. These issues
can lead to printing defects such as aggregation, splattering, feathering, and leakage. To address these
problems, adjustments to droplet printing patterns, wettability improvements, or smaller droplets to
enhance penetration speed may be necessary[74].

Layer Thickness

Layer thickness refers to the height of the powder layer constructed along the Z-axis during the printing
process, typically ranging from 0.0889 to 0.2286 mm[48]. The choice of layer thickness is generally based
on the powder’s particle size, with the minimum layer thickness being larger than the diameter of the
largest particles and preferably around three times the size of the powder particles[56, 49].

A study conducted by the Salarian team[75] involved printing pure iron (Fe) powder with three different
layer thicknesses (75, 100 and 125 um). The research indicated that when binder saturation is consistent,
increasing the layer thickness can result in inadequate binder penetration into the current powder
layer, leading to incomplete bonding of the unpenetrated powder. And this phenomenon leads to
the disintegration of the green part. Increasing both layer thickness and binder saturation may not
significantly differ in terms of printed part performance. However, increasing the layer thickness while
keeping binder saturation unchanged may lead to decreased performance of the green part[76] and
an increase in porosity[77]. Furthermore, when at optimal sintering parameters, reducing the layer
thickness largely reduces the porosity of the sintered part[77, 78].

Binder Saturation
The build bed is filled with powder, voids or air, and binder during the printing process. The volume

fraction of the build binder is referred to as the binder saturation, and it can be defined by equation
2.1[47, 49]:

Vbinder
Pg=— 2.1
SV (2.1)

In this equation, Ps represents the binder saturation, V4., is the volume of binder injected per layer,
and V,;, is the volume of voids within the powder bed.

Saturation is commonly used to describe the quantity of binder, indicating printing stability[47]. Binder
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saturation depends on factors such as the wettability of the powder and binder, powder shape, size
distribution, and bulk density[79]. The choice of saturation level needs to be made properly because it
affects the printing quality and the final sintering density[56]. Inappropriate binder saturation (either
too high or too low) can result in uneven distribution of the powder layers, significantly impacting
surface roughness and causing inaccuracies in part dimensions[27].

When binder saturation is low, there is insufficient binder binding between powder particles, leading to
powder detachment from the green part and inadequate surface finish. Additionally, the weak bonding
between powder particles and layers due to insufficient binder can reduce the green part’s mechanical
strength[80]. On the other hand, when binder saturation is too high, excessive powder is bound to
the surface of the green part, causing surface expansion and affecting the geometric shape of the part.
Moreover, the excessive binder may seep out of the part’s boundaries, resulting in reduced dimensional
accuracy[79].

Yang et al. [80] conducted a study investigating the influence of binder saturation on the dimensional
accuracy of Ti-6Al-4V and stainless steel 420 green parts. The result indicates that under specific
conditions and with a consistent powder layer thickness, the strength of green parts tends to increase as
the saturation levels rise [76]. However, excessive binder saturation led to collapse within the parts,
causing inadequate dimensional accuracy. Moreover, as the binder content increased, the degree of
collapse gradually intensified [81]. .

Curing Temperature

Once all the layers are completed, an additional process, namely curing, will be done to enhance the
strength of the green body before other processing. Depending on the nature of the binder used, green
parts are typically heated and maintained at temperatures between 180 to 200 °C for a specific period to
cure them[27]. Through further polymerization of organic binder and cross-linking of dried solvents
polymer, the structural integrity of the parts can be improved[47].

2.4.3. Post-Processing Parameters

Debinding Temperature

As mentioned at the start in Section 2.3, debinding and sintering are involved within post-processing.
Debinding is the initial stage of sintering, where the green parts are heated within a specific temperature
range, causing the binder to become unstable and decompose into easily evaporable components. Thus,
a key factor here is the temperature. Standard debinding methods include thermal debinding, catalytic
debinding and solvent debinding, etc.[26]. Most binders melt below 150 °C but may only completely
evaporate once temperatures reach 300 to 500 °C[47].

The debinding process is crucial for sintering setting up and can significantly impacts the final part’s
performance, accuracy, and consistency. If the binder is not entirely removed, residual carbon elements
may diffuse into the interior of the part, affecting its properties. Once the binder has been adequately
removed, the green parts are transferred to a sintering or infiltration furnace to enhance the density and
performance of the parts.

Sintering Parameters

Sintering density and shrinkage are typically used to evaluate the sintering effect, and the parameters
that can affect the final component’s properties include temperature, heating rate, dwelling time,
atmosphere, etc. Research has shown[82, 83] that as the sintering temperature increases, the mechanical
properties and density of the final part also increase. However, when the temperature exceeds the
optimal sintering temperature, the growth of grains is followed by an increase in porosity, which leads
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to a gradual decrease in mechanical performance.

A study by Miyanaji’s team[51] investigated the impact of different sintering temperatures and heating
rates on sample properties. The research indicated that the increase in heating rate leads to a decrease
in final density but an increase in densification speed. The variation of sintering temperature has little
impact on final part density becasue the lower heating rates stimulate pores closure within printed parts
before sintering, so the peak sintering temperature has less influence on density. And Enneti’s team[33]
employed two different sintering methods (vacuum sintering and pressure sintering) for WC-12% (mass
fraction) cobalt green parts. Their results showed that sintered samples under pressure exhibited
superior density and performance than those within vacuum. Increasing the sintering temperature with
constant pressure holding time can significantly improve density and shrinkage. Similarly, increasing
pressure holding time at constant sintering temperature resulted in an increased density and reduced
shrinkage.

In addition to the basic sintering, various techniques can be employed to obtain the desired metal
components. These techniques, including hot isostatic pressing, annealing, aging treatment, mechanical
grinding, and others, serve to improve the performance and density of sintered parts[46, 78].

2.5. 316L Stainless Steel and BJP

Metal Binder Jetting (MB]J) technology demonstrates significant potential in reducing manufacturing
costs and lead times for complex geometries and designs compared to traditional manufacturing
methods[84]. One of the most commonly used alloys in numerous industries is 316L stainless steel, the
chemical composition of which can be found in Table 2.1. Due to its excellent formability, outstanding
biocompatibility, and superior corrosion resistance, SS 316L austenitic stainless steel is a highly favored
material in biomedical, aerospace, and automotive industries[85]. In the context of Metal Binder Jetting
technology, SS 316L is also a popular material choice, with extensive research on its properties. Studies
have approached MB]J from various perspectives, including powder characteristics, binder formulation,
and post-treatment process[86].

Table 2.1: Chemical composition of 316L stainless steel powders (wt.%)[85]

wt.% Fe Cr Ni Mo | Mn Si C 0
Standard alloy 316L Bal. | 16-18 | 10-14 | 2-3 <2 <1 | <0.03 /
Provided by manufacturer | Bal. | 17.92 | 12.03 | 2.42 | 0.051 | 0.51 | 0.009 | 0.0466

For instance, Truong Do et al.[31] applied mixing 316L stainless steel powders of different grain sizes and
adding boron-based powders as sintering aids. They investigated the effects of sintering temperature
and sintering aid concentration on the densification and mechanical properties of the printed green
bodies. Another study by Yiwei Mao et al.[87] focused on creating high-strength 316L green parts with
low binder saturation using a specially developed binder, examining the effects of binder saturation
and layer thickness on the quality of the green parts. Additionally, research by Mao et al.[85] explored
the impact of vacuum sintering temperature on the density, porosity, linear shrinkage, microstructure
evolution, and tensile properties of sintered parts, along with the potential influences of different types
of pores on the performance of sintered BJ 316L. Alberto Cabo Rios [88] and colleagues investigated
the microstructural evolution of phases and porosity characteristics of 316L stainless steel produced
through BJ technology.

In the binder jet processes, the green density of the parts typically ranges between 50% to 60%,
necessitating sintering to enhance densification and thus improve overall mechanical properties[88, 86].
Microscopically, sintering involves the formation of sintering necks between powder particles, reducing
interparticle gaps until they disappear. This process manifests macroscopically as a reduction in the
dimensions of the sintered body in all directions[47]. The final properties of 316L stainless steel parts
produced by MB] largely depend on the sintering densification process. The main influencing factors of
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Table 2.2: Characteristics of the phenolic resin based binder [87]

Viscosity Surface tension Density Nozzle diameter 1/
p(mPa - s) y(mN/m) p(g/cm?) o(um) Oh
9.8 33.05 1.09 40 3.87

the final properties include material-related factors such as the chemical composition, size, and shape
of the powder, and process-related thermodynamic factors like sintering temperature, heating and
cooling rates, holding time, pressure, and protective atmosphere. These factors jointly determine the
microstructure and properties of the sintered body.

Different AM techniques have varying impacts on 316L stainless steel. A study by Mengchen Xu[89]
compared the microstructure and mechanical properties of components fabricated by LPBF and B]J.
The research found that the grain size of LPBF samples was five times smaller than that of B] samples,
leading to a relative density of 99.20 + 0.30% for LPBF samples compared to 96.54 + 0.54% for B] samples.
The mechanical properties of LPBF samples were superior, with tensile strength and compressive yield
strength of 669.92 + 18.68 MPa and 75.65 + 5.77 MPa, respectively, compared to 437.55 + 10.11 MPa and
78.65 + 3.57 MPa for B] samples. Additionally, the extent of crack propagation was greater in BJ cells
than in LPBF cells.

The post-treatment is always required for the binder jet processing process due to the high porosity of
the green body. As shown in Figure 2.6, sintering leads to the grain growth and necking phenomenon.
The research on BJ SS 316L at various sintering temperatures revealed that all samples exhibited an
equiaxed austenitic microstructure, with the average grain size remaining below 30 micrometers. Grain
growth was not significant at temperatures below 1360 °C; however, a substantial increase in grain
size was observed when the sintering temperature exceeded this threshold[85]. The study conducted
by Alberto Cabo Rios[88] examined the dilatometry results for both green and pre-sintered 316L
stainless steel samples. The findings indicated distinct behaviors before the isothermal sintering phase.
For example, the pre-sintered samples demonstrated notable thermal expansion, whereas the green
samples underwent both shrinkage and expansion. This phenomenon might be attributed to the
minor rearrangement of powder particles during the debinding process, with no marked shrinkage
anisotropy noted at this stage. Additionally, a rapid increase in shrinkage rate was observed at sintering
temperatures of 1370 °C, which is believed to be a result of the y to 6 phase transformation.

To investigated the impact of sintering temperature on the performance of final BJ SS 316L components,
Mao et al. [85] who used self-made binder (data in Table 2.2) discovered that with the increase in
sintering temperature from 1300°C to 1380°C, the material’s porosity decreased and became more
rounded, the grain size enlarged, and the mechanical properties progressively improved. Sintered
parts achieved a favorable relative density of 92.0% and mechanical properties, with an ultimate tensile
strength of up to 473.7 MPa and an elongation of up to 40.22% at a sintering temperature of 1380 °C.
Moreover, they identified three types of pores in the sintered BJ 316L components (Figure 2.11):

e Type I pores: Small intra-grain pores formed due to faster grain boundary movement compared to
pore migration, making them persistent during late-stage sintering and hindering densification.

® Type Il pores: Grain boundary pores, smaller than grains, appearing in early to mid-stage sintering
and fully removable during final-stage pressureless sintering.

* Type III pores: Large, irregular inter-grain pores, typically located between layers and aligned
perpendicular to the printing direction, acting as stress concentration sites and significantly
reducing mechanical properties. These are commonly observed in binder jetting.

It can be known that Type II pores can assist in reducing grain size, but both Type I and III pores hinder
densification, with Type III posing a significantly greater challenge. So it is wise to try to avoid Type III
pores in metal BJP.
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Figure 2.11: The categorization of three pore types in sintered BJ 316L: Optical Microscopy (OM) image (a) and corresponding
schematic representation (b).[85]

To summary, although the various challenges encountered in BJP process, 316L stainless steel is still be
favored in the industrial sector due to its superior mechanical properties. Additionally, recent studies
show that binder jet technology has great potential for producing metal products.



Metholodogy

The overall experimental process centered on printing and sintering. As discussed earlier, the key steps
in the sample preparation process were printing and sintering. Therefore, printing parameters needed
to be continuously adjusted based on the results to improve print quality, while sintering required
optimization based on TGA data to determine the appropriate sintering time and temperature for
the 316L stainless steel samples. Subsequent measurements and characterizations were conducted to
validate the engineering performance of the samples produced through printing and sintering.

The main objectives of the project are a) to optimize printing parameters in order to achieve a green part
with high dimensional accuracy, b) to obtain a sample with high density through appropriate debinding
and sintering processes, and c) to investigate the final sample’s properties (such as density, hardness,
and microstructure) to assist the company in establishing reliable printing parameters for 316L stainless
steel samples.

3.1. Powder and Binder

Two types of 316L stainless steel powders are used in this experiment: one with a particle size of less
than 18 micronmeters, produced by Ampere in France, and the other with a particle size of less than 25
micronmeters, produced by MatrixNano in India. However, only the particle size distribution (PSD) of
Ampere’s powder is available (Table 3.1), so this paper cannot provide the PSD data of MatrixNano’s
powder (<25pm). Figure 3.1 shows the SEM images of both powders. The binder applied is provided by
Concr3de, designed for metallic powders.

Table 3.1: Particle size distribution of 316L stainless steel powder (<18pm)

D10 D50 D90
Particle Size (pm) 5.3 12.3 21.6

20
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(a) (Left): <18pm (b) <25pm

Figure 3.1: Microstructural morphology of 316L S.S Powder by SEM

3.2. Printing and Curing

Prior to printing, the binder jet printer must undergo thorough cleaning and calibration. First, it is
crucial to ensure that no other powders or larger contaminants (e.g., fibers and small screws, etc.) are
present, as they could disrupt the powder bed structure, and the printing head must be free from
blockages caused by high-viscosity organic binders or powders. Second, it is essential to verify that the
binder system can function well to avoid issues like uneven binder distribution that could disrupt the
printing process. Finally, the flow characteristics of the binder should be checked to avoid potential
blockages in the binder delivery system, which can occur due to factors such as low temperatures
leading to reduced binder flow.

Printing is the key step in sample preparation with parameters including layer thickness, saturation
level, powder spreading, print speed, and print orientation, etc. The printer is provided by Concr3de.

Layer thickness refers to the height of the powder bed along the Z-axis during the printing process,
and it typically ranges from 15 to 300 pm for binder jet printing[27]. The smaller the layer height is, the
higher accuracy the printing can have, but a longer time the printing will take. The number of layer
height will be fixed as 100 pm for this project.

Binder saturation level can be expressed as S = Vpinder / Vair, where Viinger is the volume of binder, and
Viair is the volume of open spaces such as pores in the powder bed[54]. Within this project, the saturation
level is determined by the waveform of the binder and the X-speed of the printhead. Concr3de designs
specific waveforms for different binders. Using a dropwatcher, the behavior of binder droplets and
their precise volume (Vypi.¢) in picoliters at various X-speeds can be monitored and analyzed. This
volume can then be converted into a percentage of saturation level. Based on the previous research from
Concr3de, the conversion formula is provided (Equation 3.1 to 3.4), where R represents the resolution
of the printhead (400 drops/inch) and PR denotes the packing density of the powder bed (can be
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measured).

|%

Saturation Level = droplet (3.1)

air

Vair = (1 - PR) X Vvoxel (32)
Layer Height

Vvoxel = % (3‘3)

Powder Bed Density
PR (3:4)

~ Powder Material Solid Density

The relevant parameters that can be directly obtained are listed in Table 3.5. It should be noted that, due
to the printer’s inconsistent performance, this experiment adopted relatively stable printing parameters.
Consequently, different combinations of printing parameters are not intentionally tested. Specifically,
when testing the saturation level, the corresponding layer height is 100 pm, the waveform is 3-pulse
mode (3P) for the Metal binder, the X-speed is 20%, and the spread Z-axis offset is 1 mm. The X-speed
stands for the moving velocity of printhead in X direction, and it is given in percentage with the
maximum value of 500mm/s. Besides, the maximum roller speed is 120 rpm.

Table 3.2: Parameters and relevant values for saturation level test

Printing Parameters Picked Values
Layer Height 100pm
Waveform 3 Pulses
X-Speed 20%

Z-axis Offset Imm

Printer head resolution (R) | 400 DPI

To measure the packing bed density, cups with 1x1x1 cm?® space and 0.5 cm wall thickness within
the powder bed are printed. The mass of the powder inside the cup is then measured and divided
by the volume (1 cm?®) to obtain the packing bed density. The advantage of this approach is that the
powder filling density within the cup closely replicates the packing density during the printing process.
However, due to the small size of the cup, there could be shear effects between the cup walls and the
powder, which could influence the natural packing of the powder within the cup. The results of the
packing density can be seen in Table 3.3.

Table 3.3: Data of packing bed density

1 2 3 4 5 | Average
Mass/g 537 | 5.46 | 551 | 5.60 | 5.55 5.50
Volume/cm® | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00
Density/g/cm® | 537 | 546 | 551 | 5.60 | 5.55 5.50

Table 3.4 shows the different values for the droplet size when the x-speed varies for two different
waveforms, and Table 3.5 gives the calculated saturation level values (in percentage) for 3P (Only 3P
mode is applied in this research). To simplify the calculation, the average value of the droplet size
for 30% X-speed is taken. The value of 3P 60% is extrapolated as the dropwatcher could not give the
corresponding droplet size.
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Table 3.4: Parameters of different waveforms for Metal Binder

X-speed | 2 Pulse (2P)/pL | 3 Pulse (3P)/pL
10% 78-85 85-105
20% 85-105 115-125
30% 115-125 130-140
40% 120-130 140
50% 125-145 Unstable
60% 130-140 Unstable

Table 3.5: Saturation level under 3P mode

X-Speed (%) Saturation Level (%)
20 96
30 108
60 140

3.3. Debinding and Sintering

Debinding and sintering connect printing step with post processing step. The binder within green
samples should be removed sufficiently, and sintering stimulates the bonding of particles to form a
good densification. To analyze both thermal debinding behavior of metal binder and sintering effect of
printed 316L stainless steel samples within argon atmosphere, the thermogravimetric analysis (TGA) is
employed. The reduction of mass indicates the decomposition of binder, and with thermogravimetric
analysis (TG) and derivative thermogravimetry (DTG) curves the start and finish debinding temperature
can be obtained.

The TGA equipment applied is the Themys Duo made by Setaram [90], as shown in Figure 3.2a. It should
be noted that the temperature measured by the thermocouple is typically inaccurate, with the actual
temperature inside the TGA chamber being higher than the recorded value, since the thermocouple
inside the TGA instrument needs to be wrapped in protective material when exposed to hydrogen or
argon environments at temperatures exceeding 1000°C within the chamber. Additionally, due to the
large size of the green sample, a small section is cut from the green part with a saw for analysis in the
TGA, as shown in Figure 3.2b.

(a) TGA Machine applied (b) Sample part for TGA analysis

Figure 3.2: TGA Testing equipment and sample piece

After obtaining the temperature corresponding to the sample’s mass change through TGA, the sample
can be placed in a furnace for debinding and sintering, which can be performed sequentially in the
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same furnace. The furnace used in this project is the LHTG 200-300/22-1G, manufactured by Carbolite
Gero, with a temperature range of 30-3000°C, as shown in Figure 3.3. The flow rate of protective gases
(e.g., nitrogen, argon) can be set between 50-500 L/h. The internal volume of the furnace is 10 liters, and
the samples are placed on a graphite tray [91]. The whole debinding and sinering profile is shown in
Figure 3.4, and the flow of Aris 150 L/h.

(a) TGA Machine applied (b) Sample part for TGA analysis

Figure 3.3: Furnace for debinding and sintering

1400°C~5h

Temperature/°C

Time/h

Figure 3.4: Profile of Debinding and Sintering

3.4. Characterization

3.4.1. Dimension Test Equipment

Both a laser scanner and caliper used to measure sample dimensions for comparison purposes. The
laser scanner utilized is the Artec Space Spider, as shown in Figure 3.5a. This scanner’s advantage lies
in its ability to generate 3D models, which can be converted into STL files for use with 3D printers.
However, the scanning results are less than ideal. During the scanning process, the sample needs to be
placed on a platform that can rotate 360 degrees, while the scanner is held stationary by the operator.
After sequentially scanning all surfaces of the sample, the software merges the scans to create a final
3D model. If the sample’s surface is too dark, reflective, or smooth, a texture spray can be applied to
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reduce reflections or distinguish different surfaces to aid in measurement. However, the spray may
form a white coating on the material’s surface, which could negatively affect surfaces with fine details.
The technical specifications of the Spider scanner [92] are provided in Table 3.6

(a) Spider 3D scanner (b) Electronic Caliper

Figure 3.5: Dimension Test Equipment

Table 3.6: Specifications of Artec Space Spider 3D Scanner

3D Accuracy 0.05 mm

3D Resolution 0.1 mm

Data Processing Algorithms From 5 mm

Output Formats: 3D Mesh OB]J, PLY, WRL, STL, AOP, ASC, PTX, E57, XYZ, RGB
Output Formats: CAD STEP, IGES, X_T

Output Formats: Measurements | CSV, DXF, XML

Although the green part cubes had edge lengths of approximately 2 cm, which should be proper enough
to minimize scanning errors, the Spider scanner is unable to accurately capture the volume of the
green samples due to engraved letters on the surface, which are used to mark the printing orientation.
As a result, the 3D models generated by the Spider scanner are not suitable for subsequent density
measurements. Given that using the Spider scanner is more time-consuming compared to using calipers,
this study opted for calipers when measuring sample dimensions (Figure 3.5). The calipers have a
resolution of 0.01 mm and allow for relatively efficient measurement of the cube samples. For the
measurement, three -point method is used, as shown in Figure 3.6. In the coordinate system, XD and YD
represent the X-direction and Y-direction during printing, respectively, and ND refers to the direction
perpendicular to the XY-plane.

ND

Y XD

YD

Figure 3.6: Calculation of Saturation Level
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3.4.2. Density Test Equipment

In this study, two methods can be used for density measurement of cubic samples, the Archimedes
method and the mass-volume method using calipers and a scale. Due to the potentially high porosity of
the binder jet-printed samples, and in accordance with the ISO 2738 standard "Sintered metal materials,
excluding hard metals — Permeable sintered metal materials — Determination of density, oil content
and open porosity," samples need to be impregnated with oil [93]. Therefore, obtaining the volume by
immersing the samples in water may theoretically result in errors due to an overestimation of the volume.
The mass-volume method, which involves measuring the dimensions with calipers and calculating
the density by dividing the mass by the volume, may yield more accurate results compared to the
Archimedes method. However, due to the presence of engraved letters on the sample surfaces, the
calipers cannot accurately measure the volume occupied by the engravings. As a result, the Archimedes
method is ultimately selected for density measurement in this experiment. To investigate whether
directly submerging the green parts in water would yield different density measurements, WD-40 was
applied to the surface of two green parts to prevent water from penetrating the samples. However, the
final measurements showed no significant difference compared to the green parts that were not treated
with WD-40.

Given the experimental constraints, water is used as the immersion fluid, and efforts are made to ensure
the samples are fully submerged in water until no air bubbles are visible on the surface. To verify
the internal density distribution of the samples, three sintered samples are cut into four sections each
(Figure 3.7a), and the density of each section is measured separately, with the result being the average of
all measurements. The Archimedes method measurement apparatus designed for this experiment is
shown in Figure 3.7b, and the equipment is Mettler pm 480 delta range.

Finally, Rhino 8 is used to determine the volume of cube models in stl. file. The theoretical green part
density then can be calculated by dividing the measured mass of the green part by this volume.

(a) Sample for density distribution test (b) Archimede’s method for density measurement

Figure 3.7: Density Test

3.4.3. XRD

To investigate the oxidation of sintered samples, X-Ray Diffraction (XRD) is applied to check the
diffraction peaks of relevant phases, namely those of iron oxide. The specific instrument is Bruker D8
Advance diffractometer Bragg-Brentano geometry with graphite monochromator and Vantec position
sensitive detector. Co Ka radiation is used, with divergence slit V12, scatter screen 10mm, 40kV 40mA.
There is no sample spinning. The measurement is coupled 6-26 scan with a step size of 0.035° 26, and
the counting time per step of 2s. The software for data analysis is the Bruker software DiffracSuite. EVA
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vs7.1.

3.4.4. SEM and OM

The microstructure information including porosity, metallographic structure of sinter samples is
investigated with Scanning Electron Microscope (SEM, JSM-IT100) and VHX 7000N Digital Microscope.
And Energy-Dispersive X-ray spectroscopy (EDS) function of SEM is also used for element analysis.

Before characterization through microscopy, 316L stainless steel samples require to be prepared through
the following steps: embedding, sanding, polishing, and etching. Cutting may be required if samples
are oversized. Since SEM is involved, samples are embedded with conductive polymer materials. Then,
sanding with sandpaper of the proper grit size, namely 180, 320, 1200, and 2000 (2 minutes for each
size), and polishing (3 ym for 2 minutes and 1 ym for 3 minutes) are needed. For the etching step, the
chemical solution is Sigma-Aldrich 37% HCI: Sigma-Aldrich 65% HNO3: H>O (deionized) in a ratio of
1:1:1 for 30 seconds. The calculation of grain size was performed using the software Image], employing
the traditional Line Intercept Method.

3.4.5. Mechanical Properties Test

Mechanical tests show the mechanical properties of samples. For this project, hardness test and
compression test are done. Vicker hardness tester and materials testing machine (Zwick Z100) are
used. To satisfy the requirement of equipment, polished samples were applied for hardness test, and
small samples (side length is less than 1cm) were used for compression test. The Z100 universal testing
machine supports a maximum load capacity of 100 kN and is suitable for a wide range of sample sizes.
However, limitations include stress concentration issues in samples with inscriptions or letters, and
challenges in testing oversized samples exceeding 1.5 cm in size. For the Vickers hardness tester, it is
ideal for small-area samples due to its small and symmetrical indentations, providing relatively precise
results. Its high level of standardization ensures comparability with results from other hardness testing
methods.



Results and Discussion

To ensure consistency with the overall experimental workflow, the subsequent sections will be organized
as follows: printing and curing, TGA, debinding and sintering, characterization (including XRD,
dimensional measurements, density, and microstructure), followed by mechanical tests, which will
include hardness test and compression test.

4.1. Optimization of Green Body Printing Parameters

The printing phase consisted of three sessions. The goal of the first session was to evaluate the
performance of the machine with 316L stainless steel powder and metal binder in order to optimize the
printing parameters. The second and third sessions required recalibration of the printing parameters
due to machine replacements, while also refining the printing and curing parameters based on the
findings from the first session.

4.1.1. Printing of Green Body

The printing parameters utilized in this study are detailed in Appendix 1. A total of four batches were
printed, with each batch containing nine samples. During the depowdering step, samples from the first
and second batches frequently exhibited morphological defects (e.g., deformation of lettering), surface
delamination (Figure 4.1a, and insufficient bonding strength (Figure 4.1b due to the instability of the
binder system. As a result, only approximately 3-4 samples per batch had relatively intact surfaces,
with most defective samples located near the edges of the printing platform (Figure 4.2), whereas those
positioned at the center were comparatively intact. Following adjustments to key parameters, including
powder spreading speed, X-axis speed of the printing head, and feed height, the overall quality of the
third batch showed significant improvement. However, minor defects remained in specific areas, such as
lettering deformation and uneven surfaces. Nevertheless, the edge integrity and dimensional accuracy
of the samples were notably enhanced compared to those in the first two batches.

28
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(a) During depowdering process (b) After depowdering process

Figure 4.1: Delamination of green parts before and after depowdering process

Figure 4.2: Edge samples exhibited more defects compared to central samples

As shown in Figure 4.2, significant cracking was observed on the powder bed surface of the printing
platform during the printing process, with the most severe cracks occurring in the leftmost printing
region. Although the rightmost printing region appeared visually to exhibit fewer cracks, the samples
produced in this area still displayed notable surface delamination and, in some cases, cracking. The
most structurally intact samples were located in the central region, where no cracking or damage was
observed after the depowdering process. However, these samples still exhibited relatively high surface
roughness and lower dimensional accuracy.

Figure 4.3 illustrates the powder leakage along the edges of the platform during the printing process.
This issue arises because the square silicone sealing gasket used for sealing is slightly smaller than the
frame of the platform. This design choice was made to slightly compromise the dimensional accuracy
of the gasket to reduce friction between the platform and the surrounding frame during the printing
process, as excessive friction could cause the platform to stop moving vertically. However, the resulting
powder leakage likely led to stress concentrations along the edges of the powder bed as the platform
descended, thereby resulting in the initiation and propagation of cracks. This ultimately resulted in the
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surface defects observed in Figure 4.2, increasing the likelihood of sample fracture.

Figure 4.3: Powder leakage at the edge of printing platform during printing process

In addition to powder leakage, the spreading roller may introduce varying degrees of defects during
the powder spreading process due to two primary reasons. First, small amounts of binder adhered to
the roller surface can cause localized powder clusters to form on its otherwise smooth surface. These
clusters, as the roller rotates during spreading, may create scratches on the powder bed surface, thereby
reducing its overall integrity. Second, the structural instability of the roller’s fixed end can result in
unintended vertical tapping as the roller retracts to its original position after spreading. This tapping
may disturb the evenly spread powder bed by displacing localized areas of powder, leading to uneven
powder distribution and, consequently, a reduction in printing accuracy.

Furthermore, suboptimal binder spraying contributed to the low completion rate of the first batch of
samples, with the following factors identified. First, clogging occurred within the binder transport
pipelines or at the nozzle, resulting in the printhead failing to discharge binder. This issue is
likely exacerbated by the high viscosity of the custom-developed binder combined with low ambient
temperatures during winter, which reduce the flowability of the binder and hindered its participation
in the printing process. Second, the pump responsible for extracting binder in the binder system
malfunctioned, leading to insufficient binder discharge. This inadequacy prevented adequate interlayer
bonding, ultimately causing sample failure. Figure 4.4 shows one of the binder spraying results.
Compared to the ideal continuous binder line in Figure 2.9b(c), the actual binder trajectory exhibited a
discontinuous, dotted pattern. Moreover, under the same waveform, the binder trajectories produced by
different nozzles on the same printhead varied significantly. This inconsistency substantially increases
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the possibility of weak interlayer bonding.

Figure 4.4: Suboptimal binder line

4.1.2. Effect of Printing Equipment

Due to the replacement of the printer, both hardware components (e.g., the powder spreading roller) and
software settings (e.g., printing parameters) required recalibration. The printing parameters established
for this experiment are detailed in Appendix 1. The integrity of the samples produced in this session
was superior to those from the first experiment. To evaluate the impact of different binder waveforms
on printing quality, both 2P and 3P modes were tested. While samples printed using the 2P waveform
exhibited good dimensional accuracy and surface detail prior to curing, they were highly prone to
disintegration into powder after curing. Consequently, all subsequent prints employed the 3P mode.

Although the 3P mode improved printing accuracy (Figure 4.5a)and sample durability, sample integrity
remained inconsistent across the three print runs, with common defects such as high surface roughness
and even surface (see Figure 4.5b). Additionally, an attempt was made to print 12 dog-bone specimens
arranged in a stacked configuration consisting of four layers and with three specimens per layer (Figure
4.6a). However, severe cracking was observed on the powder bed surface near the edges of the printing
platform (Figure 4.6b), leading to the failure of all dog-bone specimens due to fracture after curing. As
the printing platform is confined to a fixed size of 10 cm x 10 cm and cannot be expanded, adjustments
such as modifying the distance between the spreading roller and the powder bed, altering the X-axis
speed, or changing the orientation of the dog-bone specimens were ineffective in mitigating cracking or
preventing subsequent specimen failure.
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(a) Better powder bed surface than the 1st batch (b) Surface self-delamination

Figure 4.5: Samples of the 2nd batch
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(a) Dog-bone arrangement

(b) Edge cracks make dog-bone fracture

Figure 4.6: The printing of dog-bone components

The observations during the printing process reveals that edge powder leakage and surface cracks
on the powder bed were still present (Figure 4.7), and which indicating that the sealing around the
printing platform and the roller surface may exhibit similar flaws to those observed in the first batch.
Examination of the binder line shows that although the binder trajectory remains suboptimal, the
saturation have improved compared to the first batch (Figure 4.8).
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Figure 4.8: Binder lines during the 2nd printing

4.1.3. Calibration of Printing Parameters

The printer for the third session is the calibrated version of the printer from the first session, and the
printing parameters followed those detailed can also be found in Appendix 1. Two batches of samples
were printed in this session: cups for testing packing bed density (with an internal volume of 1 cm?)
and plain cubes with an edge length of 1 cm. Although visible cracking and roller-induced surface
defects were observed during the test prints of 5 cm cubes (Figure 19), no significant cracking was
observed during the actual printing of those mentioned samples. Additionally, the powder bed surface
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on the printing platform appeared relatively smooth (Figure 20a). The cup models used for packing bed
density testing and final cube samples are shown in Figure 4.10a and 4.10b.

The defects in green parts include surface defects and improper bonding, which reflects potential issues
in the printing process. During the printing process, parameters such as layer thickness and feed height
are kept consistent unless necessary adjustments are required. Therefore, the issues that arise during
printing primarily stem from the binder system and the powder bed.

== = el

(a) Test with 5cm cube (b) Smooth powder bed during printing

Figure 4.9: The 3rd printing session

(a) Cups for packing density test (b) Cube of 1x1x1 cm?

Figure 4.10: Small cups for packing density test and the final small cubic samples

Based on the three printing processes conducted, several critical parameters will be analyzed, starting
with the binder. Although the composition and manufacturing process of the binder are proprietary,
maintenance technicians have recommended heating the binder to ensure smooth transport through
the pipelines. This indicates that the binder possesses high stability, viscosity, and low volatility.
However, these properties also increase the likelihood of nozzle clogging, which can hinder proper
binder deposition, compromise the integrity and precision of the printed pattern, and potentially
result in defects such as cracks, ultimately reducing the mechanical performance of the printed parts
[94]. Additionally, to minimize airflow interference during the descent of binder droplets, the distance
between the printhead and the powder bed is typically set to 1-3 mm. However, in this study, the
printer’s printhead-to-powder bed distance is approximately 5 mm, which may expose binder droplets
to airflow disturbances. Such disturbances could negatively impact the interaction between the binder
droplets and the powder bed [71].

Then it is the powder bed. When using a counter-rotating powder spreading roller, the roller exerts
a compacting effect on the powder bed, and as the layer thickness decreases, this compacting effect
intensifies, which can help increase the green part density. However, when the layer thickness is too
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low, the spreading process may introduce defects, such as overall part shifting and the formation of
large voids within the green part, both of which can reduce the part’s density[95]. Additionally, the
shear forces generated by the powder roller can cause layer misalignment in the printed part, leading to
deformation or even failure. If the compacting effect of the powder roller is limited (as shown in Figure
4.9a and 4.2), combined with uneven binder deposition or a low saturation level, the packing density
of the powder bed and interlayer bonding quality may be compromised, increasing the likelihood of
defects in the green part.

In this experiment, due to machine changes, the layer thickness was kept at 0.1 mm and the feed height
at 0.20 mm (except for the third batch, where it was adjusted to 0.18 mm). The X-speed ranged from 10%
to 30%, and the roller speed was set between 25% and 50%. As for the selection of layer thickness, the
minimum layer thickness in BJ is typically three times the average particle size and should exceed the
largest particle[87]. The two powders used in this experiment had particle sizes of >18 pm and >25
pm, respectively, making the 100 pm layer thickness appropriate. Previous studies indicate that layer
thickness and binder saturation have the greatest impact on green part quality[42], so the effects of
X-speed and roller speed will not be discussed here.

4.2. Densification of Green Body

4.2.1. Effect of Sintering Temperature

To determine the debinding and sintering temperatures for the 316L stainless steel samples, thermo-
gravimetric analysis (TGA) is employed in this experiment. As shown in Figure 3.2b, a small portion of
the sample was extracted from the larger cubic sample to meet the capacity requirements of the alumina
crucible inside the TGA. The selected samples and their corresponding temperatures are listed in Table
4.1. And, the melting point of this selected SS 316L powder is between 1420 °C to 1440 °C.

Table 4.1: TGA testing data

Sample Debinding Sintering Atmosphere  State  Relative Density/%
Temp/°C  Time/h Temp/°C Time/h
1 400 3 1380 5 Ar solid 97.16
2 400 3 1400 5 Ar solid 97.82
3 400 3 1400 10 Ar solid 96.74
4 400 3 1420 5 Ar solid 94.51
5 400 3 1440 5 Ar molten 98.03

An analysis of the TGA results was conducted using Sample 4 as a representative example. The entire
process, including debinding, sintering, and temperature-changing steps, lasted approximately 18 hours.
Figure 4.11 shows the relationship between mass change and temperature for a small sample placed in
the TGA. The green line represents the mass, corresponding to the right y-axis (in milligrams), while the
orange line represents the temperature, corresponding to the left y-axis (in °C). Figure 4.12 includes a
purple line, which represents the derivative of the green line (mass). A noticeable drop in the derivative
indicates significant mass loss.

By examining both figures, it can be observed that the two regions marked with red circles show
significant mass loss. The first major drop in mass (green line) occurs within the first hour, corresponding
to a temperature of approximately 400°C. The second significant mass loss happens between the 6th
and 9th hours, with the fastest rate of loss occurring at around 1300°C. However, the mass stabilizes
around the 9th hour, at which point the temperature reaches 1400°C. As shown in Table 4.1, the melting
of the 316L stainless steel sample occurs at 1440°C.

Therefore, after more than five experiments, to ensure the complete removal of the binder, 450°C and
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1400°C were selected as the debinding and sintering temperatures, respectively.

Furnace Temperature (“C)
TG (mg)

10
Time (h)

Figure 4.11: TGA data of sample 4
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Figure 4.12: TGA data and derivative of sample 4 mass variation

4.2.2. Effect of Debinding and Sintering Atmospehere

Based on the TGA data, the debinding and sintering profile is developed, as shown in Figure 3.4.
Sintered samples can be seen in Appendix 2. During sintering, two atmospheres were employed: Argon
(Ar) and vacuum. For the first session samples (smaller than 18 micrometers), nine samples with the best
surface morphology and dimensions were selected, five of which underwent TGA analysis. Therefore,
the remaining four samples were sintered according to the post processing profile. The sintered samples
are shown in Figure 4.13a.

In the second session, although different powder with a particle size of less than 25 micrometers and a
different printer were used, the same sintering strategy was applied due to time constraints and sample
quantity considerations. In this case, two samples were selected for sintering, one in an Ar atmosphere
and the other in a vacuum. The results showed differences in hardness and microstructure. However,
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further research is needed to determine whether these differences were solely due to the sintering
atmosphere.

In the third session, nine samples were produced, five of which were sintered in an Ar atmosphere,
while the remaining four were sintered in a vacuum. However, due to an issue with the furnace’s
gas supply during the sintering process, the surfaces of the four samples in the vacuum atmosphere
oxidized and turned black, as shown in Figure 4.13b.

(a) Samples after sintering within Ar atmosphere (b) Samples in Ar (left) and Vacuum (right, oxidized)

Figure 4.13: Samples sintered within different atmosphere

Sintering is a key process to enhance the density and strength of B] metal parts, allowing control over
porosity and mechanical properties. The process is divided into four stages: the green part stage, initial
sintering, intermediate sintering and final sintering. In this experiment, sintered samples achieved a
relative density above 94% using the Archimedes method. Despite expectations for decreased porosity
due to grain boundary migration at around 1410°C, SEM and OM images still show dispersed pores.
However, compared to the samples sintered in argon flow, the samples sintered in vacuum exhibit
significantly lower porosity. Thus, those pores may be caused by the argon trapped in closed pores
during sintering and they expand at high temperatures[85]. Further discussion on the porosity generated
during sintering will be provided in Section 4.7.

4.3. Microstructural Charactarization

43.1. XRD

XRD is employed to analyze the chemical composition of the samples to determine whether oxidation
had occurred or if any organic residues remained. The XRD results are presented in Figure 4.14. Two
samples exhibit similar characteristics, with both showing FCC austenite as the primary phase (labeled
as "304 stainless steel’ in the legend, representing the FCC structure) and BCC as a secondary phase. A
small peak is observed around 26 = 46°, which is identified as a k-beta peak from the main FCC phase,
rather than from a different phase. This phase is determined to be y-austenite associated with the (111)
plane [89, 96, 97].

Additionally, very small peaks appear around 26 = 55°, but the corresponding phase could not be
identified. For the peaks around 20 = 52° and 20 = 89°, they are attributed to y-austenite associated
with the (200) and (311) planes, respectively. Several potential phases were explicitly examined, including
Cry03, Cr3Cs, Cementite (Fe3C), Fe2O3, and Cr3Og, but none matched the measured patterns, as some
characteristic peaks were missing. However, at 20 = 60°, an additional peak is observed compared to
the studies by Yan and Xu et al. Given that the powder has been recycled at least twice, this peak is
likely attributed to surface contamination [89, 96, 98]. In summary, oxidation or residual binder cannot
be directly identified from the XRD results.
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Figure 4.14: XRD result of 316L stainless steel samples sintered within Ar and vacuum

4.3.2. Microstructure

For powders applied in binder jetting, spherical powder particles offer high packing density and
good flowability, and powder’s particle size distribution (PSD) affects the porosity, pore size, and its
distribution. As shown in Figure 3.1, both powders exhibit a high degree of sphericity. Figure 4.15
presents the SEM view of the powder arrangement in the unsintered green part (<18 um), revealing that
many fine powder particles are unevenly distributed around larger particles. While the presence of
fine particles reduces pore size and enhances particle bonding, their uneven distribution can lead to
non-uniform pore structures. Additionally, the small size of bonding necks between particles suggests
a low binder distribution uniformity, which may result in surface roughness and defects such as
delamination or fractures. To improve surface smoothness and enhance interparticle bonding, finer
powders, thinner layers, smaller binder droplets, and a more uniform powder bed should be used.
Moreover, using a mixture of powders with various particle sizes is an effective approach [69].

SED 20.0kVWD14mm x1,100  10pm  ‘—
6A Sep 09, 2024

Figure 4.15: Microstructural morphology of green part (<18 ym)
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Figure B.2 correspond to three samples with different particle size and sintering atmosphere. Figure 4.16a
and Figure 4.16b represent the metallographic microstructures of samples with particle sizes of 18
um and 25 pm, respectively, sintered in an argon atmosphere. In contrast, Figure 4.16c shows the
metallographic microstructure of a 25 ym sample sintered in a vacuum atmosphere. These three
samples follow the debinding and sintering profile shown in Figure 3.4. All three images display a
distinct austenitic structure. However, unlike Figure 4.16c, numerous black spots of varying sizes
can be observed in Figure 4.16a and Figure 4.16b and they irregularly distributed throughout the
microstructure.

(a) Particle size <18 um, sintered in Ar (b) Particle size <25 um, sintered in Ar

() Particle size <25 um, sintered in Vacuum

Figure 4.16: OM images of 3 samples under different sintering conditions

As seen in Figure 4.17 and the corresponding EDS elemental analysis data in Table 4.3, position 5 is
located within the austenitic matrix, position 2 is situated in a larger, irregularly shaped black region,
and position 3 and 4 are found in droplet-like structures. Elemental analysis reveals that all four points
have a high concentration of iron oxides and very low carbon content. Therefore, position 2 is not a
carbide or other precipitate, and position 3 and 4 are not voids. Consequently, it can be concluded that,



4.3. Microstructural Charactarization 40
except for position 5, the remaining three points are oxides.
SED 2‘0.0kV WD11mm 166pm
6A 0098 05 Sep 2024
Figure 4.17: SEM analysis about different points of sample <18 um, sintered in Ar
Table 4.2: Element analysis/Oxide at different points
Position 2 Position 3 Position 4 Position 5
Formula mass/% Formula mass/% Formula mass/% Formula mass/%
C 1.60 C 1.62 C 1.61 C 1.59
SiO, 0.56 SiO; 0.59 SiO; 0.69 SiO; 0.65
CI‘203 20.12 CI‘203 19.58 CI‘203 20.16 CI‘203 19.73
MnO 1.59 MnO 1.63 MnO 1.67 MnO 11.52
FeO 63.27 FeO 62.82 FeO 62.76 FeO 62.71
NiO 11.01 NiO 11.40 NiO 10.71 NiO 1.52
Ti,O3/MoO3 1.85 MoO; 2.35 MoO3 2.40 MoQO;3 2.30
Total 100.00 Total 99.99 Total 100.00 Total 100.02

To further validate these findings, different areas were selected for EDS elemental analysis, with the
results presented in Figure 4.18 and Table 4.3. Area 4 shows a significant accumulation of elements
typical of 316L stainless steel, indicating that it is not a void. The elemental composition of Area 3 is
nearly identical to that of Area 2, except for the molybdenum (Mo) content. Therefore, Area 3 is unlikely
to be a droplet or an external contaminant. Based on this analysis, it can be concluded that these areas
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are composed of metal oxides.

SED 20.0kV 50um ——
6A 0098 05 Sep 2024

Figure 4.18: SEM analysis within different areas of sample <18 um, sintered in Ar

Table 4.3: Element analysis/Oxide within different areas

Area 2 Area 3 Area 4
Formula mass/% Formula mass/% Formula mass/%
C 0.94 C 0.88 C 0.81
SiO, 0.63 SiO, 0.67 SiO, 0.48
CI‘203 19.85 CI‘203 20.51 CI‘203 20.95
MnO 1.58 MnO 1.88 MnO 2.60
FeO 63.33 FeO 63.69 FeO 63.47
NiO 11.40 NiO 10.41 NiO 9.94
MoOs3 2.27 MoO3 1.97 MoOs3 1.75
Total 100.00 Total 100.01 Total 100.00

However, aside from the mentioned non-void black spots, SEM analysis of the same sample also reveals
the presence of voids. As shown in Figure 4.19, the black area in the center of the image appears to be a
void. Using the EDS element mapping function, the distribution of various elements was examined (see
Appendix 3). The elemental distribution in the central region appears as a black area, indicating that
almost no elements can be detected in this zone. The sample surface has been uniformly treated, and
the sample has a relatively uniform density distribution with a value exceeding 95%, it is possible that
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the central region is a void.

o j
' 1 100 pm sED

Figure 4.19: SEM image of the selected area

Based on the above analysis, the black spots observed in Figures 4.16a and 4.16b are likely pitting
corrosion sites rather than carbon or nitrogen precipitates. For BJP 316L stainless steel, the primary
cause of pitting corrosion is the penetration of chloride ions (Cl™), with increased surface roughness
and porosity significantly enhancing the material’s susceptibility to such corrosion. Given that the
component was manufactured near the Nieuwe Maas River and that an acidic solution containing HCl
was used during the immersion stage of sample preparation, there is a potential introduction of chloride
ions, though their concentration remains uncertain. The presence of chloride ions likely contributed to
the observed pitting corrosion [99]. A potential mitigation strategy to reduce pitting corrosion is to
employ superfine finishing techniques to enhance the pitting corrosion resistance of 316L samples.

In this study, insufficient humidity control during sample preparation, combined with high surface
roughness and porosity, further facilitated conditions conducive to pitting. Other factors contributing
to the observed corrosion require further investigation.

Apart from pitting corrosion, the black spots may also represent different types of pores. As previously
discussed, three types of pores can be observed in binder-jetted 316L stainless steel after high-temperature
densification (Figure 2.11). Among these, Type III pores are the most prevalent and detrimental. These
pores are typically located between layers and aligned perpendicular to the printing direction, acting as
potential stress concentration sites. Additionally, Type III pores hinder the densification of binder-jetted
metal parts, thereby significantly degrading the mechanical properties of the material. Their formation
and prevalence emphasize the need for strategies to address porosity-related challenges in binder jetting
processes.

As for the black regions shown in Figure 4.19, based on the EDS elemental mapping results, which
indicate a very low presence of elements such as Ni and Fe in these areas, it is likely that these black
regions are pores. The relevant EDS mapping can be found in Appendix 3.
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4.4. Densification Analysis

4.4.1. Density

Theoretically, the density of a regular cubic sample should be measured using calipers and a scale,
followed by a calculation using the corresponding formula. However, due to the presence of engraved
lettering on three faces of the sample and the printer’s difficulty in accurately producing the sharp edges
of the letters, the final density measurement was performed using the Archimedes method.

According to the data of Table 4.4, the density of sintered samples (manufactured with <18 pm powder)
is approximately 7.7 g/cm®. When compared to the theoretical density of pure iron, which is 8 g/cm?,
the relative density is around 96%. All four samples here are sintered under the same condition, namely
debinding at 450°C for 3 hours, and 1410°C for 5 hours. However, compared to the density values
reported in other studies (Table 4.5), the density obtained in this experiment is relatively low, likely due
to the high porosity remaining in the samples after sintering. A detailed analysis will be discussed in
Section 4.7.

Table 4.4: Density of samples (2x2x2 cm?)

Sample Massinair (g) Massin water (g) Density (g/cm®) Relative Density (%)

Sample 6 37.11 32.27 7.64 95.54
Sample 7 35.54 30.93 7.68 96.02
Sample 8 36.03 31.35 7.68 95.95
Sample 9 35.98 31.31 7.68 96.04

Table 4.5: Density values from 5 studies

Article Author Density after Sintering (g/cm®)  Reference
Mao et al. (2023) 7.95 [85]
Mirzababaei et al. (2019) 7.80 [47]
Cabo Rios et al. (2022) 7.95 [88]
Do et al. (2018) 7.90 [31]
Ziaee et al. (2017) 7.85 [42]

Based on the volume calculations from Rhino 8, the volume of a cubic STL file with decorative letters,
assuming theoretical dimensions of 2x2x2 cm?, results in the combined hollow portions of the three
letters accounting for approximately 7.705 cm?, which is about 3.69% of the total model volume (8 cm?).
Thus, the solid portion occupies approximately 96.31% of the total volume. For data analysis, Table 4.4
and Table 4.6 represent the density data of samples 6 through 9, obtained using the Archimedes method
and the mass-to-volume method, respectively. In Table 4.6, the "effective volume" is calculated by
multiplying the volume derived from the side length data in Table 10 by 96.31%. A comparison of the
two methods reveals that the densities obtained using the Archimedes method are significantly higher
than those obtained via the mass-volume method.

Table 4.6: Theoretical values of mass, volume, and density of samples 6-9 with Rhino 8

Sample Massinair(g) Effective Volume (cm®) Density (g/cm®) Relative Density (%)

Sample 6 37.11 5.10 7.27 90.88
Sample 7 35.54 4.90 7.25 90.63
Sample 8 36.03 4.87 7.40 92.50
Sample 9 35.98 5.00 7.20 90.00

And considering the potential internal porosity of the 3D-printed samples and the possibility of uneven
powder packing during printing leading to non-uniform density distribution, three samples are each
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sectioned into four parts, and their densities are measured using the Archimedes method. As presented
in Table 4.7, although these three samples were printed using different powder particle sizes and sintered
in varying atmospheres, their final density distributions exhibit a relatively uniform pattern. Therefore,
in subsequent analyses, the assumption that all samples used in this experiment have relatively uniform
density distribution will be applied. Simultaneously, the effect of wax is also examined. Wax is applied
to the samples by melting it through heating. As observed in Table 4.8, the density measurements of the
large samples show minimal difference before and after the application of wax, while the small samples
exhibit a slight change in density. Therefore, the influence of wax on large samples can be thought as
small, while for small sample, the influence should be considered.

Table 4.7: Test for density distribution

Atmosphere Mass,ir (g) Masswater (g) Density (g/cm3) Relative Density (%) Position

9.429 8.192 7.60 95.00 upper-left

Argon (< 18 m) 8.271 7.192 7.64 95.53 lower-left
& i 6.967 6.058 7.64 95.52 upper-right
6.267 5.444 7.59 94.90 lower-right

9.595 8.371 7.82 97.69 upper-left

Argon (< 25 pm) 9.060 7.900 7.79 97.34 lower-left
& i 6.785 5.921 7.83 97.87 upper-right
6.742 5.874 7.74 96.80 lower-right

5.578 4.848 7.62 95.23 upper-left

Vacuum (< 25 um) 10.57 9.184 7.60 95.04 lower-left
6.633 5.758 7.56 94.47 upper-right

6.830 5.926 7.53 94.16 lower-right

Table 4.8: The effect of wax application on density

Size Sample | Density (g/cm®) | Relative Density (%)
2x2x2 cm’ Wax 7.63 95.38
2x2x2 cm® | No Wax 7.64 95.54
Ix1x1cm® | Wax 7.79 97.43
1x1x1 cm® | No Wax 7.70 96.21

Although the Archimedes method theoretically tends to yield slightly higher density values due to
external factors such as air bubbles and temperature variations, considering the inaccuracies in the
sample’s shape and sample defects, the sample’s density distribution remains relatively uniform (as
shown in Table 4.7). Therefore, for the purposes of this study, the density results obtained using the
Archimedes method will be adopted as research data.

4.4.2. Dimensional Changes

For dimension measurements, four large samples (2x2x2 cm? printing model) plus three small samples
(1x1x1 cm?® printing model) are tested. The measurements are conducted using calipers, and this
process involves selecting three adjacent faces of each cube and measuring three points on each face, as
illustrated in Figure 3.6. The detailed measurement results are presented in Table 4.9.
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Table 4.9: Dimensional Measurement Results of Samples with Varying Sizes

Model Sample After Sintering Before Sintering Change (%)

X/cm Y/cm N/cm X/em Y/ecm N/ecm X/cm Y/ecm N/cm

2x2x2 cm3 6 1.75+0.0046 1.77+0.0093 1.71+0.0060 2.05 2.08 204 -13%  -15%  -16%
7 1.72+0.0075 1.77+0.0133 1.67 £0.0010 2.03 2.05 2.02 -15%  -14%  -17%

8 1.74 +0.0055 1.74+0.0040 1.67+0.0040 2.06 2.04 2.06 -15%  -15%  -19%

9 1.73+0.0083 1.74+0.0121 1.66+0.0100 2.03 2.05 2.05 -15%  -15%  -19%

1x1x1 cm3 1 0.87 +0.0006 0.87 +£0.0006 0.82+0.0006 1.01 1.03 1.04  -14% -16% -21%
2 0.86 +0.0006 0.87 +£0.0010 0.83 £0.0006  1.02 1.02 1.04  -16% -15% -20%

3 0.89 +0.0067 0.86+0.0021 0.82+0.0006 1.03 1.02 1.04 -14% -16% -21%

The results in Table 4.9 indicate that the shrinkage along ND is greater than that along XD and the YD,
as shown in Figure 3.6. For both large and small samples, the shrinkage in the X and Y directions is
approximately 15%. However, in the N direction, the shrinkage for small samples is around 20%, while
for large samples, it ranges from 16% to 19%.

The approximately 4% higher shrinkage in the ND compared to the XD and YD can be attributed to
several factors. First, during high-temperature sintering, the material softens, and the combined effects of
the material’s own weight and internal stresses within the printed part lead to additional shrinkage [52].
Second, the N direction is not consistently oriented upward during sintering, resulting in voids between
adjacent layers in this direction. These voids reduce the packing density, making compression more
likely. Third, binder jetting may cause particle splashing, which leads to the formation of subsurface
depletion zones [100]. These zones contribute to residual voids due to insufficient compaction of
subsequent powder layers, which are likely introduced during the printing process. Furthermore, the
incomplete penetration of binder during printing in the ND can result in higher interlayer porosity [101].
Lastly, as the samples densify during sintering, the collapse of pores can further exacerbates shrinkage
in the ND.

4.5. Mechanical Analysis

4.5.1. Hardness

Hardness testing was conducted on samples from the same batch as those in Table 4.7 to minimize
confounding factors. Using a Vickers hardness tester, both the indentation images and hardness values
of the sample surfaces were obtained. The tested surfaces included the sample surface (XY plane) and
cross-section (Z-axis), and all tested planes are ground and polished. Figure 4.20 shows randomly
selected hardness test results from multiple measurements, corresponding to the hardness values at
specific locations on the XY plane of three different samples. Combined with the data in Table 4.10, the
vacuums-sintered samples with particle sizes smaller than 25 microns exhibited the highest hardness,
with an average hardness of 283 HV10 on the XY plane and approximately 294.3 HV10 in the longitudinal
direction. The argon-sintered samples with particle sizes smaller than 25 microns had intermediate
hardness, with an average hardness of 117.9 HV10 on the XY plane and approximately 124.8 HV10
in the longitudinal direction. The argon-sintered samples with particle sizes smaller than 18 microns
showed the lowest hardness, with an average of 103.17 HV10 on the XY plane and approximately 107.4
HV10 in the longitudinal direction.

Table 4.10: Average hardness value of 3 samples (HV10)

Sample XY Plane (HV10) Z-axis (HV10)
< 25 pm in vacuum 283.0 +14.49 2943 +£4.20
<18 ymin Ar 117.9 +1.92 124.8 + 0.46
<25pumin Ar 103.2 +2.15 107.4 + 1.45

Figure 4.21 illustrates the relationship among the powder particle size, sintering atmosphere, the Vickers
hardness, grain size, and relative density of the samples. The grain size can be measured using the
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Figure 4.20: Comparison of the indentations for the three samples

intercept method with software such as Image]. Figure 4.22 provides a schematic representation of the
grain size analysis conducted on a 25 pm sample sintered under an argon atmosphere. By drawing lines
of a specific length across the grains, the average length of line segments required to intersect a single
grain can be calculated, which represents the average grain size. It is important to note that, during the
actual counting process, line segments that do not fully intersect complete grains at their endpoints are
generally counted as one grain. Additionally, the focus of the measurement is on the number of grain
boundary intersections rather than the total number of grains. To ensure accuracy, the total number of
grains intersected in the given direction should be as large as possible, with the cumulative number of
grains counted across multiple lines exceeding 100. In this study, the data used represent the average
grain size based on four intercept lines. However, it is difficult to accurately processing features such as
blurred grain boundaries from images, Therefore, the result is less intuitive than the other two events
that are analyzed directly from numerical data.

The data shows that as the particle size increases and the sintering atmosphere changes from argon
(AR) to vacuum (VAC), there is a notable increase in hardness, with the highest value of 288.63 HV10
observed in the vacuum-sintered sample with a 25 pm particle size. However, the relative density
remains relatively stable across different conditions, fluctuating around 95%. In contrast, the grain size
shows a decreasing trend as the sintering environment transitions from argon to vacuum, with the grain
size decreasing from 75 pm in the 18 pm AR sample to 57 ym in the 25 pm vacuum-sintered sample.
This suggests that the sintering atmosphere significantly influences the microstructural evolution and
mechanical properties of the samples, with vacuum sintering promoting higher hardness while limiting
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Figure 4.21: Relationship between different sintering atmosphere and hardness, grain size and relative density
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Figure 4.22: Grain size measurement through Image J

Table 4.11 lists five studies on BJ-manufactured 316L stainless steel, all employing sintering as the
post-processing method without HIP or MIM. The hardness of the samples sintered in argon atmosphere
is lower than the reported values, while vacuum-sintered samples exhibit significantly higher hardness.
This can be attributed to higher density, finer grain size, lower porosity, and a greater presence of delta
ferrite along with more prevalent twinning crystals in the austenitic matrix. In the right image of
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Figure 4.23b, the vacuum-sintered sample exhibits smoother grain boundaries than the sample in Ar
(Figure 4.23a), with the black precipitates along the grain edges identified as ferrite.

The formation of ferrite during vacuum sintering of 316L stainless steel can be attributed to several
factors. First, differential distribution of alloying elements, such as the higher concentration of ferrite
stabilizers (Cr, Mo) in ferritic regions and a lower concentration of austenite stabilizers (Ni), promotes
ferrite formation. Second, the deliberate addition of alloying elements (such as Cr, Mo and Ni) to
the pre-alloyed powder influences the phase composition, while the use of the Schaeffler diagram
enables precise control over the balance of ferrite and austenite phases. These factors collectively
contribute to the enhanced ferrite content in vacuum-sintered 316L stainless steel [102]. Moreover,
Mariappan et al [103] found that stainless steel sintered in argon atmosphere exhibit limited ferrite
formation compared to other conditions. Thus, it should be that both ferrite and twinning crystals
within Vacuum-sintered samples contribute to the high hardness, while the lack of hard phases and
voids within Ar-sintered samples can reduce the hardness.

Table 4.11: Vicker hardness values from 5 studies

Author Hardness (HV) Reference
Mirzababaei et al. 155-165 [104]
Tillmann et al. 104-143 [105]
Lecis et al. 137-178 [106]
ExOne 119-127 [107]
This Study 111-220 -

(a) <18pm powder sintered in Ar (b) <25pm powder sintered in Vacuum (oxidized)

Figure 4.23: Microstructure of samples within diferent sintering atmosphere

4.5.2. Compression Tests

The compression tests were conducted using a Zwick Z100 machine, with a maximum load capacity of
100 kN. Due to limitations in sample quantity and geometry, three compression tests were performed. In
all tests, the samples did not exhibit failure even after reaching the 100 kN load. Figure 4.24 presents the
data from one of these tests. Since the samples did not fully fail, the figure does not provide sufficient
information for a comprehensive analysis. However, from the obvious deformation (Figure 4.25),
significant internal voids were identified within the samples. Table 4.12 presents the dimensional data
of the three samples before and after compression.
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Figure 4.24: Compression test on complete cubic sample
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Figure 4.25: Complete sample, N-compressed complete sample, X/Y-compressed half sample 1, X/Y-compressed half sample 2

Table 4.12: Sample dimension change ("*" means after compression test), unit: mm

Sample N N* X X* Y Y*
N-Complete 8.62 6.03 863 1052 822 10.56
X/Y-Half 823 1044 454 328 859 10.01
X/Y-Half 8.68 11.84 812 6.70 371 414

AN AX AY
N-Complete -2.59 +1.89 +2.34
X/Y-Half +2.21 -1.26 +1.42
X/Y-Half +3.16 -1.42 +0.43

Due to the limited number of samples, a small cube was evenly cut in half for the experiment Figure 4.25
shows, from left to right: the intact sample, the intact sample compressed in the ND, one half of the
sample compressed in the XD or YD, and the other half compressed in the XD or YD. Based on the
grid lines in the background, the dimensional changes before and after compression are significant. As
indicated in Table 18, the deformation in the ND is consistently the largest among the three directions.
Furthermore, even at the maximum load of 100 kN, the sample appears to be capable of further
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compression, suggesting the presence of considerable internal voids. However, considering the density
and hardness data mentioned earlier, it is likely that the voids are primarily between layers rather than
due to excessively high overall porosity. The larger interlayer voids may be attributed to several factors
during the printing process, including insufficient compaction by the powder roller, inadequate binder
saturation levels, and suboptimal interactions between the binder and the powder.



Conslusions

This study focuses on the 316L stainless steel parts produced by Concr3de using binder jetting technology.
Through the adjustment of process parameters, mechanical testing, and microstructural characterization,
deficiencies in the printed samples were identified. By optimizing these parameters, improvements in
the mechanical performance of the printed parts were achieved. The main conclusions are as follows:

1. With the current binder, the optimal printing performance has been achieved using a layer height
of 0.1 mm, a feed height of 0.18 mm, and a roller speed of 50%. However, the settings for X-speed
and spread speed should be adjusted based on the specific machine configuration. For instance,
on the Mode 2000 machine, X-speed should be maintained between 30% and 50%, while spread
speed should be set within the range of 20% to 30%. In contrast, for the Chiron machine, the
recommended settings are X-speed at 20% and spread speed at 40%.

2. According to the results of TGA test and density analysis, the appropriate debinding and sintering
parameters for Concr3de’s BJ 316L stainless steel samples are determined to be 450 °C for 5 hours
for debinding and 1400 °C (or 1410 °C) for 5 hours for sintering. Under these conditions, the
relative density of the sintered samples stabilized above 94%, with a maximum value reaching
approximately 98%. Sintering atmosphere also influence material performance. In this study,
samples sintered within vacuum own fewer pores, higher hardness and a more homogeneous
microstructure compared to those in argon.

3. Several issues can be encountered during the printing process, resulting in suboptimal mechanical
properties of the samples:

¢ Binder and powder provided by the company exhibit suboptimal compatibility, which results
ininadequate bonding along ND within the samples. Thus, the insufficient interlayer adhesion
creates large compressible space, and it ultimately compromises sample performance in
compression test.

* Machine instability affect sample performance. Issues include, but are not limited to bind-
clogging printhead, suboptimal powder bed morphology due to powder leakage and roller
scratch. Additionally, the interaction between binder droplets and powder particles remains
insufficiently understood and requires further investigation.

¢ Possible solutions include reducing the binder’s volatility and viscosity, redesigning the
printing platform, improving powder bed compaction through roller adjustments, and
minimizing the number of powder recycling cycles to enhance printing consistency and part
quality.

4. Black voids can be observed in the microstructure of sintered samples, which are suspected to

be either Type III pores during sintering or pits caused by pitting corrosion. Type III pores are
difficult to eliminate through sintering and lead to larger interlayer voids, particularly in the
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vertical direction, resulting in significant shrinkage and impacting the material’s mechanical
properties. Pitting corrosion may be caused by excessively high ambient humidity. Additionally,
the sintering atmosphere can affect material performance. Samples sintered within vacuum own
fewer pores, higher hardness and a more homogeneous microstructure compared to those in
argon. Hardness testing confirmed that samples sintered in a vacuum had superior hardness.



Knowledge Gap and Further Research

6.1. Knowledge gap

1. In BJP processing, the printing process serves as the initial step in the production of the final product.
During the powder spreading stage, issues such as poor powder bed deposition, powder leakage, and
suboptimal powder bed density can significantly impact subsequent steps. Parameters such as X-speed,
layer thickness, and roller spreading speed critically affect the integrity, accuracy, and density of the
green parts. However, the intrinsic flowability of the powder and its relationship with these parameters
could not be thoroughly investigated in this study. Therefore, understanding the influence of powder
spreading parameters on the quality of the printed parts is of great importance.

2. In this study, the interaction between the binder and SS 316L remains unclear. Although a relatively
suitable 3P waveform was employed, a binder-jetting system was designed to match this binder, and the
Xand Y velocities of the print head were adjusted, the green parts still failed to achieve satisfactory
printing accuracy or morphology. Thus, further investigation into the binder-powder interaction is
necessary.

3. Observations of as-sintered samples under SEM and OM revealed black regions resembling voids.
However, their nature and origin remain unclear. If these voids are caused by pitting corrosion, it raises
important questions about why pitting corrosion occurs in SS 316L, a material known for its excellent
corrosion resistance. Investigating the mechanisms behind this phenomenon is essential.

6.2. Future Research

¢ Conduct a detailed investigation into the effects of printing parameters on the printing process.
This objective can be divided into two key aspects:

— Investigate the interaction between binder droplets and metallic powders, including SS
316L. Specifically, examine the wetting behavior of the binder on the powder surface and its
penetration into the powder. This will provide insights into improving the bonding quality
of metallic powders, which is crucial for developing subsequent post-treatment processes.

— Explore alternative post-treatment methods beyond sintering. Considering the long sintering
durations and the stringent requirements for sintering atmospheres in this experiment,
research into new sintering techniques or entirely different post-treatment methods is
necessary, focusing on economic cost, time efficiency, and overall performance.

* Develop new material systems to enhance the binder-jetting process.

— The binder used in this experiment showed high chemical stability and viscosity, but these
properties resulted in suboptimal binder jetting, negatively impacting the printing process.
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— Investigate new binder materials, optimize their physicochemical properties, and explore
alternative metallic powders. The goal is to identify compatible binder-metal combinations
that improve bonding performance while reducing operational complexity, benefiting both
laboratory research and industrial production.
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Table A.1: Session 1: Chiron Machine (1%t printer)

Printing Parameters

Parameters Data
X-speed 20%-50%
Spread Speed 40%—-60%
Layer Height 0.1 mm
Feed Height 0.19 mm
Roller Speed 50%
Table A.2: Session 2: Type 2000 (2"¢ printer)
Parameters Data
X-speed 30%-50%
Spread Speed 20%-30%
Layer Height 0.1 mm
Feed Height 0.18 mm
Roller Speed 50%

Table A.3: Session 3: Reassembled Chiron Machine (Brd printer)

Parameters Data
X-speed 20%
Spread Speed 40%
Layer Height 0.1 mm
Feed Height 0.18 mm
50%

Roller Speed




Image of Samples

(b) Sintered samples with slight surface damage

Figure B.1: As-sintered samples
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(c) Etched 316L samples (<25 ym, in Vacuum

Figure B.2: Samples for characterization



EDS Mapping

(a) SED Image (b)
Ni K

() FeK
(d) CrK

64



65

Counts[x1.E+3]

() CuK

18.0.

16.0

14.0—

12.0

10.0

8.0

6.0

4.0+

2.0

_;—_-ggm FeZz
—-— e | ! |

0.0+
0.00

|
2.00

in

10.00

Figure C.3: Acquisition Condition

Acquisition Condition

Instrument : IT100LA
Volt : 20.00 kv
Current R
Process Time : T2

Live time : 78.64
sec.

Real Time : 81.14
sec.

DeadTime : 3.00 %
Count Rate : 8633.00
CPS
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