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Binder Jetting - Influence of the Processing Atmosphere on
Process Robustness and Part Quality of 17-4 PH Stainless Steel

KAI ZISSEL

Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

The importance of the processing atmosphere for the Binder Jetting (BJT) technology is
often underestimated. Its significance rises as the processing temperatures increase along
the process chain. The processing atmosphere can affect the process robustness and part
quality, which was investigated for 17-4 PH stainless steel.

The negative effect of curing in ambient air on process robustness was demonstrated, as
the reuse of powder collected from depowdering showed slight oxidation, which altered
the powder rheology. This, in turn, led to lower powder packing during printing,
decreasing green densities and process robustness. Sintering in hydrogen (Hz) could
compensate for the lower initial green densities by higher shrinkages but compromised
dimensional tolerances. Curing in inert argon (Ar) preserved the powder properties.

The detrimental impact of the binder on part quality was revealed for hollow (shelled)
green parts with a binder-affected shell and a binder-free core for sintering in inert Ar
since debinding efficiency was low. Binder-affected areas resulted in lower sintering
densification as increased carbon pickup from binder residue inhibited the formation of
O-ferrite. In addition, microhardness gradients were obtained after sintering since carbon
stabilized austenite, reducing the fractions of martensite formed upon cooling.

The influence of the debinding atmosphere on part quality was investigated for inert,
oxidizing and reducing atmosphere compositions. Debinding in inert Ar was ineffective
and resulted in low sintered densities (~88 %) due to high carbon residue, inhibiting the
formation of §-ferrite. However, the high carbon content led to efficient oxide removal by
carbothermal reduction. Debinding in H2 was inefficient at low temperatures (300°C),
while H: facilitated binder removal at higher temperatures, leading to high sintered
densities (>99 %) and efficient metal oxide reduction.

Varying oxygen (0z) content in the debinding atmosphere composition demonstrated that
oxidizing atmospheres were efficient in binder removal at lower temperatures, as
oxidative binder decomposition required less thermal activation. Increasing the 02
concentration from 1vol.% Oz to 20vol.% Oz led to a reduction in the debinding
temperatures but an increase in powder oxidation. Prior debinding in Ar + 1 vol.% 02
(300°C, 2h) combined with sintering in inert Ar (1300°C, 2 h) provided the best
combination of brown part stability, sintered density (~98 %) and sintered chemistry
compared to higher Oz concentrations in the debinding atmosphere. This combination
poses a viable alternative to debinding and sintering in explosive Hz or inert Ar.

Keywords: Binder Jetting, Additive Manufacturing, Powder Reuse, Curing, Debinding,
Sintering, Processing Atmosphere, Oxidation, Carbothermal Reduction, Stainless Steel
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1 Introduction

1.1 Background & Motivation

Additive Manufacturing (AM) is a manufacturing technology where three-dimensional
parts are produced by the successive addition of material, typically layer upon layer. AM
enables the creation of complex and novel designs for metal parts that were not
achievable with conventional manufacturing methods such as machining, casting and
forging [1,2]. Further advantages of AM compared to traditional manufacturing methods
include part consolidation, topology optimization, rapid prototyping, mass customization,
on-demand production and reduced material waste [3-5].

The benefits of metal AM have been utilized in various industries, particularly in
healthcare and aerospace [6,7]. The adoption of metal AM technologies is primarily
limited by high part costs and low productivity compared to traditional manufacturing
technologies, especially for cost-driven industries such as automotive [8,9]. Various types
of metal AM technologies exist with different advantages and disadvantages [10].

Binder Jetting (BJT) is an emerging metal AM technology that offers the potential to
reduce manufacturing costs and increase production speeds compared to other metal AM
technologies, such as Powder Bed Fusion (PBF) [1]. B]T is currently considered the most
important sinter-based AM (SBAM) technology due to its high technology readiness
level (TRL) and productivity compared to other SBAM processes [11]. B]T is classified as
a multi-step process for metal part production according to ISO/ASTM 52900:2021 [12],
which requires liquid binder and metal powder for printing and further sintering of the
printed part to reach the necessary material properties.

During the printing process, the binder is selectively deposited onto spread layers of
powder via inkjet technology to glue the metal particles together. This process is repeated
layer by layer until the desired part is formed. After the printing process, the powder bed
is subjected to a heat treatment to harden the binder, which is defined as curing. The
curing process provides sufficient strength to the printed parts so that they can be
separated from the surrounding loose powder, which is known as depowdering. At this
stage, the part is termed green part and typically has a relative density between 50 % and
60 % [1,13]. The green part is placed into a furnace for debinding and sintering at high
temperatures, where the binder is removed and a dense metal component is obtained.
BJT components shrink by 10% to 20 % in all three dimensions during sintering,
depending on the initial green density and required densification [11,14].

Each process step is characterized by multiple adjustable process parameters that
influence the outcome of the final part. The processing atmosphere is a parameter that is
encountered within all process steps. A well-controlled and tailored processing
atmosphere is necessary to ensure a robust manufacturing process and high-quality parts.
The importance of the processing atmosphere rises along the multi-step process as the
processing temperatures increase.



Achieving consistent green part quality is a significant challenge in BJT since it requires
stable powder characteristics. During the production of green parts, excess powder is
collected from printing (overflow powder) and depowdering (depowdered powder). This
loose powder is typically reused to ensure a cost-efficient and sustainable manufacturing
process. Printing is usually conducted in ambient conditions at room temperature, where
the impact of the atmosphere on the powder characteristics is generally considered
negligible.

In contrast, the depowdered powder is subjected to elevated temperatures between
150°C and 250°C during the curing process, which is commonly conducted in ambient
air [15,16]. As the binder is hardened, the powder is prone to oxidation. Powder
degradation resulting from powder reuse and curing can potentially compromise printing
repeatability. However, there is limited research on powder reusability and the effect of
the curing atmosphere on powder characteristics and process robustness. Therefore, it is
crucial to study the influence of powder reuse and curing on powder characteristics, green
parts and sintering densification.

Stainless steels such as 17-4 PH are a primary choice for binder-assisted powder
manufacturing technologies, including BJT [17,18], which must fulfill the required
mechanical properties for structural applications. The polymeric binder, however, is a
source of carbon, oxygen and nitrogen. These elements can negatively impact the
sintering densification, sintered microstructure and mechanical properties of stainless
steels [14,18]. A detailed understanding of how binder residue influences the sintering
densification and microstructure of 17-4 PH stainless steel is essential. Therefore, hollow
green parts with varying shell thickness were printed and sintered in argon (Ar) and
hydrogen (H2) to assess the influence of the binder in common processing atmospheres.
In addition, the shrinkage anisotropy of standard green samples processed in Ar and H2
was investigated.

The debinding process determines the effectiveness of the binder removal. The binder is
typically removed in a single-stage thermal debinding process for BJT green parts [11].
Successful debinding is defined as complete binder removal without defect formation in
the part while preserving the powder quality. The choice of the processing atmosphere
can significantly alter the binder decomposition and chemical reactions with the powder,
determining the success of the debinding step. Thermal debinding can be conducted in
inert, reducing or oxidizing atmospheres.

Inert atmospheres such as Ar protect the powder from oxidation but exhibit low
debinding activity as the binder decomposition relies on the thermal degradation of the
polymer itself. Debinding in a reducing Hz-containing atmosphere efficiently removes
binder and carbon [19]. However, the use of Hz gas might be avoided due to local
regulations and safety concerns requiring special furnace designs [20].



Oxidizing atmospheres containing oxygen (0z) enhance the polymer decomposition.
Debinding in air is an efficient concept that can be accomplished in simple furnace
designs. However, a considerable drawback is the susceptibility of the metal powder to
oxidation. Severe powder oxidation is detrimental to sintering densification, mechanical
performance and corrosion resistance of sintered stainless steels [21-23]. This becomes
more problematic for oxygen-sensitive materials.

One strategy to balance binder removal and powder oxidation in an oxidizing atmosphere
is to reduce the 02 concentration. Using a tailored debinding atmosphere can offer the
potential to improve the final part quality. The combination with an inert sintering
atmosphere can provide an alternative to debinding and sintering in an Hz atmosphere.
Consequently, the influence of the Oz content in the debinding atmosphere on binder
removal and powder oxidation was explored. The impact on the subsequent sintering
densification and part properties was studied for sintering in inert Ar within this thesis.

1.2 Research Objectives

The first part of this thesis aimed to highlight the role of the curing atmosphere and
powder reuse on the process robustness. The process robustness was evaluated by
printing accuracy, green part density, sintering shrinkage (dimensions) and sintered
porosity. The reusability of 17-4 PH powder was assessed for 20 consecutive build jobs,
while the influence of curing in ambient air and inert Ar on powder characteristics was
compared. The printing of consistent green parts was a pre-requisite for reliably
comparing the effects of debinding and sintering atmospheres.

The second part of this thesis focused on understanding how the binder content and its
distribution affect the sintered part quality. Therefore, the influence of binder content and
its distribution on sintering densification, microstructure and hardness of 17-4 PH
stainless steel was investigated. Based on these insights, the influence of the debinding
and sintering atmospheres on part quality could be evaluated.

The third part of this thesis explored the concept of reduced Oz content in the debinding
atmosphere to improve the sintered part quality. The aim was to provide an alternative
to debinding and sintering in H2 by combining a tailored debinding atmosphere with
sintering in inert Ar. Thus, the influence of the 02 concentration in the debinding
atmosphere on binder removal and powder oxidation was studied. Subsequent sintering
of the brown parts was conducted to assess the impact on sintering densification,
microstructure and sintered chemistry.



Based on the objectives, the following research questions (RQ) were formulated:

1. What is the influence of the curing atmosphere and powder reuse on powder
characteristics, green parts and sintering densification?

2. How do binder content and its distribution impact powder packing, sintering
densification, microstructure gradients and shrinkage anisotropy?

3. What is the impact of oxygen content in the debinding atmosphere on binder
removal, powder oxidation and subsequent sintering densification?

The resulting structure of the thesis and the addressed research questions in the
appended Papers are visualized in Figure 1.

RQ1: Paper I &Il

Curing Green part density Shrinkage Powder

atmosphere Printing accuracy Sintered density reuse

Standard deviation Chemistry

Oxidation 20 build jobs

Process robustness

Binder Jetting RQ3: Paper V, VI & VII

Part quality

Distribution 0, content

|
&content | | Density Hardness
| . .
Microstructure Phase transformation . .
Bind I Debinding
Inaer I Homogeneity Chemistry atmosphere
|
I

Figure 1: Thesis structure and addressed research questions in the appended Papers I to VII.



2 Metal Binder Jetting

Binder Jetting (B]T) is specified as a multi-step process (-MSt) for metals (/M), leading to
the abbreviation B]T-MSt/M according to ISO/ASTM 52900:2021 [12]. The technology is
also often referred to as Metal Binder Jetting (MB]) [24]. For simplicity, the abbreviation
BJT will be used throughout this thesis. The B]T process requires metal powder and liquid
binder as the feedstock material [12]. Figure 2 visualizes the process steps required for
BJT of metals, which include printing, curing, depowdering, debinding and sintering.

g b

Printing Curing Depowdering
— & —
L 1 L |
Debinding Sintering Metal parts

Figure 2: Sketch of the B]T process chain for metal parts consisting of printing, curing, depowdering,
debinding and sintering.

Details on each process step are provided within this chapter. In addition, the binders and
powders used for BT are briefly summarized. The possibilities and challenges of the BJT
technology will be discussed shortly. In addition, several examples of industrial BJT
applications are presented. Finally, an overview of typical B]JT process parameters is
given. More information on each aspect can be found in the cited sources.

2.1 Printing, Curing & Depowdering

Figure 3 depicts the principle of the BT printing process step. The printing starts with
spreading powder onto a build plate, which is placed within a build box. The powder is
then compacted by a roller or rake to form a dense powder layer [25]. A printhead then
deposits liquid binder onto specific areas of the powder layer to selectively glue the metal
particles together. The specific areas of each layer are determined by a slice of the part
geometry at the specific layer height. Some binders and systems require heat or
ultraviolet (UV) radiation to dry or cure the binder after the deposition [14,25,26]. Finally,
the build plate is lowered by a defined layer thickness and a new layer of powder is spread
on top of the previous layer.



The described steps are repeated until one or multiple three-dimensional (3D)
components are generated. The printed parts, which are a mixture of metal powder and
binder, are surrounded by a loose powder bed in the build box.

Compaction roller A g Green part

Binder [~ Printhead
N\

\ N
L» X I_I Build plate I_I Powder bed
Deposition & spreading Jetting of the Lowering of

of the powder liquid binder the build plate

4 |

[terative printing process

Figure 3: lllustration of the layer-wise BJT printing process for the production of green parts.

After the printing process, the build box is typically transferred into a furnace for curing
to harden the binder, which is usually conducted at temperatures between 150°C and
250°C [15]. During curing, solvents evaporate and binder crosslinking can be induced
depending on the binder composition [14]. During curing, the parts gain sufficient
strength to separate them from the loose and compacted powder in the build box [1]. The
printed parts are referred to as green parts.

Aids such as brushes and compressed air or gases are used to free the green parts from
the powder bed, which is termed depowdering [1]. The green strength of B]T green parts
can usually range from ~1 MPa to ~14 MPa depending on the binder composition,
printing parameters, testing method and measurement direction [27-32]. Consequently,
depowdering is a critical step since the intricate green parts can be easily broken during
depowdering, especially for small and overhanging features. The obtained green parts
usually have a density between 50 % and 60 % of the theoretical material density [1,13].

2.2 Debinding

Debinding refers to the process step where the sacrificial binder is removed. The
debinding of BJT components is typically achieved via thermal debinding at temperatures
between 300°C and 700°C, depending on the used binder and powder material [11].
Successful debinding is defined as complete binder removal without inflicting defects in
the green part [19,33].

Impurities introduced by binder residue due to insufficient debinding can be detrimental
to the mechanical properties and corrosion behavior of the material [11]. The polymeric
binder is a potential source of carbon, oxygen, hydrogen and nitrogen [34,35], which can
be picked up by the metal in case of incomplete binder removal. Residual carbon can



significantly affect the sintering densification and final material properties depending on
the material’s sensitivity to carbon [33,36-39].

Various chemical reactions can take place as binders are subjected to high temperatures,
which include pyrolysis, oxidation or hydrogenation [19,33,40]. During the debinding
process, binders typically decompose into lower-molecular weight species such as carbon
dioxide (CO2z), carbon monoxide (CO), water (H20), various hydrocarbons (CnHm) or
similar vapor products [19,41,42]. The sequence of thermal debinding usually includes
binder expansion, binder melting (depending on the polymer), binder vaporization,
diffusive vapor transport through the pores and finally the convective transport of the
vapor products out of the furnace by gas flow [19,33,40].

The debinding process is usually limited by the heating rate. High heating rates can induce
cracks in the green part due to stress gradients related to temperature and pressure [19].
Excessive vapor pressure buildup in the green part can cause cracks and blisters during
debinding [19,33]. Slow heating rates and holding times at intermediate temperatures
minimize the risk of defect formation during debinding [19,33]. The temperature profile
set for debinding needs to strike a balance between minimum processing time and
defect-free binder removal [43]. After the debinding process, the part is considered a
brown part [16]. The debinding and subsequent sintering are usually combined into a
single furnace cycle.

2.3 Sintering

Sintering is defined as the “thermal treatment of a powder or compact, at a temperature
below the melting point of the main constituent, for the purpose of increasing its strength
by the metallurgical bonding of its particles” according to ISO 3252:2023 [44]. The
fundamental driving force of sintering is the reduction of the internal surface and
interface energy of the powder compact, which is much higher than the bulk material of
the same mass.

The minimization of the interfacial energy is achieved by two mechanisms. One
mechanism is the densification that transforms solid-gaseous interfaces into solid-solid
interfaces, reducing the interfacial energy. Another mechanism is grain growth, which
reduces the grain boundary surface area and, thereby, the interfacial energy [45]. These
mechanisms occur simultaneously during sintering.

Figure 4 presents the different types of mass transport mechanisms encountered during
the sintering of crystalline materials for three adjacent particles. The mass transport
mechanisms or paths include surface diffusion, volume (lattice) diffusion, grain boundary
diffusion, plastic flow and vapor transport (evaporation and condensation) [46]. The mass
transport mechanisms are generally distinguished into densifying and non-densifying
mechanisms [46,47].

Atomic motion via surface diffusion, lattice diffusion and vapor transport from the particle
surface to the neck leads to neck growth and particle coarsening but no densification or
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shrinkage [46]. In contrast, grain boundary diffusion and lattice diffusion from the grain
boundaries to the neck, as well as plastic flow, cause neck growth and densification [46].
In summary, densification during sintering requires mass transfer from the particle
interior to the particle neck, where vacancy annihilation occurs by particle rearrangement
and rotation [48].

Grain L
boundary .
Pore
shrinkage “—. Surface
§ <~ diffusion
g X
Volume +*

KT (1attice)

Grai X
e # diffusion

boundary *ti
diffusion '}

Neck growth

Figure 4: Different types of mass transport mechanisms during the sintering of crystalline materials
visualized for three spherical particles. Figure adapted from [45].

Surface diffusion is the dominant sintering mechanism at low temperatures for many
metals because the activation energy is lower compared to those of other mass transport
mechanisms [48]. For the sintering densification of most metals, grain boundary diffusion
is important [48]. The activation energy for grain boundary diffusion is higher than for
surface diffusion but lower than for volume diffusion in most cases [48]. Grain growth,
however, decreases the significance of grain boundary diffusion [48]. Volume diffusion is
active at high temperatures for most materials but is often not the dominant mass
transport mechanism during sintering, especially for small particle sizes [48].

Sintering can be divided into different stages, which describe the geometric progression
from a loose powder compact to a metal part with high sintered density [49]. Figure 5
illustrates the evolution of the relative density and microstructure during sintering. The
starting point is a loosely packed powder, where weak atomic forces at the particle
contacts, such as van der Waals forces, keep the particles together [49].

The initial (first) stage of sintering begins with the growth of sintering necks by
short-range atomic motion between the contacting particles, where the sintering is
dominated by the gradient in the curvature from the particle surface to the root of the
neck [45,48,49]. A grain boundary forms within the neck due to the random crystal
orientations of the grains relative to each other [49]. At this stage, each neck grows
independently of its neighbors [49]. The sintering necks in the initial stage are small, with
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up to one-third in size of the particle [49]. Minor dimensional changes occur in the initial
stage with maximum linear shrinkages of 3 % [48], which usually corresponds to relative
densities below 70 %.
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Temperature axis Time axis
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Loose Initial Intermediate Final
powder compact sintering stage sintering stage sintering stage

Figure 5: Schematic illustration of density and microstructure evolution during sintering. Figure
adapted from [48,50].

The intermediate (second) stage of sintering encompasses pore rounding and the onset
of grain growth [48]. The pores remain interconnected during the intermediate sintering
stage, forming a network of tubular pores located at the grain boundaries [48,49]. At this
stage, the interconnected porosity is still open to the external atmosphere [48]. The
intermediate stage corresponds to necks larger than one-third of the particle size but less
than half of the particle size [48]. The relative density ranges from 70 % to 92 % in the
intermediate stage [48].

During the final (third) sintering stage, the pores collapse into closed spherical voids,
which is typically encountered at ~92 % of relative density [48,49]. The pores do not
remain open to the external surface and the isolated pores are filled with the processing
atmosphere [48]. All pores are closed at ~5 % of remaining porosity [49], which are
located at grain boundaries or inside the grains. The closed pores result in less hindrance
to grain growth [48]. Densification occurs by vacancy diffusion from the pores to the grain
boundaries but slows down since grain boundary areas decline due to grain growth [45].

The remaining pores after sintering are primarily smooth and spherical with different
sizes, which cause vacancy concentration gradients [48]. The small pores act as vacancy
sources, while the large pores act as vacancy sinks. The vacancy concentration gradients
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cause coarsening of the large pores, while the small pores are eventually eliminated [48].
During the final stage, closed pores become distorted due to migration of the pores as the
pores try to remain on the moving grain boundaries [48].

Sintering can be categorized into solid-state sintering and liquid-phase sintering [51].
Solid-state sintering refers to the densification of the powder compact in a fully solid state.
In contrast, liquid-phase sintering involves the formation of a liquid phase in the powder
compact [51]. Liquid phases accelerate sintering since atomic motion is faster in a liquid
than in a solid [52,53]. Excessive liquid formation can, however, cause part distortion
during sintering, which makes shape retention of complex geometries challenging [53]. In
this thesis, solid-state sintering was investigated due to lower temperature requirements
and improved shape retention.

Post-processing can be applied after sintering, depending on the application, but
increases manufacturing costs and time. Hot Isostatic Pressing (HIP) can be used to
eliminate residual porosity for high-performance applications [54-56]. Heat treatments
such as aging can be applied to adjust the material properties after sintering [1]. Surface
finishing operations such as sandblasting or electropolishing can be performed to
minimize the surface roughness of the component [57]. Machining can be utilized if tight
tolerances must be fulfilled.

2.4 Material Selection

Common binders and metal powder grades used for BJT are briefly listed in this section.
In addition, the material 17-4 PH stainless steel is shortly introduced, which was the
material of interest for this thesis study.

2.4.1 Binders

The binder selection is critical as it must fulfill several requirements. The binder must
provide sufficient rheology and chemical stability for inkjet printing [1,58]. Furthermore,
the binder must enable proper wetting and penetration of the powder bed [1,58].
Additionally, the binder must ensure sufficient binding strength for green part stability,
but it must also be easily removable during debinding without leaving binder residue in
the material [1,58]. Moreover, the binder and powder need to be compatible [16].

This overview is limited to polymeric binders. Liquid binders for BJT are typically
polymer-solvent mixtures in order to achieve the rheological properties required for
inkjet printing [36,59]. The solvent can be water-based, but other solvents can also be
used [36]. Water-based binders are more common, as non-aqueous binders often include
flammable or hazardous solvents [36]. Water-based binders usually contain other
additives to adjust the binder properties [36]. The solvent is evaporated during printing
or curing. The polymer can be thermosetting, which means the binder is crosslinked at
elevated temperatures during curing, which increases the green part strength [5,60].

Commercially available binders are usually proprietary and their exact composition is not
disclosed. Various binder formulations were studied and described in the literature. Some
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examples of polymeric binders are polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA),
polyacrylic acid (PAA), diethylene glycol (DEG) and ethylene glycol (EG) [61,62]. As
previously discussed, these polymers are sources of carbon, oxygen, nitrogen and
hydrogen [34,35], which can be picked up by the metal during B]T processing.

2.4.2 Powders

In theory, the BJT technology can process any powder that can be sintered but is
constrained by the powder processability during printing and the binder compatibility.
Fine particle sizes below 20 pm are generally favored for B]T since the higher surface area
leads to earlier sintering onset and faster densification compared to conditions for
coarser particles [1]. Spherical powder morphologies are preferred since such powder
exhibits increased flowability and higher powder bed densities can be achieved [1,63,64].

In many cases, inexpensive powder grades for Metal Injection Molding (MIM) can be used
for BJT [11,65]. Therefore, the material properties of B]JT parts are often compared to
those of MIM parts due to the similarities in the powder feedstock, green parts and
thermal processing [11]. Nevertheless, the introduction and qualification of new
materials for BJT might require extensive process development.

The BJT processing of various metal powder grades was reported in the literature, where
a selection of materials is listed in this section. The BJT technology can process stainless
steels [13,26,66,67], nickel-based alloys [68-70], cobalt-based alloys [71], aluminum
alloys [72,73], titanium alloys [74] and magnesium alloys [75-77]. Copper can also be
processed [78-81]. The sinter-based technology also enables the processing of
non-weldable or difficult-to-weld materials such as carbon-containing tool steels [82,83]
and hard metals [84-87]. Cemented carbides (WC-Co) can also be manufactured via
BJT [88]. Furthermore, BJT is also used to print sand molds for metal casting [89].

The manufacturers of B]T printers usually offer a choice of binders and metal powders,
where the material and process parameters are optimized for the corresponding BJT
platform. The qualification status and availability of material data sheets vary depending
on the supplier and material. Currently, metal powders and binders are commercially
available for stainless steels (17-4 PH, 316L, 304L, 420, 440C), low alloy steels (4140,
4340, 4605), tool steels (D2, H13, M2, S7), titanium alloys (Ti-6Al-4V), nickel-based
superalloys (Haynes 230, IN625, IN718, M247), aluminum alloys (6061), bronze,
chromium zirconium copper (C18150), cobalt chrome, copper, silver, gold and tungsten
carbide [90-95]. This list of materials is not extensive and is limited to materials directly
advertised on the websites of several BJT printer manufacturers.

2.4.3 17-4 PH Stainless Steel

The most popular precipitation-hardened (PH) martensitic stainless steel is 17-4 PH
stainless steel [18,96]. Other designations of the same material are UNS S17400, AISI 630,
ASTM A564 (Type 630), MIM-17-4 PH and AMS 5643 [18]. The 17-4 PH stainless steel
combines strength, hardness and corrosion resistance, making it ideal for aerospace,
medical, dental, nuclear and consumer industries [18]. The 17-4 PH stainless steel is
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readily available for most commercial B]T platforms and was chosen as the material for
investigation within this thesis. Table 1 specifies the elemental composition of 17-4 PH
stainless steel according to MIM standards [97,98], which are a common reference for BT
due to the similar processing.

Table 1: Specification of the chemical composition of 17-4 PH in wt.% according to MPIF35/ASTM
B883 - 24 [97,98].

Element Fe C Cr Ni Cu Si Mn Nb + Ta Other
Min. in wt.% Bal. - 155 3 3 - - 0.15 -
Max. in wt.% Bal. 0.07 175 5 5 1.0 1.0 0.45 1.0

The high chromium (Cr) content is responsible for the corrosion properties of 17-4 PH,
while the nickel (Ni) content ensures the hardenability of the steel [99]. Copper (Cu)
induces precipitation hardening by the formation of Cu-rich precipitates, which
strengthens the martensitic matrix of 17-4 PH [99-103]. The martensitic matrix has a bcc
crystal structure with a lath morphology [99].

The microstructure of 17-4 PH usually consists of martensite, 6-ferrite and residual pores
after sintering [102,104]. Retained austenite may also be present [104]. The fractions of
O-ferrite depend on the sintering temperature and carbon content [102,104]. The 6-ferrite
plays an important role in the sintering densification of 17-4 PH stainless steel due to its
body-centered cubic (bcc) crystal structure, which has a higher self-diffusivity in
comparison to the face-centered cubic (fcc) crystal structure of the y-austenite [104,105].
The higher self-diffusivity in bcc is connected to a lower atomic packing factor of 0.68
compared to 0.74 for fcc, therefore resulting in higher mobility of atoms and interstitials
in the bcc lattice [106,107].

The properties of 17-4 PH can be adjusted by heat treatment after sintering, including
solution and aging treatments [96,108,109]. Precipitation hardening is induced by the
aging of the material at temperatures between 480°C and 600°C [110]. Aging treatments
at 482°C for 1 h (H900), 525°C for 1 h (H975) or 550°C for 1 h (H1025) are commonly
applied for MIM of 17-4 PH according to ASTM B883 - 24 [98].

2.5 Possibilities

The BJT technology offers the potential of large production volumes at a higher
cost-efficiency than other metal AM technologies [1,111]. B]JT excels at productivity
compared to laser-based powder bed fusion of metals (PBF-LB/M) [1,111], which is the
most widespread metal AM technology in the industry [112,113]. Build rates of up to
12000 cm3/h are claimed in the case of BJT printing [11,114]. The BJT process
demonstrated the potential to lower part production costs compared to PBF-LB/M,
depending on the part geometry and utilization of the build volume [115,116]. Compared
to other SBAM processes, B]T stands out due to its high productivity and scalability [11].
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As BJT printing involves no melting and is conducted at room temperature, no issues
related to thermal stresses, elemental segregation or oxidation are encountered in
contrast to other metal AM processes [1]. In addition, the reusability of powder is
considered high [1]. No support structures or attachment to the build plate is required
due to the cold printing process [1]. Hence, parts can be stacked on top of each other to
increase the utilization of the build volume [117].

The BJT of metals combines the advantages of AM with the potential material variety of
traditional Powder Metallurgy (PM). B]T offers a huge material variety [63,111] and
enables the use of MIM powders, as explained in Section 2.4.2. Therefore, BJT creates new
possibilities in part design and production flexibility for manufacturers already practicing
MIM or other traditional PM technologies, as the thermal processing and obtained
material properties are comparable [113,117].

The sintering usually leads to isotropic grain morphology [26,111], while non-uniform
microstructures are formed during PBF-LB/M connected to the rapid solidification
process [118]. The sintering of fine particles can also result in lower surface roughness
compared to PBF-LB/M [115,119], where bad surface quality is caused by the required
printing support structures and unwanted powder sintering at down-facing (down-skin)
partsurfaces [117,120,121]. The B]T printing and sintering process can further be utilized
for designed porosity on the mm and sub-pm levels [63].

2.6 Challenges

The minimum feature or part size is often constrained by the ability to depowder the part
successfully without damaging it [1]. Small, intricate, or overhanging features might be
easily broken due to depowdering [1,111], lowering the production yield. The ability to
remove powder from cavities and tubes must also be considered during part design.

Even if the depowdering of complex geometries can be performed successfully, the
process is time-consuming and requires costly manual labor [11,113,122,123].
Additionally, the operator is potentially exposed to fine metal powder during
depowdering [11,123]. The listed difficulties associated with depowdering can be
addressed by enhancing the green part strength, which increases the potential for
automated solutions and more forceful depowdering methods [117]. In addition, the
automation of handling green parts and powder is pursued [113].

While sintering offers advantages, it also comes with challenges in dimensional control
since the green parts undergo high shrinkage towards full densification [11]. The
shrinkage of BJT components is anisotropic [117,124], which must be considered during
the part design phase. In addition, part distortion can occur during sintering due to gravity
and friction with sintering setters [117]. Depending on the part design, sintering supports
might be required to avoid sintering distortion [117].

Consequently, the manufacturing of complex shapes usually requires multiple design
iterations to achieve the desired sintered geometry, which renders single-part production
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economically challenging [65]. Therefore, sintering simulations are developed and
utilized to predict the sintering shrinkage and adapt the part design based on the sintering
simulation feedback to minimize design iterations and overcome the challenges of
dimensional control [125-128].

In addition, safety concerns arise during B]JT due to the fine metal powder involved [11].
Powders with particle sizes smaller than 15 pm pose significant safety risks as powder
clouds can be formed with a potential for ignition or explosion [1]. Furthermore, fine
metal powder requires respiratory and skin protection for the operator [1], especially for
carcinogenic materials. Health concerns can also arise from the binder, as the binder or
its volatile organic compounds can be problematic, requiring suction systems and proper
ventilation [1].

From the part quality perspective, binder removal poses a challenge, which can lead to
binder residue in the material [63], as discussed in Section 2.2. Furthermore, full
densification by sintering is difficult due to the low initial green density [63]. HIP can be
applied to minimize or eliminate the residual porosity. The debinding and sintering
parameters can be optimized by utilization of thermoanalytical techniques such as
thermogravimetry (TG). Additionally, the analysis of the gas composition and reaction
products by techniques such as Fourier transform infrared spectroscopy (FTIR) can
provide valuable information to improve the debinding and sintering process [129].

The BJT technology is a multi-step process that introduces complexity due to the many
variables across the process chain. The lack of standards and material qualifications poses
challenges for implementing B]T into existing manufacturing value chains. In addition, the
high upfront investment in equipment limits widespread adoption [130], which includes
printers, curing furnaces, depowdering stations, powder management units and furnaces
for debinding and sintering. However, manufacturers of traditional PM parts are early
adopters of the BJT technology and can easily take advantage of the associated advantages
due to the existing equipment, infrastructure and expertise in sintering [113].

2.7 Applications

Multiple reports on the serial production of BJT components are available, which highlight
the advantages of the technology compared to conventional manufacturing and other
metal AM technologies such as PBF-LB/M. A selection of industrial BJT applications is
presented below.

A successful adoption of the BJT process was demonstrated with a filter solution for
circuit breakers made of 316L stainless steel, which are used in industrial plants and
marine applications [131]. Sheet metal assemblies were previously used for the filter but
led to performance limitations [131]. The use of B]JT enabled the reduction of the cabinet
size by 20 % to 30 %, which reduces the global footprint of the electrical switchgear and
connected material consumption [131].
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In addition, redesigning the filter for AM resulted in increased stiffness, enhanced
efficiency and the consolidation of the filter mesh and frame into a single block for
manufacturing [131]. The PBF-LB/M enabled successful production as well, but part costs
were too high for series production due to the complex filter structure [131]. Over 5000
parts were produced in the pilot series with BJT [131].

Another adoption of the BJT process was found in the production of tool inserts for MIM
with M2-grade material. The part design with BJT enabled the inclusion of complex
conformal cooling channels combined with increased mechanical performance [132]. The
wear resistance improved by 50 % to 80 % and the machinability by 40 % compared to
conventional wrought M2 material [132].

Applications of B]T were also reported for the automotive industry [133]. An adjustable
guide loop of a seatbelt pillar was BJT printed with 17-4 PH stainless steel, which is a
safety-relevant part [133]. BJT enabled the consolidation of four separate parts into one
component, saving costs and time [133]. In addition, the performance and weight of the
part could be optimized [133].

Other emerging markets for BJT include consumer electronics [134], which benefit from
cost reduction, design freedom and rapid product development. Metallic watch cases are
another prominent example [135], which are widely manufactured by MIM [136]. B]T
offers the advantage of customizability for watch production [137]. Jewelry is also a field
explored with BJT printing [138].

2.8 Process Parameters

The success of the BJT process is strongly tied to the raw materials and various process
parameters across the process chain. Figure 6 provides a rough overview of the powder
characteristics, binder properties, process parameters and variables along the
manufacturing chain that impact the outcome of the final part. The list is ordered
alphabetically and not intending to rank the significance of the various properties and
parameters. This overview acts as a general guideline to BJT and is neither extensive nor
claims completeness. More details on the different aspects can be found in extensive
literature reviews elsewhere [1,5,14,16,26].

The processing atmosphere is one common process parameter encountered for printing,
curing, depowdering, debinding and sintering. The role of the processing atmosphere
along the BJT process chain will be discussed in Chapter 3.
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Figure 6: Overview of powder characteristics, binder properties and processing parameters for BJT
influencing the final part quality. More details on the various aspects can be found in [1,5,14,16,26].
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3 Role of the Processing Atmosphere

The processing atmosphere is an important parameter along the BJT manufacturing
chain. The atmosphere becomes increasingly important as the processing temperatures
increase. Figure 7 visualizes the potential interactions between the metal powder, binder
and atmosphere. The role of the processing atmosphere will be discussed in this chapter
for printing, curing, depowdering, debinding and sintering.

Surface oxide layer Alloying elements

Oxide particulates Reactivity

Internal oxides Source of O and moisture

Metal powder

Aid binder decomposition

Material compatibility Limit powder oxidation

Source of C, O, N, H Reducing potential

Decomposition products Transport of reaction

products

Figure 7: Potential interactions between the powder, binder and processing atmosphere during BJT.

3.1 Printing, Curing & Depowdering Atmospheres

The printing of BJT components is usually conducted at room temperature in ambient
conditions. The print chamber is usually not filled with inert gas, as the powder is not
exposed to elevated temperatures during printing, which could cause oxidation in
ambient air. The reusability of overflow (oversupplied) powder is considered high [1].

Nevertheless, humidity can strongly alter the behavior of the powder during printing. It
was shown that 17-4 PH powder picked up humidity from the printing environment,
which decreased the powder packing of the green parts after powder reuse [139]. Bidare
et al. [139] concluded that a controlled humidity in the build chamber for BJT should be
established.

Other studies highlighted the effect of powder drying before printing, which affected the
powder cohesion, flowability and quality of the green parts [140,141]. The influence of
humidity needs to be especially considered for humid or dry seasons, which can affect the
ambient humidity. The humidity can be monitored by sensors and regulated by steaming
and gas purging of the print chamber.

In addition, fine metal powder with high reactivity, such as titanium or aluminum, might
require an inert printing environment and additional safety features to prevent the
creation of explosive atmospheres during printing [142,143]. The same safety
considerations apply to depowdering, where powder dust is created. The inertization of
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the print chamber with N2 allows for the safe and controlled printing of fine and reactive
metal powder.

During the curing process, the powder is subjected to temperatures between 150°C and
250°C [15]. Curing is typically performed in ambient air, where the powder is prone to
oxidation. Barthel et al. [144] demonstrated that curing in air led to powder oxidation for
tool steel, which led to increased difficulty of depowdering and lowered the sintered
densities. To avoid this problem, curing in inert Ar was adopted [144]. Similarly, Wieland
et al. [145] explored the curing of tool steels for BJT with binders that are cured at low
temperatures to avoid powder oxidation.

The oxidation of the powder during curing might also affect powder reuse, as the
depowdered powder is typically collected and reused for future build jobs. Research on
the influence of curing atmospheres and powder reuse is, however, limited.

3.2 Debinding Atmospheres

The composition of the atmosphere influences the reactions with the metal powder and
binder during debinding. The atmosphere penetration and chemical reactions might vary
between the internal pores of the green part, referred to as the micro-climate [146], and
the external surface of the green part. A continuous gas flow during debinding helps to
transport the reaction products away from the part.

The debinding atmosphere can be inert, oxidizing or reducing [19,33,147]. Debinding in
vacuum or inert atmospheres, such as Ar or Nz, is commonly applied to prevent powder
oxidation [19]. However, debinding in inert atmospheres is limited to fragments formed
from the binder itself, which leads to carbon residue [19]. Vacuum debinding aids the
binder removal but suffers from low heat transfer via radiation at temperatures below
500°C [52,148].

A standard reducing atmosphere for debinding is Hz. Debinding in Hz can facilitate the
removal of binder and carbon [19]. Hydrogen is a small molecule that can easily enter
pores and hydrogenate carbon-hydrogen bonds of the binder, aiding the volatilization of
the polymeric binder [40,149]. Hydrogen is also known to reduce metal oxides during
debinding [40]. However, processing in H2 atmosphere might be restricted due to safety
concerns requiring special furnace design as well as adherence to safety regulations and
standards [20].

Oxidizing atmospheres facilitate the binder removal, as binders are oxidized by 02, CO2
and H20 vapor [40]. Debinding in ambient air is a simple and low-cost solution [19]. The
thermal degradation of many polymers is enhanced by the presence of Oz [150].
Debinding in air results in the formation of CO, CO2 and H20 vapor due to the presence of
02 in the atmosphere [19]. However, the powder is prone to oxidation at typical debinding
temperatures above 300°C. Powder oxidation hinders subsequent sintering densification
and oxide inclusions in sintering necks are detrimental to the mechanical performance of
steels [151]. More details on metal oxides and their reactions are provided in Section 3.3.
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In summary, the choice of the debinding atmosphere influences the final part quality as it
affects reactions with and between the binder and metal powder. The influence of the
atmosphere on binder removal was examined for the delubrication of PM steels in several
studies [41,152-154]. Systematic studies on debinding atmospheres for B]JT components
are missing.

3.3 Sintering Atmospheres

The surface characteristics of metal powders must be considered first to understand the
importance of the sintering atmosphere. Metal powders used for sintering are typically
covered by a layer of metal oxide as well as physically and chemically bonded water
(adsorbed water and hydroxides) due to the atomization process and further exposure to
air during powder handling [155-157].

Figure 8 shows a sketch of a spherical gas-atomized metal powder, usually used for BJT.
The powder surface is typically covered by a homogenous oxide layer and a few
particulate oxides and their agglomerates [158,159]. Additionally, internal oxides can be
present inside the powder [160-162].

Internal oxides Particulate oxides

Surface oxide layer
(or agglomerates)

Spherical gas-atomized metal powder

Figure 8: Sketch of a spherical gas-atomized metal powder covered by a homogenous oxide
layer with the presence of particulate oxides and their agglomerates as well as internal
oxides.

In the case of gas-atomized steel powders, the surface is covered by a thin iron oxide layer
with a usual thickness of up to 4 nm [158]. Particulate oxides are up to 20 nm in size and
rich in oxygen-sensitive elements [158]. The thickness of the oxide layer, along with the
composition and amount of fine particulate oxides and their agglomerates, is determined
by the powder alloying content, powder manufacturing process and subsequent powder
handling [158,161].

The affinity of various metals to form oxides and their corresponding stability can be
understood by considering the thermodynamics of the metal oxide formation. The
formation of metal oxides results in a standard Gibbs free energy change AG®° which can
be described by the standard enthalpy change AH® and standard entropy change AS° as
formulated in Equation (1) [163-165]. T is the absolute temperature in Kelvin, R is the
molar gas constant and K is the equilibrium constant of the reaction.

AG® = AH° —T-AS°= —R-T - In(K) (1)
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The Ellingham diagram, which plots the AG° of oxide formation for different elements over
the temperature, is a helpful tool for comparing the stability of various metal oxides [163].
Figure 9 shows the Ellingham diagram for selected metal oxides, which are relevant for
17-4 PH stainless steel. However, the Ellingham diagram does not provide information
about the reaction kinetics [166].

AG° in kJ/mol O,

00 +——7F——7T T 71—
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—
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Temperature in °C

Figure 9: Ellingham diagram for selected elements of 17-4 PH stainless steel indicating oxide
stability. Thermodynamic calculations via FactSage Education 8.3 [167] with the database FactPS.

The more negative the standard Gibbs free energy change, the more stable a metal oxide
is. Chromium (Cr), manganese (Mn) and silicon (Si) oxides are generally considered
thermodynamically stable and are difficult to reduce during sintering [168-170]. In
contrast, iron (Fe) oxides are considered easy to reduce during sintering due to their
lower thermodynamic stability [171,172]. During sintering, Fe oxides can be reduced,
releasing oxygen that can react with elements such as Cr to form more stable oxides,
which can inhibit the formation of sintering necks [154,157,173,174].

Surface oxides hinder the mass transport mechanisms of sintering, which retards the
sintering neck development [156,162,168,175,176]. Hence, the removal of the surface
oxides covering the powder surfaces is critical for successful sintering [177,178]. The
inclusion of stable oxides, such as Mn-Cr-Si-rich oxides, inside the interparticle necks is
detrimental to the mechanical properties of steels, especially for ductility and fatigue
resistance [151,179-182]. The impact toughness of PM steels generally decreases with
increasing sintered oxygen content [183].
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Therefore, sintering requires protective atmospheres to avoid severe powder oxidation,
especially due to the high surface area and reactivity of metal powders [169,184,185]. The
sintering atmosphere can serve multiple purposes. Besides protection from oxidation, the
sintering atmosphere can reduce surface oxides, sweep away reaction products and
carburize or decarburize the material [184-186].

Table 2 classifies common sintering atmosphere constituents for steels according to their
reactive tendency but does not universally apply [187]. Whether a gas is inert, oxidizing,
reducing, carburizing or decarburizing depends strongly on the material, processing
temperatures and partial pressures of the gases.

Table 2: Common atmosphere constituents for sintering of steels and their reactive tendency
during processing [187].

Inert gases Oxidizing gases Reducing gases Carburizing gases  Decarburizing

Ar 02 H> Cco H20
N2* H20 Cco CnHm COz
He CO2 02

"Nz is mainly considered an inert gas but can interact with certain materials such as stainless steel or titanium.

The dissociation of metal oxides, described by Reaction (1), can occur for sintering in an
inert atmosphere or vacuum in the absence of reducing agents [178]. The dissociation of
metal oxides requires high temperatures and low oxygen partial pressures. An oxygen
partial pressure of ~10-15 bar or lower is necessary at a temperature of 1000°C to provide
the thermodynamic conditions for the dissociation of iron oxide [168]. In contrast,
dissociation of silicon oxide at 1000°C would require an oxygen partial pressure below
10-39 bar, which is unrealistic under industrial sintering conditions [172].

2 2x
;MxO \_—\7M+02 (1)

Vacuum sintering under high temperatures and low oxygen partial pressures can achieve
the thermodynamic conditions required to reduce some refractory oxides [168].
However, vacuum sintering does not sufficiently reduce stable oxides during the heating
stage, when sintering necks start forming [168]. Furthermore, sintering under vacuum
can lead to the evaporation of alloying elements at high temperatures, such as chromium,
lowering the corrosion resistance due to reduced chromium availability [188].

While N2z is considered inert for many materials, Ar and helium (He) are universal inert
gases for sintering. Nitrogen can react with certain materials, such as stainless steels,
forming chromium nitrides [188]. Argon is insoluble in solid metals and can be trapped
in pores during sintering, which will not close [189]. Helium has excellent heat transport
properties but is an expensive option [52].

Hydrogen is a widely adopted sintering atmosphere for the production of high-quality
stainless steel parts [188]. Metal oxides can be reduced by H2 forming H20, which is
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generally described by Reaction (2). Iron oxides can be efficiently removed by H: at
temperatures of around 400°C [168,177,190]. Hydrogen is, however, flammable and
explosive in mixtures with Oz, which requires special furnace designs and procedures for
safe operation [20]. In addition, Hz is considered a costly gas [52,148].

2 2x
;MxOy +2H, = 7M + 2H,0 (2)

Another common metal oxide reduction mechanism encountered during sintering is the
carbothermal reduction by carbon. The carbothermal reduction can be distinguished into
direct and indirect carbothermal reduction. Direct carbothermal reduction is defined as
the reduction of the metal oxide by carbon, forming CO as the reaction product, as
expressed by Reaction (3).

2 2x
;Mx0y+26 \——‘7M+ZCO (3)

In contrast, indirect carbothermal reduction is described by Reaction (4), where metal
oxides are reduced by CO, forming CO2 as the reaction product. Carbon monoxide can be
part of the sintering gas or be formed as a reaction product during sintering.

2 2x
;Mx0y+260 \——‘7M+ZCO2 (4)

The direct and indirect carbothermal reduction during sintering are linked by the
Boudouard equilibrium presented by Reaction (5). According to the Boudouard
equilibrium, the formation of CO is thermodynamically favored at temperatures above
~720°C [190,191]. Hence, the regeneration of CO will be ensured above ~720°C for
indirect carbothermal reduction of metal oxides [174].

C+C0, == 2C0 (5)

Whether carbon or hydrogen can reduce a metal oxide at a given temperature can be
evaluated based on the AG° associated with the oxidation of carbon or hydrogen, as
presented in Figure 9. If the AG°is more negative than the corresponding oxide formation,
then reduction by carbon or H2 is thermodynamically possible. Therefore, it becomes
clear from the Ellingham diagram that H2 is a stronger reducing agent than carbon or
carbon monoxide at low temperatures, while carbon is the strongest reducing agent at
high temperatures [169]. Sufficient reduction of stable oxides such as Cr and Mn usually
requires high sintering temperatures of 1200°C or higher [183].

In conventional PM, carbon in the form of graphite is added to the green part on purpose
to induce carbothermal reduction of stable oxides during sintering [160,191,192]. In the
case of BJT, the powder and binder are potential carbon sources. More details on sintering
reactions and the efficiency of various reducing agents for the sintering of iron-based
materials can be found elsewhere [157,160,160,168,177,190,193].
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4 Experimental Methods

The experimental methods used in this thesis are briefly summarized in this chapter. The
materials, printer hardware, curing process and depowdering step are shortly described.
The strategy for the research on powder reuse and curing atmospheres is introduced. The
thermal processing of the green samples is explained depending on the study. In addition,
different methods of material characterization are outlined. More details on methods,
parameters and number of experiments can be found in the appended Papers.

4.1 Materials & Printing

All green parts were printed with N2-atomized 17-4 PH stainless steel powder (17-4 PH,
Desktop Metal Inc., USA). The particle size distribution (PSD) was comparable for all
experiments with a Dio (10th percentile) of ~7 um, a Dso (50t percentile) of ~15 um and
a Do (90t percentile) of ~28 um. The elemental composition of all powder batches used
for printing fulfilled the specifications of the MPIF35/ASTM B883 - 24 standards for
MIM [97,98], which are listed in Table 1. A water-based binder (SPJ-04, Desktop Metal
Inc., USA) containing solvents and a thermosetting polymer was used for printing.

The printer hardware (Production System™ P-1, Desktop Metal Inc., USA) utilized for B]JT
printing is visualized in Figure 10. The build box, surrounded by an overflow tray for
oversupplied powder, had a build volume of 200 x 100 x 40 mm?>. The BJT printer
included several distinct features compared to most commercially available BJT
platforms. Unlike most BJT printers, the build box is moved during printing, while the
powder dispensing, powder compaction, steamer and printhead modules are stationary.

[ Printhead

i

Powder reservoir

Steamer

Overflow tray Compaction

Metering rollers roller

Build box
Build plate

Printing direction
(Movement of build box)

Figure 10: Sectioned sketch of the printing modules of the Production System™ P-1 (not to scale),
excluding camera and light sources for print monitoring.
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The powder is deposited by metering rollers from the powder reservoir. The compaction
roller compacts the deposited powder layer. A steamer module is situated between the
powder compaction roller and printhead, which steams each deposited powder layer to
prevent powder ejecta during printing [194,195]. The printer includes sensors to control
the humidity and Oz content in the build chamber by purging with N2 gas during printing.

In addition, the printer contains a camera and light sources to monitor the quality of the
printed layers, which are not displayed in Figure 10. The powder and binder deposition
occurs in a single pass of the build box. After printing in a single pass, the build box returns
to the initial position depicted in Figure 10 and starts printing the next layer. The layer
thickness was set to 65 pm for all build jobs in this thesis.

The as-received powder oxygen content was ~1200 ppm due to powder conditioning by
oxidation after the powder atomization to meet the flowability requirements for printing.
Powder oxidation can reduce the powder cohesion and increase the flowability [196].

Cuboid green parts with dimensions of 10 x 10 x 10 mm? were printed in Papers |, I1I, IV,
V and VI. Additionally, cylinders with a diameter of 2.9 mm and a height of 11.9 mm were
printed for chemical analysis in Papers V and VI. Green samples with dimensions of
7.5x7.5x7.5mm? were printed for thermogravimetric analysis in Paper VIIL. The
printing and binder saturation parameters are mentioned in the corresponding Papers.

The slicing software (Fabricate MFG™, Desktop Metal Inc., USA) defined binder printing
patterns with specific voids in the green parts absent of binder, which is termed dithering.
Dithering allows faster gas escape during printing as the powder bed is wetted [195]. In
addition, dithering reduces the binder content, decreasing the risk of binder residue in
the material [197].

The binder printing patterns are visualized in Figure 11 for printing a standard green
sample. The first few layers were printed with homogenous binder saturation, as typical
for B]T printing. However, most layers were printed with dithering, slicing the part into
distinct regions: shell, inner shell and inner region. The top layers of the part were again
considered shell regions.

Part layer 20 Part layer 135 Part layer 153 (last)
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Figure 11: Binder printing patterns (dithering) of selected layers for printing of a standard green
sample with distinct slicing regions: shell, inner shell and inner shell region.

24



Printing hollow (shelled) part geometries can even further minimize the binder content
in the green part by adjusting the computer-aided design (CAD) of the part. Only the shell
of the green part with a defined thickness is printed, which encloses a binder-free core
consisting of loosely packed powder. The shell printing approach was utilized in Paper III
for cuboid samples with 10 x 10 x 10 mm?. Green parts with different shell thicknesses of
0.46 mm, 1.03 mm, 1.85 mm and 5.00 mm were printed, which corresponded to shell
volumes of 25 %, 50 %, 75 % and 100 %. The corresponding printing patterns are
displayed in Figure 12. Note that 100 % shell volume corresponded to the standard
printing process, as depicted in Figure 11.

25 % shell volume 50 % shell volume 75 % shell volume 100 % shell volume
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Figure 12: Binder printing pattern for shell printing of cuboid samples with 25 %, 50 %, 75 % and
100 % shell volume defined by the wall thicknesses set during CAD design of the parts.
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4.2 Curing & Depowdering

The build box was placed after printing in a furnace with forced air-convection (TR 120
LS, Nabertherm GmbH, Germany) for curing. The curing process was conducted at 200°C
for 4 h with a heating rate of 1.5°C/min for all build jobs. After curing, the green parts
were separated from the powder bed in the printing chamber under N2 gas utilizing
brushes and tweezers. Compressed gas or air was subsequently used to remove the
remaining powder from the green parts.

4.3 Powder Reuse & Curing Atmosphere

The influence of powder reuse and curing atmosphere was studied in Paper I. The 17-4 PH
powder was classified into virgin, overflow and depowdered powder. The virgin powder
was introduced for printing and the generated overflow (oversupplied) powder was
continuously reused in the printer for five consecutive build jobs. The five build boxes
were simultaneously placed into the curing furnace at 200°C for 4 h under ambient air.
The obtained depowdered powder from the depowdering of the green parts was sieved
and reintroduced into the printer for the next set of five consecutive build jobs. This
procedure was repeated until a total of 20 build jobs were printed, which corresponded
to four curing cycles in total. More details are provided in Paper 1.

The influence of the curing atmosphere was compared by conditioning virgin powder in
ambient air and inert Ar at 200°C for 4 h. Furthermore, empty build jobs were performed
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with virgin powder and the same powder after conditioning in ambient air to assess the
influence on the powder packing in the build box.

4.4 Debinding & Sintering

The debinding and sintering trials were conducted in a laboratory tube furnace,
dilatometer or thermogravimetric analyzer. The used process parameters, especially
atmospheres, are summarized in this section. More details on the thermal processing can
be found in the appended Papers.

4.4.1 Tube Furnace

A laboratory tube furnace with a steel muffle tube was used for debinding and sintering.
The gas flow during debinding and sintering was set to 41/min for all gases. A
thermocouple was placed close to the samples inside the furnace to measure the actual
temperature with a resolution of 0.1°C. The Oz concentration of the off-gas at the furnace
outlet was measured through an 02 monitoring system (Hydroflex, Linde GmbH, Germany)
to confirm a high-purity atmosphere.

The laboratory tube furnace was used for the debinding and sintering trials in Papers V
and VI. A prior debinding step, recommended by the printer manufacturer, was conducted
in Paper V at 300°C for 2 h under various debinding gas mixes with a heating rate of
3°C/min. The obtained brown samples were then sintered in Paper VI at a peak
temperature of 1300°C with a 2 h dwell. Natural cooling took place in the furnace after
the prior debinding or sintering. The combinations of studied debinding and sintering
atmospheres are listed in Table 3.

Table 3: Combinations of debinding and sintering atmospheres used for the laboratory tube furnace.

Debinding atmosphere Sintering atmosphere
at 300°Cfor 2 h at 1300°Cfor 2 h

Ar Ar

Ar + 1vol.% O2 Ar

Ar + 3vol.% 02 Ar

Ar +4vol.% 02+ 5vol.% CO2 Ar

Ar + 8 vol.% 02 Ar

N2 + 20 vol.% 02 Ar

4.4.2 Dilatometry

Dilatometry was applied to measure the dimensional changes over the temperature and
time during sintering with a resolution of 0.01 um. A negative dimensional change
corresponded to part shrinkage. The dilatometer (L75HS1600C, Linseis Messgerate
GmbH, Germany) contained a horizontal pushrod and a ceramic gas capillary close to the
sample. The gas flow through the capillary was 300 ml/min and the purge gas flow was
100 ml/min. The processing atmosphere was either Ar or Hz. The pushrod force was set
to 300 mN and the measuring frequency was set to 60 Hz.
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Sintering was conducted at 1300°C for 1 h with a controlled heating and cooling rate of
5°C/min. The temperature was measured and regulated via an encapsulated
thermocouple close to the sample with a resolution of 0.01°C. For Paper II], the sintering
shrinkage was measured in the X-direction to compare the influence of shell printing on
sintering densification, which is exemplified in Figure 13. The dilatometry experiments
were conducted in the X-, Y- and Z-directions for Papers I and IV to study sintering
densification and shrinkage anisotropy.

Printing orientation Dilatometry (uniaxial measurement
= " Gas &
o I [
g , |
% Y ) I Pushrod 300mN=—> (
e |£
§ X . \ //
@ Powder spreading Encapsulated thermocouple IAXI

Figure 13: Sketch of the uniaxial measurement during dilatometry depicting a measurement of the
dimensional change in the X-direction (powder spreading direction).

The shrinkage anisotropy can be expressed by anisotropic factors, which describe the
ratio of the shrinkage ¢ in the three spatial directions [124,198]. The anisotropic factors
Ki, K2 and K3 are defined in Equations (2), (3) and (4) for ratios of the shrinkages in
X-direction (&x), Y-direction (ey) and Z-direction (&z).

Ki=2 (2 k=2 (3) Kz=2 (&)
4.4.3 Thermogravimetry
Thermogravimetry (TG) was utilized in Paper VII to measure the mass changes during
debinding and sintering in various atmospheres. The resolution of the measurements was
0.025 pg. Virgin powder and green samples with a mass of ~2 g were placed into the
thermogravimetric analyzer (STA 449 F1 Jupiter, NETZSCH-Geratebau GmbH, Germany).
The protective gas flow was set to 20 ml/min, while the purge gas flow was fixed at
100 ml/min for all measurements. The thermocouple was selected according to the
studied atmosphere.

Virgin powder and green parts were heated up to 700°C with 10°C/min to analyze the
impact of the debinding atmosphere on binder removal and powder oxidation. The
influence of a prior debinding step at 300°C for 2 h on the subsequent sintering was
investigated for various debinding and sintering atmosphere combinations. The
investigated combinations of debinding and sintering atmospheres are summarized in
Table 4.
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Table 4: Debinding and sintering atmosphere combinations for TG experiments.

Debinding atmospheres Atmosphere combinations for debinding and sintering
(700°C, 5 min) Debinding (300°C, 2 h) Sintering (1300°C, 1 h)
Ar Ar Hz

H: H> Hz

Ar + 1 vol.% 02 Ar + 1 vol.% 02 Hz

Ar + 3 vol.% 02 Ar + 1 vol.% O2 Ar

Ar +4vol.% 02+ 5vol.% COz Ar+ 1 vol.% O2 N2

Ar + 8 vol.% O2 Ar + 1 vol.% O2 Vacuum

N2 + 20 vol.% O2 N2 + 20 vol.% O2 H2

4.5 Material Characterization

Several material characterization techniques were used to analyze the samples in this
thesis. The metal powder properties were determined by several methods. Green parts,
brown parts and sintered parts were analyzed for density and chemistry. The
microstructure and microhardness of sintered specimens were investigated. More
information on sampling and the number of measurements is presented in the appended
Papers.

4.5.1 Powder Characterization

The PSD of the powders was analyzed via dynamic imaging analysis (CAMSIZER X2,
Microtrac Retsch GmbH, Germany). Inductively coupled plasma optical emission
spectroscopy (ICP-OES) and X-ray fluorescence (XRF) spectroscopy were used to determine
the elemental composition of the virgin powder. The humidity content was identified by Karl
Fischer titration (C30S Compact KF Coulometer, Mettler-Toledo GmbH, Germany). The
powder density was obtained by helium pycnometry (AccuPyc 1330, Micromeritics
Instrument Corporation, USA).

The powder flowability was tested in a rotating drum analyzer (Revolution Powder Analyzer
2015, Mercury Scientific Inc., USA). The same device was used for powder packing tests. All
trials were conducted with 100 ml of powder. The flowability tests provided avalanche
energies and dynamic densities. The packing tests measured apparent and tap densities.

Scanning electron microscopy (SEM) was used to investigate the powder. The SEM (Gemini
450 SEM, Carl Zeiss Microscopy Deutschland GmbH, Germany) was equipped with a field
emission gun. X-ray photoelectron spectroscopy (XPS) was used to analyze the powder
surface chemistry and oxide layer thickness. The XPS (PHI 5000 VersaProbe III, ULVAC-PHI
Inc., Japan/USA) was equipped with an Al Ka source.
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4.5.2 Elemental Analysis

The carbon, oxygen, nitrogen and hydrogen contents of the powder, green parts, brown
parts and sintered specimens were determined. The carbon content was obtained via a
carbon/sulfur analyzer (CS 2000, ELTRA GmbH, Germany). The inert gas fusion method
(ONH836, LECO Corporation, USA) was utilized to measure the oxygen, nitrogen and
hydrogen contents. The sampling for elemental analysis is described in the appended
Papers.

4.5.3 Density Determination

The density of green and sintered parts was determined by their mass and volume. A
precision scale with a resolution of 0.001 g was used to measure the weight. The
dimensions in the X-, Y- and Z-directions were determined through a micrometer screw
gauge with a resolution of 0.001 mm. The dimensions were used to calculate the sample
volume. In addition, the shrinkage from green to sintered samples could be calculated.
Archimedes' principle was applied as a second method to measure the sintered densities.

4.5.4 Microstructural Investigation

Sintered specimens were cut, hot-embedded, ground and polished for microstructural
analysis by light optical microscopy (LOM). Stitched images of the whole cross-sections
were taken via LOM (VHX-6000, Keyence, Germany). The image analysis software Fiji
(open-source) was used to quantify the porosity via the thresholding method. Samples were
etched with Kalling's reagent to reveal microstructural features by LOM.

Electron backscatter diffraction (EBSD) was performed to map the phase composition of
17-4 PH after sintering. An EBSD detector (Nordlys II, Oxford Instruments, UK) was used in
an SEM (LEO Gemini 1550, Carl Zeiss AG, Germany) to identify the crystal structure and grain
orientations. The accelerating voltage was 20 kV with a magnification of 350X and a step size
of 0.4 pm. The EBSD images were used to quantify the fractions of 6-ferrite in the
microstructure by using the Trainable Weka Segmentation plugin of the image analysis
software Fiji (open-source).

4.5.5 Microhardness Testing

Microhardness testing (DuraScan 10, EMCO-TEST Priifmaschinen GmbH, Germany) was
performed with a load of 0.98 N (HVO0.1). Indents were placed in pore-free areas to
determine differences in the microstructure.

4.6 Thermodynamic Simulations

Thermodynamic calculations (ThermoCalc 2019b, Thermo-Calc Software AB, Sweden)
were applied to calculate the quasi-binary Fe-C phase diagram of 17-4 PH using the
database TCFE9 Steels/Fe-alloys. In addition, the phase fractions at 1300°C were
calculated for varying carbon content.

Thermodynamic and kinetics simulations (JMatPro 14.0, Sente Software Ltd., United
Kingdom) were further conducted to predict the phase fractions of austenite, ferrite and
martensite during cooling of 17-4 PH for 0.02 wt.%, 0.10 wt.% and 0.20 wt.% carbon.
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5 Summary of Results

The previously formulated research questions are addressed in this chapter by
summarizing the results from the appended Papers I to VII This chapter is divided into
three sections according to the three posed research questions. Section 5.1 summarizes
Papers I and II, highlighting the influence of powder reuse and curing atmosphere on
powder characteristics, green parts and sintering densification. Section 5.2 provides a
summary of Papers Il and IV, demonstrating the impact of the binder and its distribution
on green and sintered part quality. Section 5.3 highlights the insights of Papers V, VI and
VII, emphasizing the effect of the debinding atmosphere on sintered part quality.

5.1 Influence of curing atmosphere and powder reuse on powder
characteristics, green parts and sintering densification

Figure 14 depicts the green density and powder oxygen content over 20 build jobs reusing

the same 17-4 PH powder. The direct reuse of overflow powder for build jobs 1-5 led to

consistent green densities and printing accuracies (see Paper I). The slight standard

deviations are based on variations in the powder bed density. The oxygen content of the

overflow powder remained stable for five consecutive build jobs.
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Figure 14: Green densities for build jobs 1-20 and powder oxygen contents of virgin, overflow,
depowdered and sieved (S1-54) powder (Results from Paper I).

A significant reduction of ~0.11 g/cm?® in green densities was measured between build
jobs 1-5 and 6-10, where the powder was subjected to curing and sieving between build
jobs 5 and 6. This notable decrease in green densities correlated with the highest powder
oxygen pickup by 15 % in the depowdered powder, which was caused by oxidation during
curing at 200°C for 4 h in ambient air.
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Figure 15 demonstrates the direct impact of the curing process and atmosphere on
powder rheology. The three measurements per sample condition (a, b, c) demonstrated
reproducibility of the results. The virgin powder conditioned in ambient air at 200°C for
4 h resulted in considerably decreased avalanche energies and dynamic densities but
higher tap densities compared to the virgin powder. In contrast, curing in an inert Ar
atmosphere led to powder oxygen contents, avalanche energies and dynamic densities
similar to those of the virgin powder.
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Figure 15: Multiflow and packing tests showing (a) powder flowability and (b) powder densities for
different powder conditions: virgin, after curing in Ar and after curing in air (Results from Paper I).

The change in powder characteristics caused by curing in ambient air was identified as
the leading cause of the reduced green densities. This was confirmed by printing empty
build jobs, in which the powder packing decreased by 0.34 g/cm?® compared to the virgin
powder due to conditioning the powder in ambient air at 200°C for 4 h. The powder
oxidation was assumed to affect the complex interaction of the powder with the metering
rollers, compaction roller, binder and the powder itself, leading to lower powder packing.

Figure 16 shows SEM images of the virgin and reused powder after 20 build jobs and four
curing cycles, where differences between the powder conditions were difficult to identify.
The powder was mostly spherical with the presence of satellites. Nano-sized oxide
particulates were observed via SEM but were difficult to distinguish due to the presence
of a thick oxide layer.

The normalized oxygen (01s) intensities over the etch depths from XPS analysis are
compared in Figure 16 for the virgin powder and for the first, second, third and fourth
curing cycles. The oxide layer thickness was determined at a normalized intensity of 0.65
for each powder condition. XPS analysis estimated the growth of the powder oxide layer
thickness from ~7.1 nm to ~9.5 nm after the first curing cycle, while it remained
comparable for the following curing cycles.
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Figure 16: SEM images of virgin powder and powder after four curing cycles along with XPS analysis
of normalized oxygen intensities (0O1s) for virgin powder and four curing cycles (Results from
Paper II).

After 20 consecutive build jobs, the powder flowability and tap density increased while
the dynamic density reduced compared to the virgin powder, similar to the powder
conditioned in ambient air at 200°C for 4 h (see Paper I). The PSD of the powder did not
change notably over 20 build jobs, while the humidity increased slightly from 44 + 3 ppm
to 54 + 2 ppm. The green densities declined from 4.71 + 0.03 g/cm? to 4.47 + 0.07 g/cm?
after 20 build jobs. The increasing standard deviations in green densities and green part
dimensions indicated reduced process robustness due to powder reuse and curing in
ambient air.

For simplicity, the green parts printed with virgin powder will be referred to as virgin
samples (build jobs 1-5), while the samples printed with reused powder will be referred
to as reused samples (build jobs 16-20).

Dilatometry under Hz atmosphere in Paper I revealed that the lower initial green densities
of the reused samples led to higher shrinkages than for the virgin samples under the same
sintering conditions. The shrinkage from virgin to reused samples increased considerably
in the powder spreading direction (4dex=1.1 %) and compaction roller axis direction
(4ev=1.8 %), whereas the lowest increase was found for the build direction (4ez=0.6 %).

The unequal increase in the shrinkages led to a change in the sintering anisotropy for
reused samples compared to the virgin samples. The higher shrinkages and associated
changes in shrinkage anisotropy indicated that the porosity in reused green samples
increased, compared to virgin samples, primarily in the powder spreading direction and
compaction roller axis direction rather than in the build direction.
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The sintered densities were slightly higher for virgin samples (99.2 + 0.1 %) than for
reused samples (98.9 + 0.2 %) after sintering in Hz. Therefore, higher shrinkages could
nearly fully compensate for the lower initial green densities under the same sintering
conditions. The obtained hardness and sintered chemistry were comparable between the
virgin and reused samples processed in H2. A similar influence of the lower green
densities was observed for sintering in Ar, but the sintering shrinkages were much lower
compared to the results when processing in H2. The shrinkages of the reused samples
increased only slightly compared to the virgin samples, leading to notably lower sintered
densities for the reused samples. Additional information can be found in Paper 1.

5.2 Impact of binder content and distribution on powder packing, sintering
densification, microstructure gradients and shrinkage anisotropy
Cuboid samples with 25 %, 50 %, 75 % and 100 % shell volume were printed. The green
density increased with increasing shell volume from 4.46 + 0.01 g/cm® for 25 % shell
volume to 4.82 + 0.04 g/cm? for 100 % shell volume. The higher density was primarily
linked to higher powder packing in the green part, as the binder only accounted for ~11 %

of the mass gain.

The increase in green density followed a nearly linear correlation between density and
shell volume. This led to the assumption that the powder packing was higher in the shell
than in the core, which was attributed to binder-induced particle rearrangement locally
in the shell region.

Samples with 25 %, 50 %, 75 % and 100 % shell volume were debinded and sintered in a
dilatometer at 1300°C for 1 h under inert Ar. The measured dilatometric curves in the
X-direction are displayed in Figure 17. The final sintering shrinkage reduced significantly
from 15.15 % for 25 % shell volume to 10.85 % for 100 % shell volume under processing
in Ar, reducing the sintered density from 99.3 + 0.2 % to 93.4 + 1.8 %.
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Figure 17: Dilatometric curves of green parts with 25 %, 50 %, 75 % and 100 % shell volume sintered
under Ar atmosphere at 1300°C for 1 h (Results from Paper Il1).
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A rapid surge in the shrinkage rate was observed at between 1162°C and 1300°C for
25 % shell volume, which was associated with the formation of §-ferrite. The formation
of &-ferrite enhances sintering densification because of the higher self-diffusivity in the
bcc crystal structure of §-ferrite than in the fcc crystal structure of y-austenite [104,105].
Comparable peaks in the shrinkage rate were found for 50 % and 75 % shell volume, but
the intensity decreased with increasing shell volume. For 100 % shell volume, the
formation of &-ferrite was only slightly indicated.

The formation of 6-ferrite during sintering depends on the carbon content since carbon
stabilizes y-austenite [199]. The sintered carbon content was 289 ppm for 25 % shell
volume, close to the virgin powder content of 205 ppm. In contrast, a sintered carbon
content of 994 ppm was measured for 100% shell volume, indicating low debinding
efficiency under inert Ar with increasing shell volume. Thermodynamic calculations in
Paper IIl demonstrated that the §-ferrite fraction during sintering decreases as the carbon
content increases.

The sintered oxygen content decreased from 745 ppm for 25 % shell volume to 63 ppm
for 100 % shell volume. These values were both below the virgin powder content of
1163 ppm. The decrease in oxygen content was caused by the carbothermal reduction of
the metal oxides [160,177], which was enhanced by increased carbon residue from the
binder with increasing shell volume.

Due to the shell printing, the carbon-rich binder residue was not distributed uniformly
during sintering, leading to microstructure gradients between the core and the shell.
Figure 18 depicts the differences in the microstructure by LOM images (XY-plane)
between the core and fringe of the samples sintered in Ar.
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Figure 18: As-sintered microstructure (XY-plane) in the core and fringe of green parts with 25 %,
50 %, 75 % and 100 % shell volume processed under Ar atmosphere (Results from Paper III).
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For 25 % shell volume, a high fraction of 6-ferrite was apparent in the core and fringe of
the sample. In contrast, no §-ferrite was found in the cross-section for 100 % shell volume.
For 75 % shell volume, slight fractions of §-ferrite were identified in the core but none in
the fringe. For 50 % shell volume, only minor fractions of §-ferrite were present in the
fringe, while a higher fraction was located in the core.

These gradients in the 6-ferrite fractions between the shell and core caused gradients in
the sintered porosity since 6-ferrite enhanced the sintering densification. Figure 19
highlights the porosity distribution of samples with 25 %, 50 %, 75 % and 100 % shell
volume sintered in Ar. The most significant porosity gradients were present for 75 % and
50 % shell volume, following the division into the core and shell region. The carbon pickup
inhibited the formation of §-ferrite in the shell, while higher fractions could form in the
binder-free core. The porosity gradient for 100 % shell volume is potentially linked to a
debinding gradient due to the gas flow along the X-direction, as displayed in Figure 13.
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Figure 19: Porosity distribution for 25 %, 50 %, 75 % and 100 % shell volume after sintering at
1300°C for 1 h under Ar atmosphere (Results from Paper IlI).
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While the carbon-rich binder residue influenced the phase transformations associated
with §-ferrite during sintering, the carbon pickup in 17-4 PH also affected the phase
transformations during the cooling stage after sintering, leading to gradients in the
microhardness (see Paper III). The core exhibited higher microhardness values than the
shell. This was connected to the stabilization of the austenitic phase by carbon in the shell,
which resulted in high fractions of retained austenite that did not transform into
martensite during cooling.

The EBSD measurements in Paper III confirmed high fractions of retained austenite (fcc)
for 100 % shell volume debinded and sintered in Ar, leading to a low microhardness of
176 + 21 HVO.1. In contrast, the retained austenite fraction for 25 % shell volume sintered
in Ar was negligible. For 25 % shell volume, the EBSD analysis indicated the presence of
martensite and §-ferrite (bcc), which led to a high microhardness of 307 + 27 HVO0.1.

In contrast, processing in Hz resulted in efficient binder and oxide removal for all shell
volumes (see Paper III). High fractions of §-ferrite formed during sintering, leading to high
sintering densification. The sintering shrinkage under Hz decreased from 25 % to 100 %
shell volume, primarily due to the increasing powder packing in the green parts. The
resulting sintered densities were comparable between 99.7 + 0.1 % and 99.9 + 0.0 %.
Slight gradients were found in the porosity and microhardness after debinding and
sintering in Hz. These were attributed to the initial porosity gradients in the green parts
and potential debinding gradients from the core to the surface of the part. More details
are provided in Paper III.

The shrinkage anisotropy of standard green samples was compared for sintering in Ar
and Hz, as the processing atmosphere significantly altered the sintering densification.
Figure 20 plots the evolution of the anisotropic factors Ki, K2 and K3, which are the
shrinkage ratios of two directions.
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Figure 20: Anisotropic factors for sintering of standard green samples processed under Ar or H;
atmosphere (Results from Paper V).
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For processing in Hz, the highest shrinkage was measured in the build direction (ez),
indicated by high final anisotropic values for Kz (~1.08) and K3 (~1.11). The highest
shrinkage in the build direction is commonly observed for BJT components, which is
connected to the porosity distribution in the green parts. The layer-wise printing process
typically leads to areas of elevated porosity between two deposited layers, which result
in higher shrinkages along the build direction during sintering [124,200].

The final anisotropic factor K: was equal for sintering in Ar and H2 at ~1.02, which
corresponded to slightly higher shrinkage in the compaction roller axis direction (ev) than
in the powder spreading direction (&x). Sintering in Ar led to lower final K2 (~1.04) and
K3 (~1.06) values compared to sintering in Hz, which indicated an altered shrinkage
anisotropy. This was connected to the lower densification overall for processing in Ar
compared to Hz. While the initial porosity gradients in the green part determine the
potential shrinkage anisotropy, the processing atmosphere can significantly alter the
sintering densification and, thereby, actual shrinkage anisotropy.

5.3 Impact of oxygen content in the debinding atmosphere on binder
removal, powder oxidation and sintering densification

The binder consists of various elements, which can be introduced into the material if the

debinding process is inadequate. Figure 21 demonstrates how the binder changed the

green part chemistry compared to the virgin powder before and after the curing process.

The dried state of the green part refers to leaving the build box to dry for 24 h under

ambient conditions.
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Figure 21: Chemistry of the 17-4 PH powder and corresponding green part before and after the
curing process at 200°C for 4 h (Results from Paper V). Figure adapted from [201].

The binder in the green part increased the carbon, oxygen and hydrogen levels
significantly compared to those of the original 17-4 PH powder, while the nitrogen
content was slightly higher than for the N2-atomized powder. After the curing process, the
binder accounted for ~1 wt.% of the total green part mass. The effectiveness of the
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debinding process was analyzed by the mass loss and elemental contents of the brown
parts. The influence of the Oz content in the debinding atmosphere was evaluated for
debinding at 300°C for 2 h, corresponding to a state-of-the-art prior debinding step.

Figure 22 illustrates the weight loss, carbon content and visual appearance of the brown
parts following the prior debinding at 300°C for 2 h under various 02 concentrations in
the atmosphere. Debinding gas mixes with 3 vol.% Oz up to 20 vol.% Oz resulted in nearly
complete binder removal. However, the brown part stability was notably reduced due to
the significant binder removal, which caused minor powder losses during brown part
handling, as shown in Figure 22. The low brown part stability can cause problems if the
brown parts need to be transferred into a sintering furnace. In addition, unsupported part
features might break before sintering neck formation.
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Figure 22: Weight loss, carbon content and visual appearance of brown parts after prior debinding
at 300°C for 2 h depending on the debinding atmosphere (Results from Paper V). Figure adapted
from [201].

Debinding in inert Ar resulted in low binder removal, leading to a high carbon content of
4923 + 308 ppm in the brown part. Debinding in Ar + 1 vol.% O2 exhibited no notable
powder losses during handling, although the mass loss was higher than for Ar debinding,
resulting in a carbon content of 1256 + 13 ppm in the brown part.
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The prior debinded samples (brown parts) were sintered in inert Ar to assess the effect
of the Oz content in the debinding atmosphere on the sintered chemistry and sintering
densification. Figure 23 displays the sintered oxygen and carbon contents for the various
debinding atmospheres.
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Figure 23: Sintered carbon and oxygen contents for prior debinding at 300°C for 2 h under different
atmosphere compositions followed by sintering in inert Ar (Results from Paper VI). Figure adapted
from [202].

Prior debinding in Ar and subsequent sintering in Ar resulted in a high amount of carbon
above 2000 ppm in the sintered material, caused by the low debinding efficiency in an
inert debinding atmosphere. The sintered carbon content was significantly higher than
the maximum carbon content of 700 ppm specified for 17-4 PH stainless steel by
MPIF35/ASTM B883 - 24 standards for MIM [97,98]. However, the initial oxygen content
present in the virgin powder was almost entirely removed by carbothermal reduction due
to the high carbon content stemming from the binder.

For prior debinding in 3 vol.% Oz up to 20 vol.% Oz, the sintered oxygen content was 53 %
to 74 % higher than for the virgin powder, which was connected to the powder oxidation
in the brown parts during debinding. The oxidation caused during prior debinding could
not be sufficiently reversed by sintering in inert Ar because an insufficient amount of
carbon was available for carbothermal reduction. The sintered carbon contents dropped
even slightly below the virgin powder content, implying that carbon from the powder was
consumed for carbothermal reduction. In the case of prior debinding in Ar + 1 vol.% Oz,
the sintered oxygen content was 46 % lower than in the virgin powder, while the carbon
content was comparable to the virgin powder.
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The influence of the prior debinding atmosphere on the as-sintered microstructure of
17-4 PH stainless steel is displayed in Figure 24. The microstructure was comparable for
all oxidizing atmospheres, which consisted of a martensitic matrix, island-type §-ferrite
and residual pores. A high sintered density of ~98 % was achieved for debinding in
Ar + 1vol.% Oz and Ar + 3 vol.% Oz, while the densities varied between ~96 % and
~98 % for debinding under 4 vol.% 02 to 20 vol.% O-.
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Figure 24: As-sintered microstructure of 17-4 PH stainless steel parts debinded in atmospheres with
varying 02 contents and sintered at 1300°C in Ar (Results from Paper VI). Figure adapted from [202].

In contrast, no o-ferrite was observed in the as-sintered microstructure for prior
debinding in Ar, which was caused by the high carbon pickup in the material.
Thermodynamic simulations estimated that a carbon level below 1600 ppm is required
to form §-ferrite at 1300°C, which was not the case for prior debinding and sintering in
Ar. Hence, a low sintered density of ~88 % was obtained.

The TG experiments were conducted on 17-4 PH virgin powder (see Paper VII) by heating
to 700°C to assess the effect of the debinding atmosphere on the powder over a broader
temperature range. Inert Ar did not cause any powder oxidation, while H2 caused a
decrease of the powder oxygen content by ~200 ppm. This decrease in the oxygen content
was connected to the reduction of iron oxides by Hz [168,170], which was registered
during TG between ~210°C and ~435°C.

For oxidizing atmospheres, the virgin powder showed a two-stage oxidation behavior.
The mass gain progressed comparably between 1 vol.% Oz and 20 vol.% Oz in the first
stage, with a local maximum mass gain rate registered at ~390°C. A significant surge in

41



the oxidation rate was measured starting from ~510°C, which was enhanced by an
increasing Oz concentration in the atmosphere. Therefore, debinding in oxidizing
atmospheres should be conducted far below 510°C for 17-4 PH stainless steel to avoid
severe powder oxidation.

Green parts were heated to 700°C to identify the effect of the debinding atmosphere on
temperatures of maximum binder removal and notable brown part oxidation. In addition,
the effectiveness of the prior debinding step at 300°C for 2 h was compared for Ar, Ha,
Ar + 1 vol.% Oz and Nz + 20 vol.% O2. Figure 25a presents the TG curves of the green parts
under these four atmospheres during heating to 700°C.
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Figure 25: Thermogravimetric curves for debinding in Ar, Hz, Ar + 1 vol.% Oz and Nz + 20 vol.% O; at
(a) 700°C for 5 min and at (b) 300°C for 2 h (Results from Paper VII).
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Debinding in inert Ar resulted in a mass loss of 0.67 wt.% at 700°C. Debinding in H2 was
comparable to debinding in inert Ar up to ~380°C. However, a notable second-stage
binder removal was registered at 564°C for Hz debinding, increasing the total mass loss
to 0.88 wt.% at 700°C compared to Ar. Therefore, H2 seemed to react with the remaining
binder components at higher temperatures, aiding the binder decomposition.

The TG trials at 300°C for 2 h in Figure 25b confirmed that debinding in inert Ar and
reducing Hz is inefficient at low temperatures despite a holding step. After the 2 h dwell
at 300°C, the mass loss was only 0.26 wt.% for Ar and 0.28 wt.% for Hz, indicating high
binder residue in the brown part. Although H2 enhances binder removal at higher
temperatures, it could lead to issues for metals that sinter at low temperatures before the
binder is completely removed.

The TG curves for debinding up to 700°C in Figure 25a under oxidizing atmospheres
showed an initial mass loss due to binder removal, which was followed by mass gain due
to powder oxidation. The maximum mass loss of 0.57 wt.% for Ar + 1 vol.% 02 was
measured at 540°C. For debinding in N2+ 20 vol.% Oz, the maximum mass loss of
0.81 wt.% was registered at 403°C. The maximum mass loss rate shifted from 380°C for
Ar + 1vol.% 02 to 311°C for N2 + 20 vol.% Oz. The shift of the binder removal to lower
temperatures was linked to the oxidative binder decomposition, which lowers the
required thermal activation [203,204].

After reaching the maximum mass loss due to binder removal, the sample gained
0.15 wt.% of mass during heating to 700°C under Ar + 1 vol.% Oz due to powder oxidation.
The corresponding mass gain due to powder oxidation for debinding in N2 + 20 vol.% Oz
was significantly higher with 0.82 wt.%. Accordingly, the brown part oxygen content
increased from 5340 ppm for Ar + 1 vol.% Oz to 12900 ppm for Nz + 20 vol.% Oz.

Debinding in Ar + 1 vol.% Oz resulted even in a lower brown part oxygen content than the
corresponding powder heat treated under the same conditions, indicating that the binder
residues on the powder surface decreased powder oxidation during debinding. Notable
brown part oxidation occurred above ~510°C for the oxidizing atmospheres, comparable
to the isolated virgin powder.

Debinding at 300°C for 2 h in Ar + 1 vol.% Oz and Nz + 20 vol.% Oz resulted in mass losses
comparable to the maximum mass losses measured during heating to 700°C. During the
dwell of 2h at 300°C, the mass loss rate approached zero, indicating that the O2
concentration in the atmosphere limits the maximum binder removal at 300°C. The
debinding in oxidizing atmospheres can be effective even at low temperatures. Low
debinding temperatures can minimize the risk of powder oxidation and allow for the use
of low-cost furnace equipment for prior debinding.

The TG trials for the sintering of brown samples (debinded at 300°C for 2 h) led to a mass
loss between ~900°C and ~1300°C, which verified the removal of metal oxides by
carbothermal reduction. As the binder residue and powder oxidation varied for different
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atmosphere combinations, the mass loss associated with carbothermal reduction was
more or less pronounced, which can be seen in Paper VII.

The highest mass loss connected to carbothermal reduction was measured for prior
debinding in Ar + 1 vol.% Oz and subsequent sintering in inert Ar. This was caused by the
binder residue in the brown sample, which was not efficiently removed during heating to
the sintering temperature under inert Ar. The resulting sintered oxygen content after TG
was 191 ppm, significantly lower than in the virgin powder with 1174 ppm.

These findings demonstrate that prior debinding in Ar + 1vol.% Oz and subsequent
sintering in inert Ar can pose a viable alternative to Hz debinding and sintering, resulting
in high sintering densification and comparable sintered chemistry. Compared to prior
debinding in air, powder oxidation can be minimized by reducing the Oz concentration in
the debinding atmosphere.
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6 Conclusions

This thesis studied the impact of the processing atmosphere on B]T of 17-4 PH stainless
steel, highlighting the role of powder reuse, curing atmospheres, binder residue and
debinding atmospheres. The conclusions are presented based on the three research
questions of this thesis.

What is the influence of the curing atmosphere and powder reuse on powder
characteristics, green parts and sintering densification?

Curing in ambient air led to oxidation of the 17-4 PH stainless steel powder, which
increased powder flowability and packing but reduced the dynamic density during
flowability tests. The highest oxygen pickup was measured after the first curing
cycle, which was in accordance with an increasing thickness of the powder surface
oxide layer. In contrast, curing in inert Ar did not cause powder oxidation and led
to rheological properties comparable to the virgin powder.

Powder reuse over 20 build jobs increased the powder oxygen content by 20 %
due to four curing cycles in ambient air. The flowability and packing increased
despite a slight humidity pickup of the powder, while the dynamic density
decreased after 20 build jobs. The PSD remained comparable after 20 build jobs.
The curing in ambient air led to a significant drop in the green density by
0.11 g/cm® when the depowdered powder was reused for printing. This reduction
was assumed to be connected to a change in powder interaction during powder
spreading and compaction, which was confirmed by the powder packing obtained
from empty build jobs. Powder reuse resulted in a green density reduction from
4.71 £ 0.03 g/cm? to 4.47 + 0.07 g/cm? over 20 build jobs with decreasing part
consistency and, therefore, decreasing process stability.

The lower green part densities of the reused samples were compensated by higher
sintering shrinkages for processing under Hz, resulting in only slightly lower
sintered densities. This was accompanied by a change in the shrinkage anisotropy,
indicating a different porosity gradient in the reused green parts.

While the impact of curing and powder reuse on part quality was minor for
sintering in Hz, the sintered dimensions were significantly changed, decreasing the
process robustness. Consequently, the curing process should be conducted in an
inert environment such as Ar or Nz to avoid changes in powder characteristics that
can significantly change the outcome of the green part.

How do binder content and its distribution impact powder packing, sintering
densification, microstructure gradients and shrinkage anisotropy?

Samples with 25 %, 50 %, 75 % and 100 % shell volume were printed. The green
density increased considerably with increasing shell volume, which was connected
to a higher powder packing in the shell. This was attributed to binder-induced
particle rearrangement during printing, resulting in a higher powder packing in
the binder-affected shell than in the binder-free core.

Sintering under Ar highlighted the detrimental impact of increasing binder content
in the green part since the debinding efficiency was low for inert Ar. The sintering
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densification decreased significantly from 25 % to 100 % shell volume, primarily
due to the increased carbon pickup in the steel during debinding, inhibiting the
formation of 6-ferrite, which enhanced the sintering densification of 17-4 PH
considerably. Therefore, the sintered densities decreased from 99.3 £ 0.2 % to
93.4+1.8% from 25 % to 100 % shell volume. However, the sintered oxygen
content decreased from 745 ppm for 25 % shell volume to 63 ppm for 100 % shell
volume due to a more pronounced carbothermal reduction connected to the
increasing carbon residue.

Sintering under H2 demonstrated the impact of the powder packing on sintering
densification. Processing in Hz efficiently removed the binder and metal oxides for
all shell volumes, resulting in high fractions of §-ferrite. The lower powder packing
with decreasing shell volume was compensated by higher shrinkages, leading to
comparable sintered densities between 99.7 + 0.1 % and 99.9 + 0.0 %.

Significant microstructure gradients were identified for processing in Ar, which
were connected to the inhomogeneous binder distribution. For 50 %, 75 % and
100 % shell volume, the carbon introduced by the binder reduced the 6-ferrite
formation in the shell, leading to higher porosity in the shell than in the binder-free
core. The higher carbon content in the shell stabilized austenite during cooling,
resulting in high fractions of retained austenite and low microhardness after
cooling. Sintering in Hz resulted in slight microstructure gradients, likely due to a
slight gradient in the powder packing and debinding from the core to the surface
of the part.

The processing atmosphere significantly affected the sintering densification and,
therefore, the sintering anisotropy, indicated by varying anisotropic factors. The
highest shrinkage was measured in the build direction for Ar and Hz sintering due
to elevated inter-layer porosity created in the build direction during printing. The
part design must account for the differences in the shrinkage and anisotropy
depending on the set processing atmosphere.

What is the impact of oxygen content in the debinding atmosphere on binder
removal, powder oxidation and subsequent sintering densification?

Oxidizing atmospheres exhibited efficient binder removal at lower temperatures
in contrast to inert Ar and reducing Hz, as rising Oz concentrations in the debinding
atmosphere decreased the debinding temperatures due to the lower thermal
activation for oxidative binder degradation. The maximum mass loss was
0.57 wt.% for debinding in Ar + 1 vol.% Oz, whereas 0.81 wt.% for debinding in
N2 + 20 vol.% Oz during heating to 700°C.

Prior debinding at 300°C for 2 h showed nearly complete binder removal for
3vol.% 02 up to 20 vol.% Oz in the debinding atmosphere composition. However,
this led to minor powder losses during part handling due to low brown part
stability. TG trials demonstrated that binder removal under Ar + 1 vol.% 02 and
N2 + 20 vol.% 02 was equally effective for prior debinding at 300°C for 2 h as for
heating to 700°C.

TG experiments showed that severe powder and brown part oxidation occurred
above ~510°C, which was considerably enhanced with increasing Oz content from

46



1vol.% 02 to 20 vol.% Oz in the atmosphere. At temperatures below 510°C, the
oxidation of the virgin powder progressed comparably for all Oz concentrations.
Consequently, debinding in oxidizing atmospheres should be conducted between
300°C and 500°C to maximize binder removal and minimize powder oxidation. The
brown part oxidation was lower than the virgin powder oxidation for processing
in Ar + 1 vol.% Oz, which suggested that the binder on powder surfaces decreased
the powder oxidation slightly.

Sintering densification was high for sintering in inert Ar if the prior debinding step
at 300°C for 2 h removed the binder sufficiently, allowing for the formation of
O-ferrite during sintering, which was the case for all oxidizing atmospheres from
1 vol.% 02 to 20 vol.% O:. This resulted in comparable sintered densities between
96 % and 98 %. However, prior debinding and sintering in Ar resulted in a high
sintered carbon content above 2000 ppm, which led to low sintering densification
due to the absence of §-ferrite. Nevertheless, the high carbon residue stemming
from the binder aided oxide removal by carbothermal reduction, leading to nearly
complete oxide removal.

Samples prior debinded in 3 vol.% Oz up to 20 vol.% O: led to sintered oxygen
contents, which were 53 % to 74 % higher than in the virgin powder after sintering
ininert Ar. Debinding in Ar + 1 vol.% Oz resulted in the best combination of binder
removal, brown part stability, sintering densification and reduction of the sintered
oxygen content by 46 % compared to the virgin powder after sintering in Ar.
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7 Future Work

Based on the insights of this thesis, several research areas are recommended for future
exploration.

Influence of the curing atmosphere and powder reuse

Printing in a controlled atmosphere resulted in consistent printing results. The
humidity in the printing environment can potentially alter the printing behavior of
the powder and binder. The influence of varying ambient conditions, such as
different relative humidity levels, on the printing results should be systematically
studied.

The detrimental impact of curing in ambient air on process robustness was
highlighted for 17-4 PH stainless steel. The effect of the curing atmosphere on
powder characteristics, powder reuse and printing results should be investigated
for more materials, especially metal powders prone to oxidation, such as copper.
During BJT printing, complex interactions arise between the powder, binder and
printer hardware, which are affected by the powder and binder properties. The
simulation and modeling of such phenomena can provide valuable insights into
how different material properties and printing parameters influence powder
packing during printing.

It was shown that sintering in H2 atmosphere resulted in slightly lower sintered
densities due to the lower initial green densities of reused samples. The influence
of powder reuse on the mechanical properties should be investigated.

Impact of the binder content and its distribution

A higher powder packing was indicated in the binder-affected shell than in the
binder-free core of the green parts. To analyze the difference in density between
the core and the shell, high-resolution synchrotron X-ray computed tomography
(SXCT) can be utilized.

The choice of powder, binder and printer hardware influences the potential for
particle rearrangement during printing. The powder-binder interaction during
printing and the influence on powder packing should be studied in detail.

The binder had a detrimental impact on the sintering densification of 17-4 PH
stainless steel due to carbon pickup in the case of insufficient debinding. The effect
of binder residue on other materials, such as copper, titanium or nickel-based
alloys, should be studied.

Despite efficient debinding under Haz, slight gradients in microstructure and
porosity were found in the sintered samples. It is expected that larger wall
thicknesses might lead to even stronger microstructure gradients due to the
increasing difficulty of binder removal from the core of the part. The influence of
increasing wall thicknesses on microstructure gradients needs to be explored.
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The impact of the microstructure gradients due to shell printing on mechanical
properties and corrosion resistance of 17-4 PH stainless steel should be studied.
The interfaces between the shell and core could be potential crack initiation sites.

Impact of the oxygen content in the debinding atmosphere

Varying the Oz concentration in the atmosphere influenced the debinding
temperatures and effectiveness. However, it remains unclear whether the 02
concentration affects the decomposition products forming during debinding.
Process monitoring by measuring the Oz, CO2 and CO concentrations in the
debinding zone and at the outlet of the debinding furnace can provide insights into
the binder decomposition. The binder decomposition products can be analyzed in
detail by mass spectroscopy or FTIR, which can identify species like CO2, CO, Hz0,
NH3s and hydrocarbons.

The heating profile for debinding can be optimized for each Oz concentration in the
debinding gas mix individually. TG, FTIR and other sensors can be utilized to
improve the debinding process parameters to balance binder removal, powder
oxidation and processing times.

The concept of tailoring the 02 content in the debinding atmosphere should, in
principle, be transferable to other binder formulations and metal powders, as
binder decomposition and powder oxidation are expected to be affected similarly.
The transferability also applies to other binder-assisted powder manufacturing
technologies that require thermal debinding, including various SBAM and
traditional PM technologies.

The sintered oxygen content varied for the different O2 concentrations in the
debinding atmospheres. The influence of the sintered oxygen content on
mechanical properties of 17-4 PH should be investigated since the inclusions of
metal oxides in the sintering necks can be detrimental to the mechanical
properties. Corrosion properties might also be affected.

The gas flow and sample positioning in the furnace were kept constant. However,
an influence of the gas flow, part sizes, part positioning, furnace load and design
on the debinding effectiveness is expected. The gas flow and composition
requirements might vary based on part size and furnace load. A systematic analysis
of the influence of gas flow rates and part sizes on debinding efficiency should be
conducted.

Sintering in a vacuum and a slightly reducing atmosphere (Ar-Hz gas mix) are
viable alternatives to sintering in Ar or H2. The combination with a tailored
debinding atmosphere could result in part quality comparable to or better than Hz
debinding and sintering.
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