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Multi-step Additive Manufacturing oo
Technologies Utilizing the Powder

Metallurgical Manufacturing Route
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and Christian Krempaszky

Abstract Single-step additive manufacturing processes, such as laser powder bed
fusion, are capable of producing metal parts within one step by full melting of the
feedstock while also generating the geometric shape. However, due to high cooling
rates residual stresses and related distortions pose challenges, especially in high
strength materials, like tooling steels or hard metals. In multi-step additive manufac-
turing followed by sintering, components are produced in sequential steps divided
into a shaping step achieved by additive manufacturing and a material consolida-
tion step through sintering. Unlike in single-step processes, the material properties
obtained by sintering are isotropic, and the extent of residual stresses are uncrit-
ical. Additionally, multi-step additive manufacturing is also capable of processing
ceramics and metals unsuitable for welding. This review provides an overview about
relevant aspects of additive manufacturing categories used in multi-step AM toward
sinter-based parts, namely vat photopolymerization (VPP), material extrusion (MEX)
and binder jetting (BJ). In principle, these AM technologies are generally similar in
utilizing a polymeric binder material as matrix for the powder material, but due
to the inherent process differences, the specifications of the binder materials differ
significantly, as shown in this study.
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6.1 Introduction

Additive manufacturing (AM) has become a key technology for the product develop-
ment process. Predominantly, additive manufacturing is used for rapid prototyping;
however, it is increasingly utilized throughout the whole product development and
manufacturing process. The broad use of AM technologies is derived from their
potential to greatly reduce the number of manufacturing steps to fabricate proto-
types or components, for which conventional technologies may need several steps
(i.e., different machines, reclamping of the workpiece, tool changes, etc.) to achieve
similar part complexity. Other advantages are opportunities of weight saving, mate-
rial property optimization and embedded functionality without any additional costs.
Single-step AM processes which fully melt the feedstock are most wide-spread
based on their industrial use and conducted research. However, a downside of these
processes are residual stresses and related distortions that are well-known phenomena
in welding processes (DebRoy et al. 2018; Hitzler et al. 2018). Since multi-step AM
processes utilize a non-metallic binder to generate the part shape and the consoli-
dation takes place in a followed and uniform sintering process, residual stresses are
far less. Other driving forces for the adaption of multi-step AM are cost reduction,
material availability and continuous innovation.

The aim of the present study is to characterize the multi-step AM technologies vat
photopolymerization (VPP), material extrusion (MEX) and binder jetting (BJT) and
to provide an overview about their strengths and weaknesses. Apart from describing
key-process characteristics, a special focus is set on used binder materials, as it plays
a key role in shaping process and also influences the material properties of the final
sintered part.

6.2 Metal Additive Manufacturing

Metal AM technologies use metal feedstock, such as powder, wire or metal and binder
mixtures to produce three-dimensional (3D) parts by progressively adding material.
According to the ISO/ASTM 52900-2022 standard, metal AM technologies can be
divided into single-step and multi-step AM processes, see Fig. 6.1.

6.2.1 Single-Step AM Technologies

Single-Step AM technologies generate the shape and material properties simultane-
ously. Metal AM technologies that are considered as single-step AM processes are:
powder bed fusion technologies, which fully melt the metal powder; direct energy
deposition, which deposits the loose feedstock (powder or wire) together with energy
for melting; and material jetting, which ejects molten metal droplets (similar to the
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Fig. 6.1 Categorization of selected metal additive manufacturing technologies by the number of
manufacturing steps needed to achieve a final metal part (DIN 2022)

inkjet principle). A significant disadvantage of most single-step AM technologies
are residual stresses arising due to thermal gradients and shrinkage. These can lead
to part imperfections like cracks or deformations (Sames et al. 2016).

6.2.2 Multi-step AM Technologies

Multi-step additive manufacturing technologies include two or more consecutive
process steps to produce a final solid part (DIN 2022). These steps are similar to the
powder metallurgical manufacturing route shown in Fig. 6.2, and include:

(1) Shaping: Generating the part shape out of metal powder and binding media
utilizing AM technologies.

(2) Debinding: Removal of the primary binding media.

(3) Sintering: Removal of the secondary and residual binder while consolidating
the metal powder (Bartolo and Gaspar 2008; Suwanpreecha and Manonukul
2022; Ziaee and Crane 2019).

Feedstock:

The feedstock used for multi-step AM, predominantly is a premixed multi-
component material, consisting of the metal powder and a binding media. The binding
media needs to be specifically tailored to the AM technology. Its main purpose is to
support the shaping process and to act as a matrix structure for the metal powder.
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Fig. 6.2 Process scheme of multi-step additive manufacturing technologies; image adopted from
(Process—PTI 2022)

The binding media consists of three components: primary binder, secondary binder
and additives, such as dispersants or surfactants. The primary binder, also referred to
as main binder, accounts for the majority of the volume. It is a low molecular weight
polymer, which is easily removable. The secondary binder, also called backbone
binder, is a high molecular weight polymer. Its purpose is to maintain the 3D printed
shape after debinding and before sintering. (Suwanpreecha and Manonukul 2022).

Shaping:

During shaping, the part geometry is generated. In conventional powder metallur-
gical processes, this is done by pressing or injecting loose powder or a powder binder
mixture into a mold. The utilization of molding techniques usually come with restric-
tions regarding the part shape and high manufacturing costs (Moon et al. 2021). Addi-
tive manufacturing overcomes these restrictions through the layer-by-layer manufac-
turing principle which allows for more complex designs and without requiring molds.
Most intensively researched in that regard are vat photopolymerization, material
extrusion and binder jetting processes (Vaezi et al. 2020).

Debinding:

For typical multiple-component binders, the debinding process is split into two
stages: primary debinding and secondary debinding. In the first stage, the primary
binder is removed. This is done by solvent debinding, immerging the additive manu-
factured green part into a solvent, or by thermal debinding, which degrades the
polymer into volatile products. Most common solvents are water or acetone. The
intermediate product is referred to as “brown part”. The secondary debinding is
a transition process between debinding and sintering. While the backbone binder
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degrades, sintering between the powder particle starts (Ebel 2019; Suwanpreecha
and Manonukul 2022). Improper thermal debinding leads to carbonaceous residues
that degrade mechanical, optical, thermal, magnetic or electronic properties of the
sintered part (Heaney 2019).

Sintering:

Sintering relies on diffusion in solid matter and the principle to reach a lower energy
state. Neighboring powder particles in direct contact initially develop necks between
each other. This connection gradually widens during the sintering process until a
dense part is achieved. At the same time, shrinkage occurs and the density of the
part increases. Contrary to the shaping process in which the properties of the binding
media are more influential, the sintering process predominantly depends on the metal
powder and its properties. Thus, the parameters for the sintering process are mate-
rial specific. Residual porosity, which is characteristically for sintered parts, can
be led back to the particle size of the initial powder and correlated with the green
part density. It can, further, be controlled through sintering temperature and time
(Salak 1995). Because the powder consolidation is separate from the AM process and
starts uniformly from the part surface, multi-step additive manufacturing followed
by sintering inherits less residual stress, compared to single-step AM (DebRoy et al.
2018).

6.2.2.1 Vat Photopolymerization (VPP)

Vat photopolymerization utilizes a liquid photo-reactive polymer, which is selectively
polymerized inside a vat (DIN 2022). The process steps for VPP are as follows
(detailed in Fig. 6.3): (1) The build platform is lowered into a polymer resin inside a
vat, (2) the thin liquid layer gets exposed to UV light, causing the polymer to cure,
(3) the build platform is raised again, so new resin flows in and forms a new liquid
layer and (4) when the new liquid layer is established, the build platform immerses
the last cured layer again into the liquid and the cycle repeats. Most commonly the
light source is a laser or a projector system directed by mirrors (Chen et al. 2019).

Table 6.1 gives key-process parameters that can be varied to alter the desired part
properties.

Feedstock:

The photo-reactive resin is comprised three components: (1) photo-initiators, which
absorb the light and start the curing process, (2) monomers and oligomers, which
provide photo-curability and (3) dispersants to maintain low viscosities even in pres-
ence of high powder loadings. Additional components may be added to influence
the resins rheology, to enhance curability or to ease binder removal (Rasaki et al.
2021; Zimbeck and Rice 2000). For metal stereolithography processing, the typical
powder loading is 50 vol-%, higher loadings are generally desirable due to multiple
advantages. These include shortening of the debinding time, minimizing the porosity
in the sintered part, reducing the risk of part disruption during binder decomposition
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Fig. 6.3 Process steps of the VPP process. a Build platform with the already printed layers is
immersed into the vat, b liquid layer is exposed to UV light and cured, ¢ build platform is lifted, d
Vat surface is recoated with fresh resin, e top view of the recoating procedure, and f process steps
(a) to (e) are repeated until part is finished. Image adopted from (Stogerer et al. 2022)

Table 6.1 Key-process variables in VPP (in accordance with Oh et al. (2020)).

Part placement ‘ [ Build strategy | | Light exposure

* Orientation * Layer height * Exposure duration
* Support * Tool path (only Laser) * Exposure intensity
structure * Vattemperature * Light source resolution

and reducing sintering shrinkage (Zimbeck and Rice 2000). Typical resins used for
metal VPP as well as powder load and debinding temperature are listed in Table 6.2.

Advantages and Disadvantages:

The biggest advantages of VPP are the high achievable surface quality and accuracy.
In addition, VPP utilizes a nonhazardous and easy to handle feedstock. The metal
powder is contained within the UV-reactive resin and thus avoids the issues and
required safety measures related with loose metal powder. One drawback of powder-
filled resins is it being a suspension with limited shelf life due to sedimentation
(Zubrzycka et al. 2021). Other limitations of VPP are the rather slow build rate, the

Table 6.2 Binder systems utilized in metal VPP

Binder Powder loading vol-% Debinding References
temperature °C

HDDA® 50 600 Lee et al. (2006)

Unsaturated polyester | 50 n.n Bartolo and Gaspar

and epoxy system (2008)

Acrylate 52 500 Zimbeck and Rice

monomers (Di-, tri- (1998)

and higher)

1,6-Hexanediol diacrylate
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Table 6.3 Advantages and .
disadvantages of VPP Advantages Disadvantages
High surface quality Slow build rate
High accuracy and resolution | Parts are not stackable inside
No loose powder the build chamber
handling (power suspension) | Short shelf life of resin
Part size limited

need for support structures and the small part sizes due to the restrictions of the light
source (see Table 6.3) (Zhou et al. 2016).

Commercially available AM machines:

Commercial systems are available from Incus GmbH (Vienna, Austria), which offer
a machine and service for producing VPP-based metal parts. The company started
as a spin-off from Lithoz GmbH (Vienna, Austria) and solely focused on processing
ceramic powder-filled resins with vat photopolymerization (Boissonneault 2019).
Admatec BV (Alkmaar, Netherlands) also offers two systems for processing of metal-
filled resins (Admaflex 130 and 300).

6.2.2.2 Material Extrusion (MEX)

The principle of material extrusion is based on the reversible effect of thermoplastic
polymers, which become moldable when heated above their glass transition temper-
ature and solidify again upon cooling. In MEX, this mechanism is used to extrude
the thermoplastic feedstock through a nozzle onto a build plate and generates a three-
dimensional (3D) part by depositing the extrudate onto the already solidified polymer.
There are different extrusion concepts to process thermoplastic material. The three
basic principles thereof are depicted in Fig. 6.4. Matching feedstock properties and
the extruder principle is vital for the shaping process. In a plunger-based approach,
the processed material is present in a semi-liquid slurry; therefore, process ability is
predominantly driven by the viscosity. To allow easy processing of filament-based
material, it is important to ensure a sufficient flexibility of the filament, so it does not
break when fed to the extrusion unit. Moreover, it is essential that the cross-section
of the filament is in a tight range to maintain a steady material flow. A comprehensive
study about problems in filament-based MEX was undertaken by Hsiang Loh et al.
(2020). In comparison with the other approaches, the requirements toward pellet
material are the lowest due to fewer requirement on the feedstock.
Key-process parameters that influence print quality are listed in Table 6.4.

Feedstock:

The feedstock used in MEX processes is available as pellets, filament or slurry. The
metal MEX process is rather similar to metal injection molding (MIM), and thus,
the feedstock consists of similar components known from MIM. These are divided
into primary polymers with a low molecular weight and secondary polymers with
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Plunger-based Filament-based Screw-based

Fig. 6.4 Different extrusion concepts in material extrusion (Gonzalez-Gutierrez et al. 2018)

Table 6.4 Key-process parameter in MEX (in accordance with Oh et al. (2020)).

Part placement | ‘ Build strategy | | Material extrusion
* QOrientation * Nozzle diameter * Volume extrusion rate
* Support = Layer height * Nozzle diameter
structure * Tool path * Extrusion temperature

* Travel speed
« Build plattform temperature

a higher molecular weight. Since there is no standardized definition regarding the
classification of primary and secondary binder, only a general guideline is provided.
Primary binders commonly are based on paraffin or synthetic wax, polyethylene
glycol (PEG), thermoplastic elastomers (TPE), styrene-ethylene-butylene-styrene
(SEBS) and ethylene—vinyl acetate (EVA). The following components are considered
as secondary binder: Polyamide (PA), polypropylene (PP), polyethylene (PE, LDPE,
HDPE) and polyoxymethylene (POM) (Kan et al. 2021). An additive that is regularly
used as a lubricant is stearic acid (SE). Table 6.5 summarizes reported research on
binder materials in MEX.

Advantages and Disadvantages:

The key advantage of MEX is the high material throughput (compared with VPP
and BJT), that is achieved with upscaling the extrusion unit. However, this entails
a loss in surface quality and resolution, due to the correlation of nozzle diameter
to bead size. Since no optical components are utilized in MEX, the initial cost for
this technology is lower compared to other AM technologies. Similar to VPP, the
metal powder is encapsulated inside the binder material, allowing an easier and
nonhazardous material handling. A disadvantage of MEX is that parts cannot be
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Table 6.6 Advantages and
disadvantages of MEX (Vaezi
et al. 2020) High build rate Low surface quality
Low initial technology costs | Parts are not stackable inside the
No loose powder handling | build chamber

Advantages Disadvantages

stacked within the build chamber and support structures are required to manufacture
overhangs. This reduces the potential for mass production, due to a low exploitation
of the building space and manual labor to remove supports (see Table 6.6) (Vaezi et al.
2020). Overall, the highest potential of MEX is seen in large volume components.

Commercially Available AM Machines:

AM machines based on MEX are widely available for polymer material. While
it is generally possible to process highly filled metal feedstock as filament, there
are only a few companies that specifically advertise the use of metal powder-filled
feedstock. AIM3D GmbH (Rostock, Germany) offers with the ExXAM 255 a system
with two single screw extruders, capable of processing two different feedstocks (for
example build material and support material) at the same time. In addition, Pollen AM
(Ivry-sur-Seine, France) offers systems to produce green parts through MEX tech-
nology. With their PAM Series P, they offer a 3D printer with open software controls
that processes pellet feedstock. As a provider of feedstock BASF SE (Germany)
developed a filament feedstock on the basis of their Catamold system, which can
be processed by many regular polymer filament 3D printers (Suwanpreecha and
Manonukul 2022).

6.2.2.3 Binder Jetting (BJT)

Binder jetting (BJT) is a powder-bed-based AM technology in which a powder is
deposited layer-by-layer similar to PBF and selectively joined in each layer with
a binding agent that is dispensed via an inkjet printhead. The process steps are
divided into three steps. In the first step, a flat powder layer is deposited on the build
platform. The flattening is done by a rake or a rotating roller. The unit responsible for
the powder deposition and flattening is called recoater (see Fig. 6.5). After powder
deposition, a binding agent is selectively applied with a printhead. This step is very
similar to the common inkjet printing in which a 2D image is printed onto the powder.
Depending on the binding agent, a third step is performed to cure the binder with
heat or UV-irradiation.

The part placement is less restrictive then in VPP and MEX, since no support
structure is required. During the shaping process, the printed part is surrounded by
the powder bed, which stabilizes it. Further, BJT requires less amount of binder to
fabricate a green part, because it solely functions as a binding media and not as an
auxilia material for the process (Li et al. 2020). Since the full strength of the part is
only achieved after sintering, particular caution needs to be taken to not damage the
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Fig. 6.5 Schematic of a binder jetting machine (3D Hubs Inc 2022)

part in advance. Therefore, recoating speed is limited due to the friction generated
during the powder deposition. The main influence of the ink jetting process is on the
resolution of the part. This is mostly determined by the nozzle size and the number
of the inkjet printhead. When choosing the printhead, it is especially important to
ensure the compatibility of the binder ink with the printhead. Table 6.7 gives key-
process parameters that can be adapted toward the part geometry, powder material
or ink system.

Material:

Regarding the powder deposition, the powder requirements in binder jetting are
comparable to other powder bed-based processes. Similar to these, powder particle
size, shape and powder bulk density influence the flowability and thus determine
the recoating speed and the density of the powder layer. The selection of a suitable
binder, compatible with the powder, is critical for successful printing. The two most

Table 6.7 Key-process parameters in BJT (in accordance with Oh et al. (2020)).

Part placement ‘ ‘ Powder recoating | | Ink jetting
* Orientation * Layer height * Nozzle diameter
* Blade traverse speed * Nozzle number

* Roller rotation speed * Binder saturation
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important criteria are the wettability and permeation ability which affect the migration
of the binder and the strength of the green part (Li et al. 2020). Due to the complexity
of binder development, this study can only provide an overview of possible criteria
and binder classes that assists in the decision of a binder system.

First and foremost, the binder must be printable with an inkjet printhead. The
jettability of a binder is determined by its viscosity, surface tension, viscoelasticity
and other properties (Tuladhar 2017). Further, the binder ink needs to be tuned to the
employed printhead system. Generally, binder systems are defined as either in-liquid
or in-bed binder systems. For an in-liquid solution, all binder components are mixed
inside the printed agent. This allows for a greater versatility, but also increases the
risk of clogging inside the printhead. An in-bed solution splits the binder components
in two parts. One part is in the ink that is printed, the other part is either a solid or
liquid and is premixed into the loose powder. Table 6.2 summarizes binder materials
used for BJT (Table 6.8).

The binding media is of particular importance, as it needs to be suitable for
both feedstock and printhead. Thus, it was observed that many reported studies use
proprietary binder systems in their research.

Advantages and Disadvantages:

Table 6.8 Binder media used in BJT

Binder Curing temperature °C | Curing time h | References
3D systems ZB60 Air dried 1 Sheydaeian et al. (2017)
DEG 200 Cordero et al. (2017)
DEG aqueous 100-150 4-6 Lietal. (2017),
Paranthaman et al. (2016)
Dextrine/Glycerine Air dried 24 Fu et al. (2013)
Dextrine/Glycerine Air dried/70 24 Carrijo et al. (2016)
EG/DEG 200 Elliott et al. (2016)
EGBE/IPA/EG 195 Do et al. (2017)
EGBE/IPA/EG 195 Do et al. (2017)
ExOne EGME/EG 175 N/A Mostafaei et al. (2016),
Mostafaei et al. (2017)
ExOne EGME/EG 175 N/A Mostafaei et al. (2018)
ExOne LB 04 200 2 Bailey et al. (2016)
ExOne PM-B-SR-04 200 2 Dilip et al. (2017)
ExOne PM-B-SR1-01 | 170 2 Sun et al. (2009)
ExOne PM-B-SR1-04 | 190 2 Bai and Williams (2015)
ExOne PM-B-SR2-05 | 190 2 Bai et al. (2015)
ExOne ProMetal R-1 200 N/A Levy etal. (2017)
PVA/IPA IR light 0.33 Williams et al. (2011)
PVA/PVP Air dried 24 Xiong et al. (2012)
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Table 6.9 Advantages and

disadvantages of metal BJIT Advantages Disadvantages
Great variety of processible Handling of loose powder
materials Maintenance intensive inkjet
Parts are stackable inside build | printhead
chamber Inert atmosphere needed
High build rate

BIJT offers many potential advantages compared to other AM processes (see Table
6.9). It can process most materials available as powder and also combine multiple
materials toward functionally graded materials by depositing different materials
(Ziaee and Crane 2019). Additionally, BJT systems have a superior productivity due
to their high build rate and ability to stack multiple parts on top of each other inside
the build chamber. On the downside, the metal powder is present as loose powder,
and thus, handling the powder poses health risks and mandates safety measures.
Another specific disadvantage for binder jetting is the risk of irreversible clogging
of printhead nozzles due to the binder curing inside the nozzles (Du et al. 2020).

Commercially Available AM Machines:

Desktop Metal Inc. (Burlington, USA) offers several metal and ceramic binder jetting
machines ranging from a build volume of 350 x 220 x 50 mm up to 800 x 500 x
400 mm (Desktop Metal Inc.). Digital Metal AB (Hoganids, Sweden) offers with its
DM P2500 a binder jetting 3D printer with a build volume of 250 x 217 x 186 mm
(Digital Metal).

6.3 Summary

In metal multi-step AM followed by sintering, components are produced in sequen-
tial steps divided into a shaping step achieved by additive manufacturing, and a
material consolidation step through sintering. Unlike in single-step processes, mate-
rial properties obtained by sintering are isotropic and residual stresses are uncritical.
Therefore, multi-step AM present a favorable alternative for processing high strength
materials, such as tooling steels or hard metals.

This study reviews the current research on multi-step AM and the fabrication of
green parts comprised of binding media and metal powder, suitable for the powder
metallurgical manufacturing route to achieve fully-dense metal parts. A comparison
of the available and still in development situated technologies vat photopolymer-
ization (VPP), material extrusion (MEX) and binder jetting (BJT) was undertaken.
Providing an overview of key-process characteristics, this review focused on binder
materials used multi-step AM. While some studies include information about the
binder system and debinding process, it was observed that the main focus of inves-
tigations are correlations between used metal powder material and as-sintered part
properties. Minor efforts were undertaken toward the influence of the binder system
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on the green part production, the debinding process and on the as-sintered part prop-
erties. The authors of this study strongly recommend further investigation on binding
media and compositions and their influence on the properties of the green part, the
debinding process and the final (as-sintered) part properties.
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