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Abstract

In response to the growing demand for sustainable and efficient manufacturing of complex
metallic parts, this thesis presents a comprehensive study on the design, characterization, and
environmental evaluation of a sustainable feedstock formulation for titanium-based additive
manufacturing using the Pellet Additive Manufacturing (PAM) process. Driven by the
need for more environmentally responsible and technically versatile fabrication methods for
complex metallic components, this research investigates PAM as a promising alternative
to conventional techniques such as Metal Injection Molding (MIM). An initial qualitative
assessment of energy consumption was conducted to compare PAM with MIM. Due to limited
data availability, software-based modeling was not feasible. The study highlights PAM’s
advantages in terms of material efficiency, reduced tooling requirements, lower scrap rates,
and suitability for small-batch or customized production. These sustainability drivers served
as a strategic foundation for feedstock development.

A thorough literature review was conducted to identify the limitations of existing binder
systems and the critical rheological and thermal requirements for feedstocks in metal AM.

Based on this, a novel hybrid binder system was formulated, combining polyethylene
glycol (PEG) and polyvinyl butyral (PVB) as the primary matrix, with methylcellulose
(MC) and stearic acid (SA) as rheological and stabilizing additives. Several formulations
were prepared with Ti6Al4V powder, varying MC and SA contents. Rheological tests
revealed that the formulation with 3 vol.% MC and 3 vol.% SA achieved an optimal
balance of shear-thinning behavior, structural consistency, and printability, without the
instability observed at higher MC concentrations. Thermogravimetric analysis confirmed
the compatibility of the binder components and the feasibility of staged thermal debinding.
Morphological and flow assessments indicated a well-homogenized system with minimal phase
separation. Experimental printing trials demonstrated that the formulation with 3 vol.% MC
and 3 vol.% SA outperforms commercial feedstocks in visual quality, dimensional accuracy,
and ease of parameter tuning.

Beyond its technical contributions, this thesis adopts an integrated approach that aligns
materials engineering with environmental responsibility. By incorporating energy and
material efficiency considerations into the early design stages and validating performance
through rigorous experimentation, this work contributes to the advancement of greener,
high-performance feedstocks for emerging metal AM technologies like PAM.
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The originality of this research lies in its dual focus—technological innovation and
environmental responsibility—offering a holistic perspective on PAM’s viability as a
sustainable solution for manufacturing complex titanium components. The outcomes are
expected to support industrial adoption, inform future eco-design strategies, and inspire
continued innovation in hybrid additive-subtractive manufacturing platforms.
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CHAPTER 1

General Introduction

Additive Manufacturing (AM) is transforming the manufacturing landscape by enabling
the layer-by-layer fabrication of complex geometries directly from digital designs. Unlike
traditional subtractive or formative methods, AM allows for greater design freedom, material
efficiency, and on-demand production. Among the various AM techniques, Material
Extrusion (MEX) processes—such as Fused Deposition Modeling (FDM) and Pellets
Additive Manufacturing (PAM)—stand out due to their accessibility, cost-effectiveness, and
adaptability to a wide range of materials.

In recent years, MEX-based processes have expanded from polymers to metals and
ceramics, opening up new industrial applications. While FDM is widely used and
well-documented, PAM, which uses pelletized feedstocks instead of filaments, offers
additional advantages, including compatibility with highly filled materials and easier
recycling of unused material. However, PAM remains underdeveloped, particularly in
the domain of metal AM, where challenges in feedstock formulation, process control, and
sustainability are yet to be fully addressed.

Context and Motivation of the PhD Thesis

This doctoral research is part of the HyProPAM project, funded by the Walloon Region,
which aims at developing a hybrid manufacturing platform combining PAM with mechanical
and laser machining. This hybrid approach offers a flexible and versatile solution for
producing high-performance, complex parts. Among the target materials, the titanium
alloy Ti6Al4V was selected for its strategic importance in aerospace, biomedical, and
industrial applications, due to its high strength-to-weight ratio, corrosion resistance, and
biocompatibility.

However, implementing PAM for Ti6Al4V presents significant obstacles, particularly
in feedstock formulation. At the beginning of the project, a commercial Metal Injection
Molding MIM feedstock (PolyMIM Ti6Al4V) was tested as a reference. Despite being one
of the few water-soluble titanium feedstocks available in Europe, it was not optimized for
extrusion: it required high processing temperatures, exhibited poor flow behavior, limited
interlayer adhesion, and necessitated bed heating, making it poorly suited for PAM in terms
of printability and energy efficiency.
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Moreover, PAM belongs to the family of indirect AM processes, requiring debinding and
sintering steps after shaping. These steps often involve the use of toxic solvents (e.g., acetone,
chloroform, THF), raising concerns about operator safety and environmental impact. While
PAM can use feedstocks developed for injection molding, the surface quality of printed parts
remains inferior due to the staircase effect inherent in layer-by-layer deposition.

Scientific Objectives

This thesis addresses two major scientific and technological challenges:

1. Development of a Sustainable Feedstock for PAM
The primary objective is to develop a tailored feedstock for PAM, specifically for
Ti6Al4V, using a partially or fully water-soluble binder. The formulation strategy
focuses on combining:

• Polyethylene glycol (PEG) as the main water-soluble phase,
• Polyvinyl butyral (PVB) as the structural backbone polymer,
• Stearic acid (SA) as a dispersant and plasticizer,
• Methylcellulose (MC) as a bio-based viscosity modifier.

These components were selected to improve printability, reduce processing
temperatures, and eliminate the need for toxic solvents during debinding. The goal
is to create a feedstock that flows easily at low temperatures, adheres spontaneously
to the print bed without heating, and maintains good interlayer cohesion—thereby
reducing energy consumption and improving sustainability.

2. Environmental Evaluation through Qualitative Assessment of Energy and Materials
Consumption
A qualitative assessment of energy and materials consumption was carried out to
compare the environmental performance of PAM and MIM for the same Ti6Al4V part.
While FDM has been widely studied, data for PAM and metal MEX processes remain
scarce. Due to limited data availability, a full Life Cycle Assessment (LCA) could not
be performed as initially intended. Instead, the analysis focused on a cradle-to-gate
perspective, considering energy and material inputs, emissions, and waste generation.
This approach provides meaningful insights into the sustainability potential of PAM
and identifies key areas for further optimization.

Conclusion

In light of the growing demand for sustainable and high-performance manufacturing
technologies, this thesis addresses a timely and critical challenge: the development of an
eco-responsible feedstock for PAM of titanium alloy Ti6Al4V, and the evaluation of its
environmental impact through a comparative qualitative assessment of energy and materials
consumption with MIM. Although a complete LCA could not be conducted due to data
limitations, the study offers meaningful indicators of environmental performance. By
combining material formulation, process optimization, and environmental analysis, this
research aims at contribute both to the scientific understanding of metal extrusion-based AM
and to the goal of reducing the ecological footprint of advanced manufacturing processes.
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The originality of this work lies in its dual approach, technological and environmental,
offering a comprehensive perspective on the viability of PAM as a sustainable alternative
for producing complex, high-value titanium components. The outcomes of this thesis are
expected to support the industrial deployment of PAM, inform future eco-design strategies,
and pave the way for further innovations in hybrid additive-subtractive manufacturing
platforms.

Figure 1.1 presents an overview of the objectives of the PhD thesis.

Figure 1.1: Overview of the objectives of the thesis

Each chapter in this PhD thesis is summarized as follows:

Chapter I: General Introduction; presentation of the context of the research and of the
originality of the PhD thesis.

Chapter II: State-of-the-art; summary of the background of this work and the literature
review.

Chapter III: Comparative Study on Energy and Materials Consumption in PAM and MIM
Processes; comparison of the environmental impact of two manufacturing methods—PAM
and MIM—for producing titanium dental implants; evaluation of which process is more
efficient in terms of energy and material use, depending on production volume.

Chapter IV: Context of experimental research; presentation of the research context within
its framework in the HyProPAM project.

Chapter V: Materials, Methods, and Characterizations; explanation of the detailed
information of the materials used, with the detailed information about the applied methods
and their condition, as well as the techniques that were used for the characterization and
validation of the results.

Chapter VI: Commercial Ti6Al4V feedstock for PAM process; study of the properties of
the HyProPAM feedstock, a feedstock initially dedicated to MIM process

Chapter VII: Feedstock for PAM; study of various eco-responsible Ti6Al4V feedstocks
using sustainable compounds.

Chapter VIII: Conclusions and Prospects
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CHAPTER 2

State of the art

This chapter provides a comprehensive overview of the current knowledge and
technological context relevant to the development of eco-responsible feedstock for
pellet-based additive manufacturing.

2.1 Introduction

Additive manufacturing, commonly knows as 3D printing, is defined by the
ISO/ASTM52900 as a process of joining materials to make parts from 3D model data,
usually layer-by-layer, as opposed to subtractive manufacturing and formative manufacturing
methodologies [1]. This process has gained popularity in recent years for the fabrication of
various materials, including ceramics, polymers, and metals [2, 3].

Table 2.1: AM Technologies with Descriptions, Energy Sources, and Materials [4]

AM
category

Technologies Description Energy source Materials

Binder
Jetting

BJ A liquid bonding agent is selectively
deposited to join powdered
materials.

Thermal energy Metal powders

Directed
Energy
Deposition

LENS,
WAAM

Material is melted by focused
thermal energy followed by their
fusion and deposition.

Laser
beam/electric
arc

Metal powders, wires

Material
Extrusion

FDM, LDM,
MJP

Material is selectively deposited
through a nozzle orifice. Droplets of
materials are selectively deposited.

Thermal energy Polymer filaments,
polymers, wax,
composites

Powder Bed
Fusion

SLS, SLM,
DMLS

Powder bed is selectively fused
using thermal energy.

Laser/electron-beam,
photo-curing

Polymers, metal, and
ceramic powders

Sheet
Lamination

LOM Sheets of material are bonded to
create a part.

Thermal energy Plastic/Metal sheets

Vat
Polymerization

SLA Liquid photopolymer is vat and is
selectively cured by light-activated
polymerization.

Ultraviolet light Photopolymers

7
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AM encompasses a variety of technologies categorized according to their material
deposition mechanism and energy source, as summarized in Table 2.1. Binder Jetting
(BJ) uses thermal energy to selectively deposit a liquid binding agent onto a powder
bed, typically composed of metal or ceramic particles. Directed Energy Deposition
(DED) includes processes such as Laser Engineered Net Shaping (LENS) and Wire Arc
Additive Manufacturing (WAAM), where focused energy sources like lasers or electric
arcs melt feedstock material (powder or wire) during deposition. Material Extrusion,
including processes such as Fused Deposition Modeling (FDM), Low-Temperature Deposition
Manufacturing (LDM), and Material Jetting Printing (MJP), involves pushing thermoplastic
polymers, waxes, or slurries through a nozzle. Powder Bed Fusion (PBF), which includes
Selective Laser Sintering (SLS), Selective Laser Melting (SLM), and Direct Metal Laser
Sintering (DMLS), relies on lasers or electron beams to selectively fuse powder particles
layer-by-layer. Sheet Lamination, such as Laminated Object Manufacturing (LOM), involves
bonding thin layers of plastic, paper, or metal sheets using adhesives or ultrasonic welding.
Finally, Vat Photopolymerization, typified by Stereolithography (SLA), uses ultraviolet (UV)
light to selectively cure liquid photopolymer resins within a vat, enabling the production of
parts with high resolution and surface quality.

The most important techniques are SLA, MEX such as Fused Filament Fabrication
(FFF), and SLM or electron beam melting (EBM) [5].

As illustrated in Figure 2.1, the AM market is experiencing continuous and rapid growth.
Starting at approximately $15 billion in 2022, it is projected to exceed $95 billion by 2032.

Figure 2.1: Growing trend of AM Market size [6]

This significant increase reflects the expanding adoption of AM technologies across
various sectors, including aerospace, healthcare, and automotive. The average annual
growth rate suggests increasing industrial reliance on AM for both prototyping and final
part production, supported by advancements in materials, machine capabilities, and digital
workflows.
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This literature review focuses on key aspects of AM, with particular emphasis on fused
filament deposition using material extrusion. Particular attention is given to feedstock
development for metals, especially the titanium alloy Ti6Al4V. Understanding the rheological
behavior of both the feedstock and its binder is essential for screw-based material extrusion,
and therefore constitutes a central focus of this review. Additionally, this review will explore
the different compositions of feedstock and binder that have already been developed. The
review also explores life cycle assessment (LCA) to identify whether comparable studies
have previously been conducted. This will aid in assessing the environmental impact of this
technology. The chapter concludes with a synthesis and outlines the strategic direction of
the research.

2.2 Additive Manufacturing (AM)

2.2.1 Generalities
While 3D printing was initially developed for rapid prototyping, it has progressively

evolved into a reliable method for rapid tooling and low-volume manufacturing of functional
parts [7]. The AM workflow involves several critical steps, as illustrated in Figure 2.2. The
process begins with the creation of a 3D model using computer-aided design (CAD) software.

The design stage—referred to as Design for Additive Manufacturing (DfAM)—is central
to the quality and performance of the final part. DfAM principles guide modifications to
the CAD model to account for the specific constraints and capabilities of the AM process,
including material behavior, anisotropy, and layer-by-layer deposition mechanics. It also
promotes the reduction of support structures, minimization of material waste, and facilitation
of post-processing steps. This design philosophy fosters innovation by enabling complex
geometries and functional integration while optimizing printability, mechanical integrity,
and sustainability [8–13].

Figure 2.2: Different steps to produce a part by AM
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DfAM integrates advanced CAD software like SolidWorks, Siemens NX, and Fusion 360
to create and refine 3D models optimized for printing. Topology optimization tools such
as Altair Inspire and ANSYS, alongside slicers like Cura and Simplify3D, enhance part
geometries and printing parameters to reduce waste and improve performance. Simulation
and material selection software, including Moldex3D and Granta MI, allow for pre-printing
analyses and optimal material choices, ensuring parts meet functional and environmental
criteria [11].

This model is then exported into the STL (Standard Tessellation Language) format,
which represents the geometry using a mesh of triangles. The STL file is subsequently
processed using slicing software, which translates the 3D geometry into discrete layers and
generates a G-code file. This G-code contains machine-specific instructions that control the
motion of the print head or nozzle, material deposition rate, extrusion temperatures, and
other key process parameters. The G-code is then uploaded to the 3D printer, initiating the
manufacturing phase.

Before printing begins, process settings such as build orientation, layer thickness, infill
density, print speed, and temperature profiles must be configured based on the material used
and the functional requirements of the part. Once printing is completed, the part is removed
from the build platform and undergoes post-processing, which may include surface finishing
(e.g., machining, polishing), thermal treatments, or, in the case of metal AM with binders,
a debinding and sintering cycle.

In recent years, an important material and process development widened the initial
material limitations and enabled the adaptation of SLA and MEX-based printing techniques
for the processing of ceramic and metal materials.

FFF and related techniques benefit from the long feedstock development experience in
powder injection molding (PIM) for the fabrication of dense and warpage-free metal and
ceramic parts according to the following process chain [14]:

1. Feedstock compounding involves the use of suitable binders, additives, and a
substantial solid load.

2. Printing via PAM techniques (Figure 2.3).

(a) Ti6Al4V titanium alloy as-printed
(HyProPAM)

(b) Tosoh black zirconia (ZrO2) as-printed
(HyProPAM)

Figure 2.3: As-printed watch dials via PAM process during HyProPAM: (a) titanium alloy
Ti6Al4V, (b) black Tosoh zirconia ZrO2.
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3. Post-processing (for example, conventional machining and/or laser machining, or other
process to improve surface quality) (Figure 2.4).

(a) Ti6Al4V titanium alloy machined (b) Tosoh black zirconia (ZrO2) machined

Figure 2.4: Watch dials after machining, produced during HyProPAM: (a) titanium alloy
Ti6Al4V, (b) black zirconia ZrO2.

4. Debinding, often a combination of solvant/water debinding and thermal debinding
where the part is without any mechanical resistance and very difficult to handle.

5. Sintering with conditions tailored to the filler’s properties (Figure 2.5).

(a) Ti6Al4V titanium alloy as-sintered (b) Tosoh black zirconia (ZrO2)

Figure 2.5: Watch dials after machining, debinding and sintering, produced during
HyProPAM: (a) Ti6Al4V titanium alloy, (b) black zirconia ZrO2.

These examples illustrate the final stages of part fabrication via Pellets Additive
Manufacturing, including machining, debinding, and sintering. While these steps are
essential to achieving functional density and mechanical performance, the overall efficiency
and applicability of such methods largely depend on the front-end printing process used to
shape the initial feedstock. Among the various additive manufacturing techniques, material
extrusion processes such as MF 3 (Melted and Formed Filament Fabrication) have gained
particular attention due to their low cost, accessibility, and ability to process highly filled
feedstocks. The following section introduces the MF3 process and contextualizes its relevance
within the broader landscape of AM technologies [15].



2.2 Additive Manufacturing (AM) 12

MF 3 is refereeing to Multiplexed Fused Filament Fabrication, which is the group for
material extrusion techniques as FDM or PAM.

Figure 2.6: Cost of fabrication part depending on the size for different AM techniques [15]

Figure 2.6 shows that MF 3 is the technology with the lowest cost depending on the part
size compared to all AM technologies.

2.2.1.1 Evolution of AM in Industry

Figure 2.7 exhibits the numbers of 3D printer manufacturers, software vendors and
material suppliers in the AM sector in Europe. It can be observed that polymers and
metal machines are the most developed in the industries, due to the cost-effectiveness of
both machines and materials, as well as their ease of use [16].

Figure 2.7: Some numbers about AM in the industry (2019) [16]
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Machines able to print ceramic materials were developed later due to the difficulty of
shaping these materials, which are both brittle and refractory.

CAD and simulation software have become increasingly powerful, enabling a broad range
of possiblities to produce complex additively manufactured parts, particularly due to efficient
slicing software [17].

Figure 2.8: Pie chart showing the percentage of presence of each of the domains working in
AM [16]

Figure 2.8 represents an AMFG pie chart [16] showing the percentage of each AM machine
depending on the material they use and presenting the percentage of each type of material
used in AM until 2019.

Figure 2.9: Evolution of the number of polymer 3D printer manufacturer from 1985 to 2019
[16]
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Figure 2.9 and Figure 2.10 describe the evolution of the number of polymer and metal
3D printer manufacturers. It is possible to see that between 1985 and 2019, the number of
3D printer manufacturers increased considerably and particularly between 2015 and 2019.

Figure 2.10: Evolution of the number of metal 3D printer manufacturers from 1995 to 2019
[16]

Figure 2.8, Figure 2.9 and Figure 2.10 show that the part of polymer machines is most
important in the market followed by metal machines. This can be explained by the massive
increasing interest in AM, particularly thanks to FDM-type polymer machines, which
are very accessible in terms of both price and ease of use. This can be explained by the
possibilities offered by AM technologies such as the versatile type of materials or possible
complex geometries and, in some cases (ex: Material Extrusion, FDM,...), the reduction
in the cost of the raw material and machine compared to the overall costs of other classic
technologies [5, 17].

Although AM is increasingly being adopted by industry, many aspects of these
technologies still require improvement, such as surface quality and mechanical properties
[18]. Nevertheless, AM offers new opportunities, particularly due to its ability to produce
highly complex or customized geometries at reduced costs. As a result, a growing number of
research and development studies are currently being conducted in this field, as illustrated
in the following subsection.

2.2.1.2 Evolution of research in AM

The earliest scientific publications on AM date back to the 1980s, with an average of 15
to 30 articles published annually during that decade. Since then, AM has become a rapidly
expanding research domain, as evidenced by the increasing number of scientific publications
indexed in Scopus (Figure 2.11). Since 2010, the annual number of AM-related publications
has grown exponentially, surpassing 15,000 in 2024.

This steady increase in the number of publications confirms the growing scientific interest
in AM. The technology offers several strategic advantages, such as the ability to fabricate
complex geometries, reduce material waste, and enable mass customization at reduced costs.
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These capabilities have led to its adoption across various sectors, including aerospace,
automotive, and biomedical engineering [19, 20].

Figure 2.11: Number of publications per year containing the keyword “Additive
Manufacturing” from 1980 to 2024 in Scopus.

Despite this growing momentum, AM still faces key challenges that limit its large-scale
industrial deployment. Among the most critical limitations are poor surface finish, internal
porosity, anisotropic mechanical properties, and restricted material diversity [18, 21]. In
response to these issues, hybrid manufacturing technologies have emerged as a promising
pathway for overcoming some of AM’s intrinsic weaknesses.

Figure 2.12: Number of publications indexed in Scopus using the keywords “Hybrid”,
“Techniques”, and “Manufacturing” between 1980 and 2024
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As shown in Figure 2.12, the scientific interest in hybrid manufacturing has grown in
parallel with that of AM, particularly in the last decade. Hybrid manufacturing refers to
the integration of additive and subtractive processes—typically combining 3D printing with
high-precision machining within a single system.

This dual approach seeks to harness the design freedom of AM while achieving the
dimensional accuracy and surface quality offered by subtractive methods [22].

Hybrid manufacturing has been particularly successful in applications requiring both
geometric complexity and high-performance mechanical properties, such as aerospace
components, injection molds, and patient-specific medical implants. The hybrid approach
also enhances material utilization and reduces post-processing needs, contributing to shorter
production cycles and lower overall costs [23–25].

In summary, the evolution of AM research, as well as the parallel rise of hybrid
manufacturing technologies, reflects the field’s dynamic response to the limitations of
conventional manufacturing processes and the continuous pursuit of higher-performance,
more sustainable production methods.

2.2.1.3 Advantages of AM

AM offers several key advantages that distinguish it from traditional subtractive and
formative manufacturing techniques.

• Rapid Prototyping [26]:
AM enables the fast and cost-effective production of prototypes directly from CAD
models. This significantly shortens development cycles and facilitates design iteration,
allowing engineers and designers to test and validate concepts more efficiently before
committing to mass production.
For example, General Motors utilizes 3D printing to produce approximately 30,000
prototype parts per year, significantly accelerating product development and iteration
cycles [27].

• Design Complexity and Freedom [12]: One of the hallmark benefits of AM is its ability
to fabricate highly complex geometries that would be difficult or impossible to achieve
using conventional processes. This includes lattice structures, internal channels,
and organic forms optimized through topology optimization or generative design.
Such capabilities are particularly valuable in industries like aerospace and biomedical
engineering where lightweight, performance-optimized components are critical.

• Material Efficiency and Waste Reduction [28]: AM builds components layer-by-layer,
using only the material necessary for the part. This reduces material waste compared
to subtractive methods, which often generate significant scrap. This feature aligns with
sustainable manufacturing goals and reduces overall material costs. Studies indicate
that AM can reduce raw material usage by 35% to 80% compared to subtractive
methods, contributing to more sustainable production practices [29].

• Customization and On-Demand Manufacturing [30]: AM allows for the easy
customization of parts, making it ideal for personalized products such as medical
implants or dental devices. Moreover, the digital nature of AM enables decentralized
and on-demand production, reducing the need for inventory and long supply chains.

• Tool-less Fabrication [31]: Since AM does not require molds or tooling, it eliminates
the costs and lead times associated with tooling production, especially beneficial for
low-volume or high-mix manufacturing environments.
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• Use of Pellets in Material Extrusion [32]: PAM offers the advantage of using granulated
feedstock (generally develop for injection molding process), which is more cost-effective
and readily available than filament. Pellets provide higher solid loading, better
rheological control, and increased flexibility in binder formulation, making PAM a
competitive method for producing metal and ceramic parts.

2.2.1.4 Limitations of AM

Despite its many advantages, AM technologies face several challenges that hinder their
broader industrial adoption.

• Surface Quality and Resolution [33]: Parts produced via AM often suffer from
poor surface finish due to the layer-by-layer deposition process, leading to visible
stair-stepping effects, particularly on curved surfaces. For example,the layer-by-layer
FDM process results in visible ridges, and arithmetic surface roughness Ra values can
range between 10 to 30 microns, often necessitating post-processing [34].

• Dimensional accuracy [35]: Phenomena like the “sharkskin effect” and anisotropic
texture also impact dimensional accuracy and aesthetics, often requiring additional
post-processing steps [33]. For instance, Multi Jet Fusion (MJF) exhibits dimensional
deviations between 2.1% and 5.2%, while Selective Laser Sintering (SLS) can have
errors up to 7% [36].

• Mechanical Properties and Anisotropy [37]: AM parts may exhibit inferior mechanical
properties compared to those made through forging or machining. This is especially
true in terms of interlayer adhesion and residual porosity, which can lead to anisotropic
behavior and lower strength in the build direction.

• Energy Consumption and Environmental Burden [38]: Some AM processes,
particularly those involving lasers or high-temperature sintering, are energy-intensive.
When post-processing like heat treatment or surface finishing is included, the total
energy footprint can exceed that of traditional methods for certain part types and
production volumes. Bezzina et al. [39] found that energy consumption for FFF
represents 80% of the total environnemental impact of FFF.

• Post-Processing Requirements [33]: Many AM parts require extensive post-processing,
including support removal, surface finishing, and heat treatment. These steps can
be labor-intensive and time-consuming, diminishing the speed advantage and adding
to production costs. These steps can be time-consuming and expensive, sometimes
accounting for up to 25% of total production costs [40].

• Material Limitations [41]: Although AM has expanded beyond polymers to include
metals, ceramics, and composites, the range of printable materials remains limited
compared to conventional manufacturing. Additionally, the feedstock preparation (e.g.,
powder, pellets, or filament quality) plays a critical role in printability and final part
properties. For pellet-based systems, feedstock granule size and binder composition
can also impact flow stability and extrusion performance.
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2.3 Injection Molding and Material Extrusion processes

2.3.1 Powder Injection Molding PIM
Powder Injection Molding (PIM) is a fabrication process that involves injecting highly

filled polymers (ě 50 vol.% solid loading) into a mold using an extrusion screw. The
incorporation of polymers—referred to as binders—into the feedstock ensures appropriate
flow behavior throughout the process. Binders lower the shaping temperature because they
melt at significantly lower temperatures than metallic or ceramic powders. Moreover, due
to the abrasiveness of these powders, binders help reduce wear on equipment [42, 43].

PIM comprises four main steps [43–46]:

1. Feedstock preparation: Metallic or ceramic powders are mixed with a
multi-component binder system to produce a homogeneous mixture called feedstock.
Critical parameters at this stage include powder characteristics (e.g., size, shape),
binder composition, powder-to-binder ratio, the mixing process, and potential surface
treatments. These factors significantly influence all subsequent processing stages. A
high powder loading is essential to ensure cohesion of the molded parts. The binder
acts as a temporary medium to shape and hold the powder structure until sintering.

2. Injection molding: The feedstock is molded using standard plastic injection molding
machines (Figure 2.13). The material is melted and conveyed through an Archimedean
screw heated by barrel-integrated heaters and injected into a mold. The resulting part,
known as the "green part," has the intended geometry but lacks mechanical properties.

Figure 2.13: Schematical representation of the injection molding process [47]
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3. Debinding: This step involves removing most of the binder using an appropriate
heated solvent (typically around 60°C), without causing defects or deformation.
The part at this stage is called the "brown part" and is extremely fragile without
significant mechanical properties. Debinding parameters depend on both the binder
system and the powder type. It can be carried out through chemical routes (e.g.,
solvent dissolution, catalytic debinding), thermal routes (e.g., pyrolysis in a controlled
atmosphere), or a combination of both. Debinding is often time- and energy-consuming
and can lead to defects such as distortion, cracking, or swelling.

4. Sintering: The final stage involves thermally bonding the particles by heating
the brown part to a temperature close to the melting point of the powder. This
densification step eliminates the pores formed by the removed binder and imparts the
final mechanical properties to the part. As a result, significant shrinkage occurs, which
must be considered during design.

2.3.2 Material Extrusion AM MEX
Extrusion-based fabrication of polymer parts was first patented by S. Scott Crump [48]

and commercialized by Stratasys, Ltd. in the early 1990s as the FDM™ process. ASTM
in their classification has defined MEX as processes used to fabricate polymer, or polymer
composite, parts by depositing a filament or bead of material from an extrusion head“ [49].

In the MEX process, the feedstock composed of ceramic or metal powder (solid loading)
and binder (as for MIM) is heated until the material is melted and can be extruded
through a nozzle. The filament is then deposited onto a heated build platform to improve
adhesion between the part and the bed and to limit the thermal shock. The part is created
layer-by-layer following the CAD model [50].

This process can also fabricate multi-material 3D parts, if the printer has more than one
printing head or feeding system. Metal MEX processes can be classified into three types
depending on the feeding system of the printer as presented in Figure 2.14 which are (a)
screw-based, (b) plunger-based and (c) filament-based types [51].

Figure 2.14: Types of MEX classified by feeding system: (a) screw-based, (b) plunger-based
and (c) filament-based types [51]
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After the printing step, the as-build part needs to be debinded and sintered in a similar
way to those in the MIM processing steps, as presented previously.

Screw-based MEX

Screw-based MEX is currently the most versatile material extrusion system in terms of
material selection. This method uses granulated feedstock from MIM. In the case of metal
MEX, all alloys for MIM feedstocks are applicable but high-quality metal filaments and
feedstocks are still limited in alloy selection. The feedstock will be transported by screw
rotation and heated simultaneously by heating elements to a temperature above the glass
transition temperature Tg of the polymer binder.

Then, the material will be deposited through the nozzle to manufacture the 3D CAD
design model on the build platform as presented in Figure 2.14 (a) [51]. This system has some
advantages over the other systems (plunger and filament-based), such as high productivity
thanks to a continuous filling system. The process does not require an additional filament
preparation step, which is necessary in conventional filament-based techniques as FDM. This
is particularly advantageous given that solid-loaded filaments containing ceramic or metal
fillers are typically brittle and difficult to handle.

In addition, high solid loading rates equivalent to MIM can be used [51]. There are some
challenges as the size of the feedstock must be controlled (ă 5 mm) to achieve stability
during printing and to reduce print defects caused by air entrapment [52].

Singh et al. [53] reported that for copper MIM feedstock (Cu999 from PolyMIM,
Germany) with two polymers, namely polyethylene glycol (PEG) and some wax (not precisely
specified by the supplier), pellets sized from 3 to 5 mm can lead to a relative sintered density
of the final part up to 94.5%.

Similarly, Lieberwirth et al. [54] reported that a size of 3 mm could be easily printed with
good appearance. If the feedstock is too large, the feed system will not be able to melt it
evenly and properly. Too small feedstock can cause trapping at the hopper. Mono-material
green parts with defects or flaws can be easily reused by crushing and screening before
returning them to the printer hopper, as for MIM-injected parts.

The stabilization of the screw system is still challenging to fabricate the 3D part, as it is
difficult to control the flow rate of the material to be constant due to the trapped air inside
the softened material. Moreover, the strength and stability of the printing system are also
required during printing due to the high viscosity of the feedstock [20].

Plunger-based MEX

This method uses a plunger or piston mechanism to directly push the material through
the extrusion die or a nozzle (Figure 2.14 (b)).

Advantages of Plunger-Based Material Extrusion [55] :

1. Simplicity and reliability: The plunger-based system has fewer moving parts than
screw-based systems, which can reduce the likelihood of mechanical failure and make
maintenance easier.

2. Precise material control: The direct pressure applied by the plunger provides precise
control over the amount of material extruded, which can be beneficial for applications
requiring high accuracy and detail.
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3. Good for high viscosity materials: Plunger systems can effectively extrude high
viscosity materials that can be difficult for screw-based systems to handle due to the
direct force applied.

Disadvantages of Plunger-Based Material Extrusion:

1. Limited material capacity: The amount of material that can be extruded is limited
by the size of the plunger chamber, requiring frequent refills for large volume prints,
which can interrupt the printing process.

2. Potential for inconsistent flow: If the material is not uniformly fed or if there are air
bubbles, the flow can become inconsistent, affecting print quality. This is less of an
issue in screw-based systems where the screw action can help in homogenizing the
material.

3. Slower speeds for large prints: Due to the need for refilling and potential for slower
extrusion speeds, plunger-based systems might not be as efficient as screw-based
systems for large-scale manufacturing.

Filament-based MEX

Filament-based material extrusion technique is a popular method such as Fused
Deposition Modeling (FDM), widely used in 3D printing. In this process, a thermoplastic
filament is fed into an extruder, where it is heated to a molten state and then extruded
through a nozzle to build objects layer-by-layer on the print bed.

Advantages of Filament-Based Material Extrusion [55]:

1. Ease of use: Filament-based printers are generally easier to use, making them ideal for
hobbyists, educators, and professionals alike.

2. Low-cost equipment: Both the printers are typically less expensive than those used in
screw or plunger-based systems, making the technology more accessible.

3. Clean and convenient: Filament materials are easy to handle, store, and replace,
providing a clean and convenient solution without the need to handle powders or
liquids.

Disadvantages of Filament-Based Material Extrusion [56–58]:

1. Material limitations: This process is limited in material choice because of the
mechanical properties of certain materials such as ceramics which cannot be shape
into filaments due to their fragile nature.

2. Material cost: Filaments are more expensive than pellets

3. Lower throughput and slower production: FDM has limited deposition rates due to
filament feeding constraints.
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2.4 Materials for AM

To better understand the relevance of titanium in additive manufacturing, it is essential
to review its historical background, alloy development, and unique material characteristics.

2.4.1 Titanium and its alloys
2.4.1.1 History

Titanium is a silver-grey metal in group 4 of the periodic table. This useful industrial
metal is lightweight, has high strength, and does not corrode easily under normal
environmental conditions. Discovered in compound form in 1791 by William Gregor, an
English mineralogist and chemist, it was independently rediscovered in 1795 by Martin
Heinrich Klaproth, a German chemist. Klaproth gave the element its name. It was first
isolated in its pure form in 1910 by Matthew A. Hunter. Titanium is a very common
element, making up about 0.57% of the Earth’s crust by mass [59].

It is found in almost all sands, clays, soils and rocks. It is also found in biological
organisms, natural waters, material dredged from the deep sea, meteorites, and stars.
The two most important commercial minerals containing titanium are rutile and ilmenite.
Because it is a highly reactive element, the preparation of titanium is challenging. At elevated
temperatures, titanium is extremely reactive with nitrogen and oxygen, and conventional
oxidative reduction methods do not yield titanium.

Ti6Al4V alloy, also known as Ti6Al4V, is classified as an α ` β titanium alloy, known for
its increased strength, reduced density, remarkable fracture toughness, exceptional corrosion
resistance and excellent biocompatibility. Widely recognized as the dominant titanium alloy,
Ti6Al4V accounts for nearly half of the global market share for titanium products.

Originally developed in the 1950’s [60] for structural applications in aircraft, the alloy’s
light yet strong composition proves highly advantageous in applications where high strength
is required while minimizing weight, such as jet engines, gas turbines and various airframe
components.

Although the aerospace industry remains a major user of Ti6Al4V, its popularity has
expanded over the past five decades to include the marine, automotive, energy, chemical,
and biomedical industries. The alloy’s low density, high strength, corrosion resistance and
biocompatibility make it attractive for applications such as bridges and implants. In addition,
its corrosion resistance to most corrosive acids and alkalis has led to its use in the marine
and chemical industries.

The major titanium mines are located in several regions of the world, including Australia,
South Africa, Canada, China, India, Norway, Ukraine and Vietnam, mainly in the form of
ilmenite FeTiO3 and rutile TiO2. The largest industries exploiting titanium mines are Iluka
Resources (Australia), Rio Tinto (South Africa), Tronox (Australia, South Africa etc..) and
other industries. The rutile TiO2 is sold in 2024 around 1500 $US/MT [61], ilmenite is sold
between 371 and 400 $US/MT depending on the quality [62].

2.4.1.2 Microstructure and properties of Ti6Al4V

The alloy undergoes an allotropic transformation at about 890°C from a hexagonal
closed-packed (hcp) structure (α phase) to a stable body-centered cubic (bcc) structure
(β phase) as shown in Figure 2.15. The hcp structure has three slip planes: pyramidal,
prismatic, and basal with a c/a ratio of 1.587. Titanium alloys exist in α, near α, α + β,
and β microstructures. In the Ti6Al4V alloy, aluminum acts as an α stabilizer by increasing
the α ´ β transformation temperature, and vanadium acts as a β stabilizer [63].
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Titanium alloy Ti6Al4V generally exists in alpha phase with crystal structure hcp, (SG:
P63/mmc) and beta phase with crystal structure bcc, (SG: Im-3m) [64].

(a) α phase microstructure (b) α+β phases microstructure

Figure 2.15: Microstructures of Ti6Al4V: (a) α-phase; (b) α+β phases adapted from [64]

Despite high demand, manufacturing Ti6Al4V components remains challenging due
to its low thermal conductivity, work hardening, and oxygen reactivity. Conventional
methods—such as forging, casting, and rolling followed by machining—lead to significant
material waste, high costs, and long lead times. Additive manufacturing (AM), which
builds near-net-shape parts directly from CAD models via layer-by-layer deposition, offers a
promising alternative, especially for complex geometries.

Ti6Al4V is a dual-phase (α+β) alloy whose microstructure and properties can be tailored
by heat treatment. As shown in Figure 2.16, the phase diagram highlights the α+β region
in grey.

Figure 2.16: Ti6Al4V phases diagram [64]
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Above the β-transus, a bcc microstructure with coarse grains forms. In contrast,
treatment within the dual-phase region produces varied microstructures, with the α-phase
inhibiting β-growth.

As the temperature nears the α/β transition ( 920°C), the α-phase fraction decreases.
Heating to 950°C results in a bimodal structure of primary α grains and acicular transformed
β. The resulting phase distribution depends on the initial microstructure, the heating profile,
and cooling rate. Rapid quenching from the β region leads to a metastable, diffusionless
martensitic α1-phase.

Subsequent heat treatment can be applied to achieve the desired microstructure.
However, care must be taken during heat treatment to avoid the formation of a brittle
ω phase. The omega ω phase in Ti6Al4V alloys is a metastable phase that can form under
certain conditions, such as rapid cooling from high temperatures or aging at intermediate
temperatures. This phase is important because it can have a profound effect on the
mechanical properties of the alloy, affecting its hardness, strength, and ductility [65].

2.4.1.3 Ti6Al4V Biocompatibility and Applications

Ti6Al4V is widely recognized for its biocompatibility, primarily because it does not elicit
a significant immune response upon implantation in the human body. This makes it suitable
for long-term biomedical applications.

However, the presence of vanadium and aluminum in the alloy has raised concerns
regarding potential long-term cytotoxic and neurotoxic effects. Consequently, recent research
has focused on the development of vanadium-free and aluminum-free titanium alloys,
including commercially pure grades (Grade 2 and 4) and alternative compositions such as
Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe, and Ti-15Mo [60].

The alloy’s favorable combination of biocompatibility, high mechanical strength, and
corrosion resistance makes it one of the most commonly used materials in the biomedical
sector. Nevertheless, efforts to improve its long-term safety are ongoing, with particular
attention to its alloying elements and their biological interactions [66, 67].

Osteointegration

A key advantage of Ti6Al4V is its ability to promote osteointegration, defined as
the direct structural and functional connection between living bone and the surface of a
load-bearing implant. This property is essential in orthopedic and dental applications, where
the implant-bone interface must be mechanically stable and biologically active to ensure
long-term success [68].

Potential Issues

Despite its clinical success, Ti6Al4V is not without limitations. The presence of vanadium
and aluminum, both of which can release ions over time, has prompted investigation into
potential adverse biological effects, particularly for long-term implants.

Applications

Owing to its biocompatibility and mechanical reliability, Ti6Al4V is used in a wide range
of medical devices [69, 70], including:

• Joint replacements (hip, knee, shoulder)

• Dental implants (see Figure 2.17)
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• Bone fixation devices (screws, plates, rods)

• Cardiovascular implants (e.g., stents, pacemaker housings)

Figure 2.17: dental implants fixation made of Ti6Al4V [71]

The biocompatibility of Ti6Al4V, along with its mechanical strength and corrosion
resistance, make it a highly valued material in the biomedical field as shown in Table 2.2.
Ongoing research aims to address any concerns related to its alloying elements in order to
further improve its safety and efficacy.

Table 2.2: Main properties of Ti6Al4V [65]

Properties Values
Density (g/cm3) 4.43
Melting point (°C) 1604-1660
Tensile strength (MPa) 880-950
Yield strength (0.2% Offset, MPa) 830-880
Elongation (%) 10-14
Young’s modulus (GPa) 114
Hardness (HV) 330-380
Thermal conductivity (W/m.K) 6.7
Coefficient of thermal expansion (10-6/°C) 8.6 (20-100°C)
Corrosion resistance Excellent
Biocompatibility Good
Creep resistance Good at temperature up to 700°C
Fatigue strength High

Beyond its well-known biocompatibility, the Ti6Al4V alloy exhibits a remarkable
combination of mechanical strength, corrosion resistance, and low density, making it
attractive for a wide range of applications. While it is extensively used in the biomedical
field for implants and prosthetics, its unique properties have also driven widespread adoption
in other demanding industries such as aerospace, automotive, and energy.
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2.4.1.4 Aeronautic and aerospace industries

Ti6Al4V is widely used in the aerospace industry due to its unique set of properties that
make it highly suitable for applications in these demanding fields. Here are the main reasons
for its widespread use:

Ti6Al4V has an exceptional strength-to-weight ratio as described in Figure 2.18, which
is critical for aerospace applications where weight reduction is essential to improve fuel
efficiency and performance. The alloy provides significant strength without the added weight,
enabling the design of lighter and more efficient aircraft and spacecraft. The alloy exhibits
excellent corrosion resistance, including resistance to a wide range of aggressive environments
(Table 2.2). This is particularly important in the aerospace industry, where materials are
subjected to high speeds and extreme conditions, including exposure to fuels and oxidizers,
which can be highly corrosive. Ti6Al4V’s corrosion resistance helps extend the life and
reliability of aerospace components.

Figure 2.18: Ashby’s diagram of the strength (MPa) depending on the density (Mg/m3) of
several materials [72]

Ti6Al4V retains its strength and mechanical properties at elevated temperatures, unlike
many other metals that can weaken. This property is essential for parts exposed to the
high temperature environments found in jet engines and airframes. The ability to maintain
structural integrity at high temperatures contributes to the safety and durability of aerospace
components.
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Aerospace structures are subject to cyclic loading and stress concentrations that can
lead to fatigue and crack propagation. Ti6Al4V has excellent fatigue and crack growth
resistance, making it suitable for critical components requiring long life and reliability under
cyclic loading conditions.

The alloy has good creep resistance, which means it can withstand long-term exposure
to high stresses at elevated temperatures without significant deformation. This property is
particularly important for engine components and other high-stress aerospace parts.

Applications in Aerospace and Aeronautics [63]:

Because of these properties, Ti6Al4V is used in a wide range of aerospace applications,
including:

• Engine components (compressor blades, disks and casings)

• Airframe structures (bulkheads, wing beams, landing gear)

• Fasteners and critical hardware

• Hydraulic systems

2.4.1.5 Fabrication of Ti6Al4V alloy powder

Titanium alloy Ti6Al4V powder, commonly used in AM processes such as Powder Bed
Fusion (PBF), is typically produced by a method called gas atomization.

Gas atomization process for Ti6Al4V powder: The Ti6Al4V alloy consists of 90
wt.% titanium (Ti), 6 wt.% aluminum (Al), and 4 wt.% vanadium (V). The alloy composition
is carefully controlled to achieve the desired mechanical and thermal properties.

The alloy is melted in an induction skull furnace or similar high temperature furnace.
The molten metal is maintained at a specific temperature to ensure proper alloying. The
molten metal is then subjected to high pressure gas atomization as shown in Figure 2.19.

Figure 2.19: schematic representation of the gas atomization system [73]
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In this process, the molten metal stream is exposed to a high-speed jet of inert gas (often
argon). The high velocity gas breaks the molten metal stream into small droplets. The size
and morphology of these droplets are critical to the properties of the resulting powder. The
droplets rapidly cool and solidify as they pass through the atomization chamber. The rapid
solidification helps maintain the desired microstructure of the Ti6Al4V alloy. The solidified
droplets form spherical powder particles. These particles are collected in a chamber or
collector.

The collection system is designed to prevent the powder from agglomerating and to
maintain its flowability. The resulting powder can have a range of particle sizes. To ensure
consistency and to meet the specific requirements of AM processes, the powder is often
subjected to size classification processes. This involves separating the powder into different
size fractions [74].

The particle size range of Ti6Al4V powder obtained by gas atomization typically varies.
However, it’s common for the particle size to be in the range of approximately 15 to 150
microns (µm). This range may vary depending on the specific parameters and conditions of
the gas atomization process, such as the pressure and type of gas used, temperature, and
nozzle design.

Particle size can be classified into several types as shown in Table 2.3:

Table 2.3: Classification of particle size ranges for metallic powders, adapted from [75]

Type of particle Diameter range
Nanopowder d ă 0.1 µm
Ultrafine powder 0.1 µm ă d ă 10 µm
Fine powder 10 µm ă d ă 100 µm
Medium powder 100 µm ă d ă 250 µm
Coarse powder 250 µm ă d ă 1000 µm
Granules d ą 1000 µm

For MIM, the particle size is typically in the range of 5 to 25 microns. This size range
helps achieve a high packing density and ensures smooth flow of the material during the
injection process as well as during the sintering phase where the material is densified. Fused
Filament Fabrication (FFF) for metals typically uses a metal powder embedded in a plastic
binder to form a filament rather than a pellet. The Ti6Al4V powder used in the filament
would likely fall within a similar size range as that used in MIM to ensure proper binder
distribution and sintering behavior, although the exact size may depend on the specifics of
the process and the desired properties of the final product. In metal extrusion, the particle
size may be similar to that used in powder bed fusion processes, typically 20 to 45 microns,
to ensure good flowability and packing density, but the finer the particle size, the better the
density of the final part [73, 75]. The Ti6Al4V powder produced is subjected to rigorous
quality control measures to ensure that it meets the desired specifications for particle size
distribution, morphology, and chemical composition [3]. The gas atomization process is
preferred for producing metal powders for AM due to its ability to produce spherical particles
with a relatively narrow size distribution. Spherical particles are advantageous for powder
bed fusion processes because they flow more consistently and can be uniformly distributed
during layer-by-layer deposition in AM machines [76].
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2.4.2 Polymers used for Injection Molding IM and Material Extrusion
MEX

In both MEX and MIM, the binder (a blend of polymers) in the feedstock plays a critical
role in the processing and forming of the metal parts. The binder acts as a temporary matrix
that holds the metal powder particles together, allowing complex shapes to be formed prior
to the final sintering step. Here’s a breakdown of the binder’s role in MEX and MIM: the
binder gives the feedstock the viscosity it needs to be easily extruded through a die. Proper
viscosity ensures that the material can be formed into the desired shape during the extrusion
process [51].

The binder imparts green state strength to the extruded part, allowing it to hold its
shape prior to the sintering process [51]. Green state strength is critical for handling and
transporting the green (unsintered) parts without deformation or breakage. This is essential
for achieving the desired dimensions and properties in the final sintered part.

The binder helps prevent the powder particles from agglomerating during mixing and
forming and ensures uniform distribution in the feedstock.

Uniform distribution contributes to the homogeneity of the green part and the final
sintered part [77].

Polymers tested in the PhD Thesis

In the context of developing eco-responsible feedstocks for PAM, the selection of suitable
polymeric binders is a critical step. The binder system must ensure proper dispersion of
metallic powders, adequate flow behavior during extrusion, and clean removal during the
debinding stage. This section presents the main polymers investigated during this PhD
work, each chosen for its specific physicochemical properties and potential compatibility
with highly filled formulations.

Three polymers were selected and tested: Polyethylene Glycol (PEG), a water-soluble
synthetic polyether known for its plasticizing effect and thermal stability; Polyvinyl Butyral
(PVB), a thermoplastic polymer widely used for its excellent adhesion, flexibility, and
toughness; and Methylcellulose (MC), a semi-synthetic cellulose derivative valued for its
amphiphilic nature, rheological behavior, and ability to form thermoreversible gels. The
following subsections provide a detailed description of their chemical structures, properties,
and relevance to the binder system formulation in PAM.

Polyethylene Glycol PEG

Polyethylene Glycol PEG is a synthetic linear polyether with a molar mass ă 20
000 g/mol derived from petroleum. The structure of PEG is commonly expressed as
H (CH2 CH2 O)n OH.

PEG is made from ethylene glycol and have water-soluble and fat-soluble properties.
PEG is soluble in water, toluene, dichloromethane, alcohol and acetone but not in aliphatic
carbides such as hexane, cyclohexane. PEG is stable to acids, bases, heat, oxygen, hydrogen
peroxide, oxidizers, and reducers. PEG is not biodegradable, but bio-eliminable by renal
filtration. Its toxicity is well-known and PEG is not flammable, not volatil et considered by
FDA as safe.
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Polyvinyl Butyral PVB

PVB is a synthetic thermoplastic polymer produced by the condensation of butyraldehyde
(butanal) with polyvinyl alcohol (PVA) under acidic conditions. It is an amorphous,
transparent, and flexible polymer known for its excellent adhesion, optical clarity, toughness,
and impact resistance [78]. These properties make PVB particularly suitable for use as an
interlayer in laminated safety glass, especially in the automotive and architectural industries,
where it enhances shatter resistance and UV protection [78].

Beyond glazing applications, PVB is also used as a binder in ceramic and metallic
powder processing, adhesives, inks, paints, and photovoltaic modules [78]. Its hydroxyl
and butyral functional groups allow for strong interactions with both polar and non-polar
surfaces, making it a versatile matrix in composite systems. In additive manufacturing
and powder injection molding, PVB serves as a backbone polymer, providing mechanical
integrity during shaping and dimensional stability during debinding and sintering [79].

O O

Methylcellulose MC

Methylcellulose (MC) is a semi-synthetic, water-soluble cellulose ether obtained by
substituting hydroxyl groups of cellulose with methoxy groups (OCH3). Its structure
provides amphiphilic character, enabling both hydrophilic and hydrophobic interactions.
MC is non-ionic, thermoresponsive, and exhibits pseudoplastic (shear-thinning) behavior in
solution. It is widely used in ceramics processing, pharmaceuticals, and construction as
a thickener, stabilizer, and binder due to its ability to form highly viscous solutions and
thermoreversible gels [80–83].

One of the distinctive properties of MC is its thermal gelation in aqueous or polar media.
Upon heating, intermolecular hydrophobic interactions between methoxy groups induce
the formation of a physical network (gel), which is reversible upon cooling. The gelation
temperature varies with the degree of substitution, molecular weight, and concentration.
This behavior is beneficial in processing environments where structural support at elevated
temperatures is required [84].

In polymer–powder systems (e.g. for MIM or PAM), MC serves as a rheology modifier
and structural binder. It increases yield stress and storage modulus (G’), improving the
stability of the feedstock at rest and during early solidification stages. This is essential for
layer stacking, shape retention, and prevention of collapse or flow during deposition. MC
also contributes to elastic recovery after shear, supporting interlayer adhesion and mechanical
cohesion [85].
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However, high concentrations of MC can induce gelation or excessive viscosity, limiting
flowability during extrusion. Therefore, its use requires careful balance with plasticizing
agents or lubricants to ensure processability.

In the context of PAM, where feedstocks are subjected to high shear rates during screw
extrusion and must retain shape after deposition, MC provides critical rheological control.
Its properties supports:

• Shape fidelity upon exiting the nozzle,

• Stabilization during cooling, and

• Resistance to sagging or deformation.

These characteristics make MC a valuable component in binder systems requiring both
mechanical integrity and controlled flow, particularly when combined with low-viscosity
additives such as fatty acids or waxes.

MC is derived from cellulose, a renewable biopolymer, making it bio-based and non-toxic.
Although its biodegradability is limited under standardized aerobic conditions, studies
have shown that it can undergo partial degradation over time in natural environments,
especially in the presence of adapted microbial communities [86]. Its use can reduce reliance
on petroleum-based polymers such as PVB or EVA, aligning with sustainability goals in
materials development.

Methylcellulose is a multifunctional, renewable polymer offering valuable rheological
properties for highly filled feedstocks in AM. Its thermal gelation, viscoelastic behavior, and
ability to enhance structural integrity during and after extrusion make it an effective binder
component in PAM. While its high viscosity may require rheological compensation, its
bio-based origin and functionality support its use in environmentally conscious formulations.
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2.4.3 Surfactants
To improve binder properties such as surface wetting, spreading, adsorption, and binder

strengthening, a surfactant is often added as an additive to the binder. Generally, the
surfactant is a low molecular weight component consisting of a functional group attached to
the powder surface and an oriented molecular chain extending into the binder. Therefore,
due to its structure, the surfactant acts as a bridge between the binder and the powder and
enhances the stabilization of the powders when they are broken apart by mechanical shear
during the mixing process [51, 87, 88]. The surfactant is critical to the MIM and MEX
processes. As a lubricant,

• it can reduce the frictional force existing between the powder particles as to reduce the
viscosity of the feedstock to improve the solid loading [45];
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• It can also be used as a dispersant, easing the dispersion of the particles in the binder
and improving the homogeneity of the feedstock; or as a plasticizer;

• it can improve the mixing properties among the binder components [51, 89];

• More importantly, the surfactant can effectively increase the adhesion strength between
the binder and the powder, which improves the strength of green parts and provides
a potential way to eliminate structural defects. Therefore, the surfactant has an
important influence on the quality control of the final products.

In MIM and PAM feedstocks, surfactants are added in small quantities (0 to 5 vol.% [51,
90, 91]) to improve powder wetting, enhance binder adhesion, and reduce surface energy.
According to Yi-min [89], the surfactant has significant effects for improving the properties
of MIM and MEX feedstocks. In fact, it serves as a bridge between the powder and the binder,
enhancing the stability of the feedstock. Proper content of the SA can decrease the viscosity
of the feedstock and improve the dispersibility of the powder. Moreover, adding surfactant
can increase the critical solid loading due to the enhancement of interaction between the
powder and the binder. A chemical bonding is found in the mixture of the surfactant and the
solid loading after mixing, indicating that chemical adsorption occurs on the powder surface
with the help of the surfactant. Thus, chemical adsorption can reinforce the interacting force
between the powder and the binder, enhancing the solid loading of the feedstock system.

2.4.3.1 Stearic Acid SA

In the formulation of highly filled feedstocks for AM processes such as PAM and MIM,
the use of functional additives is essential to optimize flow behavior and ensure homogeneous
dispersion of metallic powders.

Among these additives, stearic acid (SA) plays a prominent role due to its amphiphilic
nature and surface-active properties. Commonly employed as a lubricant and dispersant,
stearic acid contributes significantly to the rheological performance of polymer–powder
mixtures, particularly under extrusion conditions.

This section provides a detailed overview of the chemical, thermal, and rheological
characteristics of stearic acid, with a focus on its behavior in PAM-specific processing
environments. The discussion highlights its advantages, limitations, and optimal usage
conditions within binder systems designed for sustainable and efficient AM.

Chemical Properties

Stearic acid, or octadecanoic acid, is a saturated long-chain fatty acid with the molecular
formula C18H36O2 and a molar mass of approximately 284.48 g/mol. It consists of an
18-carbon hydrocarbon chain terminated by a carboxylic acid group. This amphiphilic
structure—comprising a polar head and nonpolar tail—confers surface-active properties,
allowing stearic acid to adsorb onto particle surfaces and interfaces within multicomponent
systems. It is solid at room temperature, insoluble in water, but soluble in many organic
solvents, and shows excellent compatibility with polymer matrices [92, 93].

Its melting point lies between 69–72°C, making it thermally accessible during
low-temperature processing such as pre-extrusion softening in PAM.
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Thermal Behavior

Stearic acid exhibits a well-defined melting transition near 70°C and begins to degrade
thermally around 185°C, with continued decomposition up to 300°C [94]. This early
degradation must be considered when processing at temperatures above 60–70°C, especially
in long-residence-time systems. Nonetheless, its early melting is advantageous in binder
systems for enabling initial softening and flow without excessive heating.

In PAM, this property enables smoother screw feeding and onset of melt flow during the
early stages of extrusion [95].

Rheological Role in Polymer–Powder Feedstocks

Stearic acid is widely used as a lubricant and dispersant in metal or ceramic-filled
feedstocks for processes such as MIM and PAM. It reduces interparticle friction and enhances
powder–binder interactions by improving wettability of metallic surfaces [89]. Chan et al.
[87] showed that stearic acid significantly improves the injection molding behavior of alumina
by lowering viscosity and facilitating better powder dispersion.

Gorjan et al. [95] further demonstrated that incorporating SA into highly filled feedstocks
for FFF reduces both complex and apparent viscosity, enhances shear-thinning behavior, and
contributes to a smoother flow regime under extrusion-relevant conditions.

At concentrations between 2–3 vol.%, SA typically optimizes rheological performance.
At higher levels (e.g., (ě 5vol.%)), diminishing returns are often observed, with possible
phase separation, binder saturation, or surface quality degradation due to accumulation of
low-molecular-weight species [87, 95].

Behavior in PAM-Specific Conditions

In PAM, stearic acid facilitates key process steps by enabling:

• Low-viscosity melt flow through the screw and nozzle,

• Reduced extrusion pressure, and

• Improved feeding behavior, especially in pre-melting zones.

However, due to its low thermal stability, care must be taken to avoid premature
decomposition during residence in heated zones. Inappropriate processing temperatures
may cause volatilization or embrittlement, which could lead to voids, binder burnout, or
incomplete layer bonding [87, 94, 95].

H3C
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2.4.4 Relations in a highly filled blend of immiscible polymers
In highly filled systems involving immiscible polymers, understanding the morphological

interactions between components becomes essential, as these interactions strongly influence
the flow behavior and final structure of the feedstock. The following section explores the
concept of continuity in such blends.
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2.4.4.1 Continuity in blend

In the case of immiscible polymer blends, there are two types of morphologies in polymer
blends depending on the proportions of A or B in the mixture (Figure 2.20) [96]:

• Nodular: in the case where the proportions of A in B are low (up to approximately
20% by mass) and vice versa.

• Co-continuous: above 20 wt.%, a co-continuous morphology begins to appear. It is
representative of a polymer network which is formed from entangled A and B.

Figure 2.20: Blend of immiscible polymers: evolution of the continuity depending on the
polymer content [96]

The parameters influencing the formation of morphologies are temperature, interfacial
tension, composition, viscosity ratio of the phases, mixing time, mixing speed and the
equipment used [96].

Melt mixing poses two problems:
• The high viscosity prevents diffusion and turbulence of the polymers at the molecular

level.

• There is also likely to be degradation of the polymers related to temperature and
shear, but the main reason is the lack of intensive mixing between both components.
The viscosity, and elasticity of the polymers as well as the interfacial tension and
the implementation influence the co-continuity phenomenon. Indeed, the greater the
difference in viscosity, the more the repulsive forces will push one of the polymers
towards the surface of the material, the proportion of polymer will not be homogeneous
throughout the material and the less viscous polymer will coat the one which is the
most viscous one.
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The interfacial tension also plays a very important role [97]: in fact, if the interfacial
tension value for a system is low, the occluded domains presenting stretched shapes will be
little affected by interfacial effects, and even very thin filaments will be stable.

On the other hand, for systems with high interfacial tensions, the interfacial effects will
be very pronounced and most of the filaments will be destabilized and broken into droplets.
Under these conditions, it is difficult to form stable co-continuous morphologies for weak
compositions in the dispersed phase. The mixing conditions during the implementation of
the polymers have a strong influence on the morphology produced.

For example, the stress experienced by a polymer in an extruder, or a mixer is very
different. It is therefore necessary to consider the influence of different processing parameters
such as temperature, mixing time, type and rate of shear.

It is important to consider the morphology of the blend in the case of MIM/MEX
feedstocks to determine the effect of the binder on solvent debinding and sintering [98].

2.4.4.2 Liquid-solid wetting

In MIM and MEX, particle wettability plays a pivotal role in determining the quality
and performance of the feedstock. These processes rely on mixing solid powders (typically
metal or ceramic) with an organic binder system. Good wettability between particles and
binder is essential to ensure homogeneous dispersion, stable flow during extrusion, and strong
interfacial adhesion in the final consolidated part.

In PAM and FDM, poor wettability leads to incomplete coating of powder particles by
the binder or polymer melt. This results in agglomeration, poor dispersion, and inconsistent
rheology, affecting printability and dimensional accuracy. For example, in a study on oxide
dispersion-strengthened steel produced by LPBF [99] (a process with similar feedstock
issues), Y2O3 particles showed significant agglomeration due to poor wettability with the
316L stainless steel matrix. These agglomerates led to a reduction in tensile elongation and
weak mechanical performance, illustrating how critical interfacial bonding is in powder-based
systems.

In MIM, the binder system must effectively wet and disperse the metallic or ceramic
particles to prevent phase separation during injection. Poor wettability can result in binder
migration or powder-binder phase segregation during molding or debinding, leading to part
defects and non-uniform shrinkage. According to Yang et al. [100], wettability governs the
formation of particle networks and capillary bridges, which strongly influence the rheological
properties and stability of dense suspensions.

Furthermore, the rheology of MEX/PAM formulations is greatly affected by the degree of
particle wetting. In systems where the polymer acts as a non-Newtonian fluid, the addition
of poorly wetted particles leads to erratic shear-thinning behavior, increased yield stress,
and potential nozzle clogging during printing. Xia and Krueger [101] showed that both the
flow consistency and shear behavior of particle-loaded suspensions depend significantly on
the wettability and particle-to-capillary diameter ratio, which directly affects flow stability
during extrusion.

Overall, good particle wettability ensures homogeneous mixing, stable flow, better
debinding/sintering, and improved mechanical integrity. In contrast, inadequate wettability
results in agglomeration, rheological instability, and weak part performance—issues that are
especially problematic in high-load systems like MIM and PAM. The liquid-solid wetting
characteristics are crucial for AM process, which consists of the wetting behavior between
the solid loading and the liquid binder as well as the wetting behavior between the molten
system and the previously solidified layer.



2.4 Materials for AM 36

The wetting of a solid by a liquid is related to the surface tension of solid-liquid (γsl),
solid-vapor (γsv), and liquid-vapor (γlv) interfaces as described in Figure 2.21 [102].

Figure 2.21: Contact angle of a liquid on a solid substrate [102]

If the subtraction of the surface tension of solid-vapor and solid-liquid is higher or equal
to the surface tension of liquid-vapor interfaces:

γsv ´ γsl ě γlv (2.1)

Thus, the material completely or partially wet the substrate characterized by a contact
angle between 0° and 90°. Then, if the solid-liquid surface tension is equal to the solid-vapor
interface surface tension, the liquid material is partially non-wetting the substrate:

γsv “ γsl (2.2)

In the case where the subtraction of the surface tension of the solid-vapor interface and the
solid-liquid surface tension interface is less than the liquid-vapor interface surface tension:

γsv ´ γsl ď γlv (2.3)

The material does not wet the substrate as shown in Figure 2.22.

Figure 2.22: types of liquid behavior on a substrate [102]
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2.4.4.3 Rheological properties

In the framework of this thesis, the development of a sustainable and high-performance
metal AM process based on PAM required a deep understanding of the material-process
interactions. Given that commercially available metal feedstocks were originally developed
for MIM, it was essential to investigate whether these materials could be directly reused or
adapted for use in a continuous layer-by-layer deposition process.

Unlike MIM, which is based on rapid injection cycles into closed molds, PAM relies
on continuous and controlled extrusion of highly filled metal-polymer compounds through
a heated nozzle. This fundamental shift in process dynamics—particularly in terms of
extrusion pressure, screw geometry, and deposition forces—raises critical questions regarding
the rheological suitability of conventional MIM feedstocks in additive contexts.

To address this, a detailed review of the rheological properties of highly loaded
composites, the principles of screw design in both MIM and PAM systems, and the structural
behavior of binders and powders was conducted. Studies such as those by Thavanayagam et
al. have shown that the pseudoplastic nature and binder compatibility of MIM feedstocks are
highly sensitive to powder loading and composition, especially for Ti6Al4V systems [103].
Furthermore, Widyastuti et al. demonstrated that particle shape—whether spherical or
dendritic—has a profound impact on melt viscosity and flow stability, thereby influencing
the feedability and extrusion consistency in screw-based systems [104].

Comparative investigations by Ewart et al. further highlighted how conventional MIM
characterization tools, such as torque mixers and twin-screw extruders, may not fully reflect
the behavior under the low-pressure, low-shear conditions typical of AM [105]. These insights
underscore the need for process-specific evaluation techniques when considering MIM-derived
materials for PAM applications.

Additionally, the preparation method of MIM feedstock—whether via dry or wet
mixing—can significantly alter its flowability, as noted by Jamaluddin et al. [106]. Finally,
the work by Karataş and Saritas illustrates how combining gas- and water-atomized powders
enables higher solid loadings and better rheological behavior, which is directly relevant to
tailoring feedstock for PAM systems [107].

As such, the insights presented in the following sections are not only a literature-based
analysis, but also a technical foundation for the experimental implementation of PAM within
the HyProPAM project.

Melt-strength

The melt strength refers to the ability of a molten polymer to resist deformation under
applied stress. It is a measure of the material’s resistance to elongation or stretching when in
a molten state. Melt strength is crucial in various processing techniques, such as extrusion
and blow molding, where the molten material needs to maintain its shape and resist sagging
or drooping. Melt strength is often measured using a rheometer or other testing equipment
that applies a controlled force to the molten polymer [108]. For a Ti6Al4V/binder composite,
the melt strength needs to be high enough to support the extrusion process, allowing the
material to be deposited layer-by-layer without collapsing under its weight. However, it
should not be so high that it hinders the flow through the printer’s nozzle.
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Some key standards for Evaluating Melt Strength exist:

• ISO 1133 / ASTM D1238 – Melt Flow Rate (MFR) and Melt Volume Rate
(MVR): these standards define procedures for measuring the flow characteristics of
thermoplastic polymers under specified conditions of temperature and load. While
primarily used for quality control, MFR and MVR values can provide indirect insights
into a polymer’s melt strength. Lower MFR values typically indicate higher molecular
weight and, consequently, higher melt strength [109].

• ISO 11443 – Determination of Viscosity Using a Capillary Rheometer: this standard
outlines methods for determining the viscosity of polymer melts using a capillary
rheometer. By analyzing the viscosity at various shear rates, one can infer the melt
strength, especially in processes involving high shear conditions [110].

• ISO 6721-1:2019 – Determination of Dynamic Mechanical Properties: these standards
describes methods for determining the dynamic mechanical properties of polymers.
By measuring storage and loss moduli, insights into the viscoelastic behavior and melt
strength of polymers can be obtained [110].

Highly filled polymers, such as those containing significant amounts of mineral fillers,
present unique challenges in processing due to altered rheological properties. Studies
have shown that increasing filler content can significantly affect the melt strength of the
composite. For instance, research on high-density polyethylene (HDPE) filled with natural
zeolite demonstrated that while the addition of fillers increased the composite’s viscosity,
the shear-thinning behavior was maintained, indicating a complex relationship between filler
content and melt strength [111].

While there isn’t a single standard exclusively dedicated to measuring "melt strength,"
several standardized rheological tests provide valuable insights into this property. For
highly filled polymers, understanding and measuring melt strength is crucial, as fillers can
significantly alter the melt behavior, impacting processing and final product performance.

Rheological properties of highly filled melted polymers

For the MIM and PAM process, the raw material called “feedstock” must have certain
rheological properties or flow behavior to ensure a good and homogeneous shaping. A
thorough study of feedstock flow behavior is essential to balance the conflicting requirements
of an ideal feedstock. Achieving a high solid load is essential to minimize the risk of shrinkage
and warpage during sintering. However, the solid load must not be too high to ensure good
melt flow behavior, which allows defect-free extrusion and filament deposition without voids
due to solid overfilling to obtain a dense part.

Highly filled feedstocks with solid loading create a complex system with both elastic
(solid) and viscous (polymer) properties in the molten state. According to Thavanayagam
et al. [112–114], the binder must have good flow properties, interact well with the metal
powder, allow for easy debinding, maintain shape during debinding and sintering, be easy
to dispose of, environmentally safe and cost effective. Fluid behavior can be Newtonian
or non-Newtonian. The viscosity of a Newtonian fluid is affected by the material, the
temperature and the pressure but is independent of the shear rate or shear stress whereas
the viscosity of a non-Newtonian fluid is affected by flow conditions.
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There are several types of non-Newtonian fluids [115]:

1. Shear-thinning (pseudoplastic) fluids: The viscosity of shear-thinning fluids decreases
as the shear rate increases.

2. Shear-thickening (Dilatant) fluids: The viscosity of shear-thickening fluids increases
with an increase in shear rate.

3. Bingham plastic (Yield stress) fluids or Thixotropic: Bingham plastic fluids behave like
a solid at low stresses but flow like a viscous fluid once a critical stress (yield stress)
is exceeded. Below the yield stress, the fluid does not flow and behaves more like an
elastic solid. Above the yield stress, the fluid flows and behaves like a viscous fluid.

4. Rheopectic: Viscosity increases with stress over time.

MIM feedstocks are time-independent fluids with either a linear (Bingham plastic) or
nonlinear (yield pseudoplastic) relationship between shear stress and shear rate once the
minimum yield stress for flow is applied [1, 91].

Viscosity, and others properties

A key determinant of successful shaping in both MIM and PAM is the rheological behavior
of the feedstock—a mixture of fine metallic powders and polymeric binders. The feedstock
must balance conflicting requirements: a high solid loading to minimize sintering shrinkage
and warpage, and sufficient fluidity to enable defect-free flow and extrusion[113].

Highly filled feedstocks exhibit non-Newtonian and viscoelastic behavior due to the
interplay between solid particles and polymer matrix. They behave like yield-pseudoplastic
or Bingham-type fluids, flowing only when a critical shear stress is exceeded [91, 112, 115].

Definitions and Flow Models

Viscosity is classicaly defined as:
η “

τ

9γ
(2.4)

Where:

• η: dynamic viscosity [Pa.s],

• 9γ: shear rate, which is the rate of change of deformation due to the shear stress (s´1),

• τ : shear stress (Pa or N{m2), which is the force per unit area applied parallel to the
surface of the fluid.

Non-Newtonian behavior is modeled using the power-law (Ostwald-de Waele) equation:

τ “ m 9γn (2.5)

With:

• m is the consistency index or coefficient (P a.sn), a factor that describes the consistency
of the fluid. Higher values of m indicate a more viscous fluid.

• n: flow behavior index (typically n ă 1 for pseudoplastic fluids)
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Flow curve The Figure 2.23 illustrates two fundamental rheological concepts: the flow
curve (shear stress depending on shear rate) and the viscosity curve (viscosity vs. shear
rate), which are essential for understanding the printability of feedstocks in extrusion-based
additive manufacturing [116]. The flow curve shows how different material types respond to
increasing shear rates. Newtonian fluids exhibit a linear relationship between shear stress
and shear rate, maintaining constant viscosity. Pseudoplastic (or shear-thinning) materials,
which are highly desirable for 3D printing, show a decreasing viscosity with increasing
shear rate—this facilitates smooth extrusion at high flow rates while ensuring stability
at rest [117]. In contrast, dilatant (shear-thickening) materials become more viscous as
shear rate increases, which can lead to extrusion issues such as nozzle clogging or irregular
flow. Bingham plastics, like many yield-stress fluids, do not flow until a critical stress is
applied—this property can be advantageous for preserving the shape of deposited layers
but must be carefully balanced to avoid under-extrusion. The viscosity curve on the right
complements this by directly showing how each material’s viscosity responds to varying
shear rates. For additive manufacturing, especially PAM and FDM, the ideal behavior
is pseudoplastic: low viscosity under high shear (during extrusion) and high viscosity at
rest (to maintain part geometry). Understanding these curves allows for better formulation
and control of feedstocks, ensuring process stability, dimensional accuracy, and high-quality
printed parts [117].

Figure 2.23: Typical flow curve and rheological curve for different type of material [116]

Storage and Loss modulus (G’ and G") In oscillatory rheology, two key parameters
are used to describe the viscoelastic behavior of materials: the storage modulus (G’) and
the loss modulus (G"). G’ quantifies the elastic response of a material, reflecting the energy
stored during deformation and recovered when the stress is released. It characterizes the
solid-like behavior of the system. In contrast, G" represents the viscous response, indicating
the amount of energy dissipated as heat—hence, the liquid-like behavior. The relative
magnitude of G’ and G" provides direct insight into the balance between structure (elasticity)
and flow (viscosity) within a viscoelastic material [14, 91].
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Definition of Storage and Loss Moduli
In small-amplitude oscillatory shear (SAOS), the applied shear stress is defined as:

σptq “ σ0 sinpωtq, (2.6)

where σ0 is the stress amplitude and ω is the angular frequency. The angular frequency
ω (rad/s) is related to the oscillation frequency f (Hz) according to:

ω “ 2πf (2.7)

The resulting strain response is phase-shifted by an angle δ:

γptq “ γ0 sinpωt ` δq, (2.8)

with γ0 the strain amplitude. The complex shear modulus is given by:

G˚
pωq “

σ0

γ0
eiδ

“ G1
pωq ` iG2

pωq, (2.9)

where:

G1
pωq “

σ0

γ0
cospδq, (2.10)

G2
pωq “

σ0

γ0
sinpδq. (2.11)

Here, G1
pωq is the storage modulus, representing the elastic (energy-storing) component,

and G2
pωq is the loss modulus, representing the viscous (energy-dissipating) component [118,

119].
Small-amplitude oscillatory shear (SAOS) tests are commonly employed to determine

the storage modulus G1 and the loss modulus G2, as described in international standards
for dynamic mechanical analysis. According to [120], G1 quantifies the elastic energy stored
during deformation, while G2 represents the viscous energy dissipated as heat.

Figure 2.24: Typical stress sweep for viscoelastic material as feedstock for MIM or PAM



2.4 Materials for AM 42

The figure 2.24 illustrates a typical result of an amplitude sweep test performed on
a viscoelastic material, such as a highly filled feedstock used in extrusion-based additive
manufacturing. The storage modulus G’ represents the elastic or solid-like behavior of the
material, while the loss modulus G" corresponds to its viscous or liquid-like behavior. At
low strain or stress amplitudes, both moduli remain relatively constant, defining the Linear
Viscoelastic Region (LVE) where the material maintains its internal structure and responds
elastically to small deformations.

As the applied shear strain or stress increases beyond a critical point, G’ begins to
decrease, indicating the onset of structural breakdown. Simultaneously, G" decreases and
eventually crosses G’, defining the yield point—the transition from elastic-dominated to
viscous-dominated behavior. This point is particularly relevant for materials used in 3D
printing by extrusion, as it reflects the minimum mechanical input required to initiate flow.
Beyond the yield point, both moduli decrease, and the material flows more freely, behaving
like a liquid. This type of analysis is crucial for determining the processing window and the
balance between flowability and shape retention during printing [121].

Figure 2.25: Storage (G’) and loss modulus (G") of PEG 8000/PVB system containing SA
(temperature 160 °C, solid load 60 vol%) via oscillatory test applying amplitude stress sweep
[91]

Figure 2.25 shows the stress sweep performed by Eickhoff et al. [91] on a PEG (8000
g/mol) and PVB-based feedstock containing stearic acid (SA). The authors observed
a plateau in both G’ and G", which they suggested may indicate a phase separation
phenomenon. However, this interpretation was not definitively confirmed [91].

To accurately describe melt flow behavior, it is necessary to measure not only
the shear-rate dependent viscosity but also the viscoelastic flow through oscillatory
measurements using a rotational rheometer. This technique has been applied to various
feedstock systems, including recent studies [91].

The complex shear modulus (G˚) is determined, which consists of the storage modulus
(G’, elastic part) and the loss modulus (G”, viscous part).

Knowing the applied angular frequency, the complex viscosity (η*) can be estimated.
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The direct relationship between the complex shear modulus and the complex viscosity is
shown below.

G˚
“ G1

` G2 (2.12)

η˚
“ η1

` iη2
“ G1

{ω ` ip´G2
{ωq (2.13)

|η˚
| “ |G˚

{ω| (2.14)

Extensive feedstock development and rheological characterization according to the
variation of the ratio of binder components allowed to tailor the flow properties of the
feedstock. The latter are particularly relevant for 3D printing processes (PAM and FDM),
which are characterized by low shear rates and low deposition forces, in contrast to injection
molding. Due to their flexibility, material extrusion processes such as PAM, in contrast to
FDM, can use a higher solid loading similar to MIM (60 to 65 vol.% vs. 50 to 60 vol.%) [91,
112]. The pseudoplastic flow behavior of the feedstock and a lower print temperature could
be exploited due to the higher forces in FDM during printing, which correspond to higher
shear stresses. Some materials can solidify rapidly after extrusion. Appropriate cooling
mechanisms, such as a heated bed or cooling fans, are used to control the solidification rate
and prevent problems such as warping.

Optimizing the flow behavior of the feedstock is critical to achieving high-quality, accurate
3D printed objects. This involves balancing factors such as temperature control, viscosity,
and shear thinning to ensure consistent material deposition throughout the printing process.
Experimentation and fine-tuning of printing parameters is often required to achieve the
desired results with different materials.

Measurement and Application in AM

According to Filip et al. [122], capturing true shear viscosity in PAM or MIM requires not
only capillary data but also correction for die entrance pressure losses and velocity profiles.
This level of detail is especially vital for low shear rate conditions typical of 3D printing.

Ajinjeru et al. [123] showed that complex viscosity increases significantly when reinforcing
PEI feedstock with carbon fibers. This affects extruder torque, requiring higher process
temperatures or reduced filler content for stable printing.

In MIM, particle morphology also plays a major role. Spherical, gas-atomized powders
flow more easily than dendritic ones, allowing higher solid loadings (e.g. 50–65 vol.%) while
maintaining pseudoplastic flow behavior [104].

2.5 Manufacturing Process

This section addresses key parameters like torque, feedstock compositions from literature,
3D printing techniques, and post-processing steps such as debinding and sintering.
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2.5.1 Torque parameter
In physics and mechanics, torque is the rotational analogue of linear force. It is also

referred to as the moment of force (also abbreviated as moment) [124]. Torque parameters
in extrusion are critical to understanding the mechanical forces involved in the extrusion
process. During extrusion, a material is pushed or pulled through a die with a desired
cross-section. Torque parameters refer to the rotational force applied to the material or
machine during the process. These parameters are affected by several factors [14, 91]:

• Material properties: The type of material being extruded (e.g., metals, plastics)
significantly affects the torque required. Materials with higher viscosity or shear
strength require more torque to be extruded.

• Die design: The complexity and shape of the die also affects torque. Narrower or more
complex designs increase resistance and require higher torque.

• Temperature: For materials that are thermally softened or melted prior to extrusion
(such as thermoplastics or certain metals), the temperature of the material can affect
its viscosity and therefore the torque required.

• Extrusion speed: The speed at which the material is extruded will affect the torque
required. Faster extrusion speeds generally require more torque to overcome the
increased resistance.

• Lubrication: The presence or absence of lubrication between the material and the die
surfaces can change the friction and therefore the torque.

• Extrusion equipment: The specific type of extrusion machine (e.g., single screw,
twin screw) and its mechanical condition can also affect torque parameters. For
example, twin screw extruders can handle higher torque levels compared to single
screw extruders.

• Back pressure: The pressure built up at the die outlet can affect the torque required
to push the material through the die.

Quantitatively, torque in extrusion can be measured in Newton-meters (Nm) or
pound-force-feet (lbf-ft) and is calculated based on the resistance encountered by the material
as it is forced through the die [124]. Monitoring and optimizing torque parameter are critical
for efficient extrusion operations, as excessive torque can indicate potential problems such as
die blockage, insufficient material heating or equipment overload, while insufficient torque
can indicate processing conditions that are inadequate for the material’s characteristics [14,
91].
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Eickoff et al. [91] did a study on the filament fabrication of composite Ti6Al4V, PEG,
PVB and surfactant as SA, PAT-77P or PAT-659CB and a torque measurement around
10 Nm has been measured as shown in Figure 2.26.

Figure 2.26: Torque recording of different compositions of composite Ti6Al4V, PEG, PVB
and surfactant (SA, PAT:77P, PAT-659CB) [91]

A high infill percentage is desirable to enhance the density of the green part and
consequently reduce the porosity and the shrinkage of the final part [125].

In the study conducted by Cerejo et al. [125], the maximum powder content in a
stainless-steel binder feedstock was defined using a torque rheometer. The method consists
of measuring the torque in the mixer while gradually adding the metal powder. The same
torque rheometer method was used by Singh et al. [126] to obtain an optimal Ti6Al4V
feedstock. The torque increases until it reaches a point of instability, that corresponds to
the maximum solid fraction exploitable to ensure printability. Exceeding the maximum limit
leads to a viscous filament with worse flowability.

In Figure 2.27, the critical load was registered for 64 vol.% solid content, but it was
preferred to use the precautionary percentage of 59 vol.%. The interaction between powder
particles is the main responsible for the viscosity increase when excessive solid infill is mixed.

Figure 2.27: torque depending on the solid loading from [126]
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According to Gloeckle [127], the filler-filler interaction depends on the powder loading
and the particles size. The friction between powder leads to an increase in the minimum
extrusion temperature and a lower flow rate. As seen previously, despite injection molding
and PAM using similar feedstocks, differences reside in the flow properties that are more
important in the case of the MEX process because the part needs to maintain its shape
during printing. So, the shear-thinning behavior is more important in the MEX cases.

2.5.2 MIM and MEX feedstocks compositions in the literature
Appendix A give an overview of the composition of MIM and MEX feedstock’s

compositions found in the literature for ceramics and metals solid loading. These tables
different feedstocks compositions found in the literature describing the binder composition,
the rate of each component, but already the debinding and sintering conditions and final
mechanical properties of build part.

It is possible to see that the rate of solid loading is limited for a certain range
corresponding to 50 to 69 vol.%. Below 50 vol.%, the sintered part will have low final
mechanical properties and a solid loading content higher than 69 vol.% is not extrudable
due to a lack of binder conducting to a too high viscosity of the feedstock.

The global trend in some studies on Ti6Al4V feedstock development for screw-based
MEX and MIM processes is the presence in most of the cases, of derivate of PolyEthylene
PE as PEG (PolyEthylene Glycol), or LDPE/HDPE (Low- and High-Density PolyEthylene)
as main component of the binder and waxes (PW) as backbone polymer. Several reasons
can explain these choices as the low cost of these polymers, their compatibility with metallic
powders, their flexibility, and rheological properties.

Feedstock fabrication methods

Commonly, the feedstocks for MIM and MEX processes are prepared through the
following steps (Figure 2.28):

Figure 2.28: Feedstock preparation for MIM, MEX, FFF processes [128]

1. Powder mixing for pre-impregnation: the metallic or ceramic powders are
dry-blended with a fraction of the binder (typically the surfactant or low-viscosity
component) to ensure initial homogenization and wetting of the powder particles [129,
130].
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2. Hot mixing step with a high shear rate mixer: the remaining binder components
are added and the mixture is compounded under high shear in equipment such as a
Brabender mixer, sigma blade kneader, or torque rheometer to form a homogeneous
feedstock [20, 129, 130].

3. Extrusion step into filaments with a twin-screw extruder or Granulation:
the compounded feedstock is extruded into strands or filaments using a single- or
twin-screw extruder, depending on the target application (pellets production for
MEX/PAM or filament for FFF-based metal printing) [131].

2.5.3 Extrusion print head
Print head for MIM and PAM/MEX machines

The extrusion head consists of the feeding zone, the extrusion screw, and the barrel where
the material is heated and melted and forced through the nozzle as described in Figure 2.29.
The extrusion head (or liquefier) and screw geometry play an important role in the melt
behavior. Most current systems use a straight cylindrical tube with a conical section to
which the nozzle is attached. The pressure drop in the extrusion head is an important factor
affecting the process. Resistive heating is provided by a coiled heating element wrapped
around the extrusion head or by cartridge heaters embedded in the head block [51, 132].
The heating elements are controlled by a closed-loop system using thermocouple sensors and
controllers to maintain the required temperature for melting, depending on the feedstock
properties. In addition, fans can be included into the print head, to prevent overheating and
provide further control on the temperature inside the head. The complete print head units
are often designed to be replaceable and can be swapped for different materials. The liquefier
ends in the print nozzle through which the material exits from the system. The diameter of
the nozzle depends on the material being used, and typically ranges from 200–500 µm, but
in some cases, it is possible to print with a larger nozzle diameter for faster printing. In the
case where a separate material is used for the support structure, a second set of feed system
can be used as multi-head printing machine described in Figure 2.29 (e.g PAM Pollen AM)
[132].

Figure 2.29: Print head of the PAM from Pollen AM [132]
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While MIM and PAM both rely on the extrusion of metal-polymer feedstocks, the
mechanical and rheological constraints of each process differ significantly. One of the key
distinctions lies in the design of the extrusion screw, which affects material melting, flow
consistency, and process stability. These differences critically determine the compatibility of
MIM granules in PAM systems, often rendering them suboptimal without adaptation.

Screw Design for MIM compared to screw for PAM

1. Metal Injection Molding
In MIM, the screw design is optimized for short, high-pressure injection cycles, where
feedstock composed of finely powdered metal and binder is melted and rapidly injected
into a mold cavity. Typical MIM screws are long (L/D « 20–24), featuring [133]:

• Three distinct zones: feed, compression, and metering
• High shear mixing sections to homogenize the powder-binder mixture
• A focus on rapid melting and compression to ensure mold filling before

solidification

Such designs prioritize throughput, pressure build-up, and efficient degassing—but not
continuous, low-rate, stable extrusion.

2. Pellets Additive Manufacturing
In contrast, PAM uses shorter screws (e.g., L/D « 4.25), designed for continuous,
low-pressure deposition of material layer-by-layer. As described by [134], PAM screws
typically:

• Have shallow compression ratios
• Operate at lower rotational speeds (5–10 RPM)
• Focus on stable melting and deposition, not rapid injection
• Are more sensitive to viscosity variation and pellet geometry

They are engineered to maintain flow consistency over time, which is crucial for
dimensional accuracy and print stability [134].

MIM feedstocks

Those feedstocks exhibit the following specific characteristics [53, 135]:

• Highly loaded with metal powder (60–65 vol.%)

• Shaped for compaction and injection, not free flow

• Often have irregular particle geometry, leading to feeding inconsistencies

These characteristics cause problems in PAM systems:

• Poor flowability in the hopper or screw channel

• Inconsistent melt homogeneity

• Risk of nozzle clogging or pressure fluctuations
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• Delayed or uneven melting profiles, which degrade print quality

Suwanpreecha and Manonukul [51] highlight that the binder systems and solid loading
levels optimized for MIM do not translate well into extrusion-based AM, where smooth layer
deposition requires a different thermal and rheological balance.

Engineering Adaptations

To adapt MIM pellets for use in PAM, several modifications are necessary:

• Pellet size and shape must be modified to improve feeding

• Binder systems may need plasticizing agents for better flow

• PAM extruders may require augmented torque or heating control

Some studies suggest designing hybrid screws with variable pitch and compression zones
tailored to handle high-viscosity, particle-rich feedstocks like those used in metal AM [134].

Conclusion

The incompatibility of standard MIM pellets with PAM systems originates from
fundamental differences in screw design, process dynamics, and material expectations. While
MIM relies on short, intense injection cycles, PAM demands steady, low-pressure extrusion.
Adapting MIM materials for AM thus requires re-engineering not only the hardware, but
also the feedstock composition and pellet geometry.

2.5.4 3D Printing
The AM of metal-filled feedstocks by MEX techniques such as PAM involves a complex

interplay between material formulation, process control, and machine configuration. Once
the feedstock composition is validated, the printing process must be carefully optimized
to ensure successful layer deposition, dimensional stability, and functional integrity. This
section focuses on the influence of process parameters during the MEX printing stage
and their direct impact on the characteristics of the produced green parts. In particular,
parameters such as nozzle temperature, print speed, infill strategy, and build orientation are
discussed in relation to mechanical performance, structural homogeneity, and surface quality.

2.5.4.1 Impact of Printing Parameters on Printed Parts

MEX technologies such as PAM construct parts layer-by-layer using thermoplastic or
metal-filled filaments. The final properties of printed components—including mechanical
performance, dimensional accuracy, and internal structure—are governed by multiple process
parameters. Optimizing these parameters is essential to produce dense and defect-free green
parts, especially when targeting sintering.

Among the most critical parameters, the nozzle temperature governs the viscosity of the
feedstock and the fusion between layers. Increasing the nozzle temperature enhances flow
and interlayer bonding; however, excessive temperatures can degrade the polymeric binder,
affecting the homogeneity and surface finish of the part [136].
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Similarly, the build plate temperature improves adhesion and minimizes warping by
ensuring uniform cooling. This temperature typically ranges from 40 to 100°C and is
generally set slightly below the binder’s glass transition temperature Tg [137].

Printing speed and flow rate multiplier are two interconnected parameters. Slow speeds
improve material deposition and bead shape regularity, while faster speeds reduce build
time but can introduce flow instabilities and voids if not properly compensated. The flow
rate multiplier allows fine control of the volume of material extruded and is often adjusted
to compensate for under- or over-extrusion, directly affecting part density and dimensional
accuracy [138, 139].

Layer thickness also plays a major role in the quality of the printed surface and the
interlayer adhesion. Lower thickness values offer better surface smoothness and mechanical
integrity but increase print time. Common values in metal-loaded feedstocks range from 0.05
mm to 0.4 mm depending on feedstock viscosity, printer resolution, and desired finish [51,
131]. In hybrid manufacturing systems combining additive and subtractive steps, thicker
layers can be tolerated since surface finishing is performed afterward.

Figure 2.30 illustrates the raft system used to improve first-layer adhesion. This structure,
often printed in the same material as the part, can be separated by an intermediate ceramic
release layer for ease of removal. This technique is employed by manufacturers such as
Desktop Metal and Markforged [140].

Figure 2.30: Ceramic release layer for support removal [141]

Other parameters include infill density and infill pattern, which influence mechanical
performance and internal stress distribution. Denser infills increase tensile strength and
reduce porosity. Printing orientation, nozzle diameter, screw speed, and extrusion pressure
are also determinant, particularly in PAM where the feeding mechanism involves complex
melt dynamics. Each parameter must be calibrated according to the feedstock formulation,
machine setup, and desired part geometry [53, 126, 142].

The influence of these parameters on green part properties has been quantified in several
studies. For instance, Valean et al. [143] showed that infill density accounted for 43.4%
of the tensile strength variation, while the number of outer walls and the layer height also
played significant roles. Numerical simulations by Bakrani Balani et al. [144] demonstrated
that minor changes in viscosity or inlet velocity affect bead shape and void formation.
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Taguchi-based experimental design has further highlighted the sensitivity of mechanical
properties to nozzle diameter and layer thickness. Finer layers combined with appropriately
sized nozzles result in reduced voids and improved repeatability [145]. Moreover, Zarean
et al. [146] found that while print orientation in PEEK did not significantly affect tensile
strength, greater variability was observed along the Z-axis due to weaker interlayer bonding.

The cooling system also plays a crucial role in metal extrusion processes. Efficient cooling
avoids delamination, uneven shrinkage, or deformation. For metal-filled feedstocks with
high viscosity and low thermal diffusivity, poor thermal management can compromise the
dimensional fidelity and structural integrity of the part [51, 147].

2.5.4.2 The Staircase Effect

The staircase effect, also known as the stair-stepping effect, is a characteristic artifact of
layer-by-layer fabrication methods such as MEX, FDM, or PAM. It manifests as step-like
structures visible on inclined or curved surfaces as shown in Figure 2.31, compromising both
visual appearance and functional performance [148].

Figure 2.31: Staircase effect in the 3D printing process [149]

This effect results from the discrete vertical stacking of layers that approximate sloped
features. The severity of the appearance of the staircase depends on several factors [148]:

• Layer thickness: Thicker layers create more pronounced steps.

• Geometry and orientation: Surfaces angled relative to the build plate show more
visible steps.

• Nozzle size: Larger nozzles deposit more material per layer, enhancing the visibility
of the stair patterns.

Functionally, the staircase effect can weaken mechanical properties by creating surface
stress concentrators and increasing roughness, which may hinder assembly, sliding contact, or
sealing behavior. Aesthetically, it reduces part smoothness and may require post-processing
to achieve the desired finish.

Mitigation strategies include reducing the layer height, optimizing build orientation, or
applying post-processing techniques such as machining, polishing, or chemical smoothing.
Additionally, hybrid manufacturing approaches can circumvent this limitation by machining
critical surfaces after sintering.
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2.6 MIM/MEX debinding process

Debinding, a critical step in MIM and PAM processes, involves the removal of polymer
binders from the feedstock loaded with metal powders, such as titanium. This process is
typically divided into two main stages: chemical debinding and thermal debinding. Chemical
debinding is the initial step, particularly effective for feedstocks containing water-soluble or
solvent-soluble binders. It involves immersing the feedstock in a suitable chemical bath
(aqueous or organic), allowing selective dissolution of the soluble binder components.

The material flow during this stage is driven by the diffusion of the solvent into
interconnected pores formed by the dissolved binder, followed by the extraction of dissolved
fragments out of the feedstock. This diffusion process is governed by concentration gradients
and the physico-chemical interactions between the solvent, binder, and metallic powder.
Once chemical debinding is complete, thermal debinding is employed to remove the remaining
binder, particularly the insoluble components.

This step is carried out in a furnace under controlled atmosphere (inert or reducing),
where a gradual temperature increase facilitates the thermal decomposition of the residual
binder into volatile gases, which are subsequently evacuated through the porous structure.
Chemically, this stage involves pyrolysis and, in some cases, oxidation reactions, depending
on the binder composition and atmospheric conditions. The aim is to preserve the integrity
of the porous framework and avoid defects or collapse, ensuring a uniform distribution of
the metallic powder in preparation for the final sintering stage.

Figure 2.32 exhibits typical debinding recommendations from supplier of MIM feedstock.

Figure 2.32: Debinding recommendations from manufacturer for Ti6Al4V feedstock

The debinding step of metal MEX is the same as for MIM process. This process
aims to remove the binder after printing to create a “brown” part. For the conventional
multi-component binder, the debinding process can be realized in two steps, which are:

Primary debinding step (or solvent/water debinding) to remove the main polymer
component of the binder (low molecular weight polymer). When the main polymer is
removed, an interconnected pore path is created so the backbone polymer can be easily
removed in the secondary debinding step. Solvent or water debinding can take 15 hours or
more depending on the thickness of the part, the type of binder and its rate [80]. As seen in
[14, 51, 91, 135] in most of cases, the debinding temperature generally used varies from 40
to 75°C during 4 to 75 hours depending on the main component of the binder.

Secondary debinding step (thermal debinding) to remove the backbone component or
other residual polymers and additives of the binder (high molecular weight polymer) in the
printed part.
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This process is achieved by slowly heating the part (1 to 5°C/min for MIM) to ensure that
the backbone or remaining binder will evaporate without creating defects. A multi-holding
step may be necessary, depending on the amount of binder remaining in the part after
primary debinding. The debinding temperature depends on the type of the backbone
polymer, according to the evaporation points of each type. This temperature can be
accurately selected by Thermogravimetric analysis (TGA) of the feedstock, filament or binder
only, or by Differential Scanning Calorimetry (DSC). The temperature range of 450 to 600°C
during 1 to 2 hours for most of cases, but as observed for both MIM and metal MEX parts
[44, 51].

In order to reduce the total debinding time, the combination of solvent (acid) and
thermal debinding, which is known as catalytic debinding, was introduced by BASF under
the name Catamold® [81]. Catalytic debinding was initially developed for the POM-based
(polyacetal or polyformaldehyde) binder used in the MIM process. This requires a specially
controlled catalytic debinding furnace. Although the part is primarily debinded and requires
a secondary thermal debinding step to completely remove all remaining binder components,
especially the backbone polymer, by evaporation in a controlled atmosphere, depending on
the metallic powders. Typically, catalytic acid vapor, i.e. nitric acid, is used at a temperature
of 110 to 120°C.

Figure 2.33 (a) and (b) exhibits C and O content uptake during debinding of Ti6Al4V
MIM [150]; After complete binder removal, the carbon content remains relatively stable when
the temperature exceeds 600°C and the holding time is longer than one hour. However, the
O content continuously increases with increasing debinding temperature and time.

(a) Effect of debinding temperature (b) Effect of high-temperature holding time

Figure 2.33: Correlation between processing parameters and carbon/oxygen content in
Ti6Al4V specimens [150]

As low as possible debinding temperature and time is suggested to avoid O uptake,
especially for Ti and its alloys.

In addition, the atmosphere of the furnace should be controlled to avoid any undesirable
reaction during debinding. The atmosphere that is commonly used is an inert gas or vacuum
depending on the alloys. Ar, N2, H2 and vacuum atmosphere are used for stainless steel,
while argon or vacuum are used for Ti6Al4V alloy.

Shibo et al. [150] reported that vacuum provides lower O content when compared to the
Ar flow atmosphere. On the other hand, MIM Ti alloys can also be successfully debind using
the argon flow atmosphere.
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2.7 Sintering

Sintering is a key step in the fabrication of metal parts via MEX and MIM. It enables
the densification of the printed or molded components through thermal bonding of metal
powders. This section explores the mechanisms involved in sintering, the factors influencing
shrinkage and final density, and the differences in behavior between MEX and MIM processes.
It also discusses the impact of powder characteristics, sintering parameters, and furnace
atmosphere on the microstructure and mechanical properties of Ti6Al4V parts. Sintering
is a thermal process used to bond metal powders and achieve densified components, with
relative densities reaching up to 99% [151].

Figure 2.34: Typical sintering cycle for Ti6Al4V alloy [147]

Figure 2.34 describes typical sintering cycles used for Ti6Al4V components. During the
initial stages of sintering, mass transport mechanisms such as evaporation and condensation,
surface diffusion, and volume diffusion dominate. Once necks are formed between touching
powder particles (as shown in Figure 2.35), plastic flow, viscous flow, grain boundary
diffusion, and volume diffusion become the dominant mechanisms.

Figure 2.35: Particle diffusion during sintering step [152]



2.7 Sintering 55

During sintering, shrinkage occurs, typically ranging from 12% to 20% of the part’s
total volume. This variation depends on several factors, including material type, powder
characteristics (size, distribution), solid loading, sintering temperature and time, and the
quality of the printed green part [153, 154]. Figure 2.36 shows a comparison between
as-printed and as-sintered Ti6Al4V specimens produced via metal MEX, highlighting the
dimensional changes due to shrinkage, similar to those observed in MIM.

Figure 2.36: Green and sintered Ti6Al4V bending test part (a) made by MEX (b) made by
MIM [127]

A typical sintering cycle is shown in Figure 2.37, representing the actual process
recommended by the Ti6Al4V feedstock manufacturer PolyMIM GmbH (Germany).

Figure 2.37: Sintering recommendations of the manufacturer of Ti6Al4V MIM/MEX
feedstock

Compared to MIM, the MEX process generally results in greater linear and volumetric
shrinkage after debinding and sintering. This is mainly due to the lower green density
obtained via MEX, caused by the layer-by-layer deposition and the presence of voids between
adjacent extruded filaments. While MIM enables the fabrication of highly homogeneous
and dense green parts, often exceeding 96–98% of the theoretical feedstock density, MEX
green parts generally exhibit densities in the range of 85–93%, depending on the extrusion
parameters and feedstock formulation.
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As a result, linear shrinkage in MIM parts typically falls between 13% and 17% [129,
155], whereas MEX parts may exhibit shrinkage from 16% to over 22% [51, 130, 156], with
volumetric shrinkage exceeding 40% in some cases. Shrinkage in MEX-processed parts also
tends to be more anisotropic, particularly along the build (Z) axis, due to differences in
interlayer bonding and thermal gradients during printing. These variations require careful
dimensional compensation at the design stage and highlight the need for process calibration
to achieve high dimensional accuracy in MEX-fabricated metal components.

Using fine powders increases diffusion rates and shrinkage, which leads to higher sintered
densities—up to 99%. Fine powders also improve mass transport compared to coarser
ones. Likewise, elevated sintering temperatures and extended sintering durations enhance
shrinkage and part densification [77]. As shown by Bragaglia [50], the relative sintered
density of Ti6Al4V produced via metal MEX increases with both temperature and time.

However, excessive sintering conditions can cause significant grain growth, compromising
mechanical performance. Therefore, optimizing both temperature and time is crucial to
achieve a favorable compromise between high density and acceptable grain size.

In PAM-based processes, part density can also be improved by adjusting key printing
parameters, including flow rate, nozzle and extruder temperatures, and layer height. For
instance, the HyProPAM process demonstrated sintered densities of up to 99.8% for black
zirconia and 98.8% for titanium, underlining the impact of fine-tuning on final part quality.

Although MEX typically uses finer powders than MIM, their sintering temperatures
are generally comparable. Ti6Al4V is commonly sintered in the β phase region.
However, applying lower sintering temperatures within the α`β region for longer
durations—particularly in MIM—has been shown to refine grain size and improve fatigue
strength.

Figure 2.38 illustrates Ti6Al4V microstructures obtained via both MIM and MEX under
conventional (β region) and low-temperature (α`β region) sintering.

Figure 2.38: Microstructure comparison of Ti6Al4V parts (a) fabricated by MIM process
sintered in the β region, (b,c) fabricated by MIM process sintered in the α + β region, (d)
fabricated by metal MEX process sintered in the β region and (e) fabricated by metal MEX
process sintered in the α + β region for grain refinement [153]
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Grain refinement is clearly visible, and the resulting microstructures are largely similar
across both processes and thermal conditions.

The furnace plays a critical role in sintering, particularly for titanium alloys, which are
highly reactive with carbon, oxygen, nitrogen, and hydrogen. Excessive impurity pick-up
during debinding and sintering reduces elongation owing to the formation of (α)-phase by
oxygen pick-up in CP-Ti and the formation of brittle TiC generated by excessive carbon
in beta Ti alloys. It has been suggested that Ti sponge material with a high specific area
should be placed in the sintering furnace with MIM Ti parts to scavenge any impurities in
the furnace atmosphere [151, 153].

Figure 2.39: Relative sintered density of Ti6Al4V fabricated by metal MEX process sintered
using varied sintering temperature and time, demonstrating the dependence of relative
sintered density on the sintering temperature and time [153]

The sintering temperature plays a crucial role in the densification of MEX and MIM
parts. As shown in Figure 2.39, the sintering temperature for the metal MEX process has
an important impact on the sintered density of the part. It was proved by [153] that the
sintered density can be improved from 92% to 95% by increasing the sintering temperature
from 1200 to 1350°C. In the same way, it clearly appears that a finer particle size leads to a
higher relative sintered density [153].

2.8 Qualification of metallic additive manufactured parts

As AM technologies mature, the qualification of metallic parts becomes essential to ensure
their reliability, performance, and compliance with industrial standards. Among the various
criteria used to qualify metallic parts produced by AM, dimensional accuracy and surface
roughness are two fundamental parameters.

2.8.1 Dimensional accuracy and surface roughness
2.8.1.1 Dimensional and geometrical accuracy

Studies often focus on how closely AM parts meet the intended dimensions. Techniques
such as X-ray computed tomography (CT), laser scanning, and digital image correlation are
frequently used for this purpose.
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The dimensional and geometric accuracy of MEX 3D printing systems is often
characterized using the ISO 286-1 tolerance interval (IT) [110], which defines standardized
limits for acceptable dimensional deviations. While MEX processes such as FDM and PAM
generally yield lower precision than subtractive manufacturing, they can still meet industrial
tolerances depending on machine quality and process control. According to ISO 286-1,
PAM typically achieves tolerances within the IT13 to IT16 range [157]. Spitaels et al. [158]
specifically evaluated the dimensional accuracy of the Pollen PAM system and reported an
IT grade of 15 to 16, which is higher (i.e., less precise) than the performance of a commercial
Ultimaker FDM printer, which achieved an IT13 classification. These results highlight the
variability in accuracy among extrusion-based AM systems and underline the importance of
calibration and process optimization to approach tighter tolerance classes.

2.8.1.2 Surface roughness

Due to the layered nature of AM processes, surface roughness is a critical parameter.
Researchers use profilometers and optical microscopy to quantify surface roughness and
understand its impact on part performance. Typical metrics include arithmetic surface
roughness Ra (µm) and total surface roughness Rt (µm) [158]. Ra represents the absolute
values of the surface deviations from the mean plane within a sample length. It provides a
general indication of surface texture and is the most used surface roughness parameter. Ra
is measured in micrometers (µm) or microinches. Rt represents the total height from the
roughest peak to the deepest valley within a given length. It measures the vertical distance
between the highest and lowest points of surface irregularities. Like Ra, Rt is measured in
micrometers (µm) or microinches. For AM metal parts, surface roughness standards help
ensure part reliability, functionality and compatibility with intended applications. The main
standards are:

• ISO 17295:2023: This standard provides terminology for AM – general principles and
AM processes [159].

• ASTM F2924: This specification covers AM of Ti6Al4V alloy for powder bed fusion
[120].

• ISO/ASTM 52900: Defines terms for AM processes, systems, and their operation as
well as the properties of manufactured parts [1].

• NF EN 4288: Defines the rules for evaluating surface roughness using profile methods,
specifying how to measure, filter, and assess parameters like Ra or Rz to ensure
consistent and repeatable surface texture analysis [160].

2.8.2 Challenges and futures directions
A recurring theme is the need for standardized measurement techniques and benchmarks

specific to AM parts to ensure consistency and reliability across the industry. As AM
technologies transition from prototyping to full-scale production, scalable quality assurance
methods that do not significantly increase time or cost are necessary. Currently, several
standardization bodies such as ISO/ASTM are actively developing new guidelines tailored
to AM. For instance, the ISO/ASTM 52900 [1] series addresses terminology and classification,
while other emerging standards like ISO/ASTM 52908:2023 [1] specifically target mechanical
testing of metal AM parts.
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Additionally, initiatives like the ASTM F42 committee and ISO/TC 261 are working
collaboratively [161] to harmonize global testing protocols, material specifications, and
part qualification frameworks. These efforts are crucial to support industrial adoption,
regulatory compliance (especially in sectors like aerospace and medical), and to enable
reliable comparison of AM part performance across different platforms and processes. The
continued evolution of these standards will play a key role in facilitating certification,
traceability, and process validation in AM.

2.9 Life Cycle Assessment of PAM process compared to MIM
process

2.9.1 Introduction
The environmental impact of the AM process, particularly in the context of PAM ,

remains underexplored due to a significant lack of research and publications in this domain.
This is due to several factors, such as the lack of data provided by machine manufacturers,
whether in terms of the manufacture of the machines or their use. Much data is classified
as confidential, and therefore it is difficult in most cases to carry out a cycle analysis with
a solid database. However, measuring the environmental impact of a process is a challenge
that needs to be addressed.

2.9.2 Generalities – Life Cycle Assessment (LCA)
Life Cycle Assessment (LCA) is a standardized and comprehensive methodology used

to evaluate the environmental impacts of a product, process, or service throughout its
entire life cycle. This includes all stages from raw material extraction, material processing,
manufacturing, distribution, use, maintenance, and repair, to end-of-life treatment such as
disposal or recycling. The primary objective of LCA is to evaluate the environmental impacts
associated with every stage of a product’s life cycle. This comprehensive approach is intended
to support more informed decision-making by consumers, businesses, policymakers, and other
stakeholders, ultimately contributing to the advancement of sustainable development [162].

LCA is especially useful for finding which parts of a process harm the environment the
most, comparing different technologies, and helping to design more eco-friendly products.
It helps people to quantify resource consumption, emissions, and waste generation, and to
assess trade-offs between different environmental impacts.

According to the ISO 14040:2006 [163] and ISO 14044:2006 standards [164], an LCA
study is structured into four main phases:

1. Goal and Scope Definition This initial phase sets the foundation of the study. It
defines the purpose of the assessment, the intended audience, and the functional unit,
which serves as the reference for quantifying environmental impacts. It also establishes
the system boundaries (i.e., which processes are included or excluded), the impact
categories to be considered (e.g., global warming potential, resource depletion), and
the assumptions or limitations that will guide the analysis.

2. Life Cycle Inventory (LCI) This phase involves the collection and quantification of
input and output data for each process within the system boundaries. It includes
data on energy and material consumption, emissions to air, water, and soil, and waste
generation. The accuracy and completeness of the LCI are critical for the reliability of
the overall assessment.
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3. Life Cycle Impact Assessment (LCIA) In this phase, the inventory data are translated
into potential environmental impacts using characterization models. The results are
grouped into impact categories such as climate change, acidification, eutrophication,
and human toxicity. This step helps to understand the relative significance of different
environmental burdens.

4. Interpretation The final phase synthesizes the results of the LCI and LCIA to draw
conclusions and make recommendations. It identifies the life cycle stages with
the greatest environmental impact, evaluates the robustness of the results through
sensitivity analyses, and highlights critical points for improvement. This phase is
essential for supporting decision-making and guiding future developments.

By using this step-by-step method, LCA gives a clear and reliable way to measure
and improve how products and technologies affect the environment. In the context of this
thesis, LCA will be used to compare the environmental impacts of PAM and MIM for the
production of Ti6Al4V parts, thereby contributing to the development of more sustainable
manufacturing practices.

2.9.3 Life Cycle Assessment of AM Technologies
The application of LCA to AM technologies is essential for understanding their

environmental performance and for guiding the development of more sustainable production
methods. While AM is often promoted for its potential to reduce material waste and enable
localized, on-demand production, its actual environmental impact depends on multiple
factors, including energy consumption, material efficiency, and waste generation throughout
the product life cycle [39, 165].

2.9.4 Environmental Impact of AM
2.9.4.1 Energy Consumption

AM processes, particularly those involving thermal operations such as extrusion or laser
sintering, can be energy-intensive. Compared to traditional manufacturing methods like
injection molding or machining, AM often requires longer processing times and continuous
heating, which can significantly increase energy demand. Evaluating and optimizing energy
consumption is therefore a key aspect of improving the sustainability of AM [38, 166].

2.9.4.2 Material Efficiency

One of the main advantages of AM is its ability to use only the material necessary to
build a part, thereby minimizing waste. This is especially true for complex geometries that
would otherwise require extensive machining. The efficiency depends on the process and
material used. For example, support structures in some AM processes may still generate
waste, and not all unused material can be recycled [167, 168].

2.9.4.3 Waste Generation

Although AM generally produces less waste than subtractive methods, it is not waste-free.
Failed prints, support materials, and post-processing residues contribute to the overall
environmental burden. Strategies to reduce waste include improving process reliability,
optimizing part orientation, and developing recyclable or biodegradable materials [167].
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2.9.5 Life Cycle Inventory (LCI) for AM
The LCI phase is a critical component of the LCA methodology, as it involves the

systematic quantification of all material and energy flows associated with a product or
process. This phase provides the foundational data needed to assess environmental impacts
in subsequent stages [169]:

• Data Collection Methods: Data for the LCI can be collected through various means,
including direct measurements, process simulations, literature reviews, and the use of
standardized databases. The inventory phase is where all material and energy flows
are quantified. It includes a description of the database used, the inputs of energy and
materials, the calculations performed, and the way the system has been modeled.

• Impact Assessment: This phase involves the use of specialized software and calculation
methods to convert the quantified flows into environmental impact categories. Through
this characterization process, the environmental impact profile of the system under
study is established. One of the most commonly used and comprehensive tools for
LCA is SimaPro, which supports detailed modeling and analysis. This tool includes a
wide range of databases for the LCI phase, with EcoInvent being the most widely
used. EcoInvent provides extensive data on energy supply, production processes,
transportation, and waste management, all linked to their respective environmental
performance indicators.

• LCI for AM Processes: In the context of AM, the LCI includes specific data such as
the type and quantity of raw materials, energy consumption during printing, emissions
from heating or melting processes, and waste generated from failed prints or support
structures.

2.9.6 Life Cycle Impact Assessment (LCIA) for AM
The LCIA phase translates the inventory data into potential environmental impacts using

characterization models [39, 170].
• Impact Categories: The environmental impacts are grouped into categories

such as Global Warming Potential, Ozone Depletion Potential, Acidification and
Eutrophication, and Resource Depletion.
The characterization of environmental impact categories was carried out using the
Product Environmental Footprint (PEF) methodology, a standardized approach
developed by the European Commission to provide a consistent framework for assessing
environmental performance. This method enables the comparison of products and
processes based on a comprehensive set of impact indicators.
All impact categories defined by the PEF were considered in the assessment, including:
Acidification of terrestrial and freshwater ecosystems (AP), Human toxicity – cancer
effects (HTP-C), Climate change (GWP), Freshwater ecotoxicity (FETP), Freshwater
eutrophication (F-EP), Marine eutrophication (M-EP), Terrestrial eutrophication
(T-EP), Ionizing radiation (IRP), Land use (LU), Human toxicity – non-cancer effects
(HTP-NC), Ozone depletion (ODP), Photochemical ozone formation (POCP), Fossil
resource use (F-RD), Mineral and metal resource use (M-RD), Respiratory effects due
to inorganic pollutants (PMF), Water scarcity (W-RD) [170].
This comprehensive set of indicators ensures a holistic evaluation of the environmental
impacts associated with the studied system, supporting more informed and sustainable
decision-making.
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• Assessment Methods: Several LCIA methods exist, including ReCiPe [170], TRACI
[171], and CML [172]. Among these, ReCiPe is particularly well-suited for AM
applications due to its comprehensive coverage of midpoint and endpoint indicators,
and its compatibility with European environmental policy frameworks.

In LCA, midpoint and endpoint indicators represent two levels of impact assessment.
Midpoint indicators quantify environmental mechanisms at an intermediate stage in the
cause-effect chain (e.g., climate change in kg CO2-eq), offering detailed and relatively
robust results. Endpoint indicators aggregate these into damage categories affecting
areas of protection such as human health (in DALY), ecosystem quality (in PDF·m2·yr
corresponding to the Potential Disappeared Fraction of species over a certain area and time),
and resource depletion (in MJ), providing a more intuitive but more uncertain interpretation
[164, 170, 173].

2.9.7 Comparison of AM and Traditional Manufacturing
The environmental performance of AM compared to traditional manufacturing methods

has been the subject of increasing attention in recent years. LCA studies provide a robust
framework for comparing these technologies across multiple impact categories.

• Environmental Performance [38, 39, 174]
AM processes often demonstrate advantages in terms of material efficiency and design
flexibility, particularly for complex geometries and low-volume production. However,
they can also exhibit higher energy consumption, especially in thermally intensive
processes like FFF or SLM. Traditional methods such as Injection Molding (IM) tend
to be more energy-efficient for large-scale production due to optimized cycle times and
economies of scale.

• Case Studies
Several case studies have been conducted to evaluate the environmental advantages
and disadvantages of AM technologies compared to traditional manufacturing
methods. These studies provide valuable insights into the contexts in which AM can
offer sustainability benefits, as well as the limitations that must be addressed.

In a study by Kokare [4], AM technologies were found to have a positive environmental
impact, particularly in scenarios involving complex geometries and small production
batches. The functional unit (FU) was defined as the production of a single mechanical
part. The research highlighted that AM can significantly reduce energy consumption
and raw material usage compared to conventional manufacturing processes, especially
when the design complexity would otherwise require extensive machining or tooling.
These results underscore the environmental efficiency of AM when complexity and
customization outweigh the advantages of conventional mass production.
A more detailed analysis was conducted by Ulkir et al. (2023) [38], who performed a
LCA of products manufactured using different materials and AM techniques, including
Fused Deposition Modeling (FDM) and Stereolithography (SLA). The study followed
ISO 14040/44 [163, 164] standards and assessed the environmental impacts from
raw material extraction through to end-of-life disposal. The FU in this study was
defined as the production of 1 kg of printed material. Materials such as Acrylonitrile
Butadiene Styrene (ABS), Polylactic Acid (PLA), Polyethylene Terephthalate (PETG),
and Ultraviolet (UV) Resin were evaluated.
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According to Ulkir, UV resin was identified as the most environmentally friendly
material based on both midpoint (e.g., global warming potential) and endpoint
indicators (e.g., damage to human health and ecosystems), whereas ABS was found
to have the highest environmental burden due to its fossil-based composition and
high energy demand during processing. This research provides valuable guidance for
practitioners in AM by helping them assess the environmental impacts of different
materials and make more sustainable choices. It also highlights the critical importance
of material selection and process type in determining the overall environmental
footprint of AM products.

A study conducted by Bezzina et al. [39] offers a comparative analysis of the
environmental and financial impacts of FFF versus IM for the production of
cosmetic plastic packaging. The functional unit in this case was the production of
100,000 identical packaging units. The results revealed that FFF has a significantly
higher environmental impact, primarily due to its energy consumption, which was
approximately five times greater than that of IM. Energy use during the printing
process alone accounted for nearly 80% of FFF’s total environmental footprint.
Although IM required a larger quantity of raw materials, resulting in a slightly higher
impact in that area, the overall environmental performance of IM remained superior
due to the excessive energy demands of FFF.

From a financial standpoint, FFF was also found to be considerably more expensive.
A net present value (NPV) analysis showed that the cost of producing parts via FFF
was seventeen times higher than with IM. This disparity was largely attributed to
the higher cost of raw materials and the intensive energy consumption associated with
FFF. However, a sensitivity analysis indicated that FFF could become more financially
viable than IM for production volumes below 20,000 units per year, primarily due to
the high initial tooling costs associated with IM from an economic standpoint, rather
than an environmental one. In terms of product quality, IM outperformed FFF both
aesthetically and functionally. The layer-by-layer nature of FFF led to visible surface
defects and structural inconsistencies that were not observed in IM-produced parts.

The study concluded that, under current conditions, IM remains both environmentally
and economically more advantageous than FFF for large-scale production of plastic
cosmetic packaging. The high energy consumption and associated environmental
impact, together with the higher cost of FFF, make it less feasible than IM for
high-volume production. Nevertheless, for small production runs, FFF may offer a
competitive alternative due to its lower initial investment and its ability to produce
complex geometries without additional tooling costs. The authors recommend further
exploration of alternative 3D printing technologies that could reduce cycle times
and energy consumption, potentially making AM more competitive with traditional
manufacturing methods such as IM. Additionally, the use of more environmentally
friendly materials and the optimization of part designs specifically for AM could further
enhance the sustainability and cost-effectiveness of FFF.

These case studies collectively demonstrate that while AM can offer environmental and
economic advantages in specific contexts, particularly for low-volume, high-complexity parts,
its sustainability is highly dependent on factors such as material choice, energy efficiency,
and production scale. They also underscore the importance of continued research into more
energy-efficient AM technologies and the development of eco-friendly materials to enhance
the overall sustainability of AM.
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2.9.8 Future Directions and Research Gaps

Despite the growing research on AM sustainability, several gaps remain:

2.9.8.1 Emerging Technologies

New AM techniques such as PAM, Cold Spray AM, and Hybrid AM systems offer
promising avenues for reducing energy use and improving material efficiency. However, their
environmental performance is still poorly documented [167, 175].

2.9.8.2 Sustainability in AM

Sustainability in AM must be evaluated through the lens of the Triple Bottom Line,
which considers environmental, economic, and social dimensions:

To improve sustainability, eco-design principles can be applied to AM processes.
These include designing parts to minimize support structures and material use, selecting
biodegradable or recyclable materials, optimizing print parameters to reduce energy
consumption, and considering end-of-life scenarios during the design phase [9].

2.9.8.3 Research Gaps

Most LCA studies focus on established AM methods like FDM or SLA. There is a notable
lack of quantitative data for PAM, particularly regarding CO2 emissions per part, energy
consumption per unit of material, and material efficiency and waste rates [175]. In addition,
currently available LCA databases are insufficiently populated with process-specific data for
PAM, making reliable environmental assessment even more challenging.

Recent research efforts should focus on quantifying these performance metrics under
controlled production conditions. This includes conducting sensitivity analyses on key
process parameters such as nozzle diameter, extrusion temperature, and binder content, in
order to better understand their influence on the environmental and technical performance
of AM processes.

2.10 Conclusions and strategy of the research

A comprehensive literature review was conducted to establish the scientific and
technological framework of this thesis. It identified several key areas, including general
aspects of AM and its growing role in industry, with a particular focus on two technologies:
MIM and 3D printing by MEX.

These two processes share notable similarities, especially in the formulation of feedstocks,
which consist of a filler (metallic or ceramic) and a polymer binder—often a blend of
thermoplastic polymers and surfactants. The non-Newtonian behavior of the binder is
essential in both cases: in MIM, it enables homogeneous mixing and injection into complex
molds while minimizing defects; in MEX, it ensures stable extrusion and shape retention
after deposition.

Despite their similarities, key differences exist, particularly in the required viscosity of
the feedstock. MEX typically requires slightly lower viscosities to allow extrusion through
small-diameter nozzles. The filler loading rates are comparable, generally between 50% and
69% by volume. Both technologies involve debinding and sintering steps, although MEX
presents specific challenges, such as the rapid oxidation of Ti6Al4V during sintering.
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The review also highlighted phenomena specific to MEX, such as the staircase effect
and the sharkskin effect, which are influenced by molding temperatures and feedstock
composition.

Feedstock Formulations and Current Limitations

Feedstock formulations are well-documented for MIM, particularly with ceramic or
metallic fillers (e.g., zirconia, 17-4PH, 316L, Ti6Al4V) and various polymer binders (PMMA,
PVB, EVA, wax, PEG, Embemould K83). However, for MEX, data remains limited. To
date, only three feedstock formulations using Ti6Al4V with a partially water-soluble binder
have been developed, all using PEG as the main binder.

The mixing stages are similar: a pre-mixing step using a twin-screw extruder (e.g.,
Brabender type), followed by filament extrusion at temperatures ranging from 110°C to
190°C. Typical debinding and sintering cycles are described, highlighting the challenges of
binder removal and titanium oxidation.

Identified Gaps and Originality of the Thesis

A critical gap identified in the literature is the lack of studies on the environmental
impacts of MEX technology and, more broadly, AM by extrusion. Since 2023, only a few
publications have addressed these aspects, indicating a growing but still emerging interest.

Comparative studies with MIM show that MEX has a higher environmental impact,
mainly due to energy consumption. However, for small production runs, manufacturing
costs remain competitive. While MEX is not yet a mature technology, its potential for
future development toward more sustainable processes is significant.

Contribution of the Thesis

This thesis positions itself within this context, with its originality based on:

• The development of new feedstock formulations tailored to MEX technology,
particularly for metallic alloys like Ti6Al4V.

• An in-depth study of rheological properties and their influence on printed part quality.

• An indirect evaluation of the environmental impacts of MEX, a topic still scarcely
explored through a cradle to gate approach.

• A comparative approach between MIM and MEX, providing insights into optimization
strategies for more efficient and sustainable AM.
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Introduction and Global Context of the Experimental Work

This PhD thesis aims to develop a feedstock formulation incorporating fully or partially
water-soluble and bio-based binders specifically tailored to the material extrusion process.
In addition, a comparative study on energy and material consumption between PAM and
MIM will be conducted to compare the potential environmental impact of PAM technology
with that of the Metal Injection Molding (MIM) process.

The main objectives of this work are as follows:

• To evaluate the environmental impact of a PAM system in comparison with MIM,
focusing on energy and material consumption;

• Identify key areas for improvement to reduce the environmental footprint of PAM;

• To develop a PAM-specific feedstock formulation with optimized viscosity and adhesion
properties;

• Design a more eco-friendly titanium feedstock by incorporating water-soluble and/or
bio-based components.

An environmental assessment was conducted using a commercial Ti6Al4V feedstock
supplied by PolyMIM GmbH within the framework of the HyProPAM project as reference
case. The study revealed that the primary source of energy consumption in PAM is its
significantly longer per-part manufacturing time, heating elements, and the need to heat
during all the process.

A full Life Cycle Assessment (LCA) was not carried out due to the lack of available data
in existing databases, which would have required creating a dedicated dataset specifically
for this study—a task that would have been too time-consuming.

Volatile Organic Compound (VOC) emissions could not be measured due to a lack of
appropriate equipment. However, they are assumed to be low in both processes, particularly
in PAM, as long as processing temperatures remain below the degradation thresholds of the
binder components.

It is important to note that the commercial feedstock used in the project was not initially
developed for PAM, but rather for injection molding. Its formulation is optimized for easy
demolding, which results in poor adhesion during extrusion and defects such as shark-skin
effects. These lead to open and closed porosities, which are directly related to the feedstock’s
rheology and the high processing temperatures required.

The development of a more environmentally responsible feedstock, processable at lower
temperatures, could represent a significant improvement for PAM. This would help reduce
energy consumption (for example, by lowering nozzle temperatures) and improve print
quality, dimensional stability, and overall process sustainability.

PAM was chosen because this thesis continues the work initiated in the HyProPAM
project, where PAM was already used. PAM allows the production of complex parts and,
from a hybrid manufacturing perspective, enables fast printing using a larger nozzle diameter
without focusing on surface quality. Indeed, surface finishing is corrected later through
green state machining (before debinding and sintering), which is easier than machining
sintered Ti6Al4V. Using a high nozzle diameter also helps print faster, reduce the number of
interfaces, and potentially improve mechanical properties. Surface quality is not a concern
in the comparative study on energy and materials consumption.
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CHAPTER 3

Comparative Study of PAM and MIM Processes

The implementation of an energy and material consumption comparative study within
this doctoral research is both timely and essential, given the growing emphasis on sustainable
manufacturing and the environmental challenges associated with emerging technologies such
as PAM. While AM is often promoted for its potential to reduce material waste and enable
complex geometries, its actual environmental performance, particularly in metal-based
processes like PAM, remains insufficiently documented in the literature.

This thesis, aims to develop a new, eco-responsible feedstock for the AM of Ti6Al4V
parts using PAM. However, the environmental implications of this technology, especially
when compared to more established processes such as Metal Injection Molding (MIM), are
not yet well understood. Therefore, a comparative study between PAM and MIM is necessary
to quantify and evaluate the environmental trade-offs associated with each process through
energy and material consumption.

3.1 Introduction

In the context of sustainable development, Life Cycle Assessment (LCA) is a widely
used tool to evaluate the environmental impact of manufacturing technologies. However, its
results can vary significantly depending on the scope and available data, which may lead to
biased comparisons between processes.

A full LCA in accordance with ISO 14040/14044 standards [163, 164] was initially
considered. However, the absence of PAM-specific data in reference databases such as
EcoInvent highlighted a relevant gap. While the creation of a dedicated dataset was beyond
the scope and timeframe of this thesis, this limitation underlines the need for future work
to develop such data for more comprehensive assessments.

Instead, the study adopts a qualitative approach focused on energy and material
consumption during the manufacturing phase, in line with the general principles of LCA.
These aspects were previously discussed in the literature review.
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Figure 3.1: System boundary and production system of the MIM process
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Figure 3.2: System boundary and production system of the PAM process
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This work is part of the HyProPAM project, which aims to develop a hybrid
manufacturing platform combining PAM with subtractive processes such as milling and
laser finishing. The feedstock used is based on a Ti6Al4V formulation originally developed
for MIM. While suitable for MIM due to its high viscosity and ease of demolding, it presents
challenges in PAM, such as poor interlayer adhesion and instability during printing, mainly
due to high processing temperatures (190-195°C).

Due to limited LCA data for PAM, the study draws on research related to
Fused Deposition Modeling (FDM), which shares similar extrusion principles. Despite
differences—such as mold use in MIM—the overall process flow remains comparable, as
shown in Figures 3.1 and 3.2. Both technologies use similar feedstocks and involve common
post-processing steps like debinding, sintering, and finishing.

Given the data limitations, specialized LCA tools like SimaPro could not be used.
Therefore, this work is presented as a qualitative comparative study rather than a full
quantitative LCA.

3.2 Materials and Methods

3.2.1 Case Study – Goal and Scope Definition
To enable a meaningful comparison between PAM and MIM, it is essential to define a

functional unit and a representative part geometry. A literature review identified a titanium
dental implant as a part compatible with both technologies [16, 127, 168, 176–178]. The
selected design, illustrated in Figures 3.3 and 3.4, is sufficiently complex to justify AM, yet
remains compatible with MIM fabrication [179, 180].

Figure 3.3: Adapted model of the dental implant
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The design of the implant was simplified to reduce risks of failure during printing,
especially around the connection point for the crown. Implant dimensions vary depending
on clinical requirements, patient anatomy, and implant location. For this case study, the
dimensions were set at 19.5 mm in length and 5 mm in diameter.

Figure 3.4: Dental implant in Ti6Al4V – case study [177]

The feedstock used in both technologies is a commercial Ti6Al4V-based formulation
developed by PolyMIM GmbH, incorporating a partially water-soluble binder.

3.2.2 Assumptions and System Boundaries
To enable a meaningful comparison of the environmental performance between the MIM

and PAM processes, several assumptions and system boundaries—previously described—are
illustrated in Figures 3.1 and 3.2.

Limitations
• Raw material extraction and feedstock preparation are assumed to be the same for

both processes and are therefore excluded from the analysis

• The production of equipment (e.g., machine assembly, electronics) is not considered in
the scope of this study

• Debinding and sintering steps are assumed to be identical for both technologies and
are thus not included

• Transportation and packaging are also excluded from the analysis

Assumptions
• A production volume of 5.000 parts is considered

• It is assumed that MIM feedstock is stored in a desiccator, based on industrial
practices* ("*" = from expert recommendations)

• Four cavities mold fabrication is considered for the MIM process*

• The mold is produce with an old mold*

• 15-20 Tons range micro-injection molding machines as Microplast M2-II from Moiron
[181] are considered as model*
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• Power consumption is estimated at 3 kW for both machines, based on average
equipment specifications [132, 181, 182]

• MIM is assumed to have a production capacity of 500 parts per hour*

• No support structures are required for PAM following DfAm principles as presented in
the literature review chapter [9, 13]

To remind, a complete LCA using SimaPro could not be performed.

3.2.3 Environmental Impact Considerations
The scientific literature indicates that during the manufacturing phase, the most

significant environmental impacts are primarily due to two key factors:

• Energy consumption during material processing [183];

• Material usage and associated losses throughout production [184].

However, when considering the entire life cycle of the process, including critical
post-processing stages such as debinding and sintering, additional environmental burdens
emerge. Notably, the release of effluents, such as solvents, volatile organic compounds
(VOCs), fine particulate matter, and greenhouse gases like carbon dioxide (CO2), becomes
a substantial contributor to the overall environmental footprint of PAM [185].

This shows the environmental advantage of employing water-soluble binders or those that
decompose cleanly, producing minimal toxic emissions. Such alternatives can significantly
reduce the ecological impact of the process, particularly during the debinding phase.

Due to the inability to conduct direct MIM experiments, the study relied on data
extracted from existing literature and expert insights to simulate and compare the
environmental performance of both technologies. While this approach is theoretical, it
provides a robust foundation for evaluating and contrasting the sustainability of PAM and
MIM processes.

3.2.4 Mold production
To manufacture MIM molds, it is necessary to rely on advanced technologies such as

high-precision CNC milling, Electrical Discharge Machining (EDM), and laser techniques.
These methods allow for the production of intricate cavities and fine geometrical features
with a level of precision that conventional machining cannot achieve. Once fabricated, molds
are subjected to strict dimensional and geometric inspections, using coordinate measuring
machines (CMMs) or even computed tomography (CT), to avoid potential defects and ensure
repeatability.

In the context of this case study, the component considered weighs approximately 2.5 g,
which corresponds to a typical application for micro-injection molding machines. The
machine selected for this scale would typically be a Microplast or BOY injection press in the
15–20 ton range, commonly used for precision molding in the medical and electronics sectors
[181].

For a production volume of 5,000 parts, a four-cavity mold would be used—balancing
productivity and cost. A mold of this quality (with underwater injection and integrated
cooling channels) would cost between €20,000 and €25,000. Higher cavity numbers would
lead to a disproportionate increase in complexity and price of the mold.
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Molds are typically produced from high-grade steel, often reusing the body (or “carcass”)
of an old mold. Manufacturing lead times are typically around three months. Once in
operation, such a setup could yield approximately 500 parts per hour.

An alternative approach involves the use of metal AM to fabricate mold plates via SLM.
This method significantly reduces lead times, allowing functional plates to be produced
within 1 to 2 weeks.

It is particularly relevant to discuss mold fabrication in this study, as it represents a key
contributor to the environmental impact and cost structure of the MIM process—especially
when compared with PAM, where no molds are required. However, data regarding mold
production (especially for small series or micro-injection use cases) is scarce in the literature.
Therefore, expert input from a professional in the mold-making industry was sought to obtain
realistic and credible order-of-magnitude estimates. This ensures that the results presented
here reflects industrial practice as closely as possible.

3.2.5 Setup
The 3D printing trials were performed using a PAM machine from Pollen AM. To quantify

the energy consumption of the printing process, a GreenBlue GB202 power meter was
installed directly on the PAM machine. This device measures electrical power with an
accuracy of ±1% for both voltage and current.

To record the power usage in real time, a camera was set up to continuously film the
power meter display during the entire printing process. Power values were extracted every 30
seconds over a 30-minute printing session. The total energy consumption was then calculated
from this discrete dataset.

The data used for the MIM process came from official sources, including manufacturers,
industrial suppliers, and expert feedback. According to the data quality levels defined by
Ciroth et al. [169], this qualifies as class A data, ensuring high reliability and consistency.

The uncertainty estimates for energy and material consumption in PAM and MIM
are grounded in metrological principles—particularly those outlined in the Guide to the
Expression of Uncertainty in Measurement (GUM – JCGM 100:2008) [186]. These estimates
also take into account the origin and reliability of the data (measured vs. theoretical), as
well as insights from scientific literature and industrial practice.

Energy Consumption: estimated uncertainty
PAM (±5–10%)

Energy data for PAM were obtained through direct experimental measurements using a
GreenBlue GB202 power meter, which has a stated accuracy of ±1% for both voltage and
current. While the method described in the setup section ensures traceability, it introduces
moderate uncertainty due to:

• Discrete time sampling (potentially missing transient power peaks),

• Variability in heating cycles,

• Minor manual interventions (e.g., purging or restarts).
According to the JCGM 100:2008 (GUM) guidelines [186], when calculating energy as

a sum of discrete products (like E “ P x t), the overall uncertainty depends on both the
measurement accuracy and the sampling method. Given these factors, an uncertainty range
of ± 5–10% is considered reasonable for a well-instrumented but non-continuously monitored
experimental setup.
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MIM (± 10–15%)

In contrast, energy data for MIM are entirely theoretical, derived from:

• Literature sources,

• Manufacturer specifications,

• Expert assumptions (e.g., press power consumption of 3 kW, cycle times, drying, and
mold fabrication energy).

Mold fabrication energy is particularly variable, estimated between 360–432 kWh based
on assumed machining durations and machine power ratings. These values are not directly
measured and can vary significantly depending on equipment, process optimization, and
plant-specific conditions. According to LCA methodology guidelines (e.g., Ciroth et al., 2011)
[187], theoretical or expert-based data typically carry uncertainties of ± 10–20%. Given that
operational energy is relatively constrained but mold-related data are more speculative, a
total uncertainty of ± 10–15% is considered appropriate.

Material Consumption: estimated uncertainty
PAM (± 2–5%)

For PAM, material consumption was determined by directly weighing printed parts.
Small recurring losses (e.g., due to purging or support structures) were estimated through
repeated observations. These measurements were conducted under controlled laboratory
conditions, with high weighing precision (typically ď 1%). As a result, the relative
uncertainty in material consumption is estimated at ± 2–5% [167].

MIM (± 10–20%)

In the case of MIM, material consumption per part was reconstructed from theoretical
components, including:

• Part mass,

• Excess injected material (sprues, runners),

• Amortized mold machining waste.

The latter was estimated based on the amount of raw material removed during mold
fabrication (e.g., 3.5 kg), distributed over a batch of 5000 parts. These assumptions
are highly dependent on mold geometry, block dimensions, machining strategies, and
reuse policies. Due to the cumulative nature of these uncertainties and the lack of direct
measurement, the overall uncertainty in material consumption for MIM is estimated at
± 10–20% [188, 189].

This case study perfectly illustrates the potential of hybrid manufacturing systems such as
those developed in the HyProPAM project. The combination of AM (for the rough part) with
subtractive operations (milling and laser finishing) enables the production of fully customized
components [190]. For example, the screw thread of the dental implant—difficult to print
with sufficient precision—can be finalized via post-processing steps to ensure perfect fit and
mechanical functionality tailored to the patient.
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3.3 Results

3.3.1 3D Printing with PAM
All printing parameters used to realize the part are listed below in Table 3.5a.

Parameter Value
Tradian 200°C
Tnozzle 170°C
Textruder 150°C
Tbuildplate 70°C
Flow rate 160%
Infill density 100%
Printing speed 7 mm/s
Layer height 0.2 mm
Number of walls 1
Nozzle diameter 0.4 mm
Nozzle material Brass

(a) 3D Printing Parameters for Ti6Al4V
Feedstock on PAM

(b) 3D printed Ti6Al4V dental implant
produced using PAM

Figure 3.5: Overview of 3D printing parameters (left) and the resulting printed part (right).

Printing the dental implant using the PAM process proved to be particularly challenging,
especially regarding the screw thread geometry, which is difficult to reproduce with sufficient
fidelity using extrusion-based processes as in Figure 3.5b of the as-printed implant exhibiting
poor surface quality.

However, the primary objective of the printing trials was not to obtain a functional or
high-quality implant, but rather to quantify the material usage and energy consumption
of the process. As such, the quality of the printed part was not a limiting factor for this
analysis.

3.3.2 Energy consumption
3.3.2.1 PAM

Energy consumption has been determined from the video of the power meter measurement
during printing. The average power measured was 277 W. The printing time was 30 minutes,
or 0.5 hours. To calculate the electricity consumption for this print, we use the formula [167]:

E “ P ˆ t (3.1)

Where:

• E is the energy consumption (in Wh)

• P is the power (in W)

• t is the printing time (in h)
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The calculated average energy consumption of the PAM machine to print a dental
implant is 139 Wh, which is equivalent to 0.139 kWh per piece. This aligns well with
the general energy consumption range for AM (typically 0.05–0.5 kWh depending on volume
and technology) [191, 192]. Considering approximately 2,500 hours to produce 5,000 pieces
(30 minutes per piece), the total energy consumption can be calculated as follows:

ET otal “ Epart ˆ N (3.2)

Where:

• ET otal is the total energy consumption (kWh)

• Epart is the energy consumption for a part (kWh)

• N is the number of part

0.139 ˆ 5000 “ 692.5kW h (3.3)

Specific Energy Consumption
The total mass produced is given by:

Total mass “ N ˆ
m

1000 (3.4)

with m being the mass per part in grams (2.5 g):

Total mass “ 5000 ˆ
2.5

1000 “ 12.5 kg (3.5)

The specific energy consumption per kilogram is then calculated as:

Especific “
E

Total mass (3.6)

Especific “
692.5
12.5 “ 55.4 kWh/kg (3.7)

These formulas are consistent with energy assessment models used in AM literature
[193–195].

3.3.2.2 Injection molding estimations

The injection molding process uses a machine with a power consumption fixed at 3 kW
and a production rate of 500 parts per hour. Producing 5,000 parts thus requires 10 hours.
The total energy consumption for injection is:

Einjection “ 3 kW ˆ 10 h “ 30 kWh (3.8)

A desiccator is required to eliminate residual moisture in the feedstock, preventing defects
such as cracking or injection failure. The energy for drying is estimated at:

Edrying “ 3 kWh (3.9)

The total operational energy is:

Eoperation “ Einjection ` Edrying “ 30 ` 3 “ 33 kWh (3.10)
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Thus, the energy consumption per part for the operational phase is:

Eoperation/part “
33

5,000 “ 0.0066 kWh (3.11)

This is consistent with Meekers et al. [196] and [197] for high-throughput scenarios.
The mold fabrication, required due to the complexity of dental implant geometry, involves

72 hours of five-axis CNC machining, channel drilling and milling, EDM, and heat treatment
[198]. It consumes between 5 and 6 kW [162, 197], the average has been selected:

Emold “ 72 h ˆ 5.5 kW “ 396 kWh (3.12)

Emold/part “
396

5,000 “ 0,0792 kWh (3.13)

The total energy consumption per part is:

Etotal/part “ Eoperation/part ` Emold/part “ 0.0066 ` 0.0792 “ 0.0858 kWh/part (3.14)

Which gives a total energy consumption of:

Etotal “ Etotal/part ˆ 5,000 “ 429 kWh (3.15)

And a specific energy consumption of:

Especific “
Etotal

12.5 “ 34.32 kWh/kg (3.16)

3.3.2.3 Conclusion for energy consumption

The experimental quantification of energy consumption during the production of a
dental implant using the PAM process reveals significant insights into its environmental
implications.

Table 3.1: Comparison of energy consumption between PAM and injection molding (MIM)

Parameters PAM MIM

Energy per part (kWh) 0.139 0.0858
Specific energy (kWh/kg) 55.6 34.32
Drying No Yes
Mold fabrication energy None 396 kWh
Production rate 2 parts/h 500 parts/h
Total energy (5,000 parts, kWh) 695 429

The PAM printing process consumed an average power of 277 W over a 30-minute print
duration, resulting in an energy use of 139 Wh (0.139 kWh) per part as summarized in
Table 3.1. This value aligns with typical AM energy consumption ranges, reported between
0.05 and 0.5 kWh per piece depending on technology and geometry.

Scaling up, the production of 5,000 implants using PAM would require approximately 695
kWh, yielding a specific energy consumption of 55.4 kWh per kilogram of printed titanium,
assuming a part mass of 2.5 g. This relatively high specific energy reflects the limited
production throughput of PAM (2 parts/h), which inherently amplifies the energy footprint
per unit mass.
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In contrast, the MIM process demonstrates a substantially lower energy demand per
part, attributed to higher production rates and energy-efficient bulk processing. The
base operational energy, combining injection and drying steps, is estimated at 34 kWh
for 5,000 parts. However, when accounting for the significant energy required for mold
fabrication—estimated at 396 kWh (based on 72 hours of CNC machining at 5.5 kW)—the
total energy per part rises to 0.086 kWh as shown in Figure 3.6.
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Figure 3.6: Stacked bar chart of energy consumption per part for PAM and MIM

When normalized by mass, the MIM process exhibits an average specific energy
consumption around 34 kWh/kg, notably lower than PAM. This difference highlights the
advantage of MIM in high-volume production scenarios, where initial tooling energy can be
amortized over large batches.

From a qualitative standpoint, Figure 3.5 visually demonstrates one of the key limitations
of the PAM process: the fidelity of complex geometries. The dental implant printed with
PAM shows notable limitations in reproducing fine features, particularly the screw threads,
due to the resolution constraints of extrusion-based deposition. In contrast, MIM offers
significantly higher dimensional accuracy and surface finish, enabled by the precision of mold
fabrication and the uniformity of high-pressure injection. This makes MIM more suitable
for end-use medical components requiring stringent geometric and mechanical tolerances.

Notably, the part in Figure 3.5 (b) was printed using a 0.4 mm diameter nozzle (a). This
small nozzle size significantly increased the total production time, as it limits the material
deposition rate. Employing a larger nozzle diameter could reduce the printing time by a
factor of two to three, depending on the chosen diameter. Consequently, the overall energy
consumption during the printing phase could be substantially reduced.

However, this gain in process efficiency comes at the expense of part quality, particularly
for geometries with fine details and steep overhangs. Therefore, there exists a trade-off
between energy efficiency and geometric fidelity when optimizing the PAM process.

The comparison, clearly illustrates the energy efficiency of MIM, with lower energy use
per part and per kilogram. However, this comes at the cost of significant upfront investment
in tooling and limited flexibility in part design.

Conversely, PAM offers geometric freedom and tooling-free production, at the expense of
higher per-unit energy consumption, lower surface quality, and slower production rates.
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3.3.3 Material Consumption
3.3.3.1 PAM

For the PAM process, the material consumption per part is composed of two components:
the implant itself and small, recurring process losses. The implant has a mass of:

mimplant “ 2.5 g (3.17)

In addition, minor losses occur due to pre-printing adhesion structures and pre-extrusion
purging. These losses are estimated at:

mloss “ 0.1 g/part (3.18)

Thus, the total material consumption per part is:

mtotal, PAM “ mimplant ` mloss “ 2.6 g (3.19)

The solid waste for PAM machine represents in this case of study 3.8% of the mass total
used to print the part and 4% of the mass of the part.

3.3.3.2 MIM

In the case of injection molding, material waste during part production is higher than
PAM . Most losses come from sprues, runners, gate vestiges, and occasional flash, but these
are generally considered negligible. Literature indicates that 3D printing performs slightly
better in terms of material efficiency than injection molding, but the difference is marginal
at the part level.

However, a major contributor to material consumption in injection molding is the mold
itself. A typical mold for small implants (m « 2.5g) weighs between 20 and 50 kg [199], and
includes multiple cavities, complex internal cooling channels, and high-precision surfaces.
The mold is manufactured over approximately 72 hours of machining [200], and material
losses during machining (cutting, drilling, EDM) are estimated between 10% and 20% of the
raw mold block mass.

While the mold material is not physically incorporated into each part, its fabrication
involves significant material losses during machining. In this analysis, these losses are
amortized over the production batch and allocated per part to reflect their environmental
burden, in accordance with standard LCA methodology.

Therefore, including this contribution in the total material consumption per part is both
methodologically valid and necessary for a fair comparison with tool-less processes like PAM
[164]. Assuming a median case of 3.5 kg of material removed during machining (estimation
based on the volume of the part (4 cavities) and the runner system), and amortizing this
over a batch of 5,000 parts, the material consumption attributable to the mold becomes:

mmold per part “
3,5

5,000 “ 0.7 g/part (3.20)
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According to [168, 176]. The injection step requires pressurization inside the mold by
injecting more material than necessary for the part while filling runners, sprues,... [201].
This generally represents between 5 to 20% of the mass of the part [168]. Here, we will
consider 10%.

mrunners “ 0.1 ˆ 2.5 “ 0.25 g/part (3.21)

Therefore, the total material consumption per part for the MIM process is:

mtotal, MIM “ mimplant ` mmold per part ` mrunners « 2.5 ` 0.7 ` 0.25 “ 3.45 g (3.22)

3.3.3.3 Conclusions for material consumption

This analysis, resumed in Table 3.2 highlights a significant point: the mold fabrication
alone contributes more material loss per part (0.7 g) than the total material loss of the entire
PAM process (0.1 g). Although injection molding is efficient in direct production, its reliance
on heavy, machined tooling results in a higher cumulative material footprint, particularly
for small batches or high-precision applications such as dental implants. This reinforces the
environmental and material efficiency advantages of PAM over MIM in such contexts [16].

Table 3.2: Material consumption comparison between PAM and MIM

Material category PAM MIM

Useful mass (implant) [g/part] 2.5 2.5
Pre-processing loss [g/part] 0.1 (adhesion, purging) 0.25 (sprue, runners)
Mold fabrication loss [g/part] – 0.7
Total material consumption [g/part] 2.6 3.45

In the case of injection molding, the material waste represents 28% of the total amount
of material used to produce a part and 38% of the mass of the part as shown in Figure 3.7.
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Figure 3.7: Stacked bar chart of material consumption per part for PAM and MIM
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This study adopts a simplified cradle-to-gate approach, focusing solely on the
quantification of material and energy consumption without proceeding to a full LCIA.
While this does not constitute a complete LCA as defined by ISO 14040 and ISO 14044, it
aligns with practices observed in early-stage environmental evaluations and design-oriented
assessments. Such approaches are commonly used when data availability, time, or resources
are limited, and they provide valuable insights into the resource intensity of a system. As
highlighted by Tasala Gradin and Björklund [202], this study can serve as effective tools
for identifying environmental hotspots and guiding decision-making, provided that their
limitations are clearly acknowledged.

In this context, the aggregation of different material inputs—despite their varying
nature—is performed for indicative and comparative purposes. This practice is supported
in the literature on simplified LCA methodologies, where material flows are often summed
to provide a general overview of resource use (e.g. [202, 203]). Although such aggregation
does not reflect environmental equivalence, it enables a practical understanding of material
demand across processes. This approach is particularly relevant in studies that do not apply
characterization models or software tools, and where the primary objective is to highlight
material efficiency or compare scenarios. Transparency in reporting and consistency with
the study’s goal are essential to ensure the validity of this method.

Figure 3.8 shows the total energy consumption (kWh) as a function of the number of
parts produced, for PAM and MIM. The x-axis spans production volumes from 500 to 5,000
parts, while the y-axis tracks the total cumulative energy consumption.
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Figure 3.8: Total energy consumption as a function of the number of parts for PAM and
MIM processes

The energy consumption curve for PAM (in blue) exhibits a strictly linear growth,
with total energy rising proportionally with the number of parts produced. This reflects
the constant unit energy cost per part inherent to additive processes like laser sintering
or extrusion. Each additional part requires essentially the same amount of energy as the
previous one, without any amortization of setup or process energy over time.
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This behavior is well-documented in additive manufacturing literature. Baumers et al.
[204] found that AM technologies typically have fixed per-part energy requirements, which
results in linear total energy curves unless batch optimizations or nesting are applied.

Unlike PAM, the MIM curve (in red) shows a slight but consistent upward slope,
indicating that energy consumption does increase with production volume, albeit very slowly.
This suggests that MIM involves: a large fixed energy cost, likely for mold creation and setup
and a very low marginal energy cost per additional part, allowing for near-constant average
consumption as output scales. This pattern aligns with research by Gutierrez-Osorio et
al. [205], who emphasized that processes like MIM and injection molding incur high initial
energy input but benefit from economies of scale due to minimal per-part energy additions.

The intersection point of the two curves—where PAM’s rising energy cost exceeds that
of MIM—marks the break-even production quantity. For part volumes below this threshold
(« 2,500 parts), PAM is more energy-efficient. Beyond this point, MIM becomes the
superior choice in terms of energy performance. Watson and al. [206] provided a theoretical
model showing that AM processes outperform traditional methods like MIM for low volume
fractions, but become less efficient as the production scale grows.

This analysis emphasizes a fundamental manufacturing trade-off:

• PAM is ideal for small-batch, customizable, or complex geometries, where setup energy
is negligible and flexibility is prioritized.

• MIM excels in large-scale production, where energy efficiency improves due to dilution
of fixed costs and highly optimized per-part energy inputs.

A recent life-cycle energy assessment by Hasan et al. [207] confirms that hybrid or traditional
techniques become more efficient than AM once the setup energy is amortized over larger
production volumes.

As energy consumption represents approximately 80% of PAM’s environmental impact
[39], reducing printing time and temperature could make the process more suitable for higher
production volumes.
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3.4 Cradle to gate diagram

A cradle to gate diagram has been realised in Figure 3.9 to summarize the positive
(green) or negative (red) environmental impact of PAM compared to MIM for each step
of part production. PAM has a negative impact on the environment during the process of
printing than injection because of the printing time which explode the energy consumption.

Figure 3.9: Cradle to gate diagram comparing PAM and MIM processes before, during and
after the printing/molding step.

3.5 Conclusions and prospects

This comparative environmental analysis focused on the energy and material consumption
of two manufacturing processes—PAM and MIM—for producing 5,000 geometrically
simplified Ti6Al4V dental implants, using a water-soluble feedstock provided by PolyMIM
GmbH. The system boundaries were limited to the core manufacturing stages: printing (for
PAM), injection, and mold fabrication (for MIM). Upstream and downstream steps such
as feedstock preparation, debinding, and sintering were excluded, as they are essentially
identical for both processes.

As expected, PAM consumes significantly more energy—approximately 64% more than
MIM for the same production volume. This is mainly due to its longer cycle time: around 30
minutes per part, compared to just 0.12 minutes for MIM. However, it’s important to note
that mold fabrication in MIM accounts for a substantial portion of its total energy demand.
Thanks to its tool-free nature, PAM becomes more energy-efficient than MIM below a certain
production volume threshold.

In terms of material consumption, PAM shows a clear advantage. MIM uses 32.7% more
material per part, mainly due to:

• Machining waste from mold fabrication,

• Excess feedstock needed to fill runners, gates, and sprues during injection.
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Although this excess material can often be recycled, it must first be reprocessed into
usable feedstock, which requires additional energy and infrastructure. Moreover, the material
used for mold production is not fully amortized over the 5,000 parts.

In summary, while MIM remains highly efficient for large-scale production due to its
speed and industrial maturity, PAM offers several compelling advantages for small to
medium production runs. Its flexibility, reduced material waste, and elimination of tooling
requirements make it a promising alternative — especially for applications requiring design
adaptability and moderate volumes. Despite its higher energy consumption, PAM presents
a more sustainable profile in specific contexts, and its potential for optimization remains
significant.



CHAPTER 4

Context of experimental research

4.1 Introduction and Research Context

AM technologies continue to evolve as viable solutions for the production of
complex components, particularly in sectors requiring high-performance materials such
as aerospace, biomedical, and energy. Among these, PAM—an extrusion-based process
using thermoplastic feedstocks in pellet form—offers promising advantages in terms of
cost-efficiency and material flexibility.

However, despite the ability of PAM machines to process materials developed for injection
molding, very few feedstocks have been specifically designed for this process. This limitation
affects both the technical performance and environmental sustainability of PAM.

4.2 Research Objectives

This PhD thesis aims to address these challenges by developing a feedstock formulation
incorporating fully or partially water-soluble and bio-based binders, specifically tailored to
the material extrusion process.

The main objectives of this work are as follows:

• Develop a PAM-specific feedstock formulation with optimized viscosity and adhesion
properties;

• Design a more eco-friendly titanium feedstock by incorporating water-soluble and/or
bio-based components.

4.3 Experimental Framework: The HyProPAM Project

This study was conducted within the framework of the HyProPAM project (Hybrid
Production of Pellets-based Additive Manufactured Parts), using a commercial Ti6Al4V
feedstock supplied by PolyMIM GmbH referenced as PolyMIM Ti6Al4V.
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This feedstock, originally developed for injection molding, was optimized for easy
unmolding rather than extrusion. This type of feedstock is not inherently suited for additive
processes where layer and build plate adhesion is necessary.

As a result, several issues were observed when used in PAM:

• Inadequate interlayer cohesion

• Poor adhesion to the print bed

• Formation of open and closed porosity

• Shark-skin effects due to high shaping temperature

These defects are directly related to the feedstock’s rheology and compromise the
mechanical integrity of the printed parts.

4.4 Environmental Assessment and Challenges

In this thesis, a comparative environmental analysis was conducted to evaluate the
performance of PAM relative to MIM (chapter 5). As anticipated, PAM shows higher
energy consumption, primarily due to its significantly longer per-part manufacturing time.
Additional energy is also required to heat the nozzle and extrusion head, though this remains
a secondary factor.

This elevated energy demand is closely linked to the low printing speeds (typically 8–10
mm/s) imposed by current feedstock formulations. These limitations highlight the need for
next-generation feedstocks offering:

• Improved rheological behavior,

• Higher printing speeds (e.g., up to 20 mm/s, the machine’s maximum),

• Lower processing temperatures,

• Compatibility with aqueous debinding methods.

Such improvements could significantly reduce energy consumption and enhance the
overall sustainability of PAM, making it more competitive for broader production scenarios.

4.5 Toward Sustainable Feedstock Development

From a materials perspective, traditional binders used in PAM/MIM are often
petroleum-based and require organic solvents for debinding—substances that are hazardous
and environmentally harmful. This has led to growing interest in:

• Bio-based or partially bio-based binders,

• Water-soluble systems that eliminate the need for toxic solvents and simplify
post-processing.

Such feedstocks would also be more compatible with the hybrid manufacturing approach
envisioned by the HyProPAM project.



4.6 Research Vision and Expected Outcomes 91

4.6 Research Vision and Expected Outcomes

This research aims to develop a PAM-specific feedstock that satisfies multiple criteria:

• Partially water-soluble, enabling safe and efficient aqueous debinding;

• Incorporates bio-sourced polymers to minimize environmental impact;

• Offers enhanced printability for improved surface finish and mechanical performance;

• Enables low-temperature processing to reduce energy demand during fabrication.

These objectives reflect an integrated approach to sustainable, high-quality additive
manufacturing of metallic parts, positioning PAM as a competitive and environmentally
responsible alternative for small to medium-scale production.
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CHAPTER 5

Materials, Methods and Characterizations

5.1 Materials

Prior to developing sustainable feedstock formulations, a commercial material was used
to identify key parameters affecting part production via PAM. A Ti6Al4V feedstock from
PolyMIM GmbH, originally developed for MIM, was selected for this purpose. It was
also employed in the HyProPAM project to demonstrate the technical feasibility of hybrid
manufacturing, as discussed in Chapter 4. Although based on a water-soluble primary
binder, this feedstock presents several limitations when adapted to PAM. In addition, its
exact binder composition is proprietary and undisclosed by the manufacturer. The main
technical and environmental drawbacks identified during PAM processing are summarized
in Table 5.1:

Table 5.1: Limitations of the commercial PolyMIM feedstock for PAM and their
environmental or technical impacts (adapted from HyProPAM)

Limitation Impact
Poor surface quality Ra ě 25
µm

Requires post-processing like machining, raising energy use
and material loss

Low interlayer adhesion Causes delamination and rejects, increasing waste and
inefficiency

High cooling rate (radiant
heating)

Needs radiant and heated buildplate, raising energy demand
and carbon footprint

Poor green strength Leads to part failure and reprints, consuming more energy
and material

High shaping temperature
(170–180°C)

Requires high thermal input, lowering process efficiency

Long heating time (45–60 min)
before printing

Sustains energy demand, delays productivity

High viscosity Requires higher torque and energy, accelerates wear and
surface defects

Low wettability or chemical
incompatibility

Causes warping, deformation, poor debinding and sintering
(e.g. +0.47/0.29 µm std. dev. on printed cylinders)

Degradation residues Potentially toxic gases (CO, CO2) (thermal degradation)
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In this study, more sustainable feedstock formulations specifically tailored for PAM were
developed by combining metallic powders with thermoplastic binders. The formulation
strategy focused on using PEG as the primary water-soluble phase, polyvinyl butyral (PVB)
as the structural backbone polymer, stearic acid (SA) as a dispersant and plasticizer, and
methylcellulose (MC) as a bio-based viscosity modifier.

• The metallic powder used was a Ti-6Al-4V-ELI (Grade 23) gas-atomized alloy
(Osprey®) supplied by Sandvik. Its chemical composition complied with the ASTM
F3001-14 specification [208], with measured contents of Aluminum (Al): 6.14 wt.%,
Vanadium (V): 4.01 wt.%, Oxygen (O): 0.13 wt.%, Nitrogen (N): 0.01 wt.%, Carbon
(C): 0.01 wt.%, Hydrogen (H): 0.001 wt.%, and Iron (Fe): 0.18 wt.%. The particle
size distribution was tailored for powder injection moulding applications, with a D10
of 4.0 µm, D50 of 10.5 µm, and D90 of 22.0 µm.

• Polyethylene glycol (PEG 12,000), purchased in flake form from Sigma-Aldrich, was
employed as the main water-soluble binder. Although previous studies by Eickhoff [91]
demonstrated improved printability in Fused Deposition Modeling (FDM) using higher
molecular weight PEGs (e.g., PEG 20,000 g/mol), such grades were found unsuitable
for MEX due to phase separation at elevated nozzle temperatures (e.g., 230°C). PEG
12,000 was therefore chosen as a compromise, offering a balance between solubility,
thermal stability, and extrusion compatibility.

• Polyvinyl butyral (PVB), Mowital B30H, supplied by Kuraray, was used as the
backbone polymer to enhance structural integrity during filament extrusion and
printing. PVB was selected for its excellent film-forming properties, good flexibility,
and strong adhesion to metallic particles, which contribute to mechanical cohesion of
the green body. Its thermoplastic behavior supports shape retention during extrusion
and layer stacking, while its compatibility with PEG ensures homogeneous blending
and stable flow during processing.

• Methylcellulose MC, solid with 2% solubilization exhibiting a viscosity of 1,500 cP,
obtained from Sigma-Aldrich, was incorporated as an additional binder and rheological
modifier. MC is commonly used in ceramic and metallic feedstocks as a water-soluble
polymer with a viscosity of 1,500 cP [82, 85], offering benefits such as enhanced
viscosity, improved flow stability, reduced tooling wear, and smoother surface finish.
It is also known to increase green strength and facilitate the extrusion of fine or
thin-walled features in aqueous-based systems [80]. However, in the present study,
MC was applied in an organic-based feedstock, which differs from the typical aqueous
systems.

• Finally, stearic acid (SA), supplied by Sigma-Aldrich, was added as a plasticizer and
dispersing agent to improve powder dispersion and reduce internal friction during
mixing and extrusion [93].
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Several compositions were evaluated, and Table 5.2 presents the nomenclature used to
identify each formulation along with their respective chemical compositions. The Ti6Al4V
content was fixed at 55 vol.%, and the proportions of PEG and PVB were held constant
during the optimization of SA and MC. A detailed discussion on the selection of these
concentrations is provided in Chapter 7.

Table 5.2: Composition and nomenclature of each feedstock formulation

Composition Ti6Al4V PEG PVB SA MC
[vol. %] [vol. %] [vol. %] [vol. %] [vol. %]

F0SA0MC 55 22.5 22.5 0 0
F1SA 55 22.0 22.0 1 0
F2SA 55 21.5 21.5 2 0
F3SA 55 21.0 21.0 3 0
F4SA 55 20.5 20.5 4 0
F5SA 55 20.0 20.0 5 0
F1MC 55 22.0 22.0 0 1
F2MC 55 21.5 21.5 0 2
F3MC 55 21.0 21.0 0 3
F4MC 55 20.5 20.5 0 4
F5MC 55 20.0 20.0 0 5
F3SA3MC 55 18.0 21.0 3 3

The first group of formulations, containing SA from 0 to 5 vol.%, was tested to evaluate
its influence on the rheological properties of the feedstock and to determine the optimal SA
content for future formulations.

The second group, incorporating varying amounts of MC, aimed to assess its effect as a
solidening agent in a water-free organic binder system, with a particular focus on its impact
on viscosity.

The final formulation, incorporating 3 vol.% SA and 3 vol.% MC, was developed based on
prior optimization results to enhance the feedstock’s flow behavior during PAM processing
while improving its overall sustainability. To preserve a balanced 50/50 ratio between
water-soluble and non-water-soluble components, the 3 vol.% of MC was deducted from
the PEG content, thereby maintaining a consistent hydrophilic/hydrophobic fraction in the
formulation.

5.2 Feedstock preparation

5.2.1 Mixing of the powders

The initial stage of pellet production involves blending the powders that will form the
final composite material. A high shear rate corotational twin screw mixer manufactured by
Brabender (Brabender measuring mixer 30 EHT) was used to realize the blending step as
described in Figure 5.1. The volume capacity of the machine is about 30 cm3 and double
roller blades were used to blend the melted composition. It is important to note that these
blades were developed by Brabender especially for thermoplastics.
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First, the powders are added one by one into a container, starting with Ti6Al4V, followed
by PEG, PVB, and finally SA and/or MC. The container is then sealed and manually shaken
to pre-mix the powders. The resulting blend is subsequently transferred into the Brabender
mixer for compounding.

The blending of the feedstocks was carried out in a temperature range of 100°C to 150°C
(except in the case of commercial feedstock which requires a higher mixing temperature),
with 10°C increments, in order to determine the torque response at each temperature. This
allowed for the identification of a suitable processing window and ensured a homogeneous
and stable mixture.

This step also served as a screening method to eliminate formulations in which powders
failed to mix effectively. Repeated trials indicated that a minimum blending time of 15–20
minutes was necessary to achieve adequate homogenization and torque stabilization. Each
formulation was therefore mixed for 15 minutes, and this process was repeated across a range
of temperatures (100, 110, 120, 130, 140, and 150 °C) to assess temperature sensitivity.

Figure 5.1: Presentation of the Brabender mixer 30 EHT used in the thesis [209]

This temperature range was selected based on the thermal properties of the base
polymers: the melting point of PEG (Tf “ 60–65˝C) [210] and the glass transition
temperature of PVB (Tg « 68˝C) [211]. The addition of Ti6Al4V powder is known
to significantly increase these transition temperatures due to its high thermal mass and
interaction with the matrix. Furthermore, the presence of SA and/or MC is expected to
further alter the thermal behavior of the blend.
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Therefore, a broad temperature range was investigated to ensure adequate flow and
dispersion under varying conditions. But also based on trial-and-error approach to obtain
good mixing, facilitate cleaning (not too fluid after opening the machine).

To assess the mixing behavior and flow resistance of the various feedstock formulations,
torque monitoring was employed as a key rheological indicator during compounding. The
concept of torque is therefore briefly introduced below. Torque, also known as moment of
force, is a measure of the rotational force applied to an object around an axis, pivot, or
fulcrum. It determines how effectively a force can cause an object to rotate [124].

Mathematically, torque τ is defined as the vector product of the position vector r (from
the axis of rotation to the point of force application) and the force vector F [212, 213]:

τ “ r ˆ F (5.1)

The magnitude of the torque is given by:

|τ | “ rF sinpθq (5.2)

Where:

• r = distance from the axis of rotation to the point of force application (lever arm),

• F = magnitude of the applied force,

• θ = angle between r and F.

Torque is measured in newton-meters (N·m) in the SI system using a high shear mixer
(Brabender) to identify a suitable processing window and ensure a homogeneous and stable
mixture [214].

For feedstocks containing SA, torque measurements stabilized after approximately 15
minutes of mixing, as shown in Figure 5.2. However, in the case of feedstocks containing MC
and no SA, the torque had not yet stabilized after 15 minutes (see Figure 5.3), indicating
incomplete homogenization. As a result, an additional 15-minute mixing cycle was performed
to promote further dispersion. This second mixing step led to stable torque values, confirming
improved homogeneity, as shown in Figures 5.4.

Figure 5.2 presents the torque profile recorded during the mixing of F1SA over a period
of 15 minutes at 60 RPM and a temperature of 130°C. The diagram shows a sharp increase
in torque, peaking at approximately 10.5 Nm, which corresponds to the addition of powders
into the mixing chamber. This is followed by a gradual decrease in torque as the mixing
progresses. From the 12th minute onward, the torque stabilizes around 5 Nm, indicating
that the mixture has reached a homogeneous state. The selected torque value is the one
measured at the end of the mixing process, once stabilization has been achieved.
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Considering that filament extrusion using the DSM system (described in the following
subsection) involves an additional 15-minute mixing phase, the total mixing time was deemed
sufficient to ensure complete feedstock homogenization.
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Figure 5.2: Torque (Nm) and stock temperature (°C) as a function of time (min.) over 15
min for F1SA at 130°C showing stabilization around 12 minutes

Unlike the blends containing SA, those formulated with MC do not exhibit torque
stabilization after 15 minutes, as shown in Figure 5.3, which illustrates the torque evolution
of the F2MC blend at 130°C. Consequently, these initial torque values are not meaningful,
as the mixture has not yet reached homogeneity. To ensure proper homogenization of the
powders and to obtain a stabilized torque measurement for each blend, a second mixing step
lasting 15 minutes was performed.
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Figure 5.3: Torque (Nm) and temperature of the stock (°C) as a function of time (min.) for
F2MC during 15 min. at 130°C
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The resulting torque values reported for the MC-based blends correspond to those
measured after this second mixing phase, i.e., after a total of 30 minutes, as presented
in Figure 5.4.
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Figure 5.4: Torque (Nm) and temperature of the stock (°C) as a function of time (min.) for
F5MC after 30 min.

5.2.2 Filament Extrusion

Filament extrusion consists of the extrusion of the blended composite obtained by the
Brabender mixer into filaments. The equipment used is a twin-screws micro-compounder
(DSM) manufactured by Xplore represented in Figure 5.5. The DSM is a machine using
twin-screws to melt the composite and extrudate it through an extrusion die into filaments
of 2 mm with a volume of 15 cm3. This machine has a recirculating channel that allows the
melt to be recirculated to the screws to improve the homogeneity of the feedstock.

Figure 5.5: Xplore DSM twin screws micro-compounder MC 15EHT [215]
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The DSM micro-compounder was used to evaluate the extrudability of various
compositions and to determine the corresponding processing temperatures. It also enabled
assessment of the mechanical integrity of the extruded filaments. If a filament broke under its
own weight, this indicated either excessive viscosity or insufficient particle bonding, leading
to brittleness or non-extrudability. Conversely, if the material was too fluid, the filament
lacked shape retention, meaning that any part printed with such a composition would not
be able to maintain its shape.

The extrusion parameters are summarized in Table 5.3. These were selected based on
a combination of literature guidance and empirical observations, particularly mixing torque
measurements, which helped to define an appropriate processing window. The processing
temperature was set at 110°C for feedstocks containing SA, following the protocol reported
by Eickhoff et al. [91]. Then, temperatures has been adjusted depending on results from
trials-and-error preliminary tests to obtain filaments with properties adapted to extrusion
(not too viscous or fluid).

Table 5.3: Set of extrusion parameters used on DSM

Parameters F1 to F5SA F1 to F5MC F3SA3MC

Temperature (°C) 110 120 120
Screws speed (RPM) 60 60 60

Time (min.) 15 15 15

Although Eickhoff et al. originally employed a screw speed of 30 RPM, a more detailed
literature analysis suggests that a higher speed—specifically 60 RPM—is more effective
for highly viscous, powder-rich feedstocks. At lower speeds such as 30 RPM, shear forces
are insufficient to achieve adequate dispersion, often leading to powder agglomeration and
internal temperature gradients. In contrast, operating at 60 RPM offers an optimal trade-off
between mechanical shear, thermal input, and residence time, enhancing homogeneity
without causing thermal degradation. This observation is consistent with findings by Das
et al. [216], who reported minimum torque and better mixing performance at 60 RPM, and
by Gunning et al. [217], who demonstrated improved dispersion of solid fillers at higher
screw speeds, while cautioning against speeds above 80 RPM due to the risk of thermal
degradation.

Thus, 60 RPM was selected as a robust compromise, offering efficient powder dispersion
and energy input control suitable for PAM feedstock preparation.

5.3 Feedstocks analysis

Given the number of different materials involved, and consequently the large number of
analyses required—which are time-consuming, material-intensive, and laborious—only one
measurement was performed for each analysis and each material.

5.3.1 Kofler bench
The methodology used to assess the rheological behavior of feedstocks for PAM was

initially developed by Dr. Cathy Delmotte from BCRC during the HyProPAM project. The
rheological measurements presented in this work were carried out by Dr. Delmotte and
analysed by the author, following the same protocol established within the project.
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To characterize the thermal behavior of the individual feedstock components, each
material was first tested using a Kofler heating bench. This device consists of a metal
plate featuring a fixed, linear temperature gradient ranging from room temperature up to
260°C. When a small amount of a material is placed across this gradient, it is possible to
directly observe its softening, melting, or decomposition as a function of position, which
corresponds to a specific temperature. In this study, the Kofler bench was used to identify
key thermal transitions such as the glass transition temperature (Tg) or melting point (Tf )
of each component. These results, summarized in Table 5.4, serve to complement technical
datasheets and inform later processing steps including compounding, extrusion, and 3D
printing.

The same technique was also applied to feedstock pellets (PAM and MIM) to qualitatively
evaluate their global softening behavior. When placed along the temperature gradient, the
pellets visibly soften and deform within a certain temperature range. By noting the onset
of deformation and the range of flowability, the temperature at which the binder system
becomes sufficiently mobile for extrusion can be estimated. This visual method is especially
valuable when comparing different formulations or assessing the influence of certain additives
on the activation temperature of the binder. Although qualitative, the Kofler bench offers a
quick and intuitive screening of thermal behavior in multi-component systems and helps
define relevant temperature windows for rheological testing and printing trials. In this
context, it acts as a complementary tool alongside TGA and dynamic rheometry.

Table 5.4: Malleability and fusion temperatures of raw materials as determined by Kofler
bench analysis

Product Malleability Temperature (°C) Fusion Temperature (°C)
PEG N.D. 56
PVB 88 116
MC 220 >260
SA N.D. 66

For PEG, only the fusion temperature was identified, at 56°C, while the malleability
temperature was not determined—likely because PEG transitions rapidly from solid to liquid
without a distinct softening phase.

PVB shows a malleability temperature of 88°C and a fusion temperature of 116°C,
indicating a gradual softening before melting, which is typical of thermoplastics that provide
structural support during heating.

MC exhibits a much higher malleability temperature of 220°C and a fusion point
above 260°C, suggesting it remains rigid over a wide temperature range and is suitable
for maintaining shape at elevated temperatures.

Finally, SA has a fusion temperature of 66°C, with no malleability temperature reported,
implying it melts quickly without a significant softening phase. These thermal characteristics
help clarify the functional roles of each component in the binder system and guide the
selection of appropriate processing temperatures for the PAM process.

Kofler bench tests were also performed on the commercial Ti6Al4V PolyMIM feedstock
during HyProPAM. Pellets were maintained at defined temperatures for 30 minutes and
visually inspected to determine their respective processing temperature ranges. The Kofler
bench test thus provided a preliminary estimation of the processing temperature range.
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5.3.2 Thermogravimetric analysis TGA
Thermogravimetric analysis was employed to characterize the thermal stability of

the formulated feedstocks and to quantify the degradation behavior of individual binder
components. The thermal stability of a feedstock is influenced by multiple parameters,
including the nature of the carrier gas, the molecular weight distribution of the polymers,
and the specific chemical interactions between constituents.

All analyses were performed using a TA Instruments Q500 thermobalance under an inert
nitrogen atmosphere. A constant heating rate of 10˝C/min was applied, with nitrogen flow
rates set to either 40 mL/min and 60 mL/min.

The TGA profiles were used to identify the onset of thermal degradation, the number and
position of decomposition steps, and the total mass loss associated with each formulation.
These data are critical for determining suitable debinding parameters and for defining safe
processing windows that prevent premature decomposition or uncontrolled oxidation of the
metal powder during heat treatment.

5.3.3 Rheological analysis
Viscosity measurements were conducted by Dr. Cathy Delmotte at BCRC using a

HAAKE Mars III rheometer equipped with a parallel-plate configuration (20 mm diameter,
1 mm gap, P20TiL). The selected gap corresponds to the nozzle geometry used in the PAM
printing trials, ensuring a relevant approximation of shear conditions during extrusion.

The feedstock samples were preheated and tested at controlled temperatures depending
on the formulation and the results of Kofler bench, reflecting the typical processing window
observed during filament extrusion. Each measurement was preceded by a temperature
equilibration stage to eliminate transient thermal effects.

Shear rate-dependent viscosity (η) was recorded in order to capture the pseudoplastic
(shear-thinning) behavior of the formulations. Complex viscosity η˚ and storage/loss moduli
(G’, G") were also evaluated under oscillatory tests to assess the viscoelastic nature of the
feedstocks at low strain amplitudes.

The rheological data were used to compare the influence of formulation parameters (e.g.,
SA and MC content) on processability, predict extrusion behavior.

Parameters used for each type of measures are available below:
Time sweep oscillation: controlled stress (CS) τ “ 10 Pa, f “ 1 Hz, t “ 900 s, 90 points,

T “ x˝C.
Frequency sweep oscillation: CS τ “ 10 Pa, f “ 100–0.1 Hz, 5 points per decade,

T “ x˝C.
Strain sweep oscillation: CS τ “ 10–1000 Pa, f “ 1 Hz, 20 points, T “ x˝C.
Steady shear (rotation) test: CS τ “ 1–200 Pa, linear ramp, 10 points, T “ x˝C.
Steady shear (rotation) test: CS τ “ 250–1 ˆ 105 Pa, linear ramp, 200 points, T “ x˝C.

5.3.4 Thermal camera analysis
The challenges encountered in determining an optimal range of printing parameters led

us to perform thermal measurements both on the outer surface and within the printing
nozzle. A dedicated experimental campaign was carried out using a thermal camera (Optris
PI), which was positioned directly facing the nozzle at a fixed location (Figure 5.6). The
feedstock was extruded through a brass nozzle (1 mm diameter).
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The thermal camera’s Optris PI software allows users to define measurement "spots,"
corresponding to specific pixels within the thermal image where temperature readings are
desired as shown in Figure 5.7.

(a) Thermal camera setup on PAM (b) Thermocouple inserted in a 1 mm brass nozzle

Figure 5.6: Instrumentation on the PAM printer: (a) thermal camera setup; (b)
thermocouple placement inside the brass nozzle.

Five spots were positioned on the captured image: one spot located on the nozzle, a
second spot placed directly at the nozzle exit, and a third spot slightly below along the same
axis, enabling an assessment of the filament’s cooling behavior. A fourth spot was positioned
on the nozzle holder, and the final spot was placed on the extruder block, precisely at the
location of the thermocouple responsible for heating the nozzle. The nozzle used is a brass
nozzle of 1 mm diameter from Luter.

Figure 5.7: Setup use in the Optris PI software during thermal camera analysis

Emissivity calibration

The emissivity of each feedstock was calibrated using a thermocouple as a reference.
The feedstock was heated until melting occurred, and the corresponding temperature was
recorded by the thermocouple inside the nozzle as shown in Figure 5.6b.
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Simultaneously, thermal data were acquired using the Optris PI camera. The emissivity
parameter in the Optris PI software was iteratively adjusted until the temperature measured
by the camera matched the thermocouple measurement at the melting point.

5.4 Pellets Additive Manufacturing PAM 3D printing

All of the printed parts produced during the HyProPAM project and this thesis were
printed using a PAM HT series machine, as shown in Figure 5.8, based on a linear vertical
delta system from Pollen AM [132] with four printing heads and a moving build plate. The
geometry of the extrusion screw is not disclosed by the manufacturer. The maximum printing
speed is 20 mm/s.

Figure 5.8: Pellets Additive Manufacturing PAM HT series from Pollen AM photography

CAM/CAD softwares as Rhinoceros and SolidWorks were used to realize 3D models and
the slicer Cura has been used to develop the G-code. G-code (short for Geometric Code) is
the numerical control programming language used to instruct the printer on how to create an
object layer-by-layer. It defines the movement and actions of the printer’s hardware—such
as the print head, bed, extruder, and temperature control systems.

Figure 5.9: Different types of nozzle tested during HyProPAM to determine the most adapted
nozzle
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Different nozzle types were tested during the HyProPAM project, including nozzles with
various inlet diameters, different angles, inserts, coatings (e.g., tungsten), and materials
(stainless steel, brass), in order to determine which type best suited our application in
terms of service life, nozzle clogging, printing quality, and dimensional accuracy. The nozzle
selected after this study was the brass nozzle shown as No. 1 and No. 2 in Figure 5.9,
as brass offers better thermal conductivity and heats the filament more quickly, which also
helps to smooth the surface and achieve better surface quality. Nozzle No. 2, with a cost of
€ 1 per unit, was chosen for both the HyProPAM project and this PhD work.

Parts geometries

The geometries presented below were selected during the HyProPAM project to ensure a
consistent basis for comparing the commercial PolyMIM feedstock with the newly developed
formulations. The same shapes were retained across all tests.

The first geometry, shown in Figure 5.10a, corresponds to a three-point bending specimen
defined by the EN843-1 standard size B [218]. Although originally intended for testing
ceramic materials, this geometry was not used for bending tests on titanium. Instead, it
was selected as a reference "simple" geometry due to its standardization and dimensional
stability.

Similarly, the geometry shown in Figure 5.10b—a basic combination of a cube and a
cylinder—was used for green machining evaluations. This shape was chosen to highlight
common printing defects in dense parts, particularly during longer print durations, while
remaining geometrically simple and easy to produce.

(a) Bending test design according to standard
EN843-1

(b) Simple geometry used for green
machining tests (HyProPAM project)

Figure 5.10: Test geometries used for bending (a) and green machining (b).
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Tensile test specimens will also be produced (Figure 5.11 with the objective of evaluating
the mechanical strength of the printed parts following ASTM E8/E8M standard [219].
However, these tests are planned beyond the scope of this thesis, as the debinding and
sintering processes must first be fully optimized for the developed feedstock. Therefore, in
this work, the evaluation of tensile parts remains purely qualitative.

Figure 5.11: Tensile test design adapted from ASTM E8:E8M standard [220] units: mm

All parts were intentionally designed with slightly oversized dimensions to compensate the
shrinkage that occurs during the debinding and sintering stages. Based on prior observations
and literature values, a dimensional reduction of approximately 20–25% was anticipated.
This oversizing also accounts for post-sintering finishing operations such as machining, which
are required to meet the dimensional tolerances defined in the relevant standards, particularly
for mechanical testing specimens.



CHAPTER 6

Commercial Ti6Al4V feedstock for PAM process

Before developing a suitable feedstock formulation tailored for PAM technology, it is
essential to first understand the fundamental properties that such feedstocks must possess.
To establish a reference point, a commercial feedstock was selected and its properties
thoroughly evaluated.

Currently, there is no titanium-based feedstock specifically designed for PAM. This
technology, which shares similarities with Fused Deposition Modelling (FDM) in terms of
layer-by-layer deposition, differs in that it uses injection molding pellets as raw material,
extruded through an Archimedean screw. In the absence of a dedicated PAM-compatible
titanium feedstock, users typically rely on PolyMIM feedstock—originally developed for
MIM—to produce PAM parts.

The aim of this chapter is to investigate the PolyMIM feedstock not only in terms of
its intrinsic properties, but also with the objective of identifying the appropriate processing
parameters for the production of parts using PAM technology. Since this feedstock was
originally developed for MIM and not specifically tailored for PAM, a thorough evaluation
is necessary to assess its suitability and performance throughout the PAM process.

To this end, several complementary analyses were carried out. Torque monitoring
was used during mixing to evaluate the consistency and flow resistance of the material.
The feedstock was then extruded and regranulated into pellets to simulate its preparation
for PAM. Thermogravimetric analysis was performed to study the thermal stability and
decomposition behavior of the binder system. Rheological characterization provided insight
into the flow behavior of the feedstock under shear, which is critical for extrusion-based
processes. Finally, 3D printing trials were conducted to validate the material’s performance
in real PAM conditions and to fine-tune the printing parameters.

107
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6.1 Mixing step and torque recording analysis

Figure 6.1 from the Brabender mixing analysis illustrates how torque varies with
temperature for a commercial PolyMIM feedstock. As the temperature increases from 140°C
to 190°C, the torque steadily decreases, indicating a reduction in the material’s viscosity.

This behavior is typical during thermal processing, where higher temperatures facilitate
the softening or melting of the material, making it easier to mix.
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Figure 6.1: Torque of commercial PolyMIM feedstock depending on the temperature

The PolyMIM feedstock required a relatively long heating time, approximately 25
minutes, inside the Brabender mixer to reach a workable state. Temperatures below 140°C
were not tested, as the introduction of the pellets at 140°C led to a brief spike in torque,
reaching nearly the measurable limit of the equipment (50 Nm). This initial spike suggests
that the material was still too solid and resistant to mixing at that point.

This trend is crucial for identifying a suitable processing window. At lower temperatures,
the high torque indicates that the material is more resistant to mixing, likely due to its higher
viscosity or incomplete melting. However, starting at around 170°C, the torque levels off
and remains relatively stable at up to 190°C. This plateau indicates that the material has
reached a state where it can be processed efficiently, with minimal resistance and without
risking mechanical stress on the equipment.

However, at 190°C, visible signs of degradation were observed, including vapor emission,
suggesting the onset of thermal degradation. This observation sets an upper limit for the
processing temperature, as further heating could compromise the material’s integrity.

Moreover, the stability of the torque curve in the 170–185°C range suggests that the
mixture is homogeneous and stable. There are no abrupt changes or fluctuations in torque,
which would otherwise signal issues like phase separation or inconsistent mixing.

Therefore, this analysis defines the optimal temperature range for processing, likely
between 170°C and just below 190°C, and confirms the stability and uniformity of the mixture
under those conditions.
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6.2 Kofler bench

The results, shown in Figure 6.2, revealed that degradation begins at approximately
200–210°C as evidenced by a distinct change in the pellet’s appearance. At this point, the
material loses its malleability and disintegrates into powder.

Figure 6.2: Kofler bench test of the commercial Ti6Al4V PolyMIM feedstock (HyProPAM).

The different thermal behavior zones identified through this test are summarized as
follows in Table 6.1.

Table 6.1: Thermal behavior zones of the pellets based on temperature

Temperature Range Behavior Description
ă 115˝C Cold zone — pellets remain hard and cannot be crushed

115 ´ 135˝C Transition zone — pellets are difficult to crush
135 ´ 150˝C Malleable zone — pellets can be crushed but are not sticky

ą 150˝C Sticky zone — pellets are malleable and adhesive
« 200˝C Degradation onset

Based on these results, the temperature interval selected for rheological testing was
narrowed to 150–200°C for the PolyMIM feedstock, minimizing the number of required
measurements while avoiding thermal degradation and preventing potential damage to the
rheological testing equipment.
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6.3 Extrusion behavior analysis

The extrusion behavior of the commercial PolyMIM was evaluated using a
micro-compounder under various temperature conditions, while maintaining constant screw
speed (60 RPM) and mixing time (15 minutes).

As reported in Table 6.2, the material remains non-extrudable at temperatures below
160°C, where the pellets retain their hardness and cannot flow through the die. This marks
a threshold below which the feedstock is unsuitable for deposition.

Table 6.2: Summary table of Fused Filament Fabrication of commercial Ti6Al4V PolyMIM
feedstock on DSM

Temperature (°C) Screw speed (RPM) Time (min.) Extrudable (Y/N) Brittleness
150 60 15 N N.D.
160 60 15 Y Brittle
170 60 15 Y Brittle
180 60 15 Y Malleable
190 60 15 Y Malleable

At 160°C and 170°C, the material becomes extrudable, indicating that the binder phase
softens sufficiently to allow flow. However, the filaments remain brittle (Figure 6.3a)
throughout this range, exhibiting poor flexibility and high susceptibility to fracture upon
minimal deformation at this range of temperature.

(a) Extrusion at 160°C of PolyMIM feedstock
showing its brittleness

(b) Extrusion at 180°C of PolyMIM feedstock
malleable showing visible sharkskin effect

Figure 6.3: Extrusion of the PolyMIM feedstock using DSM extruder at 160 and 180°C

At 180°C, the feedstock enters a malleable regime. In this state, the extruded
material displays enhanced ductility and cohesion, making it suitable for shape retention
and interlayer adhesion—two critical criteria in pellet-based extrusion systems like PAM.
Therefore, 180°C is identified as the optimal processing temperature for this feedstock,
balancing flowability with mechanical workability. The flowability of the feedstock at 180°C
is described Figure 6.3b.
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These results delineate a critical thermal processing window, a key parameter for
successful PAM implementation. Below this range, the pellets are unprintable due to
excessive stiffness; within the range, they begin to flow but remain too brittle; and above
this range, malleability is achieved, enabling viable 3D printing. This thermal transition
correlates with the softening of the binder matrix and marks the onset of acceptable
viscoelastic behavior for extrusion.

6.4 Thermogravimetric analysis TGA

Thermogravimetric analysis was conducted to investigate the thermal degradation
behavior of the commercial Ti6Al4V PolyMIM feedstock. This material consists of titanium
alloy powder and a binder system comprising multiple polymers with distinct thermal and
functional roles. The TGA profile, shown in Figure 6.4, reveals two major weight loss events,
indicating the presence of at least two polymeric constituents in the formulation.

Figure 6.4: TGA of PolyMIM Ti6Al4V granules using TGA Q500 presenting two weight loss
of 8 wt.% at 432°C and 3 wt.% at 518°C

The first significant weight loss occurs at approximately 432°C and corresponds to an
8 wt.% reduction in mass. This loss is attributed to the decomposition of the main polymer,
which is typically designed to be water-soluble and easily removable during the early stages
of the debinding process. These polymers are chosen for their ability to dissolve in water,
allowing for a controlled and environmentally friendly pre-debinding stage. Their relatively
low molecular weights and thermal thresholds make them suitable for facilitating flow during
extrusion while still being easy to remove post-printing (e.g. PEG, PVA, ...).
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The second weight loss, recorded at around 518°C and accounting for an additional 3 wt.%
of the feedstock mass, is associated with the degradation of the backbone polymer. This
component remains intact after the initial solvent debinding phase and serves to maintain the
structural integrity of the part during the subsequent thermal debinding and early sintering
stages. Based on its higher degradation temperature and common use in MIM technologies,
the backbone polymer in this case is likely to be PVB or Other commonly used backbone
polymers include polymethyl methacrylate (PMMA) and polyolefins such as polypropylene
(PP) or polyethylene (PE). These polymers exhibit higher thermal stability and are generally
not water-soluble, ensuring that the green part retains sufficient mechanical strength during
handling and during the ramp-up to sintering.

The rationale for employing a two-component binder system lies in the complementary
functionalities of the main and backbone polymers. The main polymer facilitates early
flowability during extrusion and enables easy solvent debinding. It typically possesses a lower
molecular weight and thermal degradation point, which allows it to be removed efficiently
without causing damage to the printed part [221, 222]. In contrast, the backbone polymer,
which is more thermally stable and mechanically robust, ensures dimensional stability and
cohesive strength of the printed part throughout the post-processing steps [221]. This
sequential degradation strategy is essential for producing defect-free, dense sintered parts
[221].

Altogether, the total binder content in the PolyMIM Ti6Al4V feedstock is approximately
11 wt.%, which aligns with conventional formulations used in MIM. The remaining 89
wt.% (in mass) is composed of the Ti6Al4V metallic powder. The TGA curve also shows
that thermal degradation initiates slightly above 225°C, indicating the upper limit for safe
processing during extrusion and printing. Exceeding this temperature can trigger premature
binder breakdown, leading to viscosity loss, gas evolution, and possible print failure. This
observation highlights the importance of maintaining a controlled thermal window during
PAM processing.

In conclusion, the TGA analysis confirms the presence and function of two distinct
polymeric phases within the binder system. The main polymer enables solvent debinding
and early flow, while the backbone polymer preserves mechanical strength during thermal
debinding and sintering. Their respective degradation behaviors define the thermal
boundaries for safe and effective processing in PAM. Understanding this thermal profile
is crucial for optimizing extrusion conditions and ensuring successful downstream processing
without compromising part integrity.

While thermogravimetric analysis provides insight into the thermal stability and
degradation profile of the binder system, it does not fully capture the material’s behavior
under shear. To complement this thermal analysis and better understand the flow dynamics
during extrusion, rheological testing was conducted. These tests offer critical information
on viscosity evolution, flow resistance, and viscoelasticity, which are essential for defining a
stable and safe processing window in PAM applications.
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6.5 Rheological analysis

6.5.1 Shear Stress Response under Steady-State Flow Conditions
As part of the optimization study conducted during the HyProPAM project, rheological

analyses were carried out on the commercial Ti6Al4V feedstock from PolyMIM GmbHto
investigate the causes of the poor print quality observed. This characterization aims to
more precisely define a suitable processing window in terms of temperature and flow rate
for this material, with the objective of improving the final part quality—both visually and
mechanically.

Figure 6.5 illustrates the flow curves of PolyMIM feedstock by plotting shear stress (τ)
as a function of shear rate ( 9γ) across several processing temperatures (170–200°C). These
controlled shear experiments are used to determine the yield stress and to analyze the flow
regime, indicating whether the material exhibits pseudo-plastic (shear-thinning) behavior —
a prerequisite for successful extrusion in PAM. The curve morphology offers insights into
flow initiation, stress overshoot, and potential flow instabilities. A plateau or drop at higher
shear rates may suggest structural breakdown, wall slip, or phase separation. This data
informs the choice of temperature and shear rate settings in PAM to ensure smooth flow
without flow instabilities or nozzle clogging [223, 224].
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Figure 6.5: Shear stress τ as a function of shear rate 9γ for PolyMIM at 150, 160, 170, 180,
190 and 200°C.

Across all temperatures, the PolyMIM feedstock exhibits shear-thinning behavior—where
the shear stress increases with shear rate at a decreasing rate. This is typical for highly
filled systems where polymer chains and solid particles form transient structures that resist
flow at low shear but progressively align and disentangle as the shear rate increases. The
curves at 170°C and 180°C show a consistent increase in τ with 9γ, reaching a plateau-like
region, indicative of steady, controlled flow, which is desirable for extrusion-based printing
applications [225, 226].
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Temperature significantly affects the flow behavior of the feedstock. At 170°C, the shear
stress is the highest among the measured temperatures, reflecting a high viscosity and strong
internal network. As the temperature increases to 180°C, the material becomes easier to
flow—τ values decrease slightly but remain stable, suggesting this is the optimal temperature
range for PAM processing. However, at 190°C, a sharp decrease in shear stress is observed
beyond 9γ « 70 s´1, followed by an abrupt drop to nearly zero. This anomaly is associated
with material ejection from the rheometer, likely caused by thermal degradation, where the
polymer matrix loses structural cohesion and can no longer support shear. At 200°C, the
shear stress remains consistently low, pointing to a significant loss of integrity and possibly
irreversible degradation of the feedstock structure [227, 228].

The rheological behavior observed here has direct consequences for PAM. The stable
response at 170°C–180°C suggests that the feedstock maintains sufficient resistance to
deformation while being flowable enough for extrusion, ensuring smooth deposition and
adequate filament shape retention. In contrast, the instability at 190°C and degradation
at 200°C could lead to extrusion failures, such as strand discontinuities, weak interfilament
bonding, or poor adhesion to the build platform. The sudden drop in shear stress may result
in uncontrolled flow, ultimately compromising print quality and mechanical performance
of the final part. Such conditions could also induce residual stresses during cooling and
shrinkage, affecting sintering behavior [225].

Although the exact binder formulation of PolyMIM is not disclosed, the rheological
transitions suggest significant thermo-mechanical changes in the material. At lower
temperatures, polymer chain entanglements and filler interactions dominate, leading to
higher stress values. As temperature rises, increased chain mobility and possible filler–matrix
debonding reduce internal resistance. The drastic flow loss at high temperatures may also
reflect interfacial instabilities between the organic phase and metallic powders, leading to
material separation or foaming, which would explain the ejection observed at high shear
[229–231].

In summary, Figure 6.5 confirms that PolyMIM feedstock exhibits stable and controlled
flow behavior between 170°C and 180°C, making this the recommended PAM processing
window. Above this range, the material undergoes thermal softening followed by
degradation, leading to flow instability and potential extrusion failure. These findings
underscore the need for tight thermal control during PAM, especially when repurposing
MIM feedstocks for AM where shear rates and residence times differ substantially.
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6.5.2 Time-Dependent Stability under Oscillatory Shear
Figure 6.6 illustrates the time-dependent evolution of the complex viscosity (η˚) of the

PolyMIM feedstock at 180°C, under oscillatory shear conditions. The test is conducted at
a fixed shear stress of 10 Pa and a constant frequency of 1 Hz. This type of time sweep
test is crucial for evaluating the thermal stability and rheological consistency of a feedstock
during isothermal processing—an essential consideration for AM processes like PAM, where
the material remains molten over prolonged periods [232, 233].
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Figure 6.6: Evolution of complex viscosity η˚ as a function of time at τ “ 10 Pa and f “ 1
Hz at 180°C for PolyMIM feedstock.

The curve exhibits a sharp rise in complex viscosity during the initial seconds, followed
by a steady-state plateau that persists for over 800 seconds. Initial fluctuations are visible,
likely due to thermal equilibration or instrumentation response. Beyond this transient
phase, η˚ stabilizes around 108 Pa.s, reflecting the material’s resistance to deformation
under combined elastic and viscous contributions [234].

Complex viscosity η˚ is defined as [223]:

η˚
“

?
G12 ` G22

ω
(6.1)

where G’ is the storage modulus (elastic behavior), G" the loss modulus (viscous behavior),
and ω the angular frequency ω =2πf .

The stabilization of η˚ over time indicates that no significant molecular degradation or
crosslinking occurs at 180°C over the duration of the test. This suggests that the polymer
chains remain chemically stable and physically entangled, maintaining a uniform viscoelastic
response [223].

This time sweep result supports the feasibility of using PolyMIM in PAM at 180°C, as
the rheological stability over time ensures consistent flow behavior during extrusion. Stable
complex viscosity is crucial for ensuring layer uniformity, preventing clogging, and minimizing
fluctuations in extrusion pressure.
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However, while this figure alone suggests good thermal stability at this temperature,
it must be correlated with other factors such as interlayer adhesion, shrinkage, and
post-processing behavior (e.g., debinding and sintering) [235].

Despite the apparent thermal stability, the high viscosity « 108 Pa.s may hinder flow
under low shear, potentially affecting wettability on the print bed and interlayer fusion—key
requirements in PAM. Moreover, the initial fluctuation could still hint at minor structural
rearrangements, such as filler migration, minor solvent evaporation, or partial dewetting.
These could introduce local inconsistencies during the early extrusion phases [236, 237].

In conclusion, Figure 6.6 demonstrates that PolyMIM exhibits time-stable complex
viscosity at 180°C under mild dynamic loading. This rheological consistency is favorable for
PAM, confirming thermal robustness. However, the relatively high viscosity may contribute
to poor bed adhesion and weak interlayer bonding, which are critical challenges noted in
experimental trials of PolyMIM in PAM applications.

6.5.3 Frequency-Dependent Viscoelastic Properties

Figure 6.7 presents the evolution of the complex viscosity η˚ as a function of frequency
f , measured at a constant shear stress τ= 10 Pa, for PolyMIM feedstock at temperatures
from 150°C to 200°C. In oscillatory shear rheology, frequency sweeps provide critical insight
into the viscoelastic time-dependent behavior of materials, particularly how polymer chains
and particle interactions respond across a range of deformation timescales [235, 238, 239].
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Figure 6.7: Complex viscosity η˚ as a function of frequency f at fixed shear stress τ “ 10
Pa for PolyMIM feedstock ranging from 150 to 200°C.

All curves demonstrate a decrease in viscosity with increasing frequency, characteristic
of shear-thinning (or frequency-thinning) behavior [236]. This indicates that under fast
deformations (high frequencies), the material flows more easily, as the polymer chains have
less time to entangle or relax. At lower frequencies (longer timescales), the structure is more
preserved, resulting in higher complex viscosity.
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At low frequencies, the complex viscosity clearly increases as the processing temperature
decreases. This is most pronounced at 150°C and 160°C, where the viscosity reaches 1010

mPa.s, suggesting significant resistance to flow and dominant elastic-like behavior. This is
likely due to limited polymer chain mobility and possible incomplete melting of the binder
system, which reinforces the material structure [240].

In contrast, at 180°C and above, the viscosity remains consistently lower throughout
the frequency spectrum, signifying greater molecular mobility and a transition toward more
viscous-dominated behavior. This aligns well with a softening of the polymer matrix and
partial relaxation of internal interactions (e.g., van der Waals, hydrogen bonds) [230, 237].

Between 170°C and 180°C, the curves show both moderate viscosity values and a smooth,
predictable frequency response. This behavior is ideal for PAM, where the material must be
fluid enough to flow through a nozzle while retaining enough structure to support successive
layers [241]. This region thus defines a rheological sweet spot, balancing viscosity, structural
recovery, and interlayer adhesion.

The curve at 160°C appears jagged and unstable, particularly at mid-range frequencies,
potentially due to partial yield events or phase transitions (e.g., microphase separation
or incomplete melt homogenization). Conversely, the 200°C data shows lower overall
viscosity and slightly accelerated thinning, suggesting the binder system might be degrading
or over-softening—consistent with observations from other figures such as the shear rate
dependence and steady-state curves [242].

The frequency-dependent complex viscosity profile of PolyMIM can be can be summarized
as follows:

• Below 170°C, viscosity is too high for stable extrusion, and the feedstock may resist
flow or create internal stresses during deposition.

• Above 190°C, excessive softening or degradation may lead to poor layer cohesion, low
mechanical strength, or even binder volatilization.

• Frequencies corresponding to typical print head actuation rates (around 1–10 Hz) fall
in the range where optimal flow and moderate η˚ are observed for 170–180°C, marking
this as the most favorable operational window.

These findings have significant implications for PAM processing:

• The optimal processing window for PAM is between 170 and 180°C: the viscosity is
sufficiently low for extrusion, while the thermal stability of the feedstock remains intact.

• Below 170°C, the feedstock may be too viscous, potentially causing under-extrusion or
incomplete bonding.

• At 190°C, the degradation not only compromises rheological consistency but could also
result in poor filament adhesion, void formation, and inferior mechanical properties due
to thermal damage and gas evolution.

The rheological profile reveals a viscosity softening threshold around 170°C and more
particularly at 180°C, marking the lower bound for efficient processing, while 190°C crosses
into thermal degradation territory. These insights affirm the necessity of tight thermal control
during PAM processing and highlight the mismatch between MIM-formulated binders and
the extrusion demands of AM [139].
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6.5.4 Stress-Dependent Viscoelastic Properties and Yield Behavior
Figure 6.8 presents the variation of the storage modulus (G’) and the loss modulus (G")

as a function of applied shear stress (τ) in a log-log scale for the PolyMIM feedstock at 180°C.
These dynamic oscillatory measurements are crucial for evaluating the viscoelastic behavior
of the material under small-amplitude deformation. G’ quantifies the elastic (energy-storing)
response, while G" reflects the viscous (energy-dissipating) behavior. In the context of PAM,
a balanced viscoelastic profile is essential: sufficient elasticity (high G’) maintains structural
fidelity post-deposition, while adequate viscosity (G") ensures flow and interlayer adhesion.
This test helps identify the linear viscoelastic region (LVR) and assesses the dominance of
solid- or liquid-like behavior, which influences layer bonding and internal stress accumulation
in printed parts [243].
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Figure 6.8: Log-log plot of storage modulus (G1) and loss modulus (G2) as a function of
shear stress τ for PolyMIM at 180°C.

At low shear stresses, both G’ and more particularly G" exhibit significant
fluctuations, reflecting an unstable viscoelastic regime. These oscillations likely result from
microstructural rearrangements and poor filler-polymer wetting, particularly at low stresses
where the feedstock is not fully mobilized [244].

As τ increases, G’ stabilizes and dominates G", indicating a solid-like behavior where
energy is predominantly stored elastically. This is consistent with a highly structured system
where the polymer chains and solid particles (metal powders) are entangled or physically
bonded, resisting deformation. However, in the context of PAM, this high elasticity (high
G’/G") ratio can be detrimental. It implies that the material resists flow and tends
to store mechanical energy rather than dissipate it as heat. Such behavior may induce
internal stresses during printing and cooling, which could manifest as defects or mechanical
weaknesses during debinding or sintering [118].

The PolyMIM feedstock likely forms a rigid structure upon melting due to strong physical
interactions within the binder system and/or dense packing of solid particles, leading to a
markedly high G’. This reflects a quasi-solid behavior under small deformations.

The extremely low values of G" indicate minimal viscous flow and energy loss, suggesting
either a rigid polymer matrix or a high solid loading that hinders polymer chain mobility.
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The sharp decreases observed in G" particularly those exceeding three orders of magnitude
below G’ could also be due to the instrument’s detection limit at low shear stress, where the
torque signal may fall below the reliable measurement threshold.

6.6 Thermal camera analysis

During the HyProPAM project, thermal analysis using infrared (IR) imaging was
performed to investigate the thermal behavior of the commercial PolyMIM feedstock during
PAM printing. This analysis aimed to diagnose printing defects, particularly poor adhesion
to the build plate, by comparing theoretical extrusion temperatures with actual measured
values.

The targeted setpoints were 165˝C for the extruder and 192˝C for the nozzle. However,
thermal measurements revealed significant discrepancies between these setpoints and the
actual temperatures observed, especially at the filament level. These differences are
summarized in Table 6.3.

Table 6.3: Thermal measurements of the PolyMIM feedstock during extrusion at 192˝C
nozzle setpoint

TExtruder TNozzle TFilament

Theoretical setpoints 165˝C 192˝C 192˝C
Measured (Thermocouple) – – 167˝C

Measured (Thermal Camera) 157˝C 180˝C 148˝C

Thermal imaging (Figure 6.9) revealed surface temperatures of 180˝C at the nozzle,
157˝C at the extruded filament (Cordon1) and 148°C for Cordon2, indicating a consistent
15–25˝C thermal gap between internal settings and actual material output. These results
were consistent across different trials and confirmed the presence of substantial heat loss
after material exits the nozzle.

Figure 6.9: Thermal camera view using Optris PI software showing PolyMIM extrusion at
192˝C nozzle setpoint.
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To validate these findings, a thermocouple was inserted directly into the nozzle to
measure the internal temperature of the filament (Figure 6.10). This approach provided
more accurate readings at the core of the extruded material and enabled proper calibration
of the IR camera’s emissivity. The thermocouple recorded a temperature of 167°C, which
remains significantly lower than the setpoint of 192°C, confirming substantial heat loss during
extrusion.

Figure 6.10: Thermal image and thermocouple setup used to calibrate emissivity and validate
filament core temperature.

These findings suggest that in order to reach a real extrusion temperature of
175–180˝C—identified as optimal through rheological analysis—the nozzle setpoint must be
increased by approximately 15–25˝C. The thermal drop observed from the internal system
to the extruded filament is critical to understand and manage for consistent print quality.

Several causes may explain this loss of heat:

• Ambient cooling: The filament rapidly loses heat upon exiting the nozzle due to
convection and radiation.

• Insufficient residence time: Fast throughput prevents the feedstock from reaching
equilibrium temperature inside the heated zones.

• Nozzle inefficiency: Poor insulation and thermal transfer between the heater block and
nozzle tip can hinder temperature consistency.

• IR measurement limitations: Composite materials like PolyMIM have complex
emissivity, affecting the accuracy of thermal imaging if not properly calibrated.

While absolute values from IR cameras should be treated with caution, the consistent
relative temperature gap across multiple setups reveals a systemic limitation in heat transfer
control within the extrusion system.

This discrepancy has significant implications: underheated filament may adhere poorly
to the build surface or previously deposited layers, leading to delamination, warping, or
structural defects. To address this, several improvements are proposed:

• Enhance nozzle temperature
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• Slow down extrusion speed to increase heating time

• Calibrate IR emissivity settings precisely using internal thermocouples

• Employ radiant heaters or enclosures to reduce ambient cooling

• Integrate real-time temperature monitoring near the nozzle exit

This study underscores the need for precise thermal control in PAM to ensure stable
extrusion, proper interlayer adhesion, and high part quality.

6.7 3D printing

Printing parameters

A study was carried out to identify suitable printing parameters to produce parts with
properties comparable to those obtained through MIM.

Initially, these parameters were based on specifications provided by the feedstock
manufacturer. Although originally intended for MIM, the manufacturer also promotes
PolyMIM as compatible with material extrusion. The recommended parameters initially
used in PAM are summarized in Table 6.4.

Table 6.4: Printing parameters giving by the feedstock manufacturer for MIM technique
employed for PAM

MIM temperatures Values Adapted printing temperatures Values
Zone 1 180°C Nozzle temperature 194°C
Zone 2 185°C Extruder temperature 155°C
zone 3 190°C Coldpoint temperature 45°C
zone 4 195°C Buildplate temperature 70°C

As shown in Figures 6.11 to 6.13, the resulting printed parts exhibited multiple defects.
Figure 6.11 highlights significant warping during bending tests, indicating insufficient layer
adhesion and thermal gradients during printing.

Figure 6.11: Bending test as-printed part showing warping
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Figure 6.12 shows a severe porosity defect located at the center of the part, suggesting
localized under-extrusion or poor material deposition, possibly due to low flow or
temperature inconsistency.

Figure 6.12: High porosity due to defect inside the as-printed part

Finally, Figure 6.13 illustrates the occurrence of a pronounced sharkskin effect on the
surface of parts intended for machining trials. This surface irregularity is typically associated
with excessive shear stress and insufficient melt homogeneity. These observations indicate
that the initial parameter set—particularly the nozzle and extruder temperatures—was not
suitable for stable PAM processing, and optimization was therefore required to improve part
quality, interlayer bonding, and surface finish.

Figure 6.13: Part for machining test presenting high sharkskin effect

Subsequently, the printing parameters were adjusted by increasing the nozzle
temperature, infill density, and flow rate.

Final parts produced as part of the HyProPAM project

During the HyProPAM project, parts with enhanced density (up to 98%) and significantly
reduced porosity (as low as 0.4%) were successfully produced, showing virtually no geometric
deviations. These density and porosity values were measured by BCRC.
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The printing parameters that led to these improved results were optimized based on
results from Kofler bench testing, rheological analysis, and thermal imaging (see Table 6.5).

Table 6.5: Optimized 3D Printing parameters

Printing Parameters Values
Nozzle diameter 1 mm
Layer height mm
Initial layer height mm
Infill density 105%
Infill pattern Lines
Extruder printing temperature 165°C
Nozzle temperature 200°C
Cold printing temperature 45°C
Build plate temperature 85°C
Flow 68%
Initial layer flow 110%
Radiant temperature 200°C
Print speed 15 mm/s

As illustrated in Figure 6.14, the printed plate exhibits relatively good surface quality
compared to previous prints, with a significantly reduced sharkskin effect. This observation
confirms that optimizing the processing temperature can effectively minimize surface defects
in polymer-based additive manufacturing [245].Moreover, the use of radiant heating to
maintain the filaments at an elevated temperature not only improves surface quality by
reducing thermal gradients and solidification defects, but also enhances interlayer adhesion.
As a result, the final printed part exhibits enhanced mechanical properties.

Figure 6.14: Plate made of Ti6Al4V PolyMIM of 30*30*3 mm with optimized parameters
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Figure 6.15 highlights the advantages of the hybrid process combined with green-state
machining, which constitutes the core focus of the project. This approach enabled coarser
printing using a larger nozzle diameter and higher material flow to ensure high part density.

The excess material was then removed while the part was still in the green state—i.e.,
before acquiring its final mechanical properties—thereby facilitating both machining and
surface finishing.

Figure 6.15: Watch dials after sintering: without machining (left) and with green-state
machining (right)

Finally, the project demonstrated that the debinding and sintering steps do not alter the
surface finish of parts machined in the green state.

6.8 Conclusions for commercial feedstock

The comprehensive analysis of the PolyMIM feedstock within the HyProPAM project has
defined an optimal thermal processing window between 170°C and 190°C, ensuring material
stability, controlled viscosity, and effective extrusion without thermal degradation.

Kofler bench testing helped narrow the temperature range for rheological evaluation to
150–200°C. Extrusion behavior analysis revealed a critical thermal transition: below 170°C,
the material is too stiff for printing; within the range, it begins to flow but remains brittle;
and above 190°C, it becomes malleable enough for successful 3D printing.

TGA results confirmed the presence of two distinct polymeric phases in the binder
system—one enabling solvent debinding and early flow, and the other maintaining
mechanical integrity during thermal debinding and sintering.

Rheological analysis showed stable flow behavior between 170°C and 180°C, making this
the recommended PAM processing window. However, high viscosity may hinder bed adhesion
and interlayer bonding, highlighting the importance of precise thermal control, especially
when adapting MIM feedstocks to additive manufacturing.

Thermal camera analysis revealed significant heat losses during extrusion, with actual
filament temperatures 20–25°C lower than expected. This discrepancy explains poor build
plate adhesion and reduced mechanical performance observed in earlier trials.
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Based on those results, the project successfully produced parts with improved density,
reduced porosity, and minimal geometric deviations, with thermal parameters tightly
controlled.

However, the HyProPAM project also demonstrated that, although high-quality sintered
parts (up to 98% density) could be achieved through careful parameter optimization
(thermal analysis, rheology, print tuning), PolyMIM remains suboptimal for PAM. Its
high processing temperature, rapid cooling, and difficulty extruding through fine nozzles
led to limited surface quality, increased energy demand (e.g., radiant heaters), and the
need for post-processing, ultimately reducing both process efficiency and environmental
performance. These findings underscore the need to develop PAM-specific feedstocks with
improved thermal processability, better flow behavior, and optimized printability to reduce
energy consumption, enhance surface finish, and minimize material waste.
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CHAPTER 7

Sustainable Ti6Al4V feedstock optimized for PAM

7.1 Introduction

In the literature, similar feedstocks based on Ti6Al4V alloy combined with PEG, PVB,
and SA were explored by Eickhoff et al. [91]. These formulations, intended to be partially
water-soluble and suitable for PAM, experienced issues of phase separation. They performed
effectively in filament-based FDM processes but failed under MEX conditions, highlighting
the sensitivity of these systems to process variations.

PEG remains a reliable choice in water-soluble binder systems due to its proven
effectiveness across numerous studies. PVB provides beneficial thermoplastic properties,
including compatibility with inorganic fillers, favorable melting temperatures between
160–190°C, robust green-part mechanical cohesion, moisture resistance, and compatibility
with various organic compounds. SA is frequently utilized as an additive for lubrication and
dispersion enhancement but, by itself, is insufficient for ensuring structural integrity and
shape retention in PAM processes.

Despite maintaining an equivalent titanium loading (55 vol.%), these existing
formulations require further refinement and optimization tailored specifically to the
operational requirements of the PAM method.

This chapter presents the progressive development of an eco-designed feedstock for PAM,
through a structured optimization of the binder system. The experimental approach was
conceived to sequentially assess the individual and combined effects of specific additives on
the processability, rheology, and thermal behavior of the formulations.

The study begins with the investigation of SA, a well-known dispersant and lubricant
widely used in metal-polymer systems. SA was tested at concentrations ranging from 0 to
5 vol.% to evaluate its effect on extrusion torque, softening behavior, and flow properties.
This initial step was crucial to define the formulation window beyond which SA becomes
detrimental, and to establish a reference binder with enhanced flowability and reduced
processing temperatures. This formulation had previously been explored for MEX by
Eickhoff et al. [91], where phase separation was reported as a critical limitation. The goal
here was to determine whether a similar issue arises in PAM, and if so, to identify a strategy
to mitigate it.

127
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Following this, the role of MC was investigated as a bio-based viscosity modifier. Unlike
SA, MC acts as a solidener and network stabilizer. Its addition is tested here in a water-free
binder matrix to examine its influence on viscosity, print fidelity, and thermal behavior. PEG
and PVB contents were kept constant in this campaign to isolate the specific contribution of
MC. This stage aimed to overcome the phase separation previously identified and to reinforce
the cohesion of the system under thermal stress.

Lastly, a hybrid formulation was designed by combining 3 vol.% SA and 3 vol.% MC,
leveraging their complementary effects: lubrication and dispersion from SA, and structural
stabilization from MC. To maintain the water-soluble polymer fraction constant, PEG was
substituted proportionally for MC. This final composition was selected based on a balance
between rheological stability, flow efficiency, printability, and environmental considerations.

The relevance of the analyses carried out in this chapter lies in their ability to quantify
and correlate key formulation parameters with process performance. Torque measurements,
Kofler bench observations, thermogravimetric analysis, and capillary rheometry were
combined to provide a comprehensive understanding of the thermal transitions, flow
behavior, and printability of each feedstock. These multi-scale evaluations not only validate
the compatibility of the binder components, but also guide the design of a composition that
satisfies both functional (printability, homogeneity, extrusion behavior) and environmental
(bio-based content, process energy) criteria. Altogether, this approach contributes to
bridging the gap between material formulation and process integration in the specific context
of PAM with metallic powders.

7.2 Highly filled PEG/PVB based binder

7.2.1 Ti6Al4V content
In PAM, the solid loading of the feedstock plays a critical role in determining both

sintering efficiency and mechanical performance. A solid content between 55 and 65 vol.% is
generally recommended to ensure sufficient densification and acceptable final part properties
[51, 246]. Higher solid loadings typically lead to increased sintered densities—often achieved
in the range of 60 to 65 vol.% [51]. However, beyond 55 vol.%, the feedstock tends to
exhibit increased brittleness and a more pronounced fracture-prone behavior, especially
during extrusion or filament shaping [130]. Excessively high loadings also cause rheological
challenges, such as high viscosity and loss of shear-thinning, and accelerate wear of processing
tools and extrusion equipment. Moreover, a solid loading of 55 vol.% is sufficient to ensure
that all Ti6Al4V particles are in contact after sintering.

For these reasons, a conservative solid loading of 55 vol.% was selected in this study to
minimize the risk of embrittlement and to maintain a processable feedstock. Nevertheless,
future work may explore the use of higher powder contents to potentially enhance the sintered
density and final mechanical properties, provided that the rheological behavior remains
compatible with PAM processing.

7.2.2 Ratio PEG/PVB
The first step of this study was to define an appropriate PEG and PVB ratio to ensure

good processability. To reduce the number of experimental variables and isolate the effects of
SA and MC addition, the PEG and PVB content was maintained constant at a 50:50 vol.%
ratio throughout the formulation screening, except in the case of hybrid compositions with
SA and MC, where adjustments were made to maintain a consistent water-soluble fraction.
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In previous work by Eickhoff et al. [91], a PEG:PVB ratio of approximately 2:1 was
successfully used in FFF. However, when transitioning to PAM processing, this ratio proved
unsuitable due to significant phase separation issues during extrusion. In their study, only
PEG with a molecular weight of 20,000 g/mol allowed stable filament fabrication, likely
due to its higher melt strength and reduced diffusivity. In the present work, PEG with a
lower molecular weight (12,000 g/mol) was selected for its balance between processability,
degradation stability, and environmental impact. However, its reduced chain entanglement
and mechanical integrity in the molten state require reinforcement through increased PVB
content.

PVB, being a thermoplastic with good film-forming properties and high adhesion, plays
a crucial role in enhancing filament cohesion, layer bonding during extrusion, and overall
green part strength. These properties are particularly critical in PAM, where the extruded
filament must support its own weight and maintain shape before complete solidification.
Additionally, increasing the PVB fraction improves the mechanical stability of the printed
parts after aqueous debinding, by forming a robust backbone once PEG is extracted. This
helps prevent part collapse or deformation before the thermal debinding stage.

Overall, the choice to increase the PVB content in PAM feedstocks, especially when
using a lower Mw PEG, is well justified based on both rheological behavior and mechanical
performance requirements.

Following the formulation design, the next step involved characterizing the rheological
behavior of the PEG/PVB-based binder in order to evaluate its potential suitability for
3D printing compared to the commercial feedstock. In particular, this was assessed
through measurements of viscosity and flow properties, which directly impact print quality.
To avoid redundancy with numerous rheological plots, the detailed results for the base
binder formulation are provided in Appendix B. These results confirmed the promising
characteristics of the PEG/PVB binder, which exhibited lower viscosity and enhanced
flow behavior, both of which are advantageous for material extrusion processes. However,
analysis of the storage modulus (G’) and loss modulus (G") for the F0SA0MC formulation
also indicated a lower structural rigidity compared to the commercial feedstock, potentially
affecting shape retention during printing.

7.2.3 Conclusion on PEG/PVB based binder

The rheological analysis of the F0SA0MC feedstock reveals a promising profile for
extrusion-based AM. It displays stable complex viscosity over time, clear shear-thinning
behavior, and a well-defined viscoelastic transition, all of which are desirable traits for
reliable printing. Compared to PolyMIM, which exhibits strong elastic dominance (high)
and limited flow behavior (low), F0SA0MC is more adaptable under shear and exhibits a
smoother viscosity response. PolyMIM’s predominantly elastic nature may hinder interlayer
adhesion and lead to stress accumulation during printing and debinding, potentially causing
delamination or cracking. Additionally, the PolyMIM feedstock shows signs of material
ejection and instability under high shear, likely tied to early-stage thermal degradation.

In contrast, F0SA0MC maintains mechanical stability and consistent rheological profiles
across a range of temperatures, with optimal processing suggested between 140–160 °C.
These findings validate its suitability as a base formulation, offering a more controlled and
tunable behavior than PolyMIM, particularly important before introducing surfactants or
rheological modifiers for advanced feedstock formulations.
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7.3 Selection of the surfactant

The objective of this work is to develop a feedstock formulation better suited for PAM,
as opposed to commercial formulations like PolyMIM, which were originally designed for
MIM. A composition based on Ti6Al4V, PEG, PVB, and SA has already shown promising
results in MIM, and has also been studied for AM applications by Eickhoff et al. [91]. This
formulation is particularly interesting because it enables shaping at lower temperatures and
includes a binder that is partially water-soluble, which facilitates debinding.

In the study by Eickhoff et al., the PEG/PVB-based feedstock worked well in fused
filament fabrication (FFF), but encountered phase separation issues when used in MEX
from pellets. As a result, no printable parts were obtained in PAM using granules. However,
an alternative formulation based on PMMA and proprietary additives (PAT-77 P and
PAT-659/CB) proved compatible with both FFF and MEX, and yielded high-quality sintered
parts with final densities between 94% and 96%.

In contrast, for the PEG/PVB system, parts produced from filament achieved similar
densities (« 96%) when using high-molecular-weight PEG (20,000 g/mol), whereas lower
densities (« 75%) were reported with PEG 8000 g/mol. This suggests that PEG molecular
weight (Mw) significantly influences the densification behavior of printed parts.

In this study, PEG with a molecular weight of 12,000 g/mol was selected as an optimal
compromise between processability, thermal stability, and environmental considerations.
Higher molecular weight PEGs, such as PEG 20,000 g/mol, not only approach the
degradation temperature of PVB, complicating thermal debinding, but also require longer
polymerization times and greater energy input, increasing their environmental footprint.
Furthermore, their combination with methylcellulose has been reported to produce
excessively high viscosities, making them less suitable for PAM.

The feedstock formulation is adapted from the composition proposed by Eickhoff et
al. [91], with several modifications. Although the Ti6Al4V powder remains Grade 23,
it was procured from a different supplier. The same Mowital-grade PVB was employed,
while SA originated from an alternative manufacturer. In particular, the PEG used in
this work (12,000 g/mol) was not included in the original study, resulting in a novel
feedstock composition with distinct rheological and processing characteristics. While PEG
is petroleum-based, its water solubility contrasts with the hydrophobic nature of PVB and
SA, offering potential advantages during the debinding phase.

It is important to highlight that, as widely reported in the literature, the incorporation
of a plasticizer is considered almost mandatory to ensure appropriate viscosity for PAM.
Plasticizers enhance powder dispersion and promote adequate coating of metal particles,
thereby facilitating particle mobility and improving the shear flow behavior of the feedstock.
Among the available options, SA is the most commonly used bio-based plasticizer due to its
effectiveness, availability, and compatibility with metal-polymer systems. Therefore, SA was
selected as the primary plasticizer for this study.

However, determining the optimal SA content is crucial, as excessive amounts can lead
to undesirable effects. Literature reports indicate that an overly high concentration of
plasticizer results in a feedstock that is overly soft and fluid, ultimately increasing the risk
of phase separation during the printing process [87, 92, 95].

To investigate this, several feedstocks were prepared with a constant solid loading of
55 vol.% Ti6Al4V and a 50/50 PEG/PVB binder system as described in Table 7.1. The SA
content was varied from 0 to 5 vol.% in order to evaluate its influence on mixing behavior
and rheological performance.
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As explained previously, the mixing process was carried out in a heated Brabender mixer,
allowing for real-time monitoring of the torque.

Table 7.1: Composition and nomenclature of feedstock formulations with SA from 0 to 5
vol.%

Composition Ti6Al4V PEG PVB SA MC
[vol.%] [vol.%] [vol.%] [vol.%] [vol.%]

F0SA0MC 55 22.5 22.5 0 0
F1SA 55 22.0 22.0 1 0
F2SA 55 21.5 21.5 2 0
F3SA 55 21.0 21.0 3 0
F4SA 55 20.5 20.5 4 0
F5SA 55 20.0 20.0 5 0

7.3.1 Impact of SA rate on the mixing torque
Torque measurements provide valuable insights into the homogeneity and rheological

characteristics of the blend. A stabilization phase in the torque profile typically indicates that
a homogeneous mixture has been achieved. Moreover, torque can be used as a preliminary
indicator of the feedstock’s viscosity. According to the literature, increasing the SA content
should result in a gradual decrease in torque, reflecting reduced viscosity and easier mixing
due to enhanced lubrication and reduced interparticle friction.

Figure 7.1 presents the torque as a function of temperature for various Ti6Al4V, PEG
and PVB formulations with increasing contents of SA from 0 to 5 vol.%.
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Figure 7.1: Torque of feedstocks with SA depending on the temperature and SA rate (from
0 to 5 vol.%)
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The commercial PolyMIM feedstock is included as a reference, but only from 140 to 150°C
due to its much higher viscosity at lower temperatures, which prevented stable measurements.

All experimental formulations show a continuous decrease in torque with increasing
temperature, which is characteristic of thermoplastic binder systems: the viscosity of the
polymer matrix decreases as it softens, leading to lower resistance to shear. This trend is
particularly evident in the 100–130°C range, where the melting of PEG and softening of
PVB occur, resulting in improved chain mobility.

Interestingly, the F1SA formulation (1 vol.% SA) exhibits a higher torque than
F0SA0MC, which contains no stearic acid. This unexpected result can be explained by
the dual role of SA in powder-based feedstocks. At low concentrations, SA can improve
the wetting and dispersion of metal particles within the polymeric binder. This enhanced
dispersion leads to increased particle–matrix interactions, which in turn results in higher
internal resistance during mixing, and thus, a higher torque [87, 247]. In contrast,
in the absence of SA, poor dispersion may result in a lower torque despite insufficient
homogenization. Beyond a certain threshold (typically around 2 vol.% in this study), SA acts
predominantly as a lubricant, forming a layer around the particles and reducing interparticle
friction, which translates into a lower torque.

The PolyMIM feedstock, although only measured from 140°C onward due to its high
viscosity, exhibits a higher torque than all SA-containing formulations (excepting F1SA) at
both 140 and 150°C. This suggests that the experimental PEG:PVB-based formulations,
especially those with 4–5 vol.% SA, exhibit significantly higher flow behavior at elevated
temperatures. Despite PolyMIM being a commercial benchmark, its high torque may be
linked to its more viscous binder system and lack of optimization for the lower-temperature
PAM process.

This torque analysis demonstrates the key role of SA in enhancing feedstock processability
for PAM. A content of 3–5 vol.% leads to substantial reductions in mixing resistance,
especially in the critical temperature window for extrusion (100–140°C). Additionally,
the fact that these formulations outperform PolyMIM in torque performance at high
temperatures reinforces their relevance for energy-efficient and low-force printing.

7.3.2 Effect of SA rate on processability temperature range
To assess thermal behavior, all feedstocks with SA contents ranging from 0 to 5 vol.%

were subjected to Kofler bench testing. Pellets were placed at 1 cm intervals on the bench
and left for 45 minutes prior to evaluation.
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The results in Figure 7.2 show a clear trend: as the stearic acid content increased, the
fusion temperature of the feedstock decreased. Feedstock with SA have very low thermal
stability at elevated temperatures and a range of working temperature has been determined
by curshing all pellets to identify where pellets are still too hard and where pellets are
degraded.

Figure 7.2: Working range (red) of pellets with varying SA contents from 0 to 5 vol.%
determined on Kofler Bench (from 50 to 260°C).

Kofler bench results for 0 to 5 vol.% of SA content are summarized in Table 7.2. These
results confirm that the processing temperature range for the experimental formulation is
significantly lower than that of the commercial PolyMIM feedstock.

Table 7.2: Fusion temperatures of SA compositions determine by Kofler bench

Composition SA Tmalleability Tfusion TNoSticky Tsticky Tdegradation

[vol.%] [°C] [°C] [°C] [°C] [°C]
F0SA0MC 0 x ă 60 60 ă x ă 80 80 ă x ă 130 130 ă x ă 175 x ą 175

F1SA 1 x ă 65 65 ă x ă 78 78 ă x ă 130 130 ă x ă 178 x ą 178
F2SA 2 X ă 64 64 ă X ă 76 76 ă x ă 116 116 ă x ă 180 x ą 180
F3SA 3 x ă 55 55 ă x ă 70 70 ă x ă 110 110 ă x ă 180 x ą 182
F4SA 4 x ă 60 60 ă x ă 80 80 ă x ă 94 94 ă x ă 182 x ą 182
F5SA 5 x ă 50 50 ă x ă 75 75 ă x ă 110 110 ă x ă 185 x ą 185

PolyMIM - x ă 115 115 ă x ă 135 135 ă x ă 150 150 ă x ă 200 x ą 200

This behavior is attributed to the use of binder components with lower melting
temperatures, as shown in Table 5.4. The lower melting points are primarily related to
the shorter molecular chain lengths of the polymers used, which reduce thermal resistance
and facilitate earlier softening and flow onset during heating.



7.3 Selection of the surfactant 134

7.3.2.1 Extrusion and Pellets fabrication depending on the SA rate

A series of feedstocks with varying SA content (0 to 5 vol.%) were tested for extrudability
using a DSM micro-compounder. All compositions were processed at 110°C, 60 RPM, for
15 minutes.

Table 7.3: Summary table of Fused Filament Fabrication on DSM of feedstock with 0 to 5
vol.% of SA at 110°C, 60 RPM during 15 minutes (Y/N= Yes/No)

Composition SA Extrudable Informations
[vol.%] [Y/N]

F0SA0MC 0 Y Fluid
F1SA 1 Y Too fluid
F2SA 2 Y Too fluid
F3SA 3 Y Too fluid
F4SA 4 Y Too fluid
F5SA 5 Y Too fluid

As summarized in Table 7.3, every formulation was successfully extruded; however, all
blends were described as overly fluid, particularly those containing SA concentrations from
1 to 5 vol.%. This high fluidity negatively affects the shape retention of the extrudate and
indicates that formulation lacks sufficient structural consistency for 3D printing despite being
extrudable at 110°C.

Figure 7.3a shows the extrusion behavior of the F5SA filament at 110°C and 60 RPM.
The extrudate appears highly fluid and fails to retain its filament shape, instead collapsing
under its own weight compared to PolyMIM feedstock at 180°C (Figure 7.3b).

(a) F5SA at 110°C and 60 RPM: filament
deforms under its own weight.

(b) PolyMIM at 180°C and 60 RPM: filament
retains its shape.

Figure 7.3: Comparison of extruded filaments obtained with the DSM extruder: effect of
formulation and processing temperature on shape retention.
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This loss of dimensional stability is problematic for 3D printing applications, where
consistent strand geometry is essential. Beyond 3 vol.% SA, the extruded filaments become
too soft and deformable, indicating that 3 vol.% SA is the upper limit for maintaining
sufficient shape retention in this formulation. In particular, the feedstock remains slightly
malleable even at room temperature, which could be advantageous for filament fabrication
in FDM-like systems, where continuous spooling and flexibility are beneficial. However, in
pressure-assisted microextrusion (PAM) systems, this softness may hinder shape retention
after extrusion and compromise dimensional accuracy, especially in unsupported sections or
fine features.

7.3.3 Thermogravimetric analysis TGA
Thermogravimetric analysis was performed on the feedstock containing SA to assess

whether the degradation temperature decreases with increasing SA content, as observed on
the Kofler bench. The TGA results for the F5SA formulation are presented in Figure 7.4.

Figure 7.4: Themogravimetric analysis of F5SA

Stearic acid appears to degrade very rapidly, similarly to its behavior when analyzed
individually (Appendix C), starting around 60–75°C. Likewise, PEG and PVB also seem
to initiate degradation at temperatures consistent with their individual thermal profiles,
approximately 300°C for PEG and around 380–390°C for PVB. The early degradation of
stearic acid at such relatively low temperatures presents a significant challenge for the
PAM process, as operational temperatures must exceed 60°C to ensure proper extrusion.
Consequently, the onset of SA degradation at these working temperatures could compromise
feedstock stability and overall print quality.
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7.3.4 Selection of the optimal temperature for experimental tests
To reduce the number of experimental tests required for each feedstock formulation,

the optimal testing temperature was determined based on rheological measurements.
Specifically, stress versus shear rate curves were analyzed to simulate the flow conditions
encountered during extrusion.
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Figure 7.5: Shear stress τ vs shear rate 9γ for
F2SA at 80, 100, 120, and 140°C.
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Figure 7.6: Shear stress τ vs shear rate 9γ for
F5SA at 80, 100, 120, and 140°C

The rheological behavior of the F2SA and F5SA feedstocks, as illustrated in Figures 7.5
and 7.6, reveals a typical shear-thinning response, where shear stress increases non-linearly
with shear rate. This behavior is consistent with polymer-based systems containing solid
fillers and lubricants such as SA [230]. Interestingly, despite SA’s well-known lubricating
effect at low concentrations, F5SA exhibits higher shear stress than F2SA across all
temperatures. This counterintuitive result can be explained by the saturation of interfacial
sites at higher SA content, leading to the formation of a semi-crystalline or continuous phase
that increases internal resistance to flow [95]. Consequently, the SA no longer acts purely as
a lubricant but contributes to a more cohesive and viscous structure.

Temperature also plays a critical role in modulating flow behavior. As temperature
increases from 80°C to 140°C, both feedstocks show a marked decrease in shear stress,
indicating reduced viscosity. However, 120°C appears to be the optimal processing
temperature, offering a balance between sufficient flowability and structural stability. At
this temperature, the material exhibits manageable shear stress without signs of thermal
degradation or excessive fluidity, which aligns with processing windows reported in powder
injection molding literature [129]. Therefore, 120°C will be used as the reference temperature
for all subsequent rheological analyses of SA-based feedstocks, ensuring consistency and
relevance to practical processing conditions.
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7.3.5 Effect of the addition of SA on rheological properties
In this section, the rheological behavior of various feedstocks composed of PEG/PVB

(50/50) binder with different contents of SA at 120°C compared to commercial PolyMIM at
180°C reference. The objectif is to assess the impact of the addition of SA as plasticizer in
the feedstock and determine the most adapted ratio of SA.

7.3.5.1 Shear Stress Response under Steady-State Flow Conditions

Figure 7.7 plots the shear stress as a function of shear rate for the same set of materials.
This analysis is key for evaluating how feedstocks respond to deformation, with direct
relevance to flow control during extrusion.

0 5 10 15 20
0

1,000

2,000

3,000

4,000

Shear Rate 9γ (s´1)

Sh
ea

r
St

re
ss

τ
(P

a)

F1SA 120°C F2SA 120°C F3SA 120°C
F4SA 120°C F5SA 120°C

Figure 7.7: Zoomed view of shear stress τ vs shear rate 9γ for F1SA, F2SA, F3SA, F4SA,
and F5SA at 120°C

All formulations presenting a pseudoplastic behavior as seen previously in Chapter 2,
Figure 2.23. A typical nonlinear relationship is observed for all formulations, confirming
their non-Newtonian nature. Most curves show increasing stress with increasing shear
rate, though some, such as PolyMIM, exhibit a plateau or slight decrease at higher
rates, possibly due to material ejection or degradation under testing. The elevated
stress levels of PolyMIM compared to other samples reinforce its high viscosity and
limited printability. The similar trends for F1SA to F5SA indicate that while SA improves
dispersion, excessive content does not drastically alter the flow resistance beyond a threshold.

While steady shear analysis provides insights into flow resistance during extrusion, it does
not capture time-dependent structural evolution under small deformations. To complement
these results, oscillatory tests were performed to evaluate the stability of the internal
structure over time and detect potential degradation or phase separation.
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7.3.5.2 Time-Dependent Stability under Oscillatory Shear

Figure 7.8 presents the time evolution of complex viscosity under oscillatory conditions
(τ= 10 Pa, f= 1 Hz) at 120°C for all SA-containing feedstocks and the PolyMIM control.
This test assesses structural stability and possible degradation or rearrangement over time.
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Figure 7.8: Evolution of complex viscosity η˚ as a function of time at τ “ 10 Pa and f “ 1
Hz for F1SA, F2SA, F3SA, F4SA, and F5SA at 120°C

Viscosity trends show a rapid increase initially, followed by stabilization. The absence
of significant downward drift suggests minimal thermal degradation or phase separation
during the test window. PolyMIM displays the highest and most stable viscosity, which
while advantageous for shape retention, may hinder extrusion. Among the PEG/PVB
formulations, F5SA shows higher final viscosities, indicating strong network interactions.
However, excessively high or low viscosities may compromise performance, highlighting the
importance of balancing these interactions.

While time-resolved measurements assess structural stability under constant deformation,
evaluating the response under increasing shear stress is equally important to understand the
material’s flow dynamics. For this purpose, complex viscosity was plotted as a function
of shear stress to investigate shear-thinning behavior and flow adaptability under dynamic
conditions.
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7.3.5.3 Shear-Thinning Behavior and Flow Adaptability

Figure 7.9 presents the complex viscosity (η˚) as a function of shear stress (τ) at a fixed
frequency of 1 Hz. This measurement provides insight into the feedstocks’ shear-thinning
behavior and their structural integrity under increasing deformation forces.
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Figure 7.9: Complex viscosity η˚ as a function of shear stress τ at f “ 1 Hz for F1SA, F2SA,
F3SA, F4SA, F5SA at 120°C

All curves demonstrate shear-thinning behavior, with viscosity decreasing as shear
stress increases. This is a typical characteristic of viscoelastic polymer composites and is
beneficial for material extrusion processes, as it allows easier flow under pressure. Among
the formulations, PolyMIM exhibits significantly higher viscosity across all stress levels,
indicative of its stronger interparticle and polymer-polymer interactions. The F0SA0MC
and F5SA formulations also show relatively high viscosities, likely due to insufficient
lubrication or poor particle wetting, which can impact processability and layer adhesion.
Conversely, intermediate formulations like F1SA and F2SA maintain moderate viscosities,
potentially offering a balance between flowability and mechanical cohesion.

To complement the steady-state shear measurements, oscillatory tests were conducted
under varying frequencies to assess the dynamic viscoelastic properties of the formulations.
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7.3.5.4 Frequency-Dependent Viscoelastic Properties

The frequency sweep at constant shear stress (10 Pa) in Figure 7.10 investigates the
time-dependent deformation behavior (viscoelasticity) of the feedstocks. Complex viscosity
is plotted against frequency (f) on a log-log scale.
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Figure 7.10: Complex viscosity η˚ as a function of frequency f at fixed shear stress τ “ 10
Pa for F1SA, F2SA, F3SA, F4SA, and F5SA at 120°C

All formulations exhibit decreasing viscosity with increasing frequency, characteristic
of shear-thinning and polymer relaxation mechanisms. At low frequencies, the polymer
chains are more entangled and resist deformation, resulting in higher viscosities. At higher
frequencies, the chains align with the deformation, reducing resistance. PolyMIM remains
consistently more viscous across the frequency range, suggesting a more entangled or less
mobile network. Among SA-containing samples, F2SA and F3SA appear to offer a good
compromise between flexibility and cohesion, showing moderate and stable viscosity profiles.

In addition to frequency-dependent viscoelasticity, understanding how the feedstocks
behave under varying shear rates is essential to evaluate their processability. For this purpose,
the apparent viscosity η was plotted as a function of shear rate, providing further insight
into flow resistance under extrusion-relevant conditions.
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7.3.5.5 Apparent Viscosity Behavior under Varying Shear Rates

The log-log plot in Figure 7.11 illustrates the apparent viscosity (η) as a function of shear
rate ( 9γ).
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Figure 7.11: Log-log plot of apparent viscosity η as a function of shear rate 9γ for F1SA,
F2SA, F3SA, F4SA, and F5SA at 120°C

All materials demonstrate pronounced shear-thinning behavior, confirming that higher
shear rates during extrusion will ease material flow confirming their applicatbility for
extrusion 3D printing as seen in Chapter 2 Figure 2.23. PolyMIM maintains significantly
higher viscosities across the range, affirming its poor extrusion compatibility. F1SA to F4SA
display increasingly favorable viscosities with more SA, suggesting improved dispersion or
reduced interfacial friction. F5SA, however, reaches a lower viscosity plateau, implying
over-lubrication or potential particle demixing.

While apparent viscosity provides a macroscopic view of shear-thinning behavior, it does
not fully capture the material’s viscoelastic character under stress. To further assess the
balance between elastic and viscous responses, stress sweep tests were performed to determine
storage (G’) and loss (G”) moduli and identify yielding points
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7.3.5.6 Stress-Dependent Viscoelastic Properties and Yield Behavior

Figures 7.12 evaluate viscoelastic properties using stress sweeps. Storage modulus
(G’) reflects elastic behavior (solid-like response), while loss modulus (G") reflects viscous
behavior (fluid-like response). The crossover point where G" surpasses G’ indicates yielding
and the onset of flow.
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Figure 7.12: Comparison of storage (G1) and loss (G2) moduli as a function of shear stress
for (a) F0SA0MC and (b) F5SA at 120°C.

All formulations exhibit typical viscoelastic transitions, as illustrated in the figures
provided in Appendix D. F0SA0MC and F1SA maintain high storage modulus (G’) at low
shear stress, indicating a predominantly solid-like behavior. As the SA content increases,
G’ decreases and the loss modulus (G") becomes dominant at lower stress levels, reflecting
a reduction in structural rigidity and a facilitated onset of flow. These observations are
consistent with previously reported viscosity trends. Therefore, the analysis of G’/G"
crossover provides valuable insight into the internal structure of each formulation and
highlights the role of SA in modulating the mechanical relaxation behavior of the feedstocks.
For F5SA the second plateau may indicates phase separation suggesting a too high content
of SA as seen in the literature [91].

7.3.5.7 Conclusion of the addition of SA on rheological properties

The rheological characterization of PEG/PVB-based feedstocks with varying SA content
(1 to 5 vol.%) has revealed critical insights into their flow behavior, viscoelasticity, and
processing suitability. Through a combination of shear rate-dependent viscosity, oscillatory
testing, and modulus analysis, it becomes evident that SA acts as both a plasticizer and a
dispersion aid, modulating polymer-particle and particle-particle interactions.

At low SA content (F1SA, 1 vol.%), improvements in flowability and moderate viscosity
were observed, contributing to enhanced extrudability without compromising too much on
cohesion. As the SA content increases to F2SA and F3SA (2–3 vol.%), a viscosity optimum
appears: these formulations demonstrate balanced shear-thinning behavior, favorable
viscoelastic transitions, and stable complex viscosity over time.
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This suggests efficient particle lubrication and reduced interfacial friction, essential for
print fidelity and green body integrity.

However, beyond 3 vol.% SA (F4SA, F5SA), viscosity becomes excessively low and
viscoelastic moduli decrease significantly, indicating potential over-lubrication or phase
separation. These effects may lead to mechanical weakness, poor filament cohesion, or
demixing during processing.

Therefore, formulations around 2–3 vol.% SA (F2SA, F3SA) appear optimal, offering a
trade-off between printability, shape retention, and mechanical robustness. Compared to
PolyMIM, which shows significantly higher viscosity and elastic dominance, these optimized
PEG/PVB formulations exhibit superior rheological profiles for PAM, especially in terms of
shear-thinning behavior and time-stable viscosity.

7.3.6 Selection of the SA content for 3D printing tests
The present feedstock design builds upon the formulation proposed by Eickhoff et al.

[91], which encountered difficulties with MEX due to phase separation issues. In their
study, 5 wt.% of SA relative to the total binder content was incorporated, replacing an
equivalent mass fraction of PEG. This corresponds to approximately 6.4 vol.% of SA—likely
contributing to the instability observed during processing. Furthermore, their extrusion trials
were conducted at nozzle temperatures ranging from 180°C to 230°C, a range that exceeds the
degradation onset temperature measured here (« 185°C) and results in excessive fluidity, as
confirmed during our DSM extrusion tests. These conditions are unsuitable for MEX, which
requires a more controlled rheological profile.

To address these limitations, the current study explores a PEG with a molecular
weight of 12,000 g/mol and optimizes the SA content. The formulation selected for 3D
printing trials contains 3 vol.% SA. Rheological measurements revealed no substantial
differences between the 2 and 3 vol.% SA formulations. However, complementary Kofler
bench assessments indicated that F3SA formulation demonstrated slightly greater softness
at lower temperatures. This enhanced low-temperature deformability is advantageous for
low-temperature printing, potentially improving process reliability and energy efficiency.

Moreover, given that MC—a known solidening agent—will be introduced in the final
formulation, selecting a slightly more lubricated system (i.e., 3 vol.% SA) provides a safer
rheological baseline. It helps ensure that the overall viscosity remains within a printable
range once MC is added. Thus, the 3 vol.% SA formulation appears to strike the best
balance between flowability, structural integrity, and MEX compatibility.

7.3.7 3D Printing
3D printing trials were conducted using the feedstock containing 3 vol.% of stearic acid

(F3SA) to evaluate its printability and determine whether successful part fabrication could
be achieved, in contrast to the findings reported by Eickhoff et al. [91].

Multiple tests were performed at varying nozzle and bed temperatures to identify optimal
processing conditions. These experiments aimed to assess the material’s flow behavior, layer
adhesion, and dimensional stability during deposition. The results provide insights into the
feasibility of using F3SA in PAM and contribute to understand the influence of formulation
on printability.
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It proved impossible to obtain a complete and undeformed printed part (Figures 7.13 and
7.14) due to the excessive softness and rapid melting of the filament, even at the lowest tested
extruder and nozzle temperatures of 60°C and 90°C, respectively. Under these conditions,
the extrusion screw appeared to shear the material rather than effectively pushing it forward.

Figure 7.13: First try to print bending part
with Ti6:PEG:PVB:SA 3 vol.% feedstock

Figure 7.14: Printing test of TiPEGPVBSA
with 3 vol.% of SA

These outcomes were anticipated based on previous thermogravimetric analysis, Kofler
bench tests, and rheological measurements, all of which indicated the formulation’s
inadequate mechanical stability and excessive fluidity at low temperatures. Although
lowering the SA content from 3 vol.% to 2 vol.% might marginally enhance printing behavior,
such a slight adjustment is unlikely to produce significant improvements, given the minimal
differences observed in preliminary rheological evaluations.

7.3.8 Conclusions for SA content
The feedstock containing only SA proved to be too soft for 3D printing. With an extruder

operating at a minimum temperature of 60°C, the material was too fluid to be properly
sheared and pushed through the system. As a result, the printed part failed to retain its
shape. Even at a reduced SA content of 2 vol.%, the behavior remained unchanged. This
was confirmed by the shear stress versus shear rate graph, which showed values too low to
support adequate material cohesion.

Kofler bench tests revealed that the individual components—PEG, PVB, and SA—melt
at relatively low temperatures, which further explains the lack of mechanical integrity. No
thermal imaging measurements were conducted on this formulation, as the material was
quickly deemed unsuitable for PAM due to its inability to solidify and maintain structure.
Moreover, TGA exhibits that SA has a degradation temperature very low (60-75°C) which
is incompatible with PAM machine.

To address these limitations, a material with a significantly higher melting point
is required—one that can reinforce the blend by increasing its viscosity at processing
temperatures. Methylcellulose was introduced for this purpose, as it begins to soften only
around 240–250°C, providing the necessary thermal and mechanical stability for effective
extrusion and shape retention.
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The following section aims to evaluate, similarly to the case of stearic acid, the effect of
MC addition on the Ti6Al4V, PEG and PVB feedstock formulation in the absence of any
surfactant. The objective is to assess how MC influences the rheological and mechanical
behavior of the feedstock, and to determine whether an optimal concentration exists for AM
via PAM.

Although the optimal concentration of SA was previously determined to improve
flowability and dispersion, initial formulations involving MC were intentionally prepared
without SA to isolate and better understand the specific rheological contribution of MC.

This approach allows for a clear evaluation of how MC, a known thickening agent and
rheology modifier, alters the viscoelastic properties, yield behavior, and shear response of
the PEG/PVB-based feedstock. Including SA at this stage could have masked or interfered
with the characterization of MC’s effects due to their potentially opposing roles—SA being
a plasticizer and MC a thickener.

Therefore, SA was temporarily excluded to:

• Avoid confounding effects between SA and MC on viscosity and flow.

• Clarify MC’s independent impact on the feedstock’s printability and shape retention.

• Establish a baseline for MC-containing systems prior to co-formulating with SA in the
final optimization phase.

7.4 Addition of Methylcellulose Impact Assessment

The new composition used a binder composed of PEG, PVB and Methylcellulose MC as
shown in Table 7.4. MC supposed to be a solidener agent, stabiliser in solution. No study
has been made for MC with organic polymer without water. One of the objectives is to
determine if MC have the same behavior than in solution.

Table 7.4: Composition and nomenclature of each feedstock formulations with SA or MC
content

Composition Ti6Al4V PEG PVB MC
[vol.%] [vol.%] [vol.%] [vol.%]

F0SA0MC 55 22.5 22.5 0
F1MC 55 22.0 22.0 1
F2MC 55 21.5 21.5 2
F3MC 55 21.0 21.0 3
F4MC 55 20.5 20.5 4
F5MC 55 20.0 20.0 5

The formulations described in this section maintain the same contents of Ti6Al4V, PEG,
and PVB as in the previous batches. The only variation lies in the absence of SA and the
progressive addition of MC from 0 to 5 vol.%.

The first objective is to verify whether, despite the absence of SA and the presence of
MC, the mixing process still proceeds correctly and reaches a stable state over time. It is
also essential to assess whether the metallic particles are adequately mixed and fully coated
by the binder matrix, ensuring homogeneous dispersion and proper wetting of the Ti6Al4V
particles.
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7.4.1 Impact of MC rate on mixing torque
Figure 7.15 shows the evolution of mixing torque for formulations containing MC as a

function of temperature and MC content, ranging from 0 to 5 vol.%. MC acts as a solidening
agent, as evidenced by the consistent increase in torque with higher MC concentrations.
This trend can be attributed to the intrinsic properties of MC, a high molecular weight,
water-soluble cellulose derivative. MC is known to form extensive hydrogen-bonding
networks within polymer matrices [80, 82, 85], which enhance intermolecular cohesion and
increase the system’s resistance to shear. As a result, the addition of MC raises the viscosity
of the molten feedstock and reinforces its structural integrity during mixing.

The temperature range of 110–120˝C appears optimal for processing these formulations.
In this window, the feedstock exhibits favorable rheological characteristics: it mixes
uniformly, stabilizes rapidly, and maintains a workable viscosity that is neither too high
(causing excessive torque) nor too low (resulting in poor structural definition). Additionally,
cleaning the mixing chamber remains manageable in this range.
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Figure 7.15: Torque of feedstocks with MC (0 to 5 vol.%) formulations depending on the
temperature

Above 150˝C, the feedstock becomes overly fluid, which may be due to partial
thermal degradation or excessive plasticization of the binder components—particularly
PEG—leading to phase separation and residue buildup. Below 110˝C, torque increases
sharply due to insufficient softening of the binder matrix, making the mixture more resistant
to shear and harder to homogenize. This higher resistance can hinder downstream extrusion
by promoting irregular flow or incomplete filler dispersion.

After assessing the impact of MC addition on hot powder mixing through torque
measurements (where an increase in torque indicated a thickening of the feedstock without
reaching the high values observed for the commercial PolyMIM formulation, which is
reassuring) and verifying that the powder mixing remained homogeneous (i.e., titanium
particles remained fully coated by the binder), the next objective was to evaluate whether
MC addition negatively affects feedstock extrudability.
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In particular, the aim was to determine the maximum MC content that maintains
sufficient viscosity for extrusion without inducing brittleness in the material.

7.4.2 Impact of MC on thermal stability and processability of the
feedstock

Figure 7.16 presents a visual comparison of the thermal behavior of feedstocks containing
either 5 vol.% MC (a) or 5 vol.% SA (b), as assessed using the Kofler bench method.
The pellets containing MC exhibited significantly higher resistance to thermal deformation
compared to those with SA alone. Even at elevated temperatures, the MC-based pellets
retained their structural integrity, whereas the SA-based pellets began to soften and collapse.

(a) MC 5 vol.% before crushing pellets

(b) SA 5 vol.% before crushing pellets

Figure 7.16: Kofler bench comparison of feedstocks containing 5 vol.% methylcellulose (left)
and 5 vol.% stearic acid (right) before crushing

This behavior can be attributed to the presence of MC, which acts as a thermally resistant
structural additive. As the MC content increases, the softening and fusion temperature
of the feedstock also increase, indicating enhanced thermal stability. MC’s polymeric
network—formed through hydrogen bonding—contributes to a stiffer matrix, which delays
melting and inhibits deformation under heat.

Among the different MC concentrations tested, formulations containing 1–3 vol.%
MC provided the broadest processing temperature windows. These compositions were
soft enough to allow for adequate shaping yet resistant to premature flow or collapse.
Additionally, MC appears to slightly raise the onset of thermal degradation, further
extending the safe thermal processing range of the feedstock.
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These results highlight the dual benefit of MC in PAM feedstock formulations: improved
mechanical integrity at elevated temperatures and an expanded thermal processing window,
both of which are advantageous for stable extrusion and print quality.

Methylcellulose is known to exhibit thermogelling behavior, meaning it undergoes
a sol–gel transition upon heating. In aqueous or partially solvated systems, MC
initially behaves as a viscous liquid but forms a gel network when heated beyond a
critical temperature, typically between 50 and 80°C, depending on molecular weight and
concentration [81, 248].

In the context of thermoplastic feedstocks, this property can contribute to the formation
of a pseudo-network structure at elevated temperatures, which improves dimensional stability
and resistance to deformation[80].

The thermal processing window of MC feedstocks was assessed using the Kofler bench,
as shown in Figure 7.17.

Figure 7.17: Working range (red) of pellets with varying MC content from 0 to 5 vol.%
determined on Kofler Bench

With increasing MC content (from 0 to 5 vol.%), the softening and flowing zones of the
pellets shifted progressively toward higher temperatures. This indicates that MC increases
the thermal resistance of the feedstock without significantly narrowing the workable range.
Up to 3 vol.% MC, the pellets exhibited homogeneous softening and sufficient cohesion across
a stable temperature interval, suggesting adapted behavior for printing.

At 4 and 5 vol.%, the material began to show signs of partial fragmentation or uneven
flow within the softened zone, which may be attributed to local stiffening or excessive
viscosity. Nevertheless, a working range was still observable even at 5 vol.%, although at
elevated temperatures.
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The results obtained from the Kofler bench test are summarized in Table 7.5.

Table 7.5: Fusion temperatures of MC compositions determine by Kofler bench

Composition MC Tmalleability Tfusion TNoSticky Tsticky Tdegradation

[vol.%] [°C] [°C] [°C] [°C] [°C]
F0MC 0 x ă 60 60 ă x ă 80 80 ă x ă 130 130 ă x ă 175 x ą 175
F1MC 1 x ă 55 55 ă x ă 76 76 ă x ă 142 142 ă x ă 210 x ą 210
F2MC 2 x ă 66 66 ă x ă 94 94 ă x ă 140 140 ă x ă 212 x ą 212
F3MC 3 x ă 72 72 ă x ă 106 106 ă x ă 135 135 ă x ă 210 x ą 210
F4MC 4 x ă 86 86 ă x ă 126 126 ă x ă 164 164 ă x ă 220 x ą 220
F5MC 5 x ă 100 100 ă x ă 130 130 ă x ă 185 185 ă x ă 230 x ą 230

As previously done for stearic acid, the feedstocks developed in this section are subjected
to rheological measurements to assess the influence of MC addition on their behavior. If
the rheological properties indicate a beneficial effect of MC for PAM processing, then the
optimal MC content will also be identified accordingly.

The next section investigates the influence of MC content on the rheological behavior
of PEG/PVB-based feedstocks, with the goal of identifying the impact of MC on the flow
behavior of the feedstock and the optimal MC concentration adapted for extrusion-based
AM (PAM). Unlike SA, which acts as a lubricant and typically reduces viscosity, MC is
known to act as a solidening agent. Understanding the impact of varying MC content (from
0 to 5 vol.%) on viscosity, viscoelasticity, and structural stability is critical to ensuring a
suitable flow behavior for 3D printing.

7.4.3 Extrusion behavior depending on the MC rate
The extrusion temperature for feedstocks with MC (contents ranging from 0 to 5 vol.%)

was fixed at 120°C, with a screw speed of 60 RPM. This temperature was selected based on
torque analysis and direct visual inspection of the mixture inside the Brabender mixer, both
of which indicated effective and homogeneous dispersion of the metallic powder within the
binder system at this processing condition.

Table 7.6: Summary table of Fused Filament Fabrication on DSM of feedstocks with 0 to 5
vol.% of MC at 120°C, 60 RPM during 15 minutes (Y/N = Yes/No)

Composition MC Extrudable Informations
[vol.%] [Y/N]

F0SA0MC 0 Y Too fluid
F1MC 1 Y good
F2MC 2 Y good
F3MC 3 Y good
F4MC 4 Y Brittle
F5MC 5 Y Brittle

Feedstocks containing from 0 to 5 vol.% MC were all extrudable at a temperature of 120°C
and a screw speed of 60 RPM. However, blends with higher MC concentrations (4 and 5
vol.%) exhibited brittleness (Table 7.6), breaking under their own weight at this extrusion
temperature.
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Additionally, formulations containing between 4 and 5 vol.% MC were noticeably more
challenging to pelletize, indicating that methylcellulose not only increases viscosity but also
significantly hardens the feedstock, making it substantially less malleable.

Figure 7.18: Extruded filament with 3 vol.% of MC

The formulation with 3 vol.% MC appears particularly promising, offering a
favorable balance between extrusion viscosity and mechanical robustness during handling
(Figure 7.18).

7.4.4 Thermogravimetric analysis TGA
Figure 7.19 presents the thermogravimetric analysis of F5MC. The green curve shows

the weight loss as a function of temperature, while the blue curve corresponds to the
derivative weight loss (DTG). Two main degradation steps are observed.

The first mass loss occurs between approximately 200°C and 320°C and accounts for
about 9% of the initial mass. This step can be attributed to the decomposition of PEG and
MC. Based on the initial formulation—55 vol.% Ti6Al4V, 20 vol.% PEG, 20 vol.% PVB,
and 5 vol.% MC—the calculated mass fractions are approximately 7.7% PEG and 2.2%
MC, totaling 9.9%, which is in good agreement with the measured value. PEG is known to
degrade around 250–320°C, and MC typically decomposes in a similar range, justifying their
overlapping thermal events.

The second degradation step, starting near 320°C and ending around 470°C, leads to a
further 7% mass loss and is attributed to the decomposition of PVB. This aligns closely with
the theoretical PVB content of 7.3%. PVB generally decomposes in the range of 350–450°C,
which matches the observed event in the DTG curve.
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The final residue at 600°C is approximately 84%, which corresponds well with the
calculated Ti6Al4V mass fraction of 82.8%. The slight difference could be due to incomplete
degradation of organics or minor carbonaceous residue formation.

Figure 7.19: TGA of F5MC from 0 to 700°C at 10°C/min.

7.4.5 Selection of the optimal temperature for experimental tests
The same methodology as for SA was followed to determine the ideal temperature for

feedstocks with MC.
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Figure 7.20: Shear stress τ as a function of shear rate 9γ for F3MC (left) and F5MC (right)
at 140, 160, 180 and 200°C.
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Figure 7.20 illustrates the shear stress τ as a function of shear rate 9γ for the F3MC (left)
and F5MC (right) formulations at 140°C, 160°C, 180°C, and 200°C. As previously conducted
for the SA-based formulations, the same rheological methodology was employed to identify
the optimal processing temperature range for MC-based feedstocks.

It is important to note that the F3MC curve at 200°C does not appear in Figure 7.20
(left). This omission is due to a rapid increase in shear rate beyond 0.03 s´1, which triggered
a safety protocol in the rheometer, thereby halting data acquisition.

The data show that increasing temperature generally leads to a reduction in shear
stress at a given shear rate, indicating improved flow behavior. However, above 180°C,
the reduction in viscosity becomes marginal or may lead to early signs of degradation or
instabilities, especially visible in the low-shear regions.

The Kofler bench test results were also considered in selecting the optimal temperature.
These provided complementary thermal insights that helped to confirm the onset of softening
and flow initiation under controlled thermal gradients.

For the most promising binder volume fractions (i.e., 2 and 3 vol.% MC), the shear stress
profiles indicate that 180°C offers the best compromise between adequate flowability and
thermal stability, making it the most appropriate temperature for comparative rheological
analysis. The lower concentrations (1 and 2 vol.%) also display acceptable flow behavior at
this temperature, although 1 vol.% begins to approach the lower limit of acceptable viscosity
for extrusion.

In conclusion, 180°C was selected as the reference temperature for further rheological
comparison of MC-containing formulations, in line with the approach used for other binder
systems.

Once the reference temperature was established, the next step involved assessing the
influence of MC content on the rheological properties of the feedstocks. Since MC is known
for enhancing structural stability and modifying flow resistance, its addition can significantly
impact the processability and print quality of highly filled formulations. Therefore, a detailed
rheological study was conducted to evaluate how varying MC volume fractions—from 0 to
5 vol.%—affect the steady-state and dynamic flow behavior. The following analyses aim to
identify an optimal MC concentration that ensures both low flow resistance during extrusion
and sufficient cohesion for shape retention post-deposition. The results are presented through
shear stress, viscosity, and viscoelastic moduli profiles under processing-relevant conditions.

7.4.6 Effect of MC addition on rheological properties
7.4.6.1 Shear Stress Response under Steady-State Flow Conditions

Figure 7.21 below characterizes the flow behavior of each formulation with a
methylcellulose content ranging from 0 to 5 vol.% by plotting the shear stress (τ) depending
on the shear rate ( 9γ). The goal is to determine whether the materials exhibit Newtonian,
shear-thinning, or shear-solidening behavior to assess the flow initiation (yield stress) and
the overall resistance of the feedstocks to deformation under increasing shear rates — crucial
parameters for extrusion-based 3D printing.
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All feedstocks show typical non-Newtonian behavior, with increasing stress at rising shear
rates, reflecting shear-thinning rheology. Compared to the high shear resistance of PolyMIM
(almost constant shear stress of « 10,000 Pa), the formulations containing MC exhibit much
lower stress values, indicating significantly improved flowability — a desirable trait for 3D
printing. For instance, F3MC and F5MC maintain stress levels below 5,000 Pa across the
shear rate range.
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Figure 7.21: Shear stress τ as a function of shear rate 9γ for F1MC, F2MC, F3MC, F5MC,
and PolyMIM at 180°C.

It is important to highlight two key points regarding Figure 7.21.

Firstly, the F1MC and F2MC samples are not visible in the plotted data due to an
accelerated shear rate ramp, which increased from 0.01 s-1 to over 200 s-1 too quickly. As
a result, insufficient data was captured at lower shear rates, preventing meaningful analysis
of their flow behavior.

Secondly, the F4MC sample displays anomalous behavior, characterized by a sharp rise
in stress—reaching approximately 44,000 Pa at very low shear rates (0.001 9γ)—followed by a
plateau. This profile is uncharacteristic and inconsistent with general rheological trends. It
likely indicates a preparation defect, such as poor dispersion of MC or binder agglomeration,
rather than an intrinsic property of the formulation. In contrast, the F5MC sample returns
to expected stress levels, supporting the hypothesis of a localized processing error in F4MC.

Therefore, due to significant issues encountered during testing—such as material
instability and the production of unusable results—the F4MC formulation will be excluded
from the subsequent figures and analyses.
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7.4.6.2 Time-Dependent Stability under Oscillatory Shear

Figure 7.22 exhibits the time sweep of MC feedstocks, conducted at constant stress and
frequency. Tracking the stability of the formulations over a fixed duration helps determine
whether structural relaxation, polymer network rearrangement, or thermal degradation
occurs under processing conditions. This is crucial for assessing whether MC incorporation
promotes time-dependent rheological instability or contributes to a stable extrusion window.
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Figure 7.22: Evolution of complex viscosity η˚ as a function of time at τ “ 10 Pa and f “ 1
Hz for F1MC, F2MC, F3MC, F5MC, and PolyMIM at 180°C.

The F3MC (cyan), F2MC (black), and F5MC (brown) formulations display moderate and
progressive increases in viscosity over time, reflecting gradual microstructural development.
F1MC (green) and F0SA0MC (blue), particularly the latter tested at 140°C, show the lowest
viscosities with limited time evolution. This highlights the influence of both formulation
composition and temperature on the viscoelastic behavior. The PolyMIM feedstock (magenta
curve) shows a stable and high viscosity around 108 Pa¨s, indicating a well-established
internal network and excellent time stability.
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7.4.6.3 Shear-Thinning Behavior and Flow Adaptability

The graph presented in Figure 7.23 shows the complex viscosity (η˚) of formulations with
varying MC contents as a function of applied shear stress at 120°C. The aim is to evaluate the
evolution of viscosity under increasing mechanical solicitation and to assess whether a yield
point can be identified. Detecting such a point is critical for understanding the transition
from a solid-like to a flowable state, particularly relevant for extrusion-based 3D printing
where controlled yield behavior ensures dimensional fidelity.
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Figure 7.23: Complex viscosity η˚ as a function of shear stress τ at f “ 1 Hz for F1MC,
F2MC, F3MC, F4MC, F5MC at 180°C and PolyMIM at 180°C.

The feedstock F0SA0MC, measured at 140°C, exhibits a significantly lower viscosity
than the other formulations and a pronounced shear-thinning behavior, indicating limited
structural integrity at this temperature. In contrast, the formulations F1MC, F2MC,
and F3MC display nearly identical rheological behavior over the entire shear stress range,
suggesting that increasing the MC content from 1% to 3% has a limited effect on viscosity
under these conditions. Interestingly, F5MC presents a similar viscosity to F1MC–F3MC
up to approximately 102Pa, but then maintains a more stable viscosity at higher shear
stresses. This plateau suggests a more robust network structure or increased resistance to
shear-induced breakdown at higher MC content [122]. As expected, the PolyMIM reference
shows a much higher and almost constant viscosity across the entire range, reflecting
its highly filled and industrially optimized composition. Overall, F1MC to F3MC offer
equivalent rheological performance, while F5MC may provide added stability under high
shear conditions [249].
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7.4.6.4 Frequency-Dependent Viscoelastic Properties

By plotting the viscoelastic properties against frequency (Figure 7.24), it is possible
to discern whether the feedstock behaves more like a liquid—dominated by viscous (loss
modulus) behavior—or more like a solid—dominated by elastic (storage modulus) behavior.
This distinction is particularly valuable for optimizing interlayer adhesion and minimizing
print defects during material deposition, as a balanced viscoelastic response can enhance
both flowability and shape retention during printing.
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Figure 7.24: Complex viscosity η˚ as a function of frequency f at fixed shear stress τ “ 10
Pa for F1MC, F2MC, F3MC, F5MC and PolyMIM at 180°C.

As shown in Figure 7.24, viscosity decreases with increasing frequency, reflecting the
relaxation behavior of the polymer chains. Research on highly filled materials (such as
metal or ceramic composites) shows that the complex viscosity (η˚) decreases with increasing
frequency, due to polymer relaxation. However, the viscosity remains elevated when the filler
content is high. This indicates that a well-entangled polymer network is essential to maintain
cohesion both during and after extrusion [250].

Among the tested formulations, those with high filler content consistently exhibit elevated
complex viscosity (η˚) across the frequency spectrum, indicating excellent dimensional
stability and shape retention during deposition. In contrast, formulations with lower
filler content display increased fluidity at high frequencies compared to PolyMIM, while
maintaining a relatively constant η˚. This suggests a favorable balance between flowability
and print fidelity. The optimal compromise between ease of processing and mechanical
integrity is typically observed at intermediate filler loadings, aligning with literature on
moderately filled feedstocks designed to enhance processability without compromising
strength.
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7.4.6.5 Apparent Viscosity Behavior under Varying Shear Rates

The log-log plot in Figure 7.25 illustrates the apparent viscosity (η) response to increasing
shear rates, simulating the flow conditions encountered during extrusion. This analysis is
used to assess the degree of shear-thinning behavior and to evaluate how the MC content
influences flow resistance under dynamic conditions. Lower viscosities at high shear rates
are generally favorable for extrusion, as they facilitate material flow; however, excessively
low viscosities may compromise shape retention and dimensional stability during printing.
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Figure 7.25: Log-log plot of apparent viscosity η as a function of shear rate 9γ for F1MC,
F2MC, F3MC, F5MC and PolyMIM at 180°C.

Steady-shear data reinforce prior trends: all feedstocks shear-thin, but apparent viscosity
scales with MC concentration. F0SA0MC (without MC) shows the lowest viscosity, while
F5MC reaches levels potentially unsuitable for extrusion. F3MC and F5MC demonstrate
optimal flow behavior with moderate apparent viscosities, suggesting sufficient cohesion and
ease of deposition.
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7.4.6.6 Stress-Dependent Viscoelastic Properties and Yield Behavior

The stress sweep in Figure 7.26 provides an in-depth analysis of the viscoelastic regime for
F1MC (a) and F5MC (b) at 180°C. The crossover point between G’ (elastic modulus) and G"
(viscous modulus) defines the material’s yield stress. This test allows quantifying structural
rigidity and flow onset, which are directly tied to dimensional stability post-extrusion. A
formulation with a clearly defined yield point and balanced moduli is preferred for 3D
printing.
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Figure 7.26: Comparison of storage (G1) and loss (G2) moduli as a function of shear stress
for (a) F0SA0MC 120°C and (b) F5MC at 180°C.

The viscoelastic moduli provide insight into the elastic (G1) and viscous (G2) responses
of the materials under oscillatory shear. For all formulations containing MC, G1 remains
higher than G2 at low shear stresses, indicating a predominantly solid-like behavior. As the
applied stress increases, G1 gradually decreases while G2 rises, and the point at which G2

surpasses G1 marks the yield point of the material. This transition reflects a shift from elastic
to viscous-dominated behavior. In particular, as the MC content increases, the crossover
point between G1 and G2 shifts toward higher stress values, suggesting the formation of
more structurally robust internal networks. Among these formulations, F3MC exhibits a
well-balanced viscoelastic profile, offering sufficient rigidity for dimensional stability while
remaining within a processable range. The complete rheological analysis for F2MC, F3MC,
and F4MC is provided in the Appendix D.

7.4.7 Conclusions on the addition of MC
No printing trials were performed using formulations without SA, as preliminary

rheological tests revealed poor flowability and a high risk of equipment malfunction, including
excessive torque or screw jamming. Therefore, the role of MC was evaluated only in
formulations containing SA, with the objective of optimizing binder composition for PAM.
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Table 7.7 summarizes the influence of MC content on the rheological behavior and
printability of Ti6Al4V feedstocks. An increase in MC content systematically enhanced the
viscoelastic response and shape fidelity during extrusion. At low to moderate concentrations
(1–3 vol.%), MC contributed to improved cohesion and strand stability, while maintaining
acceptable flow properties. A content of 3 vol.% emerged as the optimal compromise, offering
excellent geometrical stability without impairing processability.

Table 7.7: Effect of MC content on the rheological and mechanical behavior of Ti6Al4V-based
feedstocks, and their suitability for PAM

MC Content Rheological and Mechanical
Behavior

Suitability for
PAM

0 vol.% Baseline viscosity, good flowability, but
poor shape retention after extrusion

Acceptable

1 vol.% Slightly increased viscosity, stable flow,
improved cohesion and geometry retention

Good

2 vol.% Noticeable thickening, very cohesive
strand, stable during deposition

Very good

3 vol.% High but manageable viscosity,
excellent shape stability, good flow
regularity

Optimal

4 vol.% Very high viscosity, irregular torque
response, difficult extrusion, risk of
clogging

unsuitable

5 vol.% Excessive viscosity, brittle behavior during
flow, unstable extrusion

Unsuitable

Beyond 3 vol.%, the viscosity increased sharply, leading to erratic extrusion behavior
and torque instabilities. Formulations containing 4 vol.% and above exhibited excessive
resistance to flow, increased risk of nozzle clogging, and in some cases, brittle strand failure
during deposition. These effects rendered high-MC formulations unsuitable for stable PAM
processing.

It is important to note that the test corresponding to the 4 vol.% formulation (F4MC)
showed unexpectedly poor results compared to F3MC and F5MC, suggesting a potential issue
during feedstock preparation or compounding. This formulation should be re-evaluated in
future work to confirm its true behavior under controlled conditions.

Overall, these results highlight the critical role of MC as a rheological modifier: its
judicious incorporation enhances printability and shape retention, but excessive amounts
severely compromise extrusion reliability. The 3 vol.% threshold is thus recommended for
optimal binder formulation in SA-based systems.

In addition, further analyses are needed to more fully characterize the impact of MC
addition on other critical parameters, such as the microstructure of green and sintered parts,
interlayer bonding, and mechanical properties after densification. Such investigations will
help establish a comprehensive understanding of how MC influences both processing and
final part performance in PAM.
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7.5 Feedstock with MC and SA content optimized for
sustainability and PAM

To further enhance the printability of the PEG/PVB-based feedstock for PAM, a final
formulation was tested that included 3 vol.% of SA and 3 vol.% of MC. This combination was
chosen based on previous findings: SA helped reduce viscosity and improve flowability, while
MC acted as a solidifying agent, enhancing mechanical cohesion and network structure.

Due to time constraints, additional experiments involving alternative SA and MC
contents could not be conducted. Up to this point, all feedstocks were formulated with
equivalent volume fractions of PEG and PVB. However, in this specific formulation, the PEG
content was deliberately reduced to accommodate the addition of MC, given that PEG is
water-soluble. The aim was to maintain a constant total volume of water-soluble components,
thereby enabling the incorporation of MC without increasing the overall water-soluble
fraction of the feedstock.

As previously discussed and shown in Table 7.8, the selected formulation contains 3 vol.%
of SA and 3 vol.% of MC.

Table 7.8: Composition and nomenclature of each feedstock formulation

Composition Ti6Al4V PEG PVB SA MC
[vol. %] [vol. %] [vol. %] [vol. %] [vol. %]

F0SA0MC 55 22.5 22.5 0 0
F1SA 55 22.0 22.0 1 0
F2SA 55 21.5 21.5 2 0
F3SA 55 21.0 21.0 3 0
F4SA 55 20.5 20.5 4 0
F5SA 55 20.0 20.0 5 0
F1MC 55 22.0 22.0 0 1
F2MC 55 21.5 21.5 0 2
F3MC 55 21.0 21.0 0 3
F4MC 55 20.5 20.5 0 4
F5MC 55 20.0 20.0 0 5
F3SA3MC 55 18.0 21.0 3 3

7.5.1 Effect of temperature on the mixing torque
The first step, as previously described, involves mixing the powders at elevated

temperatures using a Brabender mixer. Throughout the mixing process, the torque is
continuously recorded to monitor the evolution of the feedstock’s rheological behavior.
The torque measurement offers an initial indication of the rheological characteristics of the
formulation—in this case, F3SA3MC.

The torque profile serves as a useful indicator of when homogeneity is achieved, with
stabilization over time typically reflecting a uniform distribution of particles within the
binder matrix. Additionally, it provides preliminary insights into the processability of the
feedstock, such as the quality of particle dispersion, the time required to reach a stable
blend, and how its viscosity compares to previously developed formulations.
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The corresponding results are presented in Figure 7.27.
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Figure 7.27: Torque of F3SA3MC feedstock depending on the temperature compared to
F3MC, F3SA and commercial PolyMIM

As already said before, the commercial PolyMIM feedstock exhibited higher torque at
140–150°C, indicating more resistance to mixing. This observation correlates with its high
complex viscosity and confirms that it requires higher temperatures—above 160–170°C—to
be properly processable.

By contrast, the formulation containing 3 vol.% of SA and 3 vol.% of MC (F3SA3MC)
presents a significantly lower torque, even lower than F3SA or F3MC alone. At 120°C, this
blend appears to offer an optimal balance between the two additives, combining fluidity
with thermal stability. Moreover, the torque variation across the temperature range is much
smaller, highlighting the robustness and processing consistency of the formulation.

7.5.2 Thermal behavior assessment

The Kofler bench was used to qualitatively assess the thermal behavior of the hybrid
feedstock composed of Ti6Al4V, PEG, PVB, MC, and SA. As previously mentioned, this
method allows rapid visual identification of key temperature intervals, including the onset
of malleability, fusion, tackiness, and degradation.

Figure 7.28: Shape retention of the Ti6Al4V-based hybrid feedstock up to 260 °C on the
Kofler bench, with no signs of swelling or collapse
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As shown in Figure 7.28, the feedstock retains its shape up to 260 °C without deformation,
similar to the behavior observed for the reference material containing 3 vol.% MC. This
indicates excellent thermal dimensional stability, which is essential for layer stacking during
deposition.

Figure 7.29: Thermal behavior of the hybrid feedstock across the Kofler temperature
gradient, indicating different operational thresholds

Figure 7.29 highlights the transition zones identified by tactile and visual inspection.
The material becomes malleable below 60 °C, begins to fuse between 60 and 80 °C, and
remains tack-free up to 115 °C. Beyond this, a sticky window extends from 115 to 180 °C,
with degradation observed above 180 °C.

Table 7.9: Thermal processing windows of F3SA3MC feedstock derived from Kofler bench
observations

Composition MC SA Tmalleability Tfusion TNoSticky Tsticky Tdegradation

[vol.%] [vol.%] [°C] [°C] [°C] [°C] [°C]
PolyMIM - - < 120 115-135 135-150 150–200 > 200

F3SA 0 3 ă 55 55-70 70-110 110-180 ą 182
F3MC 3 0 ă 72 72-106 106-135 135-210 ą 210

F3SA3MC 3 3 < 60 60–80 80–115 115–180 > 180

The combination of MC and SA offers a well-balanced compromise as shown in Table
7.9. While the SA component helps lower the malleability and fusion temperatures, the
presence of MC ensures shape retention and mechanical stability up to high temperatures.
The resulting operational window (115–180°C) is similar to that of feedstocks containing
only SA as an additive (without MC). However, it is more favorable from a sustainability
perspective than formulations containing only MC (without SA), as it reduces the overall
processing temperature range. This hybrid formulation thus facilitates controlled extrusion
and deposition, with minimal risk of filament sagging or thermal degradation during printing.

7.5.3 Filament extrusion
This set of compositions presents good flow properties to be extruded. The strength of

the machine during mixing was low for each SA rate as seen in Table 6.2, and there is no
problem during extrusion. The filament surface was smooth, with few defects, and it did
not break under the effect of its own weight. This mesure helps to determine the range of
heating temperature for each compositions on PAM.
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The results of all compositions are synthetize in Table 7.2 and Table 7.5. It clearly
appears that MC increase the fusion temperature of the composite which is explain by its
own fusion temperature (ą 220°C) (Figure 7.30).

Figure 7.30: Extruded filament of F3SA3MC presenting good extrudability

7.5.4 Thermogravimetric analysis TGA

The thermogravimetric analysis of the F3SA3MC formulation is presented in Figure 7.31.

Figure 7.31: Thermogravimetric analysis TGA of F3SA3MC from 0 to 700°C at 10°C/min



7.5 Feedstock with MC and SA content optimized for sustainability and PAM 164

As observed previously with the formulation containing 5 vol.% MC (Figure 7.19), PEG
and MC appear to degrade at similar temperatures. This could indicate either simultaneous
degradation of these two components or the formation of a mixed PEG-MC phase. Further
investigation, such as SEM imaging or FTIR analysis, would be required to confirm the
precise nature of these possible interactions.

7.5.5 Rheological properties assessment
The following analyses aim to determine whether the inclusion of both additives results

in a balanced rheological profile suitable for 3D printing [223, 251, 252].

7.5.5.1 Shear Stress Response under Steady-State Flow Conditions

Figure 7.32 shows the flow initiation characteristics and yield point. As mentioned before,
the curvature reveals whether the feedstock maintains cohesion under shear and how it
transitions from solid-like to fluid-like behavior [223, 252].
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Figure 7.32: Shear stress τ as a function of shear rate 9γ for F3SA3MC and F3SA at 120°C

F3SA3MC shows a nonlinear trend typical of viscoplastic materials, with a smoother
transition into flow compared to PolyMIM. This supports stable extrusion without the high
stress required for PolyMIM, which would challenge nozzle-driven systems. The F3SA3MC
maintains higher stress than F3SA alone, suggesting MC reinforces structural integrity
under deformation [253, 254].

Following the steady-state shear analysis, attention was next directed toward the
time-dependent viscoelastic response, using the same oscillatory framework introduced
earlier. This aims to evaluate the internal structural stability of MC-enhanced feedstocks
under prolonged stress.
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7.5.5.2 Time-Dependent Stability under Oscillatory Shear

Figure 7.33 illustrates the time sweep of the F3SA3MC formulation under constant stress
(10 Pa) and frequency (1 Hz), allowing the assessment of its structural stability during
prolonged oscillatory deformation.
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Figure 7.33: Evolution of complex viscosity η˚ as a function of time at τ “ 10 Pa and f “ 1
Hz for F3SA3MC and F3SA at 120°C

The F3SA3MC formulation exhibits a gradual increase in viscosity followed by
stabilization, indicating the formation of a structural network that reaches equilibrium. Its
final viscosity is higher than that of F3SA and F0SA0MC, but remains lower than F3MC
and PolyMIM. These results support the conclusion that MC contributes to solidification
and structural stabilization, while SA facilitates manageable flow. The time-independent
plateau indicates thermal and mechanical stability over printing durations [255].

While time sweep analysis provided insight into the formulation’s stability under
constant stress, it is equally important to evaluate its rheological behavior under increasing
deformation. For this purpose, stress sweep tests were conducted to assess the shear-thinning
behavior and determine the formulation’s adaptability to dynamic loading conditions.
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7.5.5.3 Shear-Thinning Behavior and Flow Adaptability

Figure 7.34 presents the viscoelastic response of the F3SA3MC formulation under
increasing shear stress at a constant frequency of 1 Hz. This analysis aims to evaluate
the material’s stress-thinning behavior and assess its structural resilience under dynamic
loading conditions.
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Figure 7.34: Complex viscosity η˚ as a function of shear stress τ at f “ 1 Hz for F3SA3MC
and F3SA at 120°C

The F3SA3MC formulation exhibits a gradual decrease in complex viscosity as shear
stress increases, indicating a smooth stress-thinning behavior. This transition is more
gradual compared to F3MC, which starts with a higher initial viscosity but shows a sharper
decline. In comparison to F3SA, F3SA3MC maintains a higher viscosity across most of the
stress range, suggesting that the solidifying effect of MC predominates in the formulation.
PolyMIM remains the most viscous, validating its higher internal cohesion but inferior
extrudability. These results suggest that adding MC helps F3SA formulations retain
network integrity under shear, supporting layer fidelity during printing [256, 257].

As previously explained, stress sweep tests provided insight into flow initiation and layer
fidelity. To complement these results, frequency sweep analysis was conducted to assess the
material’s viscoelastic response over a wide range of deformation rates.
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7.5.5.4 Frequency-Dependent Viscoelastic Properties

The frequency sweep data presented in Figure 7.35 reveals the material’s time-dependent
mechanical response. At high frequencies, the response indicates rapid structural relaxation,
while low-frequency viscosity reflects resistance to long-term deformation.

10´1 100 101 102
105

106

107

108

109

1010

Frequency f (Hz)

C
om

pl
ex

V
is

co
si

ty
η

˚
(m

Pa
¨s

)

F3SA3MC 120°C F3SA 120°C

Figure 7.35: Complex viscosity η˚ as a function of frequency f at fixed shear stress τ “ 10
Pa for F3SA3MC and F3SA at 120°C.

The F3SA3MC formulation exhibits a viscosity profile that lies between those of F3SA
and F3MC. At low frequencies, it is more viscous than F3SA but less than F3MC, indicating
that MC enhances structural cohesion. At high frequencies, all formulations show a decrease
in viscosity, reflecting the influence of relaxation dynamics. PolyMIM stays the most viscous
across all frequencies. These trends indicate that F3SA3MC has enhanced resistance to
structural breakdown under prolonged loading [256].

With the frequency sweep confirming structural stability, it became essential to isolate
and compare the flow behavior of individual and combined binder components. The following
analysis focuses on the apparent viscosity trends of FS3AMC, FS3A, FS3MC, and their
references.
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7.5.5.5 Apparent Viscosity Behavior under Varying Shear Rates

The log-log plot in Figure 7.36 illustrates the flow behavior of the F3SA3MC feedstock
compared to its base components: F3SA (stearic acid at 3 vol.%), F3MC (methylcellulose
at 3 vol.%), the base F0SA0MC, and a PolyMIM reference. The aim is to assess whether
combining SA and MC results in synergistic or antagonistic effects on shear-thinning and
flowability.
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Figure 7.36: Log-log plot of apparent viscosity η as a function of shear rate 9γ for F3SA3MC
and F3SA at 120°C.

As shown in 7.36, the F3SA3MC formulation exhibits an intermediate viscosity between
F3SA and F3MC, suggesting a partial additive effect of both SA and MC. The viscosity
remains lower than that of PolyMIM, confirming improved processability [51]. Especially,
the shear-thinning behavior is retained, which is desirable for extrusion-based 3D printing.
Compared to F3MC alone, the lower viscosity of F3SA3MC implies better flow, possibly
due to SA’s lubrication effect offsetting MC’s solidening influence.

The following analysis presents the stress-dependent viscoelastic moduli of the FS3AMC
formulation, focusing on the evolution of G’ and G" under increasing stress and the
identification of the yield point.
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7.5.5.6 Stress-Dependent Viscoelastic Properties and Yield Behavior

The stress sweep shown in Figure 7.37 compares the elastic (G’) and viscous (G") moduli
of the F3SA3MC feedstock. The crossover point between G’ and G" marks the yield point,
indicating the transition from solid-like to liquid-like behavior.
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Figure 7.37: Log-log plot of storage modulus (G1) and loss modulus (G2) as a function of
shear stress τ for F3SA3MC at 120°C.

The F3SA3MC formulation shows a G’ ą G" regime at low stress, transitioning at
moderate stress levels—indicating good elastic storage. Its yield point is slightly higher
than that of F3SA, confirming the reinforcing effect of MC. However, it still transitions
earlier than F3MC, validating the role of SA in promoting printability. The balance of
moduli suggests optimized viscoelastic behavior for extrusion, which is consistent with the
pseudoplastic-like response previously reported (Figure 2.24 in Chapter 2) for polymer-based
feedstocks in extrusion-based 3D printing [255].

7.5.5.7 Conclusions on rheological behavior of the new feedstock

The rheological analysis of F3SA3MC reveals that combining 3 vol.% SA with 3 vol.%
MC successfully integrates the desirable traits of each additive. SA reduces viscosity and
improves flow, while MC enhances elastic integrity and long-term stability.

Compared to their individual use, the combined system offers a balanced profile:
moderate yield stress, stable viscosity over time, and sufficient structural rigidity.
Importantly, F3SA3MC achieves better printability than F3MC and better cohesion than
F3SA, while remaining more processable than PolyMIM. These findings position F3SA3MC
as a promising candidate for extrusion-based AM of highly filled feedstocks.
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7.5.6 Thermal camera analysis
The same experimental setup as for the PolyMIM feedstock was used on F3SA3MC

feedstock. The nozzle, along with other measured areas, was painted black to ensure accurate
and reliable infrared thermography measurements.

The extruder temperature was set to 130°C, and the external surface temperature of the
extruder body was maintained at 90°C.

These conditions were applied to enable a consistent comparison of the thermal behavior
between the tested formulation and the commercial feedstock.

Figure 7.38: Thermal measurements for F3SA3MC using IR camera at nozzle temperature
130°C

Thermal imaging, as shown in Figure 7.38, revealed a trend similar to that observed for
PolyMIM, with a consistent temperature gap of 15–25°C between the set nozzle temperature
and the actual filament temperature. As a result, it is necessary to apply a temperature
15–25°C higher than the target in order to achieve the desired processing temperature within
the filament.

Based on the previous analyses, the F3SA3MC feedstock—identified as highly promising
for 3D printing—was selected for printing trials using the PAM system. The objective
was to validate whether its printability aligns with the favorable rheological and structural
characteristics previously observed, and to compare its performance against the commercial
feedstock. Key criteria included visual quality, ease of printing, and the robustness of
parameter optimization. The results of these trials are presented in the following section.
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7.5.7 3D Printing
Despite limited optimization of printing parameters (Figure 7.10 due to time and

materials constraints, the initial trials clearly demonstrated the excellent printability of the
feedstock. From the very first attempt, parts with good visual quality were successfully
produced.

(a) F3SA3MC bending test part (b) F3SA3MC printed tensile part

Figure 7.39: F3SA3MC 3D printed parts: (a) Bending (EN843-1) and (b) Tensile specimen
(ASTM E8/E8M)

Table 7.10 exhibits parameters used for F3SA3MC printing tests. These parameters are
significantly different than for PolyMIM.

Table 7.10: Optimized 3D Printing parameters

Printing Parameters Values
Nozzle diameter 1 mm
Layer height 0.34 mm
Initial layer height 0.34 mm
Infill density 100%
Infill pattern Lines
Extruder printing temperature 90°C
Nozzle temperature 125°C
Cold printing temperature 45°C
Build plate temperature 35°C
Flow 100%
Initial layer flow 100%
Print speed 20 mm/s

Several advantages emerged from this study:
• Lower printing temperatures: The feedstock F3SA3MC allowed printing at 120°C,

compared to 200°C for the commercial PolyMIM feedstock, contributing to reduced
energy consumption.

• Higher printing speed: A speed of 20 mm/s was achieved with F3SA3MC, versus 15
mm/s for PolyMIM, indicating potential for faster production.

• Improved adhesion: The material adhered well to the build plate without the need for
adhesive spray.
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• Ease of shaping and robustness: The feedstock was easier to handle and showed
significantly less brittleness, making it more suitable for post-processing.

• Better surface finish: A smoother appearance was observed (Figure 7.39), although
further measurements are needed to confirm this quantitatively.

While these results are promising, further investigations are needed to fully assess the
quality of printed parts. Future work should include porosity analysis, density and hardness
measurements, and microstructural characterization via scanning electron microscopy
(SEM). Additionally, evaluating debinding and sintering behavior under controlled thermal
conditions will be essential to confirm compatibility with industrial post-processing.
Complementary techniques such as Fourier-transform infrared spectroscopy (FTIR) and
mechanical testing (e.g., tensile, flexural, or impact strength) could help establish correlations
between binder composition, processing conditions, and final part performance.

These aspects, beyond the scope of the present study, could form the basis for future
research focused on the full qualification of PAM-printed titanium components.

7.5.8 Debinding and sintering

Although debinding and sintering were not the primary objectives of this thesis,
preliminary trials were conducted at BCRC using the F3SA3MC feedstock, specifically
developed for PAM applications. These tests were based on thermal debinding and sintering
parameters initially optimized for the commercial PolyMIM feedstock. While not tailored
to the thermal behavior of the new formulation, they provided a useful baseline.

The F3SA3MC feedstock underwent water debinding followed by thermal debinding and
sintering. The resulting parts showed apparent density values ranging from 3.32 to 4.01
g/cm3, with an average of 3.59 g/cm3. Real density varied between 75.1% and 90.6%,
averaging 81.2%, confirming the feedstock’s ability to produce sinterable parts. However,
relatively high open porosity (mean: 17.3%, max: 23.8%) was observed, indicating that the
sintering protocol was not yet optimized for this formulation. Closed porosity remained low
(average: 1.8%), suggesting that most residual porosity was interconnected.

To further improve densification and reduce residual porosity, several optimization
pathways can be considered. The feedstock formulation itself could be refined by adjusting
the PEG/PVB ratio or the content of surfactants such as stearic acid or methylcellulose,
in order to enhance powder packing and reduce residue formation during debinding. In
parallel, printing parameters—including layer height, extrusion temperature, and build plate
temperature—should be optimized to minimize internal defects in the green body. Water
debinding efficiency could benefit from improved diffusion conditions, such as extended
immersion time or agitation. The thermal debinding schedule may also be revised to more
closely match the decomposition profile of the custom binder system, thereby avoiding
premature structure collapse. Finally, sintering temperature, dwell time, and atmosphere
should be tailored to the feedstock to ensure maximum densification while preventing defects
such as grain growth or oxidation.

These initial trials validate the overall processability of F3SA3MC and demonstrate
its potential for producing sinterable titanium parts. They also emphasize the need
for end-to-end optimization to reach densification levels above 98%, required for
high-performance applications.
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7.5.9 Conclusions for feedstock optimisation

The formulation combining 3 vol.% SA and 3 vol.% MC has emerged as a particularly
promising candidate for PAM of highly filled feedstocks. This hybrid system successfully
integrates the complementary properties of its components: SA enhances flowability by
reducing viscosity and interparticle friction, while MC contributes to structural integrity
through increased yield stress and viscoelasticity. Together, they create a formulation
that exhibits stable rheological behavior across a moderate temperature range (80–120°C),
significantly lower than that required for conventional PolyMIM systems (190°C).

Rheological analysis confirms that F3SA3MC maintains a moderate and consistent torque
profile, indicating robust processability and thermal stability. Unlike formulations with
higher MC content, which tend to suffer from phase separation and torque instability,
this balanced blend ensures smooth extrusion and reliable deposition. The formulation
also demonstrates excellent printability, requiring no adhesion aids, and produces parts
with improved ductility and surface finish—key advantages for post-processing and end-use
performance.

Initial sintering trials further validate the material’s potential, with densification levels
averaging over 81% and low closed porosity. However, the presence of open porosity suggests
that further optimization of the debinding and sintering protocols is necessary to reach the ą

98% density target for high-performance applications. Adjustments to binder composition,
printing parameters, and thermal treatment schedules are recommended to enhance powder
packing and minimize residual porosity.

In addition to its technical merits, the F3SA3MC formulation offers environmental
benefits, as both SA and MC are bio-based, reducing reliance on petroleum-derived binders.

In conclusion, this study highlights the F3SA3MC blend as a reliable, efficient, and
sustainable solution for PAM, with strong potential for further development and industrial
application.

7.6 Conclusions and prospects

All the objectives set for this work have been successfully achieved. The PAM process
has proven to be particularly relevant for the production of small series, especially when
paired with a feedstock tailored to its specific requirements. A new partially water-soluble
feedstock has been developed, improving both processability and sustainability. While
PEG, a petroleum-based compound, was maintained for its well-known performance in such
applications, the addition of 3 vol.% of bio-based methylcellulose marks a step forward in
the formulation of more environmentally conscious materials. This progress opens the door
for future improvements, such as replacing the non-water-soluble PVB with a bio-based
thermoplastic alternative like PLA, to further increase the renewable content without
compromising the mechanical or thermal integrity of the green parts.

Torque analysis during powder mixing, extrusion behavior, and Kofler bench testing
appear to be the most discriminating and time-efficient methods for quickly assessing the
material’s behavior. The recommended order for performing these analyses is as follows:

1. Mixing (torque measurement)

2. Extrusion

3. Kofler bench test
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The new feedstock offers clear advantages over the commercial PolyMIM material. It is
more compatible with PAM, exhibiting enhanced printability, significantly better adhesion
to the build platform (eliminating the need for adhesive sprays), and improved part quality
from the first print attempts. Additionally, it enables processing at lower temperatures than
PolyMIM, reducing energy consumption and minimizing the risk of premature degradation.

Perspectives for this work include the exploration of fully bio-based, non-water-soluble
binder systems, the refinement of the methylcellulose content to optimize mechanical
performance, and the expansion of thermal and rheological studies to predict long-term
stability and behavior during the debinding and sintering steps. Furthermore, the
implementation of the feedstock in more complex geometries and its validation across
multiple machines and printing conditions would solidify its industrial potential.



CHAPTER 8

General Conclusion and Perspectives

This thesis developed and characterized a novel feedstock based on the titanium alloy
Ti6Al4V specifically tailored for Pellet Additive Manufacturing (PAM). Motivated by a
comprehensive Cradle to Gate comparative analysis of energy and material consumption
of PAM against MIM machine performed early in the research, significant environmental
advantages of PAM were identified over traditional MIM. These advantages justified the
formulation of a more environmentally friendly hybrid binder system, enabling lower
processing temperatures and reducing the overall environmental impact of the manufacturing
process.

Addressing the limitations inherent in commercial feedstocks initially developed for MIM,
this study innovatively used PEG, PVB, SA, and MC. A distinctive and original contribution
of this research is the integration of MC as a biosourced rheological modifier within an organic
solvent-based environment, rather than the aqueous environments typically used. This
addition significantly improved the sustainability profile of the formulation and enhanced
rheological stability during extrusion, thereby increasing the repeatability and precision of
printed components.

Extensive experimentation determined the optimal concentration of stearic acid to be
around 3 vol.%, as this provided essential lubrication, improved rheological stability, and
significantly enhanced inter-layer adhesion. The specific choice of 3 vol.% was supported
by oscillatory rheology and printing trials showing a balance between flowability and shape
retention.

Detailed rheological studies revealed that incorporating MC at a 3 vol.% ratio markedly
optimized the viscosity profile, significantly enhancing printability and inter-layer bonding.
The use of MC in an organic binder matrix—uncommon in the literature—also opens new
possibilities for bio-based additives beyond aqueous systems. The synergistic combination
of PEG and PVB was thoroughly investigated, and preliminary results indicated substantial
potential for further optimization of their relative proportions. Fine-tuning these ratios could
lead to improved printability, mechanical properties, and ecological performance.

Experimental results demonstrated that the newly formulated feedstocks exhibited
superior dimensional stability, more homogeneous extrusion profiles, and significantly
improved layer adhesion compared to benchmarked commercial feedstocks such as PolyMIM.
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In particular, feedstocks like F3SA3MC showed intermediate viscosity between SA- and
MC-only systems, suggesting an additive effect that favors both flowability and stability.

Thermal analysis conducted using TGA and Kofler bench tests validated suitable
processing windows for extrusion and thermal debinding, fully compatible with
industrial-scale applications. The Kofler bench results in particular guided the selection
of the effective temperature window for extrusion.

The combined use of thermal cameras and thermocouples allowed precise identification
of real-time filament temperatures during extrusion. This approach revealed a temperature
discrepancy between 15 and 25°C compared to the targeted nozzle temperature, further
exacerbated by rapid cooling upon contact with ambient air. As a result, the actual
temperature of the extruded filament can be significantly lower than expected. Such
temperature discrepancies, particularly noticeable in the commercial PolyMIM feedstock,
caused adhesion issues requiring additional adhesive sprays, increased material waste, and
environmental concerns. Remarkably, the developed feedstock overcame these challenges,
eliminating the need for adhesive sprays, significantly reducing unsuccessful trials, conserving
material, and enhancing environmental performance. Furthermore, due to the identified
temperature discrepancies, it became evident that significantly higher nozzle temperatures
are required to achieve the optimal processing temperatures determined through Kofler bench
and rheological analyses.

A comparative evaluation of PAM against MIM highlighted PAM’s distinct advantages for
small to medium batch production scenarios. PAM demonstrated lower energy consumption,
enhanced material utilization efficiency, and significantly reduced production waste. The
early integration of environmental considerations via this methodology reinforced the
importance and viability of eco-design principles in additive manufacturing.

Despite these achievements, some limitations remain. For instance, the microstructure
and possible phase formation during debinding and sintering of feedstocks with MC remain
unexplored. Likewise, long-term stability and sensitivity to environmental conditions such
as humidity should be further investigated.

Perspectives

Short-term research avenues include:

• Increasing the Ti6Al4V content in formulations to enhance printability, structural
integrity, and mechanical performance after sintering.

• Reproducing the analysis with an optimized blend.

• Conducting a complete LCA of PAM using the F3SA3MC feedstock, in line with
recommended standards, to identify potential improvements through reduced printing
temperature and time.

• Further increasing proportions of hydrosoluble and biosourced polymers to minimize
environmental impacts while maintaining mechanical integrity and dimensional
accuracy.

• Refining debinding processes tailored specifically to new feedstock formulations,
ensuring dimensional accuracy and mechanical robustness of printed parts.

• Further optimization of SA content and PEG/PVB ratios to enhance stability, printing
quality, and sustainability of feedstocks.
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• Evaluating the resulting microstructures through Scanning Electron Microscopy (SEM)
to identify structural features and phases formed due to MC incorporation.

Medium-term prospects should focus on:

• Detailed characterization of mechanical properties and microstructural evolution of
printed and sintered components to validate their applicability in demanding sectors
such as biomedical implants and aerospace components.

• Developing intelligent and automatic process control systems integrating advanced
thermal sensors and machine learning algorithms for dynamic, real-time adjustment of
printing parameters, ensuring consistent high-quality outputs.

• Exploring fully bio-based feedstock formulations aimed at achieving fully sustainable
and circular metallic additive manufacturing processes.

Finally, conducting a comprehensive techno-economic evaluation comparing PAM and
MIM across various production scales would provide valuable insights supporting strategic
decisions and broader industrial adoption.
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APPENDIX A

Feedstock formulations

Metal Injection Molding (MIM) Feedstocks

Alloy Powder Characteristics Solid Loading Binder Feedstock Description Debinding Process Ref.
17-4PH SP 2-10 µm 93.5 wt.% PEG + wax PolyMIM SD H2O 60°C 12h, TD He-H2 500°C [54, 246]
316L ND 55 vol.% Thermoplastic 3 mm granules TD 450°C + 600°C [54]
WC-Co ND ND TPE + PP MIM 3 mm granules SD H2O + inhibitor, TD 600-800°C H2/N2 [258]
Cu D50=5.9 µm 93.5 wt.% PEG + wax PolyMIM Cu999 SD H2O 60°C 48-72h, TD He-H2 500°C [53, 259]
17-4PH ND 79 vol.% PEG ND SD H2O 60°C 10h [260]
316L Sandvik Osprey 63 vol.% Embemould K83 Granules SD H2O 40°C 48h, TD 145°C + 300°C [261]
Ti6Al4V D90=19 µm 66 vol.% Element 22 ă9 mm granules None [262]
AZ91 ă 45 µm 64 vol.% ND ND SD hexane 40°C, TD 350–460°C (HR 0.5°C/min) [262]

Table A.1: MIM feedstock compositions from literature

201



202

Material Extrusion (MEX/PAM) Feedstocks

Type Alloy Powder Characteristics Solid Loading Binder Feedstock Description Debinding Process Ref.
Filament 17-4PH D50=3.97 µm 63 vol.% Polymeric blend 1.75 mm SD ą 12h, TD 450°C 1.7h [153, 263]
Filament 17-4PH 325 mesh 60 vol.% Wax/polymer/tackifier/elastomer 1.78 mm ND [264]
Filament 17-4PH 10 µm 60 vol.% POM, PP, PW 1.73 mm TD 600°C, N2 2h [265]
Filament 17-4PH D10=4.2, D50=12.3, D90=28.2 µm 55 vol.% Multicomponent 1.75 mm SD 23–75°C, TD 650°C, N2/H2 [266, 267]
Filament 316L D50=30.8 µm and 10 µm 50 vol.% PP, SEBS, PW, SA ND SD cyclohexane 60–70°C, TD 350–440°C H2/Ar [268]
Filament 316L D50=2.8 µm 50 vol.% LDPE, TPE, SA 1.75 mm SD cyclohexane 60°C, TD 370–470°C H2 [98]
Filament 316L SP D50=6.05 µm 55 vol.% TPE, PO, compatibilizer In-house SD 60°C, 3–12h [269]
Filament 316L Epson-Atmix 55 vol.% TPE + PO + compatibilizers 2 mm ND [269]
Filament 316L ND 60 vol.% POM, PW 1.73 mm TD 600°C, N2 2h [270]

Table A.2: MEX/PAM feedstock compositions from literature



APPENDIX B

Rheological properties of Highly filled PEG/PVB binder

In this section, the rheological behavior of the F0SA0MC formulation, composed of a
PEG/PVB (50/50) binder system filled with 55 vol.% Ti6Al4V powder, is evaluated to
define a preliminary processing window prior to the incorporation of surfactants (SA) and
methylcellulose (MC). Figure B.1 presents the evolution of shear stress (τ) as a function of
shear rate ( 9γ) at four different temperatures: 100, 120, 140, and 160 °C. This plot is essential
to characterize the flowability of the composite system under conditions representative of
extrusion-based additive manufacturing processes.
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Figure B.1: Shear stress τ as a function of shear rate 9γ for F0SA0MC at 100, 120, 140 and
160°C.
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At all temperatures, shear stress increases with shear rate, confirming the non-Newtonian
behavior of the system. As temperature rises, the overall shear stress required to achieve a
given shear rate decreases, indicating thermal softening of the binder and potential activation
of polymer chain mobility. At 100°C, the feedstock exhibits high shear resistance, likely due
to limited polymer chain mobility and increased solid-particle interaction. At 160°C, a
smoother flow is observed, associated with reduced viscosity and improved wetting of the
metal particles by the polymer matrix. This suggests that a processing window in the range
of 140 to 160°C might be optimal, offering a compromise between sufficient fluidity and
shape retention.

Figure B.2 illustrates the evolution of the complex viscosity (η˚) over time under a
constant shear stress of 10 Pa and frequency of 1 Hz at 120°C. This time sweep test provides
insights into the thermal and structural stability of the F0SA0MC feedstock over a duration
of approximately 900 seconds.
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Figure B.2: Evolution of complex viscosity η˚ as a function of time at τ “ 10 Pa and f “ 1
Hz at 120°C for F0SA0MC feedstock.

Initially, a rapid increase in viscosity is observed, likely corresponding to thermal
equilibration and network structuring due to the interaction of polymer chains with the
particulate surface. Following this phase, viscosity stabilizes around 108 Pa.s, suggesting no
major degradation or phase separation occurs within this timeframe. This temporal stability
is crucial for ensuring consistent flow and deposition quality during extrusion.
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Figure B.3 examines the dependence of complex viscosity (η˚) on shear stress at different
temperatures (100–160°C), recorded at a frequency of 1 Hz. This test allows us to assess the
material’s shear-thinning behavior, which is vital for printability and interlayer bonding.
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Figure B.3: Complex viscosity η˚ as a function of shear stress τ at f “ 1 Hz for F0SA0MC
at 100, 120, 140, 160°C.

Across all temperatures, viscosity decreases with increasing shear stress, confirming a
pseudoplastic or shear-thinning behavior. Notably, the viscosity drop is more pronounced
at higher temperatures (140–160°C), implying that thermal energy facilitates polymer chain
disentanglement and reorientation. The highest viscosity values are observed at 100°C, where
the feedstock remains more solid-like. The clear separation between curves indicates a strong
temperature dependency, reinforcing the need to operate above 120°C to maintain suitable
processability.
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Figure B.4 displays the complex viscosity (η˚) as a function of frequency (f) at a fixed
shear stress of 10 Pa for temperatures ranging from 100 to 160°C. This frequency sweep is
used to evaluate the viscoelastic behavior and time-dependent deformation capacity of the
feedstock.
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Figure B.4: Complex viscosity η˚ as a function of frequency f at fixed shear stress τ “ 10
Pa for F0SA0MC feedstock ranging from 100 to 160°C.

The feedstock exhibits a typical decrease in viscosity with increasing frequency,
characteristic of shear-thinning materials. At low frequencies, the high viscosity values reflect
dominant elastic behavior due to entangled polymer chains and particle-particle interactions.
As frequency increases, the system behaves more fluid-like, suggesting better flow dynamics
under high deformation rates. This is beneficial for nozzle extrusion but requires balance to
maintain part fidelity.
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In Figure B.5, the apparent viscosity (η) is plotted against shear rate ( 9γ) in a log-log
scale for the F0SA0MC feedstock. This measurement offers a macroscopic view of how the
flow resistance of the composite evolves with processing intensity.
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Figure B.5: Log-log plot of apparent viscosity η as a function of shear rate 9γ for F0SA0MC
at different temperatures ranging from 100 to 160°C.

All curves exhibit a marked shear-thinning behavior with a slope close to -1 in the
double-logarithmic domain, typical of filled polymer melts. This behavior is essential for
PAM processes, where high shear in the nozzle is needed for deposition, followed by rapid
solidification post-deposition. The temperature dependence is again evident, with the highest
viscosities recorded at 100°C and progressively lower values at 160°C. This reinforces that
the 140–160°C range offers an optimal processing zone.
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Figure B.6 presents the storage modulus (G’) and loss modulus (G") as a function of
shear stress (τ) at 120°C. This dynamic stress sweep provides insight into the viscoelastic
character and structural integrity of the feedstock under deformation.
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Figure B.6: Log-log plot of storage modulus (G1) and loss modulus (G2) as a function of
shear stress τ for F0SA0MC at 120°C.

At low shear stresses, G’ ą G" , indicating dominant elastic or solid-like behavior, likely
due to strong interactions between the filler particles and the polymer matrix. As stress
increases, both moduli decrease, and eventually G" ą G’, signaling a transition to a more
viscous or liquid-like state. This crossover suggests the material yields under stress and
begins to flow, a critical behavior to enable proper extrusion while retaining mechanical
integrity in the deposited layer.



APPENDIX C

Thermogravimetric analysis

Thermogravimetric analysis was conducted on pure PEG to establish a thermal
degradation baseline. The TGA curve (Figure C.1) shows a single, well-defined degradation
step starting at approximately 290°C, with a peak decomposition rate observed at 356°C, as
indicated by the DTG curve. The total mass loss reached 98%, leaving a minimal residue
of about 2%, which confirms the complete volatilization of the organic compound under the
test conditions. This sharp and symmetrical degradation profile is characteristic of PEG and
aligns with literature values reported for PEG 4000–6000. These results provide a reference
for evaluating the thermal behavior of more complex feedstock formulations, particularly
those containing SA, PVB, and Ti6Al4V. Any shift in the onset temperature or change in
the degradation profile in composite feedstocks would indicate interactions between PEG
and other components.

Figure C.1: TGA PEG
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The thermogravimetric analysis of pure PVB is presented in Figure C.2. A single, sharp
degradation event is observed, with the onset of weight loss beginning near 360°C and a peak
degradation rate occurring at approximately 409°C. This indicates that PVB undergoes a
rapid thermal decomposition in a narrow temperature range. The total mass loss reaches
98%, leaving only a small residue, which confirms the complete decomposition of the polymer
under the experimental conditions. The absence of multiple steps suggests that the PVB
used in this study is compositionally uniform, and its decomposition is not influenced by any
other additives. This thermal behavior will serve as a reference for interpreting the stability
of multi-component feedstocks containing PVB, such as those combined with PEG, SA, or
titanium alloy powder.

Figure C.2: TGA PVB
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Figure C.3 presents the thermogravimetric profile of pure SA. The degradation starts
sharply at around 250°C and reaches its maximum decomposition rate at approximately
274°C. The degradation occurs in a single, rapid step, with a complete mass loss (100%)
observed, indicating full volatilization of the compound under the experimental conditions.
No residual mass remains after thermal treatment, which is consistent with the low molecular
weight and high volatility of SA. The narrow and symmetrical DTG peak confirms the purity
and uniform decomposition behavior of the material. This thermal signature is particularly
useful for evaluating the influence of SA in composite feedstocks, where early degradation
could affect binder stability during the heating phase.

Figure C.3: TGA SA
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The thermogravimetric analysis of MC is shown in Figure C.4. A single, pronounced
degradation event is observed, beginning around 300°C and peaking at approximately 373°C.
The mass loss reaches 91%, indicating that most of the polymer decomposes during this
event. A small residue remains, likely due to inorganic components or char formation,
which is common in cellulose-derived polymers. The narrow DTG peak suggests a relatively
homogeneous decomposition mechanism. This thermal profile confirms that MC is thermally
stable up to around 300°C, making it suitable for use as a binder component in feedstocks
processed at moderate temperatures. However, its degradation temperature is higher than
that of stearic acid and PEG, which may affect the order of degradation in multicomponent
systems.

Figure C.4: TGA MC
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APPENDIX D

Storage and Loss modulus of feedstock with SA or MC
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Figure D.1: Log-log plots of storage modulus (G1) and loss modulus (G2) as a function of
shear stress τ at 120°C for different feedstock formulations (F1SA to F4SA).



215

101 102 103

105

F1MC

Shear Stress τ (Pa)

G
1 ,G

2
(P

a)

G1 G2

(a) F1MC

101 102 103

105

F2MC

Shear Stress τ (Pa)

G
1 ,G

2
(P

a)

G1 G2

(b) F2MC

101 102 103
104

105

F3MC

Shear Stress τ (Pa)

G
1 ,G

2
(P

a)

G1 G2

(c) F3MC

101 102 103
106

107

108

109

F4MC

Shear Stress τ (Pa)

G
1 ,G

2
(P

a)

G1 G2

(d) F4MC

Figure D.2: Log-log plots of storage modulus (G1) and loss modulus (G2) as a function of
shear stress τ for feedstocks F1MC to F4MC at 180°C.
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