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Abstract 
The Fused Filament Fabrication (FFF) of ceramics is a promising technique for the low-
cost production of components with complex geometry. The process relays in a 
thermoplastic binder highly filled with ceramic powder to produce feedstock filaments. 
Filaments are used to shape parts in the same machines as for FFF of plastics. The 
binders are removed in the debinding step, and the final parts are obtained after 
sintering. The use of filaments requires of strong, flexible, and low viscous feedstocks, 
which is a challenge due to the high content of ceramic powder (≥45 vol.%). Different 
FFF feedstocks have been reported in the literature. However, these formulations use a 
single step of thermal debinding, which requires long thermal cycles to avoid defects. 
On the contrary, most of the commercially available FFF feedstocks are debound in two 
steps. A major fraction of the binder is dissolved, creating an open-pore structure to 
remove the remaining polymers. Currently little information about the binders required 
for the two-step debinding is publicly available, which hinders the development of new 
formulations. 

The purpose of this thesis was to develop a better understanding of the binders 
required for the FFF and solvent debinding of ceramics. The properties required for FFF 
of ceramics and metals were compiled and combined with the requirements for solvent 
debinding known from the powder injection moulding process. A novel zirconia 
feedstock was developed using as criteria the morphology, rheological and mechanical 
properties, and the solvent debinding performance. Two soluble components were 
necessary for the production of flexible and low viscous feedstocks with no debinding 
defects. The feedstock morphology had a strong influence on the debinding behaviour 
since the inhomogeneity leads to defects. Based on these results, a formulation 
composed of high density polyethylene grafted with acrylic acid, stearic acid, paraffin 
wax and styrene-ethylene/butylene-styrene copolymer was developed. Incorporating 
stearic acid reduced the viscosity and facilitated the FFF shaping, but it reduced the 
strength and flexibility of the filaments. The powder-binder interfacial interactions and 
adhesion when the binder was grafted with polar groups were also investigated. The 
improved adhesion for the grafted binder resulted in better powder dispersion and high 
mechanical properties. 

The effect of the processing parameters on the solvent debinding performance was 
determined for a zirconia feedstock with a binder composed of a grafted polyolefin as 
backbone and thermoplastic elastomer as soluble binder. Increasing the temperature 
of the solvent increased the debinding rate but also the defects; incorporating stearic 
acid in the feedstock reduced the debinding defects; on the contrary, using a swelling 
inhibitor had little effect. 

Finally, the effect of the FFF parameters on the defects and the mechanical properties 
of the final parts was determined. The changes in the feedstock during shaping, the 
variability on the filament diameter and the orientation of the extruded roads affected 
the size and orientation of defects. The FFF defects determined the bending properties 
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of the sintered parts. Therefore, the loads applied to the ceramic parts during their 
service have to be considered during the FFF. 

The results of this PhD thesis provide a first insight into the binders required for the 
combination of FFF and solvent debinding. Moreover, the influence of the processing 
parameters on the processability and final properties were determined. These results 
can facilitate the development of new binder formulations, improve the understanding 
of the phenomena occurring during processing ceramics by FFF, and provide new 
perspectives in the processing of ceramics by other conventional and additive 
manufacturing technologies based on similar materials. 

Keywords: Fused filament fabrication; feedstock; highly-filled polymers; solvent 
debinding, ceramics, zirconia; grafted polymers; infill orientation. 
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Kurzfassung 
Die extrusionsbasierte additive Fertigung (Fused Filament Fabrication FFF), ist eine 
vielversprechende Technik zur kostengünstigen Produktion von Komponenten hoher 
geometrischer Komplexität. Der Prozess basiert auf einem mit keramischen Pulver 
hochgefüllten, thermoplastischen Binder zur Produktion von Feedstock-Filamenten, die 
auf denselben Maschinen verwendet wie bei der FFF von Kunststoffen. Die Binder 
werden in einem Entbinderungsschritt entfernt, und die finalen Bauteile erhält man 
nach dem Sinterschritt. Für die Filamenten braucht man feste, flexible und niedrig-
viskose Feedstocks, was aufgrund des hohen Anteils an keramischem Pulver 
(≥45 vol.%) eine Herausforderung darstellt. Unterschiedliche FFF-Feedstocks wurden 
bisher in der Literatur behandelt, die jedoch auf einem einzelnen Schritt des 
thermischen Entbinderns basieren, was zu langen thermische Zyklen zur Vermeidung 
von Defekten führt. Die meisten kommerziell erhältlichen FFF-Feedstocks werden in 
zwei Schritten entbindert. Zur Zeit ist wenig Information über die für das zweistufige 
Entbindern notwendigen Binder vorhanden, damit wird die Entwicklung neuer 
Formulierungen erschwert. 

Das Ziel dieser Dissertation war die Entwicklung eines besseren Verständnisses für die 
Binder. Die gewünschten Eigenschaften für die FFF von Keramiken und Metallen 
wurden zusammengefasst und mit den Voraussetzungen für das lösungsmittelbasierte 
Entbindern, die vom Pulverspritzguss-Prozess bekannt sind, kombiniert. Ein 
Zirkoniumdioxid-Feedstock wurde nach den Kriterien der Morphologie, rheologischer 
und mechanischer Eigenschaften und des Verhaltens beim lösungsmittelbasierten 
Entbindern entwickelt. Zwei lösliche Komponenten waren für die Herstellung flexibler 
und niedrig-viskoser Feedstocks notwendig. Darauf basierend wurde eine Formulierung 
aus einem Polyethylen hoher Dichte gepfropft mit Acrylsäure, Stearinsäure, 
Paraffinwachs und Styrol-Ethylen/Butylen-Styrol Copolymer entwickelt. Die 
Stearinsäure reduzierte die Viskosität und erleichterte die Formgebung durch FFF, 
erniedrigte aber auch die Festigkeit und Flexibilität der Filamente. Die 
Wechselwirkungen und Adhäsion an den Grenzflächen zwischen Pulver und mit polaren 
Gruppen gepfropften Binder wurde ebenfalls untersucht. Die verbesserte Adhäsion des 
gepfropften Binders ergab eine bessere Dispersion des Pulvers und hohe mechanische 
Eigenschaften. 

Der Einfluss der Prozessparameter auf das lösungsmittelbasierte Entbindern wurde für 
einen ZrO2-Feedstock mit einem Binder aus gepfropften Polyolefin als Backbone und 
einem thermoplastischen Elastomer als löslichen Binder bestimmt. Die Erhöhung der 
Temperatur des Lösungsmittels erhöhte die Rate des Entbinderns, aber ebenfalls die 
Defekte; die Hinzugabe von Stearinsäure zum Feedstock verminderte die Defekte. Die 
Verwendung eines Quell-Hemmstoffs hatte nur einen geringen Einfluss. 

Schließlich wurde der Effekt der FFF-Parameter auf die Eigenschaften der Endprodukte 
bestimmt. Die Veränderungen im Feedstock während der Formgebung, die 
Schwankungen des Filamentdurchmessers und die Ausrichtung der extrudierten 
Stränge beeinflussten die Größe und Orientierung der Defekte. Die FFF-Defekte 
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bestimmten wiederum die Biegeeigenschaften der gesinterten Teile. Daher müssen die 
Lasten, die auf die keramischen Teile wirken, bereits während des FFF-Prozesses 
berücksichtigt werden. 

Die Ergebnisse dieser Dissertation bieten einen fundierten Einblick in die Binder, die für 
die Kombination FFF / lösungsmittelbasiertes Entbindern benötigt werden. Desweiteren 
wurde der Einfluss der Prozessparameter auf die Verarbeitbarkeit und Eigenschaften 
der Endprodukte bestimmt. Diese Ergebnisse erleichtern die Entwicklung neuer 
Binderformulierungen, das Verständnis der Phänomene während der Herstellung von 
Keramiken mit FFF und eröffnen neue Blickwinkel auf die Herstellung von Keramiken 
ähnlicher Formulierungen mittels anderer konventioneller und additiver 
Herstelltechnologien. 

Schlüsselwörter: Fused filament fabrication; feedstock; hochgefüllte Polymere; 
lösungsmittelbasierte Entbindern; Keramik; Zirkoniumdioxid; gepfropfte Polymere; Infill 
Orientierung. 
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1 Fundamentals 

1.1 Additive manufacturing 

According to the International Standard ISO/ASTM 52900:2015, “Additive manufacturing is 
the process of joining materials to make parts from 3D model data, usually layer upon layer, 
as opposed to subtractive manufacturing and formative manufacturing methodologies” [110]. 
In general, the initial geometrical representation is a software model, and the parts are 
created layer by layer, being each one of these layers a thin cross-section of the model. 

The first commercial system based on this philosophy dates back to 1987 when the SLA-1 
machine from 3D systems was released. Solid objects could be created by the exposure to 
an ultraviolet laser of a liquid light-sensitive polymer, a technique known as 
stereolithography [222]. During the first years of development, the main application of AM 
was the production of prototypes. Since a machine and a CAD model were the only elements 
required for the production of these prototypes, the cost and time could be considerably 
reduced by substituting the traditional prototyping techniques [238]. 

From then on, further research and development in the computer systems, machinery and 
processes have promoted the expansion of the technology in other areas like the fabrication 
of tools, dies and moulds. Nevertheless, the main focus of the research and industrial AM 
communities is the direct fabrication of end-use products [90]. In areas such as the 
aerospace [139], the automotive [105] and the medical industries [146, 228] the AM 
processes have a high potential. Other industries such as the textiles, jewellery or furniture 
could benefit as well from these new technologies [74, 115].  

The advantages of using additive manufacturing instead of other production technologies are 
the following [21, 26, 62, 72, 104, 168, 217]: 

 Substantial reduction in the consumption of raw material compared with subtractive 

manufacturing methods. 

 Lower production costs for small batches. 

 Recyclability of the waste material, such as powders or resins. 

 Processing equipment such as tools, moulds or punches is not needed, which 

increases the flexibility and reduces the cost. 

 The porosity of the final parts can be controlled with the processing conditions. 

 New geometrical features are possible, such as internal channels or lattices. 

 Assembly operations can be reduced or eliminated by the direct production of 

assembled systems. 

 The production costs are not affected by the complexity of the parts. 

 Automated manufacturing. 
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 Reduction or disappearance of inventories. 

 Decentralised production is possible, reducing the costs of the supply chain. 

 The flexibility of the production schedule: changes in the productions sequence can 

be done without increasing the cost. 

 If the AM design potential is fully exploited, lightweight components can be produced, 

reducing not only the production cost but the energy consumption and even the CO2 

emissions in the end-use applications [75]. 

Nevertheless, due to the relative novelty of these processes, still, a set of challenges must be 
overcome in the future. Nowadays, the main limitations of AM are [21, 26, 62, 72, 104, 168, 
217]: 

 Higher costs for large productions than other processes, such as injection moulding. 

 Limited availability of materials for some AM technologies, e.g. light-sensitivity is 

required in the LCM polymers for the creation of layers using UV light. 

 Despite the number of applications is increasing, there is a lack of specialised 

designers that could leverage all the design advantages of AM. 

 Post-processing operations are required to improve the surface finish. 

 The concept of economy of scale (reduction of the unitary production costs with the 

increase of the production) cannot be applied. 

 Lack of standards regulating aspects like the materials properties or quality control 

[169]. 

 Limited size of building space. 

 Intellectual property rights. 

1.1.1 Steps in the AM process 

Despite some variations might appear for each particular process, the Additive Manufacturing 
approach is conducted with the set of steps described by Gibson et al. [78], which can be 
summarised in: 

1. Design and CAD model: Solid or surface models are created using Computer Assisted 

Design (CAD) software. In contrast to other processes such as Computer Numerical 

Control (CNC) machining, minimum or no changes must be done in the models to 

produce by AM. 

2. Conversion to STL: The term STL (Standard Tessellation Language) designates the 

file format used in most of the AM machines. Using a series of triangular faces, the 

geometry of the part is described in this format. By making the offset of the triangles 

smaller than the resolution of the machine, geometric problems are avoided. 
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Nevertheless, STL files cannot include other features of the parts such as units, 

colour or material. Because of these limitations, a new file format has been adopted 

for most of the CAD and AM companies, the AMF or Additive Manufacturing File 

Format. This format increases the features that can be included, reduces the 

problems of working with STL, and has been already accepted as an ASTM/ISO 

standard format [111]. 

3. Transfer to AM equipment and manipulation of the STL file: Features such as the 

position, orientation or even rescaling of the parts are defined. In other cases, 

different parts can be built at the same time, for example, by using the same model 

or combining different ones. In most of the cases, specialised software is used for the 

visualisation and modification of the models. 

4. Machine setup: Different parameters must be modified before starting the printing 

depending on the technology or machine. Layer thickness and printing rate are 

examples of them. Additionally, the machine has to be physically prepared for the 

printing process, e.g. the cleaning, the load of the material, and the stabilisation of 

the system must be conducted. 

5. Building of the parts: The parts are physically created by the formation of cross-

sectional layers of material. The first step in the layer formation process is the 

material deposition. For some AM technologies, the deposited material is directly 

incorporated into the part. In other cases, the union takes place in a second step by 

the use of an energy source. Once a layer is created, the next is built over it by the 

use of a height-adjustable system. 

6. Removal and clean-up: In this stage take place operations such as the separation of 

the part from the building platform, or the removal of the excess material 

surrounding the part. If support structures are used in the building process, 

additional work is required. Incorrect manipulation can lead to defects in the parts, so 

skilled operators are needed. 

7. Post-processing: The surface finish of the AM parts is usually defined by the 

employed layer thickness in the building step. For some special applications, finishing 

operations such as polishing or even CNC machining are applied. In other cases, the 

properties of the parts must be improved with thermal or chemical treatments, 

coatings, or infiltration of other materials. 

1.1.2 Classification of AM technologies 

Different criteria have been proposed for classifying the AM processes over the years. One of 
the most common ways divides the technologies according to the physical state of the 
materials used. E.g. Guo et al. [90] classified the technologies in four categories according to 
the bulk materials state: liquid, filament/paste, powder or solid sheet.  
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A combination of two classification methods was proposed by Pham et al. [170] and updated 
to include the newest technologies by Gibson et al. [78]. The mentioned classification based 
on the raw material is combined with a second one based on the layer construction method. 
According to this system, the layer can be created by using 1D Channel, an array of 1D 
Channels (e.g. by combining various extrusion heads) or even with 2D Channels which 
expose a whole surface at once.  

Looking for an improvement of the communication and dissemination of the AM technologies, 
a unified classification system was set by the ASTM F42 and ISO TC 261 committees. This 
new ASTM/ISO standard system divides the AM processes into seven categories [110]: 

 Binder Jetting (BJT): These processes are based on the selective deposition of a 

liquid bonding agent into a powder bed. 

 Directed Energy Deposition (DED): The cross-section is formed by the deposition of a 

material and its simultaneous melting. A focused thermal energy source, e.g. a laser 

or an electron beam, is used to melt the material. 

 Material Extrusion (MEX): In these processes, the material is selectively extruded 

through a nozzle, producing the cross-section of the part. 

 Material Jetting (MJT): Additive Manufacturing processes where droplets of the 

building material are selectively deposited. 

 Powder Bed Fusion (PBF): A powder bed is selectively melted using an energy source, 

commonly a laser or an electron beam. 

 Sheet Lamination (SHL): Processes in which the layers are created by the deposition 

of sheets of material, and the bonding of them. 

 Vat Photopolymerization (VPP): A liquid photopolymer contained in a vat is cured by a 

selective light-activated polymerisation process. 

Next, the main characteristics, advantages and limitations of the different categories are 

summarised from the description presented by Gibson et al. [78]. 
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1.1.2.1 Binder Jetting 

It was in the early 1990s when these processes were developed under the name of Three-
Dimensional Printing (3DP). Starting from a powder bed, the cross-sectional layer of the part 
is created by the deposition of a bonding agent. This binder not only joins together the 
powder particles but also bonds the layer with the previous one.  

The creation of the layer starts spreading the powder, usually employing a roller system. The 
binder is then selectively deposited through a nozzle, forming agglomerates with the powder. 
Once the layer is built, the building platform moves down, and a new layer of powder is 
spread. During the building process, the part is surrounded by the unbound powder, helping 
shape preservation. This unbound powder is removed in the post-processing stage with 
compressed air. 

Powders of polymer, metal and ceramic are commercially available for binder jetting [66]. 
When comparing the Binder Jetting process with other AM techniques, the first advantage is 
that productivity can be increased easily by the incorporation of more nozzles in the printing 
head. The price of the machines is also low when compared to other technologies, like those 
based on lasers. Different compositions can be easily achieved by the right combination of 
powders and binder additives. Another significant advantage is that printing with different 
colours is possible, improving the aesthetic of the parts. 

Nevertheless, due to the limitations on the dry powder distribution, low densities can be 
achieved with Binder Jetting [235]. Low-density results in parts with poor mechanical 
properties, which must be enhanced by post-processing. Typically the infiltration with a 
second material is employed. 

1.1.2.2 Directed Energy Deposition 

These processes are based on the simultaneous deposition and melting of the bulk raw 
material. A focused heat source melts not only the feedstock material but also a part of the 
substrate. The melted region, known as melt pool, solidifies almost immediately and the 
material is bonded to the part. After each pass of the deposition system, a track of solid 
material is formed, and the layers are created by adjacent lines of material. 

Even though these processes have been tested for ceramic and polymeric materials, their 
main application is the production of metallic components. The feeding system can use 
either powder or wire. When a feeding wire is used, the porosity of the parts is reduced. 
However, there is a loss of dimensional accuracy, and a subtractive milling system needs to 
be integrated. Another alternative is the combination of both systems, which increases the 
deposition efficiency and improves the surface finish [201]. 

Two main systems can be distinguished for Directed Energy Deposition, the electron beam 
and the laser based deposition processes. The selection of the heat source depends strongly 
on the application. I.e. the electron beam was developed by NASA Langley Research Center 
for the production of components in space [134]. Regarding the laser-based systems, 
different systems are available, e.g. the Laser Engineered Net Shaping (LENS) developed in 
the Sandia National Laboratories [79]. 
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Unique advantages can be leveraged with Direct Energy Deposition. The composition can be 
easily modified in all the directions just by changing the feeding material. For the same 
reason, composite materials can be produced without any problem [158]. Another advantage 
is the lack of dimensional limits, only restricted by the machine size [62]. 

The main limitation is that the melt pools are relatively large, especially when compared to 
Powder Bed Fusion processes. A large melt pool implies a worse surface finish, less accuracy, 
and the inability to produce small geometries. Machining operations are frequently used to 
improve surface quality. Lattice structures and internal channels are neither possible, limiting 
the design freedom [62]. 

1.1.2.3 Material Extrusion 

These processes use the selective extrusion of either a material in a liquid state or a paste, 
to produce the components. Two different approaches have been developed for controlling 
the state of the extruded material. The first one is based on a chemical change to produce 
the solidification. The second one employs the temperature to melt and then extrude the 
material. 

When a chemical change is used, the material can bond either by the addition of a curing 
agent or a small content of solvent, the reaction with air or by drying. Once the chemical 
reaction occurs, the material becomes completely solid and stable. An example of these 
processes is Robocasting, in which an aqueous ceramic paste is extruded [148, 183]. 

The second approach is based on temperature for controlling the state of the material. Once 
the liquid material is extruded through the nozzle, it bonds with the substrate and solidifies. 
The deposited material produces the melting of part of the substrate, resulting in the 
bonding with it. An innovative and environmentally friendly example of this approach is 
Freeze-form Extrusion Fabrication (FEF). In this process, parts are produced by the 
controlled deposition of aqueous pastes which are deposited in a substrate at sub-zero 
temperatures [130, 147]. 

Within the Material Extrusion processes, the most common technology is Fused Filament 
Fabrication (FFF). It was developed in the late 1980s by S. Scott Crump [180] and 
commercialised by Stratasys under the name Fused Deposition Modeling (FDM) [200]. In FFF, 
polymers or polymer-based compounds in the form of filaments are processed. The spooled 
filament is fed in the machine by the action of two counter-rotating rollers. In the machine, 
the material is introduced in the liquefier region where it melts. The unmelted polymer acts 
as a piston, pushing the melted fraction and producing its flow through the nozzle. The 
temperature of extrusion is slightly higher than the melting point of the polymeric material so 
that it rapidly solidifies and bonds to the substrate once deposited. Thermoplastic polymers 
and waxes are commonly employed. FFF machines typically operate in three axes. Firstly, 
one layer is created using the extrusion head, which moves in a plane parallel to the building 
platform. Once the layer is built, the platform moves down and the next layer can be created. 
Novel systems have been also developed, going up to eight axis of construction [215]. The 
main advantage of increasing the number of axes is that the support structures used for 
some special geometries are no longer required. 
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The use of filament as feeding material generates restrictions which reduce the range of 
material that can be used. E.g. the diameter of the filament has to be constant to have a 
constant mass flow, and it has to be very flexible to be spooled. In order to overcome these 
limitations, two new feeding systems have been developed, the syringe and the screw 
extrusion-based MEX. In Figure 1 the schematics of the FFF system (Figure 1a), the syringe 
based MEX (Figure 1b) and the screw extrusion-based MEX (Figure 1c) are shown.  

 

Figure 1: Overview of MEX systems: (a) Filament based MEX (also known as FFF), (b) 
syringe based MEX, (c) screw extrusion based MEX (adapted from Ref. [212]) 

In the syringe based system, a piston or a pneumatic system pushes the material instead of 
a filament. Some advantages of this system are the simplicity of the construction and the use 
of granules, pastes or suspensions instead of filaments. If the piston is filled with granules, 
the presence of air interrupts the extrusion, and the material inside the syringe can degrade 
thermally [212]. Because of this, the process is mostly used in materials that solidify due to a 
chemical reaction rather than by a thermal process [148, 183].  

The extrusion-based process offers more advantages than the syringe based MEX. By using 
a screw extrusion process, a continuous process can be realised, and a shorter exposure at 
high temperatures for the polymers, resulting in less thermal degradation [212]. Currently, 
the first commercial systems for the extrusion of ceramic and metallic feedstocks are 
available [7]. 

1.1.2.4 Material Jetting 

The technology of these processes is very similar to binder jetting, the difference being that 
in this case, all the building material is deposited from the nozzle as droplets. Solidscape 
introduced the first machine able to create 3D objects by the injekt printing of melted wax in 
1994 [222]. Wax polymers were the material commonly employed in the first generation of 
machines, with applications such as prototyping and patterns for investment casting. 

Acrylic photopolymers have been introduced in the last years to the industrial processes. In 
this case, droplets of liquid monomer are deposited and then polymerised using UV light. 
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In the scientific field, the processing by Material Jetting of a broader range of materials has 
been tested. Ceramic parts have been produced by the droplet deposition of aqueous 
ceramic pastes [58] and polymer-ceramic compounds [59]. For metals, the main approach is 
the deposition of droplets of melted metal. Thus, only metals with low melting temperature 
can be used. That is why most of the work is focused on the electronic industry for 
applications such as soldering or the formation of electronic connections. 

Since the philosophy of this technology is very similar to that of Binder Jetting, the same 
advantages can be found. E.g. multiple nozzles can be easily incorporated to increase 
productivity. Further benefits include better surface finish and dimensional accuracy than 
those of Binder Jetting, and the possibility to create multi-material parts. 

The main limitation of Material Jetting is the limited range of materials commercially 
available. When ceramic slurries or polymer compounds with metal or ceramic powders are 
used, the low viscosity required is another limiting factor. 

1.1.2.5 Powder Bed Fusion 

As the name indicates, these technologies are based on the selective melting of a powder 
bed by the use of one or more thermal sources. The process starts with the deposition of a 
powder layer with a thickness of around 0.1 mm. This layer is levelled afterwards by the 
action of a counter-rotating roller. A focused energy source is then employed to fuse the 
powder particles and join them, thus forming a cross-section of the final part. Once the layer 
is completed, the building platform lowers down, and the next layer of powder is deposited. 

Thermoplastic polymers such as polyamides, polystyrene-based materials, thermoplastic 
elastomers (TPE), or Polyether Ether Ketone (PEEK) are commercially available for Powder 
Bed Fusion. Processing of metals is also possible, provided that the metal can be welded. 
Stainless and tool steels, titanium alloys, nickel-based alloys, aluminium alloys, and cobalt-
chrome alloys are processed in the industry. Regarding the ceramic materials, despite 
numerous materials such as aluminium or calcium hydroxyapatite have been tested, the high 
melting temperatures make the processing difficult. 

To prevent the warping of the parts during the building process, and to reduce the power 
required to fuse the powder, the raw material and the powder in the bed are maintained at 
an elevated temperature, just below the melting point. A protective atmosphere is also used 
to avoid degradation or oxidation of the material. 

The fusion of the powder particles can be performed with different methods, being those 
based on the sintering or the melting of the particles the most common. A laser or an 
electron beam are used as thermal sources. Techniques such as Selective Laser Melting (SLM) 
or Selective Laser Sintering (SLS) are well known and applied in the industry [62]. 

Considerable advantages can be leveraged with Powder Bed Fusion processes. The unmelted 
powders can be recycled without problems, saving costs [159]. These powders act as 
support material for the parts; thus, geometrical features such as internal cooling channels 
are possible, and the removal and cleaning of the parts are considerably easier. 
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Nevertheless, the shrinkage in the production of metal components makes necessary the use 
of support structures to avoid warping. The surface finish and dimensional accuracy are 
worse than those of processes such as stereolithography. These parameters can be 
improved by the use of smaller powder, thus increasing the cost. Another primary limitation 
is the high cost of the equipment. 

1.1.2.6 Sheet Lamination 

These technologies are based in the direct deposition of a whole layer of material at once, 
which is bonded to the part. The bonding can be done either by the use of an adhesive, a 
thermal process, clamping the layers, or by ultrasonic welding. 

The cross-section of the parts is created by cutting a sheet of the building material, either by 
a knife, a laser, or a machining centre. The cutting can be done after the bonding to the 
substrate, or before it. If the cutting is done before the bonding, internal features and small 
channels can be produced. Another significant advantage is the reduction in pressure control 
in the cutting step. However, these processes have been tested mostly at the research level. 

Polymer [171], metal [31], ceramic [135] and composite [202] parts have been produced 
and studied with Sheet Lamination. Paper has also been widely used for these technologies, 
with the Laminated Object Manufacturing (LOM) system of Helysis being one of the first 
systems developed [78]. Currently, machines working with standard A4 paper can be 
acquired in the market [145]. 

Since all the material of one layer is deposited at once, the fabrication speed is higher than 
other AM processes [90]. When machining or knife systems are used for cutting, the 
machine costs are also lower than in other techniques.  

Nevertheless, the surface finish is determined by the thickness of the sheet used. Thus, it is 
challenging to attain good surface finish [90]. Another disadvantage is the high anisotropy in 
the properties when adhesives are used for the bonding of the parts. 

1.1.2.7 Vat Photopolymerization 

Stereolithography (SLA), a Vat Photopolymerization process, was the first AM technology 
commercialised back in the 1980s. The method used is the curing of a liquid photopolymer 
contained in a vat by a selective light-activated polymerisation process. Ultraviolet (UV) light 
is commonly employed to activate the process, but other radiation sources such as electron 
beams or visible light can be used with some polymers. 

The traditional machine configuration consists of a laser beam and scanning galvanometers 
to create the parts in a point-wise manner. Once a layer is built, the building platform in 
which the part is placed descends and the next later of uncured polymer is deposited. 

New processes based on mask projection can produce entire layers. An example of it is using 
a Digital Micromirror Device (DMD). In this technology, a large radiation beam, with a lower 
price than a laser beam, is used. Thus, a cheaper and faster process is attained [90]. 
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Another novel process is the Two-photon polymerisation, in which the photopolymer is cured 
in a point-wise manner in the intersection of two laser beams. High-performance systems 
with resolutions down to 100 nm and building speed up to 5 m/s have been developed [209]. 

The range of materials which can be processed by Vat Photopolymerization is considerably 
smaller than those of other processes. Two main types of photopolymer resins are employed: 
epoxy and acrylic resins. The epoxy polymers have lower shrinkage and enable the 
production of harder and stronger parts. However, the photopolymerisation is slower, and 
the epoxy parts are more brittle than the acrylic parts. Thus, the conventional approach is to 
combine both resins.  

The production of ceramic [101] and metallic [15] parts is also possible by Vat 
Photopolymerization. In this case, a suspension highly filled with powder is cured, the 
polymer is then removed by thermal degradation, and the ceramic or metal parts are finally 
sintered. Yet, the powders that can be processed are limited. The main reason for it is that 
the powder cannot absorb the curing light; thus, it is recommended that white or bright 
powders are employed for an efficient process. 

Parts with excellent surface finish and high dimensional accuracy can be obtained by Vat 
Photopolymerization. Using mask projection systems the cost of the equipment is reduced 
and the process faster, therefore improving the competitiveness of the process. On the other 
hand, the materials are expensive, and few can be processed, thus limiting the application 
[104]. 

1.2 Additive manufacturing of ceramics 

Except for some polymer-derived ceramics, mostly based on silicon [47], the processing of 
ceramic materials requires the use of raw material in the shape of powder. Independently of 
the technology, the powder must be mixed with inorganic and or organic additives which 
facilitate and enable its shaping [175]. Once the components are shaped, the organic 
additives, from either synthetic or natural origin, are removed before sintering. Since the 
inorganic additives cannot be eliminated and remain in the parts, their use is limited to the 
applications in which they do not deteriorate the properties of the final part after sintering. 
In the sintering step, the densification of the parts by different mechanisms occurs, leading 
to parts with the desired microstructure and porosity [175]. In this section, an overview of 
the main conventional and AM techniques for shaping ceramic components is presented. In 
further sections, the overall shaping, debinding and sintering process is presented for the 
FFF process. 

Table 1 summarises the most common ceramic shaping methods and the geometries 
attainable in the green body (after shaping) with each of them. Due to the high costs 
required for machining ceramic components, which can go up to 30 - 50% of the process 
costs, each of these technologies has been optimised to produce near-net-shape of a specific 
type of components [150]. 
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Table 1: Classification of the conventional ceramic shaping methods [150, 175]  

Forming method Feed material Green body 

(Semi-) dry pressing   

Uniaxial pressing Powder or free-flowing granules Small and simple shapes 

Isostatic pressing Powder or fragile granules 
Larger, more intricate 

shapes 

Wet-shaping   

(Pressure) Slip casting 
Free-flowing slurry with low 

binder content 
Thin and intricate shapes 

Tape casting 
Free-flowing slurry with high 

binder content 
Thin sheets 

(Thermo)Plastic 
shaping 

  

Extrusion 

Moist mixture of powder and 
binder solution 

Granulated mixture of powder 
and polymeric binder 

Elongated shapes with 
uniform cross-section 

Ceramic Injection 
Moulding 

Granulated mixture of powder 
and polymeric binder 

Small intricate shapes 

 

The mechanical compaction by pressing of dry or semidry powders enables the shaping of 
large series of components with relatively simple shapes. A minimal amount of additive is 
required to lubricate during pressing and to maintain the shape of the green components. 
These components can be latterly machined, but with a high waste of material [150]. In the 
uniaxial pressing method, the non-uniform pressure applied to the powder can result in 
density variations in the green body [175]. Nevertheless, such variations have been 
significantly reduced by the further development of the pressing tools and the isostatic 
pressing process [28, 150, 175]. 

A more uniform density is obtained in the wet-shaping techniques [175], also known as 
colloidal processing techniques [131]. The feed material is a liquid suspension in which 
organic additives such as plasticisers or polymers are required to adapt the rheological 
behaviour and increase the strength of the green components [131]. The only exception are 
the clay-based ceramics, in which the aqueous suspension possess enough plasticity without 
the need of processing additives [131]. In the slip-casting of clays and porcelains, an 
aqueous suspension is poured into a plaster mould with the desired shape. The porous 
mould absorbs the water and a solid layer of powder is formed; following the residual 
suspensions is removed, and the parts further processed [28, 150]. In the pressure slip 
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casting process, porous polymer moulds are employed, and by the application of pressure, 
the formation of the solid layer is accelerated [28, 150]. The tape casting process enables 
the shaping of sheets of different thickness as finished products or as semi-products that can 
be processed by laminating, punching or by the SHL of ceramics [150]. A step forward is the 
use of colloidal systems that allow the transition from a liquid suspension to a stiff structure 
without the need for drying the components [191]. This transformation can occur by the 
formation of a cross-linked organic network as occurs in the gel-casting process, or by the 
formation of a colloidal gel, which is the case of the direct coagulation casting [131]. 

The plastic shaping methods relay in the plastic deformation of a powder-additive mixture to 
shape the green components [175]. In ceramic extrusion, a paste composed of powder, 
solvent and additive is extruded through a nozzle by the action of a piston or screw [175]. A 
variation of this process is the thermoplastic extrusion of ceramics, in which the solvent and 
additive are substituted by a multi-component binder system resulting in lower friction and 
less powder-binder separation [46]. Despite the high efficiency of the extrusion processes, 
the shapes available with them are limited since the shape in the z-direction is fixed [150]. 
When high productivity of complex-shaped ceramic components with small and medium size 
is required, the Ceramic Injection Moulding (CIM) process is the preferred option [150]. In 
the CIM process, a thermoplastic compound highly filled with ceramic powder is molten and 
injected into a mould in a process similar to the injection moulding of plastics [76, 153]. Due 
to the abrasion of the ceramic powder, special coatings of hard materials are required [188]. 
In fact, due to the high tooling costs, the CIM process is only feasible for large series of 
products [76, 153]. 

In general terms, all the conventional processes for the shaping of ceramics shown in Table 
1 need tooling, either sacrificial or permanent. The layer-by-layer shape generation in the AM 
of ceramics eliminates tooling, and thus all the costs and time required for the production of 
tools [140]. This cost reduction makes economically feasible the production of a short series 
of ceramic components, which would be too expensive to produce by conventional methods 
[140, 150, 207]. Furthermore, the AM technologies enable the production of new complex 
geometries that could not be produced by conventional methods. These new geometry 
possibilities can, for example, enhance the performance of components such as heat 
exchangers [167, 186], catalysts [60] or microfluidic devices [150], or be used for the 
production of components with a functionally graded porosity for medical applications [82, 
148]. 

Nevertheless, it must be stated that the AM technologies will not replace the conventional 
shaping processes, due to the high productivity of the second [150]. On the contrary, AM 
technologies can expand the range of applications of ceramic materials and serve as 
perfectly complementary techniques to well established conventional processes such as CIM 
[140, 150, 151]. In Table 2, the main applications expected for AM ceramic components 
according to the annual report of SmarTech Analysis [194] are summarised. 
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Table 2: Expected applications for AM ceramics with the number indicating the expected 
demand (1 highest and 6 lowest) (adapted from [194]). 

 Field Applications Materials 

1 

Industrial 

manufacturing and 

tooling 

Industrial cores and moulds, tools 
Silica (sand), quartz, 

beads, cements 

2 
Electronics and 

optics 

Sensors, manifolds, custom 
assemblies, antenna components, 
substrates, x-ray tubes, gyrotron 

components, nozzles, seals 

Zirconia, alumina, 
silicon carbide 

3 
Aerospace and 

defence 

Thermal and armour components, 
sensors, seals, fuel injectors, 

nozzles, satellite parts, manifolds, 
subassemblies 

Zirconia, alumina, 
silicon nitride, silicon 

carbide, silicon 
carbide, boron 

carbide 

4 
Biomedical and 

dental 

Bone grafting, bone grafting, spinal 
implants, dental replacements, 

medical tools 

TCP, HA/HAP, 
zirconia 

5 Automotive and rail 

Sensors, powertrain elements, fluid 
control, interior parts, valves, seals, 

heat exchangers, brushes, 
inverters, discs, ball bearings, fuel 

injectors, seals 

Zirconia, alumina, 
silicon carbide 

5 Consumer products 
Sculptures, vases, tableware, 

furniture, architectural items, tiles 
Clay, terracotta, 

glass 

6 
Energy and 

maritime 

Ship building parts, substrates, 
propulsion parts, fluid control parts, 

ball bearings, grinding media, 
valves, seals, pump products 

Zirconia, alumina, 
silicon carbide 

 

Over the last decades, the AM of ceramics has been studied for all the processes described 
in section 1.1.2. Nevertheless, the high thermal gradient in the Directed Energy Deposition 
(DED) and Powder Bed Fusion (PBF) processes results in residual stresses and defects such 
as cracks and distortions. Moreover, the coarse surface finish and porosity of the parts limit 
their areas of application [41]. The Sheet Lamination (SHL) of ceramics could benefit from 
the use of tape casted ceramics as raw materials [150]. However, most of the studies for the 
ceramics SHL were conducted years ago, and only for components with simple geometries 
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such as gears [41]. Due to different reasons, the most relevant technologies for the AM of 
ceramics are the Vat Photopolymerization (VPP), Binder Jetting (BJT), Material Jetting (MJT) 
and Material Extrusion (MEX) technologies [194]. 

The VPP technologies are the most advanced processes for the AM of technical ceramics [41, 
194]. High density and high mechanical properties can be obtained with these processes [92, 
187]. Moreover, the parts produced by VPP have the highest dimensional accuracy and the 
lowest surface roughness of all the AM technologies [41, 241]. The VPP of ceramics employs 
photocurable resins filled with a high content of ceramic particles. The parts are formed by 
the selective curing of the polymeric resin, based in a laser beam or the digital light 
projection [194]. The limitations of this technology are the low speed of the shaping process 
[41] and the maximum thickness of the parts that can be produced [241]. Since the binders 
are photo-cured polymers, they can be only removed by thermal decomposition, and several 
days are required for the debinding of parts with a wall thickness of about 1 cm [241].  

If a high shaping speed or large-sized parts are the desired criteria, the BJT of ceramics is 
the best option [241]. In this process, a binder is selectively deposited on a ceramic powder 
bed to obtain the green parts, which must be treated to increase their strength before 
debinding and sintering [61]. Due to the use of a powder bed, the green parts are very 
porous, and an additional step of infiltration or isostatic pressing is required to increase the 
density [41, 241]. Currently, the main applications of the BJT of ceramics are the production 
of low-cost parts or parts with large size, like large mould and foundry cores [194]. 

Inkjet printing is the most common process for the MJT of ceramics [41]. In this process, 
droplets of ceramic inks are selectively deposited to produce the parts. The ceramic inks are 
composed of a solvent, additives and ceramic powder; as the ink is deposited, the solvent 
evaporates, and dense green parts are obtained [241]. The process enables the production 
of small single- and multi-material components with well controllable material gradients 
[241]. Due to these reasons, there is a great interest in the application of this technology in 
the fields of microelectronics and energy devices [41]. 

The MEX of ceramics can employ the two approaches described in section 1.1.2.3 to control 
the state of the deposited material. If a ceramic ink or gel is extruded, the drying of the 
solvent and/or a physical transformation such as gelation ensure the preservation of the 
shape [241]. These MEX processes are commonly known as direct ink writing [41]. For the 
formulations with a higher content of solvent, the parts must be immersed in an oil bath to 
prevent non-uniform drying during shaping; however, due to the low content of organics, an 
additional debinding step is not necessary [148]. Direct ink writing is the most common 
method for the AM of porous ceramic structures for applications such as piezoelectric 
components, catalyst carriers and tissue engineering [41, 148]. The second approach to 
control the state of the extruded material is the melting and solidification of a thermoplastic 
binder highly filled with ceramic powder. This compound is known as feedstock and can be 
in the shape of pellets or filaments. If a screw-based MEX system is used (Figure 1b) the 
same pellets as for the CIM process can be employed [7]. In general terms, it can be stated 
that the MEX of ceramics enables the production of multi-material components, has a higher 
shaping speed than other techniques such as VPP and requires low investment costs for the 
shaping equipment [41, 53]. However, the parts produced by MEX have a poor surface 
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quality and the defects generated during shaping make the production of dense monolithic 
parts difficult [41, 241]. In the next section, a more detailed description of the filament-
based MEX of ceramics, also known as FFF of ceramics, is presented. 

1.3 FFF of ceramics and metals 

1.3.1 Thermoplastic based manufacturing  

In the thermoplastic-based manufacturing of ceramics and metals, a thermoplastic binder 
compound highly filled with powder of the final material is employed. I.e. the binder acts as 
a carrier, which additionally provides mechanical interlocking to the network formed by the 
particles. Powder injection moulding and the thermoplastic extrusion of ceramics are 
examples of this approach that are well implemented in the industry. In general terms, the 
process consists of four stages: compounding, shaping, debinding, and sintering. Next, the 
stages of the process are described, focusing on the characteristics of the filament-based 
FFF. 

1.3.1.1 Compounding 

In the compounding stage, the feedstocks used as raw material are produced by mixing the 
powder with the different components of the binder. Thus, before this stage, the selection of 
the powders and polymers must be undertaken. In order to attain the requirements of the 
different processes, multicomponent binders are employed in all the technologies. In the FFF 
technology, thermoplastic polymers are used in the binder system. Since the shape of these 
polymers can be easily changed by melting the material, filaments can be firstly produced 
with the compounds and then extruded to the desired shape. Besides, recycling is possible, 
reducing the cost of the process. In section 3.1, a discussion of the state-of-the-art for the 
FFF binders is available. 

Once selected the materials, the compounding is carried out. The polymer is melted, and the 
shear action must produce the breakdown of the particles clusters, as well as the dispersion 
and distribution of the powder in the binder in a homogeneous mixture [153]. Two types of 
equipment can be employed for compounding. Roller mixers, also known as kneaders, 
produce the material in batches. For a continuous production of material, shear rollers or co-
rotating twin-screw extruders are used. The main advantages of the batch mixing equipment 
are the lower cost of the equipment and the possibility to produce a small quantity of 
material [63]. Also, the mixing torque can be measured over time and be used as an 
indicator of the feedstock homogeneity [100]. Nevertheless, the productivity and shear 
applied with the batch mixing techniques are lower than for the shear rollers and twin-screw 
extruders. 

1.3.1.2 Shaping 

After the compounding, the shaping stage is carried out. For some technologies such as 
Powder Injection Moulding or Vat Photopolymerization, the feedstock or suspension can be 
directly used to produce the parts. As the technique used in this project was the filament-
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based FFF, in which filaments must be first produced from the feedstock, the shaping 
process and requirements are described for this process. 

For the production of filaments in the stage of material development, the use of special 
setups is usual. E.g. small quantities of filaments can be produced by employing a capillary 
rheometer, in which a piston forces the flow of the material through a capillary. Then the 
extruded material is pulled by a conveyor belt to produce the filament [4, 125, 213]. 
Nevertheless, for the mass production of filaments, single- or twin-screw extruders are the 
equipment commonly used. Other devices such as pulling and winding units and elements 
for cooling or measuring the filament diameter are also necessary [1, 116, 193].  

The produced filaments are used in the shaping stage, in which the parts are created layer 
by layer using the FFF technology (Figure 2). First, the filament is driven into the extrusion 
head by two counter-rotating wheels. Once introduced, the polymer fraction is melted in the 
liquefier, and acts as a carrier of the ceramic or metallic particles. Finally, the feedstock is 
extruded through the nozzle and deposited in the part as a melted strand. 

  

Figure 2: Schematics of the FFF shaping system 

In general terms, the outcome of the shaping stage in the powder-binder technologies are 
the so-called „green parts“. In these parts, the polymeric binder is responsible for the shape 
retention of the parts, providing the stiffness needed in the following stages of the process.  

1.3.1.3 Debinding 

Debinding is one of the longest steps of the process. After moulding, the shape of the parts 
is maintained by the binder system, which provides a mechanical interlocking to the network 
formed by the particles. The paths that the binder has to follow in this network when it is 
removed are very tortuous, and the pore structure is characterised by its capillary pressure 
or resistance to fluid flow. This capillary pressure also produces the union between the 
particles. Besides, no damage to the parts should occur when the binder goes through the 
network [76]. The resulting part after debinding is called brown part [160]. 

The main techniques of debinding can be classified into three groups [76]:  
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Thermal debinding: Binders are removed by thermal mobilisation. The most commonly 
used process is to dissociate the polymer molecules into smaller molecules producing 
degradation of the binder. A protective atmosphere prevents the oxidation of the part and 
removes the products of decomposition. A variation of this method is wicking extraction, in 
which the parts are buried in a porous substrate (usually alumina), that absorbs the melted 
polymers. This process is faster but can produce a higher number of defects.  

Solvent debinding: Used for binders which are partially soluble in substances such as 
hexane, heptane or water. The parts are put in contact with the solvent, leaving an open 
pore structure as the fluid penetrates the parts from the surface. The solvent can be in a 
liquid or vaporous state. When the debinding is carried out at high pressure, it is called a 
supercritical process.  

Catalytic debinding: Polyoxymethylene (POM), also known as polyacetal, is decomposed 
by the action of an acid catalyst. The process is faster and less harmful for the parts than the 
previous ones, but corrosion of some metallic parts and high contamination are its 
drawbacks. BASF Catamold system, the most employed commercial feedstock for PIM, is 
based on this system.  

For a fast and progressive debinding, multicomponent systems are employed. A primary 
binder, with low molecular weight, is responsible for reducing the viscosity of the feedstocks 
and is removed in the first stage, leaving an open pore structure. On the other hand, the 
backbone or secondary binder retains the shape and provides rigidity to the parts until it is 
removed in the second stage. Additives such as dispersants, plasticisers, stabilisers and 
intermolecular-lubricants are also very common. These additives can be removed along with 
the primary binder or in the second stage [64].  

A single step thermal debinding has been the traditionally employed method, because of its 
simplicity and the need for lower investment costs. Nevertheless, the binder softens, and 
defects can be generated by internal vapour pressures derived from its degradation [49]. To 
avoid this, the process needs to be carried out at gradual heating rates, to ensure a 
progressive degradation of the different polymers, which generates long and energetically 
inefficient processes [76].  

Nowadays, more efficient processes are performed in two steps, one for each of the principal 
components of the binder. A solvent or catalytic debinding technique is employed in the 
primary debinding, producing an open pore structure from the surface to the inner region of 
the parts. The remaining binders are thermally removed in the secondary debinding, using 
the existent pores. The advantages of this method are a faster process, better dimensional 
control than a single thermal step debinding [13] and the reduction of defects such as 
warpage [42]. Additionally, this technique permits the production of parts with larger 
sections as has been demonstrated not only for PIM [135] but also for the production of 
large diameter-rods by extrusion [136]. 

1.3.1.4 Sintering 

Sintering can be defined as the solid-state densification process in which particles are 
bonded together through diffusion and other atomic-scale mass transport mechanisms. By 
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this densification process, the brown parts are transformed into final compact parts, with 
relative densities up to 98 %. Both the microstructure and the properties of these final parts 
depend on parameters such as the heating and cooling rates, the time the sample remains at 
the sintering temperature, and the atmosphere at which the process is performed [196]. 

One of the main driving forces of the process is the reduction of the surface energy by the 
decrease of the surface area. When the temperature is high enough to reach the diffusion 
activation energy, the formation of cohesive bonds between the particles in contact begins. 
These bonds, known as necks, grow until the particles are completely united, and the 
porosity in the parts is considerably reduced. The small particle size implies a high surface 
area, which facilitates the process. Another primary mechanism is the difference of surface 
vapour pressure. In the concave bonds, the pressure is smaller than in the rest of the 
surface, with a convex shape. This pressure difference enhances the diffusion of atoms 
during the initial stages of sintering [37]. 

The sintering process is divided into different stages. In the case of spherical particles, which 
is the simplest situation, three stages can be considered [76]: 

• Initial stage: The porous structure is open and interconnected. As the temperature 
increases, the bonds start to form in the contact points between the particles. The necks 
formation causes small rearrangements in the particles packing due to small displacements 
and rotations. 

• Intermediate stage: As the temperature increases during the heating cycle, the necks 
grow due to different mass transport mechanisms. These mechanisms are surface diffusion, 
evaporation-condensation, grain boundary diffusion, lattice diffusion, viscous flow, and 
plastic flow. The porosity of the part decreases, and the densification is notorious. 

• Final stage: At the end of the process, the densification rate decreases. The pores reach 
their minimum size, have a round shape and are isolated. If the sintering time is excessively 
long, the grain size of the material starts to increase, resulting in a decrease of the 
mechanical properties. 

1.3.2 Comparison to other processes 

The simplicity and low cost of the FFF equipment have promoted its use and expansion at 
industrial and end-user level for the production of polymeric parts. On this manner, the 
existing knowledge on FFF and its popularity can promote its expansion and application for 
the production of metal and ceramic materials. Moreover, the whole system for shaping, 
debinding and sintering can currently be purchased for a few thousands of euros [53]. 

The debinding and sintering processes are well known for well-established technologies such 
as PIM, which can facilitate the implementation of FFF as a complementary production route 
in the development of new products, in the production of small batches of parts, in the 
customisation of mass-produced components and in the production of tooling [151, 214].  

The many properties required in the feedstocks for the production of filaments constitute a 
technical barrier and is one of the main factors hindering the expansion of the FFF process 
for the production of metallic and ceramic materials [25]. Moreover, high dimensional 
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tolerance of the filaments is required to have a continuous flow of material and avoid failures 
during shaping with FFF [25, 78], which increases the price of the feedstock [152]. The 
screw based MEX processes using feedstock pellets [7, 18, 50, 212] can help to solve these 
problems and reduce the cost of the feedstock production [152]. Nevertheless, further 
improvements are required for the optimisation and control of the material flow [18, 84]. 

Support structures are required in FFF for the generation of shapes such as overhangs or 
bridges, which requires a second material being extruded and an additional step of support 
removal. Nevertheless, 5- and 6-axis machines have been designed by modification of the 
FFF systems or their combination with robotic arm systems [173]. These modifications 
reduce the need for support structures and enable the production of new geometries. 

The shaping by the extrusion of strands results in high surface roughness for FFF parts as 
compared to other AM processes [54, 81, 152]. Since the surface roughness is inversely 
proportional to the layer thickness and thus to the nozzle diameter, the use of nozzles with 
small diameters improves the surface quality as thinner layers can be used [156]. The 
surface roughness can also be reduced by the thermo-mechanical treatment of the green 
parts [30]. The resolution attainable by FFF is also limited by the nozzle geometry and is 
lower than for other technologies such as Vat Photopolymerisation, Material or Binder Jetting 
[78, 152, 241]. Conversely, the build chamber of the FFF machines can be larger than for 
other processes, which enables the shaping of larger green parts [151]. Moreover, the 
combination of various materials in a single component is facilitated, since various nozzles 
can be easily incorporated in a single machine [113]. 

Debinding is one of the most critical steps of the FFF process. If a single step of thermal 
debinding is conducted, long and expensive thermal cycles are required to avoid defects in 
the parts. Whereas thermal debinding is the only alternative for techniques such as ceramic 
Vat Photopolymerisation [241], binders for solvent and catalytic debinding have been 
developed for FFF (Table 5). The use of a two-step debinding process enables the 
production of thicker components [137, 152] in a short and cost-efficient process [152].  

1.3.3 Materials processed by FFF 

The size of the powders, which is not a single size but a distribution of sizes, is one of the 
limiting factors for processing for FFF. Although there is no lower limit, submicron particles 
have a high tendency to agglomerate and require a de-agglomeration and coating treatment 
[144, 208, 225]. On the other side, the powder must be small enough to avoid the clogging 
of the nozzle during FFF [19, 24] and powders with D90 ≤ 22 µm are usually preferred. Kukla 
et al. [125] investigated the effect of the particle size on the processing of feedstocks with 
55 vol% of 316L. The feedstock with larger particles (D50 ~ 8.6 µm) had lower flexibility, 
stiffness and viscosity than the one with smaller particle size (D50 ~ 5.5 µm). Despite the 
reduction of the viscosity, the reduction in stiffness resulted in buckling for the feedstock 
with larger particles and failure in the shaping by FFF [125]. The properties and processing 
of the feedstock are also influenced by the morphology of the powder. Using spherical 
powders results in a higher packing density and higher flowability [97]. Nevertheless, 
irregularly-shaped powders can also be produced by FFF. Irregular powders offer the 
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advantages of better shape retention and lower cost than the spherical powders produced by 
gas atomization [97]. 

The maximum powder content in a feedstock processable by FFF depends not only on the 
geometry but also on its surface chemistry and the powder-binder interaction [84]. 
Gonzalez-Gutierrez et al. compared the mechanical properties of filaments with the same 
binder system but two types of powders [84, 85]. For the filaments with ceramic and 
irregular SrFe12O19 powder, the strength and flexibility were much lower than those of 
filaments with 316L powder with spherical and larger particles. For both materials, more 
brittle and fragile filaments were obtained for high powder contents. Nevertheless, filaments 
with up to 60 vol% could be processed by FFF for the 316L powder, whereas the filaments 
with SrFe12O19 could be only processed for contents lower than 55 vol% [84, 85]. 
Nötzel et al. [156] compared the shaping by FFF of alumina feedstocks with different powder 
content. Increasing the powder content increased the viscosity, and small nozzles could only 
be used for solid contents lower than 50 vol% [156]. 

Similarly to Powder Injection Moulding, FFF can produce components with a wide variety of 
metallic and ceramic materials [84, 176]. Silicon nitride [3, 5, 112], alumina [49, 89, 91, 156, 
163], lead zirconate titanate [5, 113, 143], mullite [10, 162], fused silica [5, 12, 162], 
titanium dioxide [162], zirconia [1, 77], and tricalcium phosphate [88] are examples of 
ceramics that have been produced by FFF. The FFF of metals such as the precipitation 
hardening stainless steel 17-4PH [83, 86, 225], the austenitic stainless steel 316L [30, 86, 
126, 180], the titanium alloy Ti6Al4V [124, 239], the rare earth magnetic alloy NdFeB [123], 
pure copper [55] and a new tungsten-chromium alloy [24] has been reported in the 
literature. Metal-ceramic composites such as hard metals (tungsten carbide with a cobalt 
matrix) [20, 129] and cermets (carbides and nitrides of titanium and other elements in cobalt 
and/or nickel matrix) [129] can also be produced by FFF. The AM of such composites by 
methods employing a powder bed would be a challenging task due to two factors. When 
unbound powders are used, the powders of the hard-phase and the matrix separate in the 
powder bed, complicating the reuse [129]. Furthermore, sintering or melting the powders 
with an energy source would result in inhomogeneity in the composition and loss of the 
metallic matrix [129, 233]. 

The FFF of multi-material components has also been investigated since it would improve the 
part’s performance and make it possible to combine various functionalities in a single part. In 
order to combine two or more materials, binders with similar composition must be employed 
to ensure a good strand bonding when shaping the parts and a similar debinding behaviour 
[120]. Nevertheless, the co-sintering of the materials is the most challenging task. A similar 
thermal expansion coefficient and similar shrinkage evolution during sintering are critical [1]. 
Piezoelectric components combining soft and hard lead zirconate titanate have been 
produced by Jafari et al. [113]. Brennan et al. [27] reported the fabrication of multi-material 
actuators composed of electrostrictive and piezoelectric ceramics. Furthermore, the 
combination of stainless steel and zirconia to combine electrical conductivity and insulation 
properties in infrared heaters has been demonstrated by Abel et al. [1].  

Table 3 summarizes the metallic and ceramic materials that can be commercially purchased 
in filaments and sintered. As can be observed, the stainless steels 316L and 17-4PH are the 
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most commonly offered metals, followed by copper. Alumina and zirconia are the most 
common ceramics. Since one of the main applications for FFF currently is the production of 
tooling, other metals such as the tool steels and the Inconel alloy 625 are also offered by the 
company Markforged. All the producers shown in Table 3 have also other materials available 
with special orders or under development. Therefore, it can be expected that the number of 
commercial FFF filaments of metallic and ceramic materials increases considerably in the 
next years. 

Table 3: Main distributors of filaments for the FFF of metals and ceramics. 

Company 
Metallic 

filaments 
Ceramic 

filaments 
Debinding Source 

The Virtual Foundry 

316L 
Bronze 

Cu 
High C iron 

- 
Wick (Carbon paste) 

+ Thermal 
[204] 

BASF 316L - 
Catalytic 

+ Thermal 
[16] 

Spectrum 
SiCeram 
Emery 

oleochemicals 

- 

Silicon nitride 
Alumina 
Zirconia 
Porcelain 

Solvent 
+ Thermal 

[197] 

Nanoe 316L 
White zirconia 
Black zirconia 

Alumina 

Solvent (Acetone) 
+ Thermal 

[53] 

Markforged 

17-4 PH 
Cu 

Inconel 625 
Tool steels (D2, 
H2 and H13) 

As support 
material 

Solvent 
+ Thermal 

[141] 

XERION 
17-4 PH 

316L 
Alumina 
Zirconia 

Solvent 
+ Thermal 

[227] 

1.4 Zirconia 

Zirconia (ZrO2) is the ceramic oxide of zirconium, a strong metal with properties similar to 
titanium [56]. Zirconia is not present as a pure oxide in nature, and the two main natural 
sources of zirconium are the minerals baddeleyite (ZrO2) and zircon (zirconium silicate, ZrO2-
SiO2, ZrSiO4) [23, 142]. To obtain zirconia from these minerals decomposition processes such 
as chlorination and thermal decomposition, alkaline oxide decomposition and thermal 
decomposition in plasma are used [23]. 

Pure zirconia can have three forms depending on the temperature: monoclinic, tetragonal 
and cubic. Monoclinic zirconia is stable at temperatures up to 1170 °C, at which it transforms 
to tetragonal zirconia. The cubic zirconia is formed at temperatures higher than 2370 °C. 
These transformations are reversible, and at the end of cooling the monoclinic zirconia is 
formed. Due to the higher density of tetragonal zirconia, the monoclinic-to-tetragonal 
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transformation is accompanied by a small shrinkage, and in the reverse transformation there 
is an expansion of 3 to 5 vol.% [23].  

The change in volume caused by the tetragonal-to-monoclinic transformation limits the use 
of zirconia under frequent temperature changes and results in cracks and flaws in sintered 
zirconia. In order to avoid these defects, stabilization oxides such as CaO, MgO, CeO2 and 
Y2O3 are used to maintain the tetragonal and cubic phases at room temperature after 
sintering. Fully stabilized zirconia is obtained with high contents of stabilizers, whereas 
partially stabilized zirconia is obtained at lower contents. The partially stabilized zirconia is a 
combination of tetragonal and cubic forms, which requires small particle sizes to avoid the 
transformation of the tetragonal to monoclinic form [23, 142]. The tetragonal phase in the 
partially stabilized zirconia remains metastable at ambient temperature [142]. If the stress 
field in front of a propagating crack is large enough, the tetragonal grains in the vicinity of 
the crack undergo a tetragonal-to-monoclinic transformation. The volume expansion 
associated with the transformation induces compressive loads in the tip of the crack, 
increasing the resistance of the material to the crack propagation [23, 142].  

Due to the transformation toughnening and the good biocompatibility of zirconia, partially 
stabilized zirconia is widely used in dentistry [56, 142] and the production of prostheses such 
as femoral heads, knees and acetabular components for hip replacements [23]. The high 
ionic conductivity of zirconia, especially when it is stabilized with yttria, has promoted its 
application as electrolyte in solid oxide fuel cells and electrochemical sensors [23]. Another 
major application of zirconia is as thermal barrier coating for the protection of metallic 
materials at high temperatures; the low thermal conductivity of yttria stabilized zirconia and 
its coefficient of thermal expansion similar to that of the metal substrate make this material 
an excellent option for these barrier coatings [23]. 

Zirconia partially stabilized with 3 mol.% yttria has been the powder employed through all 
the investigations of this PhD thesis. The main reason to select this material was its similar 
thermal expansion coefficient and sintering behaviour to those of stainless steels, which 
makes the FFF of multi-material parts combining electrical conductivity and insulating 
properties possible, as demonstrated in previous works to this thesis [1]. 



2. Introduction and objectives 

Santiago Cano Polymer Engineering and Science Leoben 23 

2 Introduction and objectives 

2.1 Motivation and background 

Over the last decades, Additive Manufacturing (AM) has aroused the attention of the industry 
and the consumers. These technologies have opened the door for the production of 
components with extraordinarily complex geometries, as well as expanded the flexibility for 
producing highly personalised products and components without the need for expensive 
tooling.  

Significant progress has been attained in the commercialisation of AM methods for polymers, 
not only at an industrial scale but also for the end-user production. On the other hand, the 
production of ceramic and metallic components is restricted to the industrial field, due to the 
need for more specialised equipment. Laser or electron beam AM techniques are the 
preferred option for metals; however, the equipment is considerably expensive, and the 
application to ceramics is limited to porous structures due to the high melting temperature. 
The alternatives are those technologies that use a polymeric system as a carrier, known as a 
binder, which enables the shaping of ceramic and/or metal powders.  The binder is then 
removed, and the components are sintered to attain almost full density. Within these 
technologies, we can find Fused Filament Fabrication (FFF), a technology well-known for 
polymers. For FFF there are no restrictions for the selection of the metallic or ceramic 
material, which enables a broad range of applications. Besides, the cost of the FFF 
equipment is considerably lower than the one required for other AM technologies. 

The main limitation of the FFF technology is the form of the employed raw material, a 
spooled filament. Since the polymer system is highly loaded with the ceramic or metallic 
powder, the mechanical properties of the polymers are critical. Not only the polymers must 
be very flexible and strong to be spooled as filaments, but they must be stiff enough to feed 
the extrusion system. The bonding between the extruded roads in each layer and the 
adhesion between the extruded layers is another major issue. In addition, the particles must 
be homogenously distributed in the polymeric matrix. Research has been conducted for the 
development of binders for FFF [4, 143], and the production of metallic and ceramic parts 
has been tested [113, 225]. 

To remove the binder, it is subjected to a thermal degradation step, the so-called thermal 
debinding. During the thermal debinding process, the polymer decomposes in the whole 
volume in the parts. Therefore, gases are formed in the parts that can end up in severe 
defects and bloating. To avoid these defects , slow heating rates are employed, and this step 
is characterised by long runtimes and large amounts of energy consumption [13]. 

A more efficient debinding process is based on the dissolution of the major part of the 
polymeric components in a solvent. After solvent debinding, a porous structure is created in 
the parts, which can be used in the next step for the thermal degradation of the rest of the 
polymers [13]. The reduction of energy consumption in the thermal debinding step makes 
the FFF process more efficient and increases its competitiveness. Another advantage of 
solvent debinding is that parts with larger sections can be created, thanks to the reduction of 
the internal stresses during debinding and the progressive removal of the polymers [137]. 
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This two-step debinding process is used in most of the commercial feedstocks for FFF, and 
the first studies have been reported in the literature [67, 122]. However, the current 
information of the type of binder components required for the combination of FFF and 
solvent debinding is limited as most of the developed systems remain confidential. 

Considering the described situation, the main objective of this thesis was to develop a better 
understanding of the feedstock formulations required for the combination of the FFF of 
ceramics with a more efficient debinding stage. A novel formulation for the FFF and solvent 
debinding of zirconia components was developed systematically. The type of components 
necessary to meet the requirements for the process were defined, and their influence on the 
properties and processing of the feedstock was determined. The second focus was on the 
influence of the processing parameters on the processability of the feedstocks for FFF and 
solvent debinding and the impact on the final parts. For those investigations, a binder 
formulation previously developed in the Institute of Polymer Processing was employed [122].  

2.2 Hypotheses and Approach 

Based on the current state of the art and the problems described in the previous section, a 
series of hypotheses were proposed at the beginning of this thesis. It was believed that 
further development in the processing of ceramics by FFF and solvent debinding could be 
achieved based on the following hypotheses: 

1. By the right combination of binder components, a high strength, stiffness and 

flexibility, as well as low viscosity could be obtained as required for FFF. 

2. Solvent debinding requires two types of components. First, a major fraction of the 

binder must be leached with a solvent. The rest, known as backbone, must maintain the 

shape of the parts during the process and be removed in the subsequent thermal 

debinding step. The combination of the right soluble binders and backbones 

should enable the use of solvent debinding in FFF.  

3. The use of a polymer grafted with polar groups as backbone should result in 

an improvement of the adhesion to the polar surface of the zirconia powder. A 

high powder-binder adhesion should result in a more homogeneous feedstock, with 

lower viscosity and with higher mechanical properties. 

4. The parameters employed in the solvent debinding of FFF feedstocks should 

determine the debinding rate and the apparition of defects. 

5. The defects caused during the shaping step in the FFF of ceramics and their 

effect on the properties of the final parts could be reduced by the proper 

adjustment of the parameters during shaping. 

The hypotheses 1, 2 and 3 concern the systematic development of a novel feedstock 
formulation for the FFF and solvent debinding of zirconia. The characterisation of several 
binders and feedstock formulations was conducted by different methods to validate these 
hypotheses. The viscosity of binders and feedstocks was characterised by rotational and 
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high-pressure capillary rheology respectively. Tensile tests on the filaments enabled the 
determination of the strength, stiffness and flexibility of the compounds. The debinding 
performance was measured regarding the mass loss and the apparition of defects using 
immersion tests on cyclohexane. Finally, the interaction of the different binder components 
with the powder and between themselves was studied by scanning electron microscopy 
(SEM), differential scanning calorimetry (DSC), thermogravimetric analyses (TGA) and 
attenuated total reflectance spectroscopy (ATR). In the investigations concerning hypothesis 
3, the molecular dynamics (MD) simulations of Dr. Ali Gooneie from the Empa–Swiss Federal 
Laboratories for Materials Science and Technology, enabled a better understanding of the 
interfacial interactions occurring between the zirconia powder and the binder. The work 
conducted in all these studies has been published in two peer-reviewed journal articles and 
two peer-reviewed conference articles (designated as publications A [34], B [33], C [118] 
and D [35]). 

In parallel to the investigations of feedstock development, the study of the influence of the 
solvent debinding parameters was investigated for a zirconia feedstock with a binder system 
previously developed [122]. To validate hypothesis 4, a series of immersion tests in 
cyclohexane with different debinding parameters were conducted. The solvent debinding 
performance was characterised in terms of mass loss, the apparition of defects and 
dimensional variations of the parts. The investigation was conducted by Mr. Dario Kaylani in 
his bachelor thesis, and the conceptualisation, supervision and analysis of results were 
conducted by the author of this thesis. The results of this investigation have been published 
in a peer-reviewed journal article (designated as publication E [119]). 

The binder system developed in [122] was also employed in the investigations concerning 
hypothesis 5. In the last part of the thesis, the effect on the final properties of the FFF 
shaping parameters, and more specifically of the deposition path of the extruder, was 
investigated. Bars with three different deposition path directions were shaped by FFF, 
debound and sintered. The final properties were characterised by means of three-point 
bending tests, and the defects and porosity distribution were identified and evaluated by 
different types of microscopy. Additionally, the rheological and mechanical properties of the 
zirconia feedstock filaments and their thermal degradation behaviour were characterised by 
the techniques previously mentioned. This investigation was partly conducted by Mr. Philipp 
Huber in his bachelor thesis, by Prof. Tanja Lube and by the DYPAM group led by 
Prof. Gemma Herranz. The author of this thesis coordinated the work and participated in all 
the matters of this investigation. The results of this investigation have been published in a 
peer-reviewed journal article (designated as publication F [36]). 

Figure 3 shows an overview of the aspects of the FFF of ceramics process investigated in this 
thesis, the information obtained in each processing step and the characterisation techniques 
employed in the different investigations. The focus of each publication is also indicated with 
the letter used to designate it (A to F). 
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Figure 3: Areas of the Fused Filament Fabrication investigated in this thesis and employed 
characterisation techniques. The focus of each publication is indicated with its designation 
letter (A to F). 

2.3 Outline of the Thesis 

This PhD thesis is organised as a compilation of the publications in each of the three topics 
investigated. Table 4 summarises the publications in each of the research topics and the 
letters used to designate the publications through the entire thesis. The text of the original 
publications has been included with only minor format changes to adapt it to the format of 
this document. 
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The thesis comprises 6 sections. In section 1, the motivation, background, objectives, and 
hypotheses have been described. Section 2 presents an overview of the additive 
manufacturing and ceramic processing fields, the position of FFF as a ceramic processing 
method, and a brief description of the nature and applications of zirconia. Sections 3 to 5 are 
dedicated to each of the topics of investigation and are the core of the thesis. In each 
section, the state-of-the-art is presented, followed by an introduction to link the publications 
with the thesis objectives and hypotheses. Since section 3 is composed of four different 
publications, an additional subsection with the summary of the feedstock development 
process is included. Finally, the conclusions of this thesis, the contributions of the conducted 
investigations to the research field of ceramic FFF and the research outlook are presented in 
section 6. 

Table 4: Summary of the publications in the main topics of investigation of this PhD thesis. 
The letter (A to F) used to designate each publication is indicated. 

Development of novel ceramic feedstock for FFF and solvent debinding 

A 

Cano, S.; Gonzalez-Gutierrez, J.; Sapkota, J.; Spoerk, M.; Arbeiter, F.; 
Schuschnigg, S.; Holzer, C.; Kukla, C.: Additive manufacturing of zirconia parts 
by fused filament fabrication and solvent debinding: Selection of binder 
formulation, Additive Manufacturing 26, 2019, pp. 117–128. 

B 

Cano, S.; Cajner, H.; Gonzalez-Gutierrez, J.; Sapkota, J.; Kukla, C.; Arbeiter, F.; 
Schuschnigg, S.; Holzer, C.: Optimization of material properties for highly-filled 
thermoplastic polymers used in fused filament fabrication of ceramics, AIP 
Conference Proceedings 2065, 2019. 

C 
Kukla, C.; Cano, S.; Holzer, C.; Gonzalez-Gutierrez, J.: Influence of stearic acid 
in feedstocks for FFF and PIM, In: EPMA (Ed.), Euro PM2019 Proceedings, 
European Powder Metallurgy Association (EMPA), Shrewsbury, UK, 2019. 

D 

Cano, S.; Gooneie, A.; Kukla, C.; Rieß, G.; Holzer, C.; Gonzalez-Gutierrez, J.: 
Modification of Interfacial Interactions in Ceramic-Polymer Nanocomposites by 
Grafting: Morphology and Properties for Powder Injection Molding and Additive 
Manufacturing, Applied Sciences 10 (4), 2020, 1471. 

  

Influence of the solvent debinding parameters on the debinding performance 

E 
Kukla, C.; Cano, S.; Kaylani, D.; Schuschnigg, S.; Holzer, C.; Gonzalez-Gutierrez, 
J.: Debinding behaviour of feedstock for material extrusion additive 
manufacturing of zirconia, Powder Metallurgy 62 (3), 2019, pp. 196–204. 

  

Influence of the FFF shaping parameters on the properties of the final zirconia 
parts 

F 

Cano, S.; Lube, T.; Huber, P.; Gallego, A.; Naranjo, J.A.; Berges, C.; 
Schuschnigg, S.; Herranz, G.; Kukla, C.; Holzer, C.; Gonzalez-Gutierrez, J.: 
Influence of the infill orientation on the properties of zirconia parts produced by 
Fused Filament Fabrication, Materials 13 (14), 2020, 3158. 
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3 Development of binder formulation 

3.1 State of the art 

3.1.1 Binders for FFF 

Agarwala et al. presented the first study on the development of binders for the FFF of Si3N4 
[4]. The process, presented one year earlier by these authors as the Fused Deposition of 
Ceramics (FDC), was based on the Stratasys FDM technology [6]. In order to process a 
feedstock by FFF, the characteristics of the process must be considered [4]. The material is 
molten and solidified during compounding, filament production, and shaping FFF. Therefore, 
the binder must be composed mostly of thermoplastic polymers. 

In the FFF machines, the material is supplied as a continuous filament winded in a spool. 
Thus, it must possess enough flexibility to enable the spooling, the storage and transport of 
the spools and for feeding the machine without fracture. High tensile strength is also 
required for the production of filaments and feeding during shaping. Once the filament is in 
the machine, two counter-rotating rollers drive it into a liquefier where it melts before being 
extruded through the nozzle. The solid filament must transmit the force from the rollers and 
produce the flow of the molten material, which requires a high stiffness to avoid buckling 
between the rollers and the liquefier. If the material has a high resistance to flow, the force 
generated by the rollers might not be sufficient to extrude the material, causing the grinding 
of the filament or the slippage in the contact area. Therefore, a low viscosity is critical for the 
success of the process. Excellent adhesion between the first layer of extruded material and 
the build platform is necessary to avoid the separation during shaping. Nevertheless, it 
should not be excessively strong in order to not damage the components during extraction. 
The good bonding between the extruded strands and a low viscosity also contribute to 
reducing the voids and the porosity in the green parts [198]. Finally, the material must have 
a small shrinkage to avoid internal stresses in the parts that would result in warpage or 
separation from the building platform [199]. In Figure 4, all the requirements for FFF are 
summarised. 

In addition to all the requirements for FFF, the binder components need to have excellent 
compatibility to ensure a homogeneous mixture. A high powder content is required in the 
feedstock to reduce the shrinkage during the sintering phase and reach high densification in 
the final part [40]. Thus, good bonding between the binder and the powder is desired to 
facilitate the dispersion of particles and to avoid the powder-binder separation. Moreover, a 
homogeneous distribution of the binder components in the feedstock is necessary. If the 
separation between the powder and the binder or any of its components occurs, there is a 
heterogeneous deposition in the material during shaping which results in defects in the final 
parts [67, 126]. Finally, the binder must leave no residue and defects after debinding. 

 



3. Development of binder formulation 

Santiago Cano Polymer Engineering and Science Leoben 29 

 

Figure 4: Requirements for the binders systems in FFF 

Since it is not possible to attain all the requirements with one single polymer, 
multicomponent binders are employed. In many cases, a thermoplastic polymer with a good 
combination of stiffness and flexibility constitutes the major component [6, 68, 88, 122, 143, 
162, 166]. Elastomers and plasticizers are commonly employed to improve further the 
flexibility [4, 138, 143, 162]. Incorporating a polymer with high tackiness as “tackifier” helps 
to improve the powder-binder adhesion and the bonding between layers [4, 52, 143, 162, 
180]. Different types of waxes have also been incorporated frequently to reduce the viscosity 
of the feedstocks [4, 6, 138, 143, 156, 162, 166]. Finally, the additives help to improve the 
dispersion of the powder further or reduce the viscosity of the compounds. Stearic acid (SA) 
is the most common additive and is been incorporated either in the compounding phase [68, 
88, 156] or in a prior step of powder milling and coating [144, 225]. In Table 5, a summary 
of the binder components reported in the literature is shown. Although most of the 
commercial FFF feedstocks are based in a two-step debinding approach (Table 3), little 
information is available in the literature regarding the feedstocks for catalytic or solvent 
debinding. Most of the studies use thermal debinding as the only debinding technique, 
sometimes in combination with wick debinding. The catalytic debinding of FFF feedstocks has 
been patented by BASF for a feedstock consisting of polyoxymethylene as the major 
component and polyolefins and other polymers as backbone and additives [154]. Because of 
this patent, no studies are dealing with the development of feedstocks for FFF and catalytic 
debinding. The amount of studies dealing with FFF feedstocks for solvent debinding is also 
limited, as shown in Table 5.  
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Table 5: Composition of FFF feedstocks reported in the literature.  

Debinding  Binder  Powder Ref. 

 Main component/s 
Secondary 

component/s 
Additives   

Thermal PA - 
Plasticizer 
Dispersant 

316L [180] 

Thermal ABS - - Al2O3 [157] 

Thermal EVA - SA TCP [88] 

Thermal PW POM - 316L [126] 

Wick  
+ Thermal 

Wax 
Polymer 

Elastomer 
Tackifier 

-- Si3N4 [3] 

Wick  
+ Thermal 

Tackifier 
Elastomer 

Wax 
Polymer 

Oleic acid coating Si3N4 [4] 

Wick  
+ Thermal 

Amorphous polyolefin 
Tackifier 

Wax 
Plasticizer 

- PZT-5H [143] 

Wick 
+ Thermal 

Amorphous polyolefin 
Tackifier 

Wax 
Plasticizer 

SA coating PZT-5H [144] 

Wick 
+ Thermal 

PP 

Elastomer 
Plasticizer 
Tackifier 

Wax 

- 
Mixtures 

of 
ceramics 

[162] 

Wick 
+ Thermal 

EVA - SA Al2O3 [49] 

Heptane 
+ Thermal 

EVA MA grafted PP 
PW as plasticizer 
SA as surfactant 

Al2O3 [68] 

Cyclohexane 
+ Thermal 

TPE Grafted polyolefin - 316L [122] 

n-hexane 
+ Thermal 

PW LDPE 
SA 

Release agents 
Al2O3 [156] 

 

To reach the right trade-off of properties, the specific concentration of each binder 
component must be thoroughly adjusted. Round-die capillary rheology tests are the 
traditional method to determine the viscosity of the feedstocks [121], and the ones closer to 
the real FFF extrusion process [213].  

Three methods are usually used to determine the mechanical properties of the FFF 
feedstocks (flexibility, strength and stiffness). The minimum bend radius of the filament 
determines the flexibility of the material [68, 88, 138]. Feedstocks with a low bend radius 
have high flexibility and are more suitable for spooling without fracture. Tensile tests using 
normalized specimens [143] or filaments [122, 199] can be used to determine the flexibility, 
strength and stiffness of the material. Using the maximum strain of the filament in the elastic 
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deformation region and the corresponding stress, flexibility, and strength can be respectively 
inferred. In addition, the stiffness of the material can be estimated with tensile tests using 
the secant modulus of the filament. Nevertheless, the best method to determine the stiffness 
of the feedstocks and thus, the resistance to buckling is the mechanical testing of small 
pieces of filament under compression [179, 213].  

As was previously stated, both the viscosity and the stiffness of the feedstock determine the 
tendency to buckle. According to Venkataram et al. [213], the filament buckles when the 
extrusion pressure (ΔP’) exceeds the critical buckling stress of the material (σcr). Assuming 
that the critical stress is equal to the buckling stress by Euler´s criterion [21] and that there 
is a linear scaling factor correlating the pressure drop in the capillary rheometer [14] with 
the one during shaping by FFF, the filaments buckles when: � ⁄௔ߟ < ͵ʹ݈ܳሺܮ ܴ⁄ ሻଶ�ଷrସ݇  ( 1 ) 

Where �  is the elastic modulus of the material, ܴ  is the radius of the filament, ܳ  is the 
volumetric flow, ߟ௔ is the apparent viscosity, and � and ݈ are the radius and length of the 
capillary employed in the rheometer. By compression tests on the filaments and apparent 
viscosity measurements on feedstocks with different binders and powders, Venkataram et al. 
[213] concluded that the buckling of the filaments would occur when the � ⁄௔ߟ  parameter is 
below the experimental critical range of 3 x 105 to 5 x 105 s-1 in the typical range of shear 
rates for FFF (100 to 200 s-1) [213]. Similar work was conducted by Rangajaran et al. [179] 
for a Si3N4 feedstock containing 55 vol% of powder. These authors assumed that the 
parameter defining the relation between the pressure measured in the capillary rheometer 
and the pressure in the FFF nozzle is proportional to the diameter difference in both devices 
and equal to 1.1 [179].  

The thermal stability and degradation of the binder components is another aspect to be 
considered in the development of new binders. Lombardi et al. [138] employed Differential 
Scanning Calorimetry (DSC) to determine the stability of a Si3N4 feedstock. The ageing of the 
wax in the feedstock at room temperature could be detected in the increase of the melting 
point and crystallinity and resulted in an increase of the minimum bend radius of the filament 
(i.e. in a flexibility decrease) [138].  

The Thermogravimetric Analyses (TGA) of the binder components and the feedstock 
measure the mass loss over the temperature in a controlled atmosphere. Therefore, they are 
commonly used to program the temperature cycles in thermal debinding [13]. TGAs can also 
be used to select the polymers most suitable to undertake thermal debinding progressively 
without damaging the parts. For instance, Pekin et al. [165] employed TGAs under air and N2 
to measure the degradation of microcrystalline wax and Ethylene Vinyl Acetate (EVA) of 
different molecular weights as candidates for the FFF of alumina. For the microcrystalline 
wax, an easy and controlled thermal debinding could be conducted; whereas it is difficult to 
have a controlled removal for the EVA with high molecular weight [165]. The problems in the 
thermal degradation of EVA have also been reported for the FFF feedstock developed by 
Gorjan et al. [88]. During the thermal decomposition of the binder, a dense layer partially 
cross-linked polymer formed in the surface of the parts and hindered the evacuation of gases, 
resulting in defects during debinding [88]. These problems could only be solved by the use 
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of long thermal debinding cycles and the use of wick debinding, as reported by the authors 
in a second study [49]. 

3.1.2 Binders for solvent debinding 

Through the years, different binder systems have been developed for the debinding with 
solvents. Depending on the solvent used, the binders can be classified in those which can be 
removed with organic solvents, and those soluble in water. Following, the state-of-the art in 
the development of binders for solvent debinding for powder injection moulding is presented. 
Despite the feedstocks shown in Table 5 are available for FFF, the focus of those studies was 
on other aspects of the FFF process rather than the binder requirements for solvent 
debinding. 

3.1.2.1 Binders for debinding in water 

The water debinding process was initially developed by Rivers in 1978 for binders based on 
methylcellulose or polyvinyl alcohol [181]. During the years, different polymers have been 
studied as the water-soluble component of the binder [182]: Polyethylene Glycol (PEG), 
Polyvinylpyrrolidone (PVP), Isobutylene and Maleic Anhydride (ISOBAM), Polyvinyl Alcohol 
(PVA), Polyacrylic Acid (PAA) or Poly(2-ethyl-2-oxazoline). The use of alternative substances, 
such as tapioca starch, has been reported as well [2]. 

Among all the water-soluble polymers, PEG is well known as a very safe chemical and is 
widely used in the food and medical industry [230]. Different backbone polymers have been 
combined with PEG to find a suitable binder system e.g. Polypropylene (PP) [38, 128, 184, 
206, 211], Polyethylene (PE) wax [229, 230], Linear Density Polyethylene (LDPE) [94], 
Polyvinyl Butyral (PVB) [117, 203], Poly(Methyl Methacrylate) (PMMA) [39, 44, 96, 137], 
Cellulose Acetate Butyrate (CAB) [99, 164] or mixtures of different waxes for a processing at 
lower temperature [94, 95]. 

When comparing the compositions of the binders from the literature, the maximum volume 
fraction of PEG in the composition is approximately 70 vol.% for most of the backbones. The 
exception is the systems based in PMMA, for which PEG concentrations up to 90 vol.% have 
been reported by Omar et al. [161]. In their study, Omar et al. proved that despite the 
debinding rate is improved by increasing the PEG fraction, the mechanical properties of the 
feedstock, and thus of the green parts, are reduced. 

The influence of the PEG molecular weight in all the stages of the process has been 
extensively studied. Park et al. combined CAB with PEGs of different molecular weight for the 
MIM of two stainless steel powders. The solvent debinding was performed in distilled water 
at room temperature for 12 hours. The increase of the PEG molecular weight produced the 
increase of the swelling and the cracks in the parts. According to the authors, the difference 
was caused because of the size of the PEG crystals. PEGs with higher molecular weight have 
big crystals, and a bigger area is exposed to the solvent, increasing the swelling [164]. Hayat 
et al. performed a similar study with titanium feedstocks containing PMMA and PEGs of 
different molecular weights. The water debinding at 50 °C and different times was 
performed. The increase of PEG molecular weight produced not only the increase of the 
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swelling but also the reduction of the debinding rate in water. The cause of both phenomena 
might be the reduction of the diffusion of the dissolved molecules with a bigger size. Since 
the water penetrates faster in the parts, the sample expands, and the cracks appear [96]. 

For the rest of the systems, most of the compositions have been protected by patents [218]. 
For example, binders based on Polyvinyl Alcohol (PVOH) together with polyolefins such as PE 
or PP were patented by Xiaoming Yang et al. for the use in feedstocks with at least 70 wt.% 
of metal or ceramic powder [231].  

3.1.2.2 Binders for debinding in organic solvents 

The wax-based systems are the most common for the debinding in organic solvents. The 
one-component binders developed by Wiech [221] were the first of this kind. The debinding 
was a long and complicated process, in which the parts were first heated up to the flow 
point of the polymer; then a solvent in vapour state was introduced to remove most of the 
organic components; finally, the solvent condensed and the parts were immersed in the 
liquid solvent. Depending on the geometry and thickness of the green parts, the time 
required for effective removal of the binder could go up to a few days. 

Since then, a whole set of different polymers have been studied, predominantly for the 
debinding by immersion in a liquid solvent. Paraffin Wax (PW) has been one of the preferred 
binder components, due to its proper flow ability, low melt temperature and reactivity with 
many organic solvents [32]. Heptane [98, 102, 106, 160, 174, 220, 242], hexane [32, 236] 
and isooctane [236] are examples of the solvents which used for debinding PW. 

The influence of the PW density in the debinding stage was studied by Westcot et al., who 
compared two paraffin waxes with different densities. The dissolution of the higher density 
PW was slower, as well as the diffusion of the swollen dissolved molecules. Since the 
extraction of the swollen molecules takes longer, the forces that they exert in the rest of the 
polymers are more prominent, and the dimensional changes during the process are more 
brusque [220]. 

The standard backbones for the wax-based systems are polyolefins such as PP [32, 106, 
160], PE [98, 102, 103, 149, 174], EVA [236, 237] and combinations of them [220, 242], 
since they are not affected by most of the solvents and can preserve the shape of the parts 
during the process.  

Comparative studies of feedstocks containing PW and different backbones have been 
performed. E.g. Lin et al. compared PP versus LDPE as the backbone in the debinding in 
heptane of feedstocks containing PW and Stearic Acid (SA). PP was the best option due to 
the smaller dimensional changes during the immersion in the solvent [133]. The effect of the 
density of the polyethylene was studied by Huang et al., who after comparing feedstocks 
with low and high density polyethylene, obtained worse dimensional stability results in the 
solvent debinding of LDPE feedstocks [103]. Similar results have been obtained by Zhao et al. 
[240] for zirconia feedstocks for injection moulding with different fractions of LDPE and 
HDPE in the backbone. The increase of the LDPE fraction resulted in cracks due to the large 
swelling of this polymer. However, the solvent debinding rate increased with the increase of 
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the LDPE fraction in the feedstock, which according to these authors was produced by the 
lower entanglement of the polymer molecules [240].  

The influence of the backbone content in the solvent debinding was studied by Westcot et al. 
[220]. A higher swelling was observed for those feedstocks with more backbone content. 
The backbones, PP and LDPE, were not dissolved by heptane, but it produced their swelling. 
The reason was the increase of the swelled polymer which cannot be dissolved, which 
additionally reduced the volume of the porosity that the dissolved polymer uses to diffuse 
out of the specimens [220]. Nevertheless, the backbone content must be high enough to 
ensure the presence of an interconnected backbone-powder structure as reported by Wen at 
al. [219]. In the zirconia injection moulding feedstocks evaluated by these authors with 
different backbone contents, a minimum of 30 wt.% of backbone was required to avoid the 
apparition of cracks. 

The incorporation of additives can improve the solvent debinding behaviour in wax-based 
systems. Setasuwon et al. [189] reported the increase of the debinding rate in petroleum 
ether when a fraction of the PW was substituted by palm oil; this improvement was 
attributed to the faster dissolution of the palm oil [189]. However, the incorporation of non-
soluble additives can also improve the debinding rate. For instance, Ye et al. [234] reported 
the increase of the debinding rate when the PW in strontium ferrite feedstocks was partly 
substituted by microcrystalline wax. Despite the microcrystalline wax was not soluble in the 
n-heptane employed as a solvent, its incorporation resulted in an improvement of the 
homogeneity and thus in an increase of the debinding rate [234]. The coating of the powder 
with silane results in the same homogenization effect, as demonstrated by Deng et al. for 
zirconia feedstocks [57]. 

Besides PW, other polymers are used as the primary component. E.g. Palm stearin, the solid 
fraction of the crystallization of palm oil [132], has been successfully used with PE in the 
solvent debinding of feedstocks in heptane [22, 93, 216]. Other examples of alternative 
binders include restaurant waste fats and oils [109] and thermoplastic rice starch [8]. 
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3.2 Introduction to publications A, B, C and D 

The work in publications A, B, C and D covers the main part of this thesis, the development 
of a novel binder formulation for the fused filament fabrication and solvent debinding of 
zirconia parts. Three hypotheses were proposed in this regard based on the state-of-the-art: 

1. By the right combination of binder components, a high strength, stiffness and 

flexibility, as well as low viscosity could be obtained as required for FFF. 

2. Solvent debinding requires two types of components. First, a major fraction of the 

binder must be leached with a solvent. The rest, known as backbone, must maintain the 

shape of the parts during the process and be removed in the subsequent thermal 

debinding step. The combination of the right soluble binders and backbones 

should enable the use of solvent debinding in FFF.  

3. The use of a polymer grafted with polar groups as backbone should result in 

an improvement of the adhesion to the polar surface of the zirconia powder. A 

high powder-binder adhesion should result in a more homogeneous feedstock, with 

lower viscosity and with higher mechanical properties. 

The first step conducted was the pre-selection of the best candidates for the binder 
components. In the pre-selection process, many different polymers were selected based on 
their mechanical properties and chemical resistance as backbones or their solubility as major 
binder components. Polymers soluble in different organic solvents and water were selected. 
In total, more than 100 binder and feedstock formulations were investigated looking for the 
combination of high strength and flexibility, low viscosity and no defects during solvent 
debinding. As a result of the pre-selection process, high density polyethylene grafted with 
acrylic acid was selected as the backbone and stearic acid as a surfactant to improve the 
powder dispersion. For the major binder fraction soluble in cyclohexane, an amorphous 
polyolefin and a styrene-ethylene/butylene-styrene copolymer were chosen as possible 
components due to their flexibility. Paraffin wax and paraffinic extender oil were selected as 
a possible second soluble binder due to their low viscosity and low swelling during dissolution. 

In the work presented in publication A, a detailed investigation was conducted for the 
selection of the soluble binder components based on the properties required for FFF and 
solvent debinding. Unfilled binder systems and feedstocks of zirconia were evaluated to get a 
better understanding of the binder-binder and powder-binder interactions. The selected 
soluble binders resulted in a feedstock with a proper combination of mechanical properties, 
low viscosity and no debinding defects. 

Once the binder components were selected, two investigations were conducted. The first 
investigation, presented in publication B, was the statistical analysis of the effect of the main 
binder components fractions on the feedstock properties. The second investigation was 
presented in publication C and was focused on the effect that the SA incorporation could 
have on the feedstock properties and its processability by FFF and solvent debinding.  

Publication D focuses on hypothesis number 3, i.e. in the study of the high density 
polyethylene grafted with acrylic acid used as backbone. The use of a grafted polyolefin as 
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the backbone in FFF soluble feedstocks [68, 87, 122] and PIM feedstocks [223] is known to 
improve the powder dispersion and reduce the defects of the components. However, no 
detailed investigation has been conducted so far on the phenomena causing these 
improvements. In publication D, a first step was taken in understanding the interfacial 
interactions between the powder and the grafted backbone and the effect on the feedstock 
properties for the processing by FFF. 
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3.3 Publication A 
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ABSTRACT 

The material extrusion additive manufacturing technique known as fused filament fabrication 
(FFF) is an interesting method to fabricate complex ceramic parts whereby feedstocks 
containing thermoplastic binders and ceramic powders are printed and the resulting parts are 
subjected to debinding and sintering. A limiting factor of this process is the debinding step, 
usually done thermally. Long thermal cycles are required to avoid defects such as cracks and 
blisters caused by trapped pyrolysis products. The current study addresses this issue by 
developing a novel FFF binder formulation for the production of zirconia parts with an 
intermediate solvent debinding step. Different unfilled binder systems were evaluated 
considering the mechanical and rheological properties required for the FFF process together 
with the solvent debinding performance of the parts. Subsequently, the same compounds 
were used in feedstocks filled with 47 vol.% of zirconia powder, and the resulting 
morphology was studied. Finally, the most promising formulation, containing zirconia, 
styrene-ethylene/butylene-styrene copolymer, paraffin wax, stearic acid, and acrylic acid-
grafted high density polyethylene was successfully processed by FFF. After solvent debinding, 
55.4 wt.% of the binder was dissolved in cyclohexane, creating an interconnected porosity of 
29 vol.% that allowed a successful thermal debinding and subsequent pre-sintering. 

Keywords: Fused filament fabrication; material extrusion; highly-filled polymers; solvent 
debinding; zirconia.  
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1. Introduction 

The rapid developments of additive manufacturing (AM) have enabled the transition from a 
rapid prototyping technique to a broad technology capable of making three dimensional (3D) 
objects via layer-wise assembling of components from computer-aided-design (CAD) data. 
One of these processes is the material extrusion additive manufacturing technique known as 
fused filament fabrication (FFF), in which polymer-based compounds in the shape of 
filaments are extruded and deposited in a layer-wise manner to create 3D objects [1]. With 
comparably low investment costs required, FFF facilitates the cost-effective and flexible 
production of customized parts with intricate designs. The production of ceramic and metallic 
objects by FFF is also possible, as demonstrated for silicon nitride [1,2], alumina [3,4], lead 
zirconate titanate [5,6], mullite [7], fused silica [8,9], stainless steel [10,11], zirconia [12], 
neodymium-iron-boron [13], or titanium [14] components. In general, there are no 
restrictions concerning the selection of the ceramic or metallic material, which enables a 
broad range of potential applications such as the production of multi-material multilayer 
piezoelectric transducers [6] or components combining electrical insulating and conductive 
properties [12]. For a detailed comparison of FFF to other AM techniques for producing 
metals and ceramics, several overviews can be found in the literature, such as [15–19]. 

In order to produce ceramic or metallic parts by FFF, thermoplastic compounds are highly-
filled (ca. 50 vol.%) with ceramic or metallic powder to produce a feedstock, which is 
extruded to filaments. The polymeric components in the feedstock (also known as binder) 
act as a carrier of the powder and enable the shaping of parts. Once the parts are produced 
by FFF, the polymers are removed in the so-called debinding step. Subsequently, the 
components are sintered to attain densities comparable to those fabricated via conventional 
approaches [2]. 

The required properties of the feedstocks and, thus, of the binders are determined by the 
characteristics of the FFF process [5,19–24]. Binders and powders need a good compatibility 
to ensure homogeneity in mixing and to avoid phase separation during processing. The 
flexibility and strength of the resulting filament should be sufficient to spool/de-spool the 
filament for its storage and printing. Concurrently, appropriate stiffness of the filament is 
needed to avoid buckling during printing. The viscosity of the feedstock should be low 
enough to enable the flow through the printing nozzle with minimum resistance to reduce 
the backup pressure. For highly-filled polymeric compounds this is quite challenging to 
achieve, especially for submicron powders due to the high tendency for particle 
agglomeration, which increases the resistance to flow [25]. In addition, the adhesion to the 
building platform must be good enough to avoid separation during shaping, but should not 
be excessively strong in order not to damage the components during the extraction from the 
build platform [26–28]. A good bonding between the deposited strands is required to achieve 
good properties of the produced part [1,5,29,30]. Furthermore, the thermoplastic binder 
should be easily removable without defects [31,32]. All these requirements form a technical 
obstacle and therefore hinder the expansion of the FFF process for the production of ceramic 
and metallic components.  

To meet all the requirements of the process, different multi-component binder compositions 
have been proposed in literature [5,33,34]. In addition to the main binder, other 
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components such as elastomers, tackifiers, waxes or plasticizers must be included to attain a 
good balance of properties. In all these cases, the removal of the binder system was 
conducted in a single step thermal debinding cycle, in which the polymers evaporate and/or 
decompose. Nevertheless, the decomposition occurs in the entire volume of the component, 
generating trapped residual gases that can lead to internal stresses and defects [31,32]. One 
alternative to this approach is the use of a prior step of catalytic debinding [35], which is 
limited to polyoxymethylene based binders. Another alternative is the dissolution of the 
major fraction of the binder in either organic solvent or water. This generates an open-pore 
structure, in which the powder is held together by the component known as backbone. The 
backbone is then removed in a second step of thermal debinding, in which the thermal 
decomposition gases can be easily evacuated using the existing porosity [36,37]. The 
production of metallic components by FFF through a two-step debinding process has been 
demonstrated [11] and is commercially available [38]. However, little information about the 
binder recipes employed for such combinations is publically available, and a detailed 
understanding of the type of thermoplastic-based binders required for the production of 
ceramic components by FFF and solvent debinding is missing. 

Hence, this study presents the development process of a novel formulation for the FFF and 
solvent debinding of zirconia parts. A better understanding of the soluble binder components’ 
selection process is developed based on the influence of these components on the 
mechanical and rheological properties as well as on the capability to conduct a defect-free 
solvent debinding step. Finally, the processability of the developed feedstock is 
demonstrated by shaping components of different geometries by FFF, together with the 
debinding and pre-sintering of the printed parts to obtain zirconia components.  

2. Materials and methods 

2.1. Materials and selection criteria 

Tetragonal zirconia (ZrO2) (TZ-3YS-E, partially stabilized with 3 mol% yttria (Y2O3), Tosoh 
Europe B.V., The Netherlands), supplied as spray dried granules with an average particle size 
of 90 nm and a specific surface area of 7±2 m2·g-1, was the powder used to produce the 
ceramic feedstocks. Fig. 1 depicts the scanning electron microscopy (SEM) image of the 
powder, as provided by the supplier without a binder. 

 

Fig. 1. SEM of the zirconia powder partially stabilized with yttria. 
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Based on previous studies dealing with the development of binders for FFF [5,19,33,34,39], 
multicomponent binders were designed in order to meet all the processing requirements. 
The systems were composed of a backbone, a surfactant, and a major fraction of soluble 
binder. Due to the poor strength of the powder network and the swelling occurring during 
the dissolution of polymers [40], the backbone is necessary to maintain the shape of the 
parts during the dissolution of the rest of the components. Thus, a good chemical resistance 
and low swelling during solvent immersion are required for the backbone [41,42]. In addition, 
a good adhesion to the powder surface is desired in order to improve its dispersion. For 
powders with polar surfaces, improved adhesion can be attained by the use of binders 
grafted with polar reactive groups [43]. The attenuated total reflection Fourier-transform 
infrared spectrogram of the zirconia powder (the detailed curve is presented in Fig. S1 in the 
supporting information) revealed a maximum peak intensity at 3355 cm-1, confirming the 
polar -OH groups on its surface [44]. Hence, the acrylic acid-grafted high density 
polyethylene SCONA TPPE 2400 (AA-HDPE, BYK-Chemie GmbH, Germany) was selected as a 
backbone in order to improve the mechanical properties required for FFF and the powder 
dispersion. Since the zirconia powder has a large surface area and a tendency to 
agglomerate [45], stearic acid (SA, Merck Schuchardt OHG, Germany) was incorporated as a 
surfactant to facilitate particle dispersion in the binder and prevent re-agglomeration [44,46]. 

The selection of the soluble components was based on a first set of screening experiments 
that fulfilled the requirements for FFF (i.e. high flexibility, strength and stiffness, and 
moderately low viscosity) and solvent debinding, as they showed good solubility in 
cyclohexane. The amorphous polyolefin Aerafin 180 (APO, Eastman Chemical Company, USA) 
and the styrene-ethylene/butylene-styrene copolymer MD1653 (SEBS, Kraton Polymers 
Nederland B.V., The Netherlands) were chosen as possible main soluble binders. The 
incorporation of a second soluble component with a low viscosity and swelling during the 
dissolution was also tested. The paraffin wax Sasolwax 6403 (PW, Sasol Limited, South 
Africa) and the highly paraffinic extender oil Risella X 430 (EO, Shell Oil Company, USA) were 
selected to this end.  

The effect of the soluble component 1 (SEBS or APO) and the soluble component 2 (PW or 
EO) on the properties was studied based on the unfilled binder formulations summarized in 
Table 1. Since the objective was the selection of the soluble binders and not the optimization 
of the whole system, the concentration of the different types of components was fixed and 
kept constant in all the formulations to avoid the performance of an excessive number of 
experiments which would be impossible to realize within the scope of this work. Through the 
whole manuscript, the nomenclature used to name the unfilled compounds consists of two 
parts: X/Y, in which X refers either to SEBS or to APO; and Y indicates, which low viscosity 
component (No (no low viscosity component), PW or EO) was used. The ability of the binder 
components to bind to and disperse the powder were evaluated in feedstocks with 47 vol.% 
zirconia powder and the binder systems from Table 1. For the composite feedstocks a Z was 
included in the nomenclature to indicate the presence of zirconia powder. For more details 
on the composition of feedstocks please refer to Table S1 in the supplementary information. 

Table 1. Composition of the polymeric binders in volumetric percentage. APO and SEBS refer 
to the amorphous polyolefin and styrene-ethylene-butylene copolymer, respectively. ‘No’ 
refers to the binder systems without a second soluble component, whereas PW and EO refer 
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to the binder systems with paraffin wax and highly paraffinic extender oil, respectively. AA-
HDPE refers to the acrylic-acid grafted high density polyethylene and SA to the stearic acid. 

 
Backbone Surfactant Soluble comp. 1 Soluble comp. 2 

AA-HDPE SA APO SEBS PW EO 

APO/No 35 10 55 - - - 

APO/PW 35 10 27.5 - 27.5 - 

APO/EO 35 10 27.5 - - 27.5 

SEBS/No 35 10 - 55 - - 

SEBS/PW 35 10 - 27.5 27.5 - 

SEBS/EO 35 10 - 27.5 - 27.5 

 

2.2. Preparation of compounds 

All the binders were prepared in an internal mixer fitted with counter rotating roller rotors 
with a mixing chamber volume of 300 cm3 (HAAKE Rheomix R3000p, Thermo Fisher 
Scientific Inc., USA). Mixing was performed at 160 °C and 60 rpm. The compounding 
sequence for the binders can be found in Table 2. The mixing was continued for the total 
mixing time of 30 min. Due to the smaller quantity available of the powders, a similar mixer 
system (Plasti-Corder PL2000, Brabender GmbH & Co. KG, Germany), but with a smaller 
volume of the mixing chamber (38 cm3), was employed to produce the feedstocks. Prior to 
the compounding, the zirconia powder was dried in the vacuum oven Binder VD 23 (Binder 
GmbH, Germany) at 180 °C for 1 hour to reduce the moisture content and, hence, 
subsequent agglomerations during mixing [25]. Subsequently, the method described in Table 
2 was employed for the production of the feedstocks. The mixed compounds were extracted 
from the chamber in the molten state, cooled down to room temperature and granulated 
using the cutting mill Retsch SM200 (Retsch GmbH, Germany) equipped with a sieve with 
4×4 mm2 square perforations.  

Table 2. Compounding sequence for producing the binders and feedstocks. 

Binder compounding  Feedstock compounding 

Time 
(min) 

Operation  
Time 
(min) 

Operation 

0 
Adding backbone and 

surfactant 
 0 Adding powder and surfactant 

5 
Adding soluble component 1 

and 2 
 5 Adding backbone 

30 Extraction  10 
Adding soluble component 1 

and 2 

   75 Extraction 
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2.3. Filament production 

The filaments of the binders were produced using the filter test single screw extruder FT-
E20T-MP-IS (Dr. Collin GmbH, Germany). Tests were performed at a screw speed of 30 rpm 
and at temperatures from 120 to 140 °C (from solid conveyor zone to the extrusion die). A 
round die with a diameter of 1.9 mm and a length of 10 mm was used in all cases. The 
extruded material was then cooled down in a water bath at room temperature and wound 
onto spools using an in-house manufactured spooling device. The laser-measurement device 
Diagnostic Laser 2000 (SIKORA AG, Germany) was placed after the water bath to determine 
the diameter and ovality of the filament. 

Since the amount of feedstock material produced was much smaller than that of the binder 
systems, the feedstock filaments were produced in the high pressure capillary rheometer 
Rheograph 2002 (Göttfert Werkstoff-Prüfmaschinen GmbH, Germany) with a die of 1.75 mm 
in diameter and 30 mm in length. The extrusion temperature was set to 150 °C and the 
piston (diameter 15 mm) speed to 1 mm·s-1. The extrudate was cooled down to room 
temperature as it was transported on a polytetrafluoroethylene (PTFE) conveyor belt.  

2.4. Rheological evaluation 

The rheological evaluation of the binder systems was conducted using the rotational 
rheometer MCR 501 (Anton Paar GmbH, Austria). The measurements were performed under 
nitrogen atmosphere to avoid a possible degradation of the material. Parallel-plates with a 
diameter of 25 mm and a gap of 1 mm were used in oscillation measurements in a rate-
controlled mode. Oscillatory measurements were used in order to increase the range of 
shear rates that are measurable without leading to melt fracture or sample expulsion, which 
can occur when measurements are performed in constant rotational mode. First, strain-
sweep measurements were conducted at a constant angular frequency of 1 rad·s-1 to 
determine the linear viscoelastic region of the material and to prevent the damage of the 
elastic structure of the material [47]. Using the information from these tests, a strain value 
of 1 % was used during the dynamic rheological tests (i.e. frequency sweep) at angular 
frequencies from 0.1 to 500 rad·s-1. All the tests were conducted at a temperature of 150 °C, 
and three repetitions were carried out for each material.  

For the feedstocks, the apparent viscosity was measured during the filament production in 
the high pressure capillary rheometer Rheograph 2002. The speed of 1 mm·s-1 led to a shear 
rate at the walls of the die of 215 s-1. The reasons for using the capillary rheology method 
instead of oscillatory rotational rheology are twofold. Firstly, for highly filled polymers, the 
shear rates that can be measured are limited to shear rates smaller than 100 s-1 [46]. Thus, 
the viscosity values obtained are non-applicable to the FFF process. Secondly, the different 
binders cause different normal forces in the rotational rheometer for the feedstocks 
investigated. When a higher initial normal force is applied to the feedstock, the number of 
particle interactions increases. Thus, the measured viscosity values are artificially increased 
and therefore it makes a direct comparison irrelevant [46]. Additionally, during the capillary 
rheology process the feedstock is forced to flow through a die, which is a comparable 
situation to the transportation of the feedstock through the FFF nozzle [5]. 
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2.5. Tensile tests 

The mechanical properties of the compounds were measured by means of tensile tests on 
the filaments. By this approach the ability of the materials being processed by FFF can be 
inferred [22,48]. Straight filament specimens with a length of 100 mm were tested on the 
universal testing machine Zwick Z001 (Zwick GmbH & Co.KG, Germany) with a 1 kN load cell 
and pneumatic grips. An initial gauge length of 50 mm was set for all the measurements. 
The tests were performed at standardized conditions (23 °C and 50 % relative humidity), at 
a speed of 10 mm·min-1 until the rupture of the specimen. At least five repetitions per 
material were performed. Since specimens were not tapered in the center, special care was 
taken to avoid premature fracture at the grip area. 

2.6. Solvent debinding 

The specimens for the solvent debinding were produced by compression molding, which was 
used to compare the solubility of the binder components at the first stage of the binder 
development, before checking the processability by FFF. Cylindrical specimens with a height 
of 5 mm and a diameter of 8 mm were produced in the hydraulic vacuum press P200PV (Dr. 
Collin GmbH, Germany). Prior to the pressing, the materials were pre-compressed by hand at 
room temperature and PTFE seals were used to avoid leakage of the material. The filled 
mold was pre-heated at 160 °C during 40 min at a pressure of 1 bar, compressed at 50 bar 
during 5 min and finally cooled down to room temperature at a pressure of 50 bar [49]. 

Once the specimens were produced, the solvent debinding performance was evaluated using 
cyclohexane (Carl Roth GmbH & Co. KG, Germany) as a solvent. A glass desiccator enclosed 
within an oil bath unit with a temperature control (Memmert GmbH, Germany) was used. 
The solvent was refluxed with a Dimroth condenser attached to the lid to prevent the 
evaporation of the solvent. The specimens were placed in holders of known mass and the 
total mass was measured. Then they were immersed in pre-heated cyclohexane at 60 °C for 
6 hours, with 12 ml of solvent per gram of binder or feedstock material. After 6 hours in the 
solvent, the specimens were dried in the vacuum drying oven Binder VD 23 (Binder GmbH, 
Germany) at 80 °C for at least 2 hours. The final mass was measured to evaluate the 
percentage of leached binder. At least four specimens were measured per formulation at a 
given time. 

2.7. Morphology analyses 

The morphology of the filaments of the zirconia feedstocks was studied by scanning electron 
microscopy (SEM, Tescan Vega II, Tescan Brno, s.r.o., Czech Republic) to determine the 
capability of the binders to disperse the zirconia powder. The cryo-fractured surface was 
analyzed for the extruded filaments as well as for those immersed in cyclohexane at room 
temperature for 18 hours. The analyses were performed on gold sputtered (100 s at 20 mA) 
specimens at 5 kV using secondary electrons. 
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2.8. Production upscaling and printing trials 

Once the most promising formulation was selected that met the requirements for both FFF 
and solvent debinding, the upscaling of the feedstock production and the printing was 
performed. Two batches of the feedstock (ca. 720 g each) were pre-compounded for 30 min 
in the HAAKE Rheomix R3000p using the same procedure as described above (Table 2). The 
pre-compounded feedstocks were later filled in the co-rotating extruder Leistritz ZSE 18 HP-
48D (Leistritz Extrusionstechnik GmbH, Germany), which ensured a better dispersion and 
distribution of the filler particles in the binder system. The pre-compounded feedstock was 
added at a rate of 6 kg·h-1 and the screw speed was set to 600 rpm. Extrusion temperatures 
from 165 to 175 °C were used, and the extruded material was collected and pelletized 
(Reduction Engineering GmbH, Germany). The filaments for FFF were produced using the 
same filter test single screw extruder FT-E20T-MP-IS as for the binder, but for the zirconia 
composites it was equipped with a round die with a diameter of 1.75 mm and a length of 
10 mm. The screw rotation was lowered to 25 rpm, and the extrusion temperatures were 
between 155 and 160 °C. The extruded material was transported with a PTFE conveyor belt, 
on which it cooled down to room temperature by natural convection. The diameter and 
ovality of the filaments were recorded using the Diagnostic Laser 2000 device. 

Using these filaments, four different CAD models were printed: 4 point bending bars, a 
watch case [50], a monolithic catalyzer, and the holder for a thermocouple used during the 
filament production. The Cura slicer software was used for the generation of the G-code. The 
parts were produced by means of the Duplicator i3 v2 (Wanhao, USA) FFF machine. A brass 
nozzle of 0.6 mm in diameter coated with TwinClad® was used for the printing at a 
temperature of 190 °C. In Table 3 the printing parameters employed for each of the test 
specimens are summarized. The layer thickness was set to 225 µm in all the geometries, 
except in the thermocouple holder, for which a layer thickness of 100 µm was used to 
achieve a better surface finish. A paper tape glued to a glass mirror set to 80 °C was used as 
the build platform. For the production of the watch case, support structures were produced 
with the feedstock using a low infill and later removed manually. For more details about the 
printing process, please refer to Table S2 in the supporting information.  

Table 3. Printer settings for each of the demonstrators. 

 
4 Point 
bending 

bars 

Watch 
case 

Monolithic 
catalyzer 

Holder for 
thermocouple 

Layer thickness (mm) 0.23 0.23 0.23 0.1 

Number of perimeters 1 1 2 2 

Infill (%) 180 110 100 100 

Infill orientation (° C) 0 ±45 - ±45 

Printing speed 
perimeter (mm·s-1) 

24 10 16.25 12.5 

Printing speed 
infill (mm·s-1) 

12 10 - 12.5 
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The solvent debinding of the FFF specimens was then conducted as described above (section 
2.6) with a cyclohexane volume of 700 ml. To ensure the formation of an interconnected 
porosity in the solvent-debound parts, and to facilitate the subsequent thermal debinding, an 
immersion time of 24 hours was employed. The thermal debinding and pre-sintering of the 
specimens was conducted under air in the muffle furnace Nabertherm LT 40/11/B180 
(Nabertherm GmbH, Germany). In Fig. 2, the thermal cycle employed is shown, including the 
progressive thermal debinding up to 600 °C and a pre-sintering step at 1050 °C. The parts 
were then left in the furnace to cool down by natural convection to room temperature. Due 
to the limitations of the furnace used, a higher sintering temperature could not be employed.  

 

Fig. 2. Thermal debinding and pre-sintering cycle applied for the printed specimens starting 
at room temperature. Once the cycle was finished, the parts were left in the furnace to cool 
down by natural convection to room temperature. 

3. Statistical analysis 

Similarly to Refs. [51–53], a one-way analysis of variance followed by Tukey’s post hoc tests 
(with a confidence level of 0.05) were used to determine whether the differences in the 
viscosity, tensile properties and leached binder values of the different compounds are 
statistically significant. The software Minitab 17 (Minitab Inc., USA) was used for the 
analyses. The results in the graphs were reported using the mean and standard deviation. 

4. Results and discussion 

4.1. Evaluation of the binders 

The first part of this study focuses on the evaluation of the unfilled binder systems to 
determine the properties of each material combination prior to the feedstock evaluation. This 
approach enables a better understanding of the compatibility of the binder components and 
resulting properties, as demonstrated by McNulty et al. [5] for the development of FFF 
binders and by Herranz et al. [54] for PIM binders. Nevertheless, the results of the present 
study must be considered together with those of the feedstock characterization, since the 
incorporation of the powder drastically changes the rheological behavior of the compounds 
[54] as well as the mechanical properties of the FFF filaments [24]. 
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4.1.1. Rheological behavior of binders 

The viscosity of the compound plays a critical role during the extrusion of the material in FFF, 
in which the filament must act as a piston to produce the flow of the molten compound [19]. 
In Fig. 3 a comparison of the viscosity curves for the investigated binder systems is depicted. 
Shear thinning behavior was detected for all the compounds at high angular frequencies, and 
a clear influence of the composition can be observed. Comparing the two compounds with 
only one soluble component, SEBS/No showed considerably and significantly higher complex 
viscosity values than those of APO/No, due to the higher viscosity of SEBS compared to APO 
[55]. A high viscosity implies a greater risk for clogging and a higher stiffness in the material 
to avoid filament buckling or slipping on the rollers [20,21].  

In the systems with either PW or EO, the complex viscosity was significantly lower than for 
those with only one soluble component. At angular frequencies higher than 100 rad·s-1, a 
significant viscosity reduction (as can be observed by the Tukey grouping in Fig. 3) between 
57% and 65% was measured for APO/PW and APO/EO compared to the viscosity of APO/No. 
In fact, APO/PW and APO/EO had the lowest values of the tested binders and no significant 
differences existed among them as both were grouped with the same letter in the Tukey 
tests (d in Fig. 3). For SEBS/EO and SEBS/PW, the viscosity decreased by 82% and 90%, 
respectively, compared to SEBS/No. No significant differences could be found between 
SEBS/PW and SEBS/EO (both were grouped with b in Fig. 3). Similar reductions in the 
viscosity have been reported in previous studies when incorporating PW to HDPE [54] and 
EO to SEBS [56] compounds. 

 

Fig. 3. Shear viscosity as a function of the angular frequency for the investigated binder 
systems measured at 150 °C. Groups sharing the same superscript letter (a, b, c or d) are 
not significantly different (Tukey post hoc tests, P<0.05). 

4.1.2. Mechanical properties of binders 

Besides the viscosity, the mechanical properties of the compounds are crucial to determine 
the most suitable formulation for FFF. Fig. 4 summarizes the mechanical properties 
employed for the evaluation of the binders investigated. The detailed stress-strain curves of 
the binders are presented in Fig. S2 in the supporting information. Since no plastic 
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deformation should occur during the FFF process [22,23], the stress at yield and the strain at 
yield were the parameters used to evaluate the strength and flexibility for the compound 
with pronounced yielding behavior (SEBS/No (Fig. S2)). For the other binders, the ultimate 
tensile stress (UTS), and the strain at UTS were used, since these materials fractured shortly 
after showing these values without pronounced yielding. The secant modulus was used to 
evaluate the stiffness and was calculated for all the compounds in the strain range between 
0.1 and 0.3% in order to avoid the initial stage, in which the slight curvature of the 
specimens (due to the processing and handling the material) could influence the results. 
Ideally, the three properties (stress, strain and secant modulus) should be high enough to 
ensure that the filaments are processable by FFF [19,22–24,33]. 

 

Fig. 4. Tensile properties of filaments made from the binders: (A) Yield or ultimate tensile 
stress, (B) strain at yield or at the ultimate tensile stress, and (C) secant modulus. Groups 
sharing the same superscript letter (a, b, c, d or e) are not significantly different (Tukey post 
hoc tests, P<0.05). 

As can be observed in Fig. 4, the binder SEBS/No shows significantly higher values for all the 
evaluated parameters than the binder APO/No. The measured difference is most probably 
caused by the higher mechanical properties of the SEBS than the APO, as observed by Kim 
et al. [55] for binary compounds with both polymers. Similarly, higher ultimate tensile stress 
and secant modulus are obtained for SEBS/PW than for APO/PW. When comparing SEBS/PW 
with SEBS/No and APO/PW with APO/No, a significantly higher secant modulus (Fig. 4C) and 
a higher UTS or yield stress (Fig. 4A) was measured for the compounds with PW , which 
could be attributed to an increase of the crystallinity of the other components by the wax 
[57,58]. Nevertheless, the corresponding strain values for SEBS/No were lower than those of 
SEBS/PW (Fig. 4B). This reduction is due to the poor mechanical properties of the wax, 
which disperses in the amorphous phases of the rest of the components and acts as defect 
points [57,59]. The incorporation of the EO resulted in an increase of the mean strain values 
for the compounds APO/EO and SEBS/EO compared to those formulations without EO (Fig. 
4B). Nevertheless, no significant difference exists (same letters in Fig. 4B) due to the high 
variability of these values. Both the stresses (Fig. 4A) and the secant moduli (Fig. 4C) of the 
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filaments with EO were significantly lower than those of the compounds without EO. These 
phenomena could be caused by the plasticization effect that the EO causes in the backbone 
(AA-HDPE) and the other soluble component (SEBS or APO) [60], as has been reported for 
combinations of oil with SEBS and PP [61]. 

4.1.3. Solvent debinding of binders 

To evaluate the solvent debinding behavior of the binders, the phenomena that happen 
during the process must be considered. At the beginning of the immersion, the solvent gets 
in contact with the binder molecules, which subsequently swell. If the attraction forces 
between polymer and solvent are higher than the polymer intermolecular forces, the 
dissolution of the polymer occurs [40,62]. Consequently, the dissolved molecules are taken 
out by capillary forces and diffusion [63]. As stated in section 2.1, the major fraction of the 
polymeric binder was constituted of materials soluble in cyclohexane. According to previous 
studies and the technical information provided by the suppliers, the APO [64], SEBS [65,66] , 
PW [67], EO [66], and SA [67] are the components soluble in cyclohexane. Although high 
density polyethylene is insoluble in cyclohexane [40], the interaction with the solvent can 
produce swelling in its amorphous phases [42]. The swelling of both the backbone and the 
soluble components results in a dimensional variation of the samples, and therefore must be 
kept as low as possible. 

The percentage of leached binder and the defects found in the part after debinding are 
depicted in Fig. 5 and Fig. 6, respectively. Both results must be evaluated carefully and 
combined, since the defects in the parts affect their mass loss. The highest percentage of 
leached binder was measured for SEBS/No (Fig. 5). Nevertheless, large cracks were 
observed for this material (Fig. 6d), which is produced by the large swelling of the compound 
components [42,68]. The cracks facilitate the penetration of the solvent to the core of the 
specimen and, thus, promote a larger mass loss. For the binder APO/No a smaller quantity of 
binder was removed compared to SEBS/No (Fig. 5), and small cracks could be observed in 
the surface (Fig. 6a). Large pores appeared also in the surface of the APO/No cylinders, 
which number and size increased for APO/PW (Fig. 6B) and APO/EO (Fig. 6C). An uneven 
distribution of the binder components in the specimens might be the reason for the large 
pores [69]. This separation would result in areas rich in soluble binder, which leach out 
during solvent debinding. In absence of enough content of backbone, it distorts in a porous 
morphology. Since pieces of binders were observed floating when removing the specimens 
out of the solvent, this supports the hypothesis of the inhomogeneity in the specimens. In 
spite of the loss of big pieces, the leached binder fraction for APO/PW and APO/EO were 
among the lowest measured values (Fig. 5). Similar defects were observed for the specimens 
with the binder SEBS/EO (Fig. 6F), which had a lower leached binder fraction than the 
original SEBS/No (Fig. 5). Even though SEBS/PW had an even lower leached binder fraction 
than SEBS/EO, the specimens with the first showed a small and homogeneously distributed 
porosity (Fig. 6E). Moreover, it was the only binder without visible defects after debinding.  
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Fig. 5. Percentage of leached binder after solvent debinding for the investigated binder 
components. Groups sharing the same superscript letter (a, b, c, d or e) are not significantly 
different (Tukey post hoc tests, P<0.05). 

 

 

Fig. 6. Specimens after solvent debinding of the binders (A) APO/No, (B) APO/PW, (C) 
APO/EO, (D) SEBS/No, (E) SEBS/PW, and (F) SEBS/EO. The percentage of leached binder 
after solvent debinding is indicated in the bottom left corner of each photograph. 

The combination of the mechanical properties of the filament and the viscosity of the binder 
indicates that a possible candidate for the binder system is the compound SEBS/PW, since it 
exhibits a good balance of mechanical properties, while having a low viscosity. After the 
solvent debinding experiments, it can be concluded that SEBS/PW is the best possible binder, 
as no defects were observed. Nevertheless, in order to investigate the influence of the filler 
particles on these properties, feedstock materials were prepared with all the binder systems. 
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4.2. Evaluation of the feedstocks 

4.2.1. Rheological behavior of the feedstocks 

Fig. 7 depicts the apparent viscosity measured during the production of the feedstock 
filaments at a shear rate at the walls of 215 s-1. It can be seen that all values are 
significantly different among each other since the group letters obtained by the Tukey post 
hoc tests are all different for each value compared. The feedstock SEBS/No/Z showed the 
significantly highest viscosity value with more than twice the viscosity of APO/No/Z (Fig. 7). 
Although the apparent viscosity of SEBS/No/Z is similar to those of other filled materials 
produced by FFF [70], the high resistance to flow could result in weak bonding between the 
extruded strands, which could affect the mechanical properties of the final part [29]. After 
the partial substitution of the SEBS by a second soluble component in SEBS/PW/Z and 
SEBS/EO/Z, the viscosity was reduced by approximately 56 % for both feedstocks. Similarly, 
the viscosity was reduced by 42 % for APO/PW/Z and 47 % for APO/EO/Z compared to 
APO/No/Z.  

 

Fig. 7. Apparent viscosity as a function of the feedstock components during the production of 
filaments at 150 °C at a shear rate of 215 s-1. Groups sharing the same superscript letter (a, 
b, c, d or e) are not significantly different (Tukey post hoc tests, P<0.05). 

4.2.2. Mechanical properties of the feedstocks 

The mechanical properties of the feedstocks were measured by tensile tests on the feedstock 
filaments, similarly to the binders above. Feedstock filaments showed no yielding during 
testing, and the ultimate tensile strain and its corresponding strain value coincide with the 
stress and strain at break values, respectively (for the strain-stress curves please refer to the 
supporting information Fig. S3). When comparing the properties of the filled filaments, the 
feedstock SEBS/No/Z showed significantly higher stiffness, strength, and flexibility than 
APO/No/Z (Fig. 8), similarly to the trends for the corresponding binders (Fig. 4). Interestingly, 
unlike the binder systems (Fig. 4), no significant difference exists between the values of 
APO/No/Z and APO/PW/Z (as both have the same letters in the Tukey groups in Fig. 8), and 
the filaments of SEBS/No/Z were stronger and stiffer than those of SEBS/PW/Z (Fig. 8). On 
the contrary to the considerably lower flexibility for the binders with PW than for those 
without it (Fig. 4B), the maximum strain of the feedstocks is insignificantly different from 
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each other (same letter in Fig. 8A). The properties of the feedstocks with EO changed in the 
same manner as in the binders (Fig. 4). Despite the flexibility of the compounds is increased 
for APO/EO/Z and SEBS/EO/Z compared to APO/No/Z and SEBS/No/Z, the difference is not 
significant  due to the high variability of the results (same letter in the Tukey groups in 
Fig. 8B). Additionally, the compounds with EO have the significantly lowest strength (Fig. 8A) 
and stiffness (Fig. 8C) of all the evaluated compounds. 

 

Fig. 8. Tensile properties of the filaments made from the feedstocks: (A) Ultimate tensile 
stress, (B) strain at the ultimate tensile stress, and (C) secant modulus. Groups sharing the 
same superscript letter (a, b, c or d) are not significantly different (Tukey post hoc tests, 
P<0.05). 

4.2.3. Solvent debinding of the feedstocks 

The percentage of leached binder and the defects found after solvent debinding of the 
feedstocks are shown in Fig. 9 and Fig. 10, respectively. A slight decrease in the percentage 
of leached binder was detected compared to the binders (Fig. 5). For the binders, the AA-
HDPE was the only component not dissolving, but for the feedstocks a high volume of the 
specimens is occupied by the insoluble zirconia particles. An intricate network of backbone 
and powder is formed in the green structure and the diffusion of the dissolved products out 
of the specimens is hindered, and so is the overall debinding rate [63,71]. As the swollen 
molecules of the dissolved polymers cannot be easily evacuated through the network, the 
overall swelling of the specimens increases [63], generating the defects observed in Fig. 10. 
The highest drop of leached binder occurs for the feedstocks with only one soluble 
component; APO/No/Z had a leached binder reduction of ~6 wt.% compared to APO/No; 
and SEBS/No/Z had a reduction of ~5 wt.% compared to SEBS/No. For the rest of the 
formulations minor differences (<1.5 wt.%) were found. In this manner, the large cracks 
observed for SEBS/No (Fig. 6D) together with the reduction of the debinding rate resulted in 
total loss of shape for SEBS/No/Z (Fig. 10D). Large cracks were observed as well for 
APO/No/Z (Fig. 10A), which nevertheless had the significantly lowest leached binder of all 
the tested feedstocks (different letter in the Tukey’s groups Fig. 10). The use of a polymer 
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with a large tackiness like the APO [72] results in an excessive adhesion to the powder, 
which hinders the dissolution process [73]. In general, there is a high variability in the 
percentage of leached binder, as indicated by a large standard deviation and the Tukey 
grouping in Fig. 9. The high variability might be caused by the different surface of individual 
specimens and numerous cracks that varied the solvent penetration phenomena. Fig. 10 
shows that the inclusion of EO or PW in the feedstock not only results in a low viscosity (Fig. 
7), but also is an effective way to reduce defects in the samples. The addition of these 
soluble components decreases the swelling of the overall specimen and, hence, reduces the 
internal stresses [73]. In principle, the EO compounds should show smaller cracks than those 
with PW, since the EO is liquid at the test temperature. Thus, it should have a faster 
dissolution and mobility than the PW [74,75], which is only partially molten at 60 °C, at 
which the test is conducted (see Fig. S4). Surprisingly, there are no significant differences in 
the type of defects found in the specimens of APO/PW/Z (Fig. 10B) and APO/EO/Z (Fig. 10E), 
whereas the opposite trend is observed for the SEBS feedstocks. Feedstock SEBS/EO/Z (Fig. 
10F) had considerably larger defects compared to those of feedstock SEBS/PW/Z (Fig. 10E), 
which has the smallest cracks of all the tested feedstocks. As a result, the combination of 
SEBS with PW is the most effective for the reduction of defects, even though it has not been 
possible to obtain completely defect-free compression molded specimens. 

 

Fig. 9. Percentage of leached binder in the feedstock as a function of the binder components. 
Groups sharing the same superscript letter (a, b, or c) are not significantly different (Tukey 
post hoc tests, P<0.05). 
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Fig. 10. Specimens after solvent debinding of feedstocks (A) APO/No/Z, (B) APO/PW/Z, (C) 
APO/EO/Z, (D) SEBS/No/Z, (E) SEBS/PW/Z, and (F) SEBS/EO/Z. The percentage of leached 
binder after solvent debinding is indicated in the bottom left corner of each photograph. 

4.2.4. Morphology of the feedstocks 

The morphology of the filaments before and after leaching the soluble component is depicted 
in Fig. 11. For feedstock SEBS/No/Z with only SEBS as a soluble component, a large fraction 
of platelets rich in binder could be observed prior to debinding (Fig. 11G). However, after 
solvent debinding, it showed a structure with a uniform distribution of powder held by the 
AA-HDPE (Fig. 11J) similar to those of other solvent-debound feedstocks [76,77]. This 
suggests that the phase-separated platelets could be mostly composed of the soluble 
component (in this case SEBS), which does not bond with the powder and/or the AA-HDPE. 
Similar phase separation and partial compatibility has been reported for HDPE and SEBS 
blends, resulting in inhomogeneous microstructures [78,79]. Compared to SEBS/No/Z, 
APO/No/Z showed a smaller concentration of platelets before the immersion in the solvent 
(Fig. 11A). A platelet-free morphology was also observed for APO/No/Z after solvent 
debinding (Fig. 11D). Since the APO used in this study is based on propylene, it can be 
assumed, based on previous studies [80], that the compatibility of the APO with the AA-
HDPE is poor as well, and the platelets are composed of APO, which dissolves in cyclohexane.  
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Fig. 11. Morphology of the cryo-fractured filaments of APO/No/Z (A, D), APO/PW/Z (B, E), 
APO/EO/Z (C, F), SEBS/No/Z (G, J), SEBS/PW/Z (H, K), and SEBS/EO/Z (I, L) before and 
after solvent debinding. 

Incorporating the second soluble component (PW or EO) in the feedstocks produced two 
completely different morphologies. A large increase in the concentration and size of the 
platelets could be observed for APO/EO/Z (Fig. 11C) compared to APO/No/Z (Fig. 11A) and 
for SEBS/EO/Z(Fig. 11I) compared to SEBS/No/Z (Fig. 11G). This effect is especially 
pronounced for the compound containing SEBS, which might be caused by the preferential 
distribution of the EO in the elastomeric phase than in the AA-HDPE used as backbone [60]. 
As neither APO/EO/Z (Fig. 11F) nor SEBS/EO/Z (Fig. 11L) show platelets after the solvent 
debinding step, it can be stated that they are constituted once more by the soluble 
components (e.g. EO and APO or SEBS, respectively). 
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On the contrary, APO/PW/Z (Fig. 11B) and SEBS/PW/Z (Fig. 11H) showed a platelet-free 
microstructure and homogeneous microstructure before solvent debinding. Therefore, the 
wax seems to improve the coating of the powder and the homogenization of the dispersion 
in the ´green´ microstructure. The APO or SEBS is removed together with the PW during the 
debinding process, leaving an interconnected microstructure of powder and backbone 
(Fig. 11E and Fig. 11K). 

The defects observed in the feedstocks after solvent debinding (Fig. 10) seem to be strongly 
correlated with the morphology of the compounds before that process (Fig. 11). Although 
the compounds with PW or EO had smaller defects than the compounds without PW or EO, 
the EO feedstocks have larger defects than those containing PW (Fig. 10). The large 
concentration of platelets of soluble binder might be the major cause of this difference, since 
the initial swelling of the binder is larger in the platelets than in the rest of the material. 
Therefore, there is a concentration of stress, which promotes the propagation of cracks in 
the specimens.  

4.3. Selection of the formulation and upscaling 

Considering the previous results, the formulation that had the best combination of properties 
is SEBS/PW/Z. The SEBS must be incorporated to attain the mechanical strength and strain 
required for the production and spooling of the filament as well as the stiffness needed to 
extrude the material in the FFF printer (Fig. 4 and Fig. 8). Yet, SEBS/No/Z has a poor 
dispersion of the powder, a high viscosity and large defects in the specimens during its 
dissolution. To overcome and eliminate these problems, the incorporation of the PW has 
proven to be the best solution, as both SEBS/PW and SEBS/PW/Z revealed a homogeneous 
powder distribution, low viscosity, and the smallest defects after the solvent debinding trials 
on compression-molded specimens. 

The filaments produced in the upscaling stage with the selected feedstock SEBS/PW/Z were 
subsequently used for the production of parts with complex geometry by FFF (Fig. 12). 
Compared to our experience with conventional FFF materials, a more careful handling of the 
feedstock filaments and feeding to the FFF machine was required due to the brittle nature of 
the highly-filled material. The brittleness of the material also complicated the defect-free 
removal of the specimens from the build platform. Fig. 12C exemplarily shows a typical 
delamination of the first deposited layer due to the brittleness of the produced part. 
Therefore, the adjustment of the fraction of the different binder components must be 
conducted in future steps in order to facilitate the processing and improve the quality of the 
parts. Another type of defect observed was an incomplete infill as the one in Fig. 12C and 
Fig. 12D, with voids between the deposited strands. The optimization of the FFF processing 
parameters and the adaptation of the slicing software to the highly filled materials could 
solve this problem, as has been discussed in [6,12]. 

The produced specimens were then immersed in cyclohexane with no defects (Fig. 12) and 
an average of 55.4±0.5 wt. % binder removed from the specimens, which is equivalent to a 
porosity of 29.4 %. According to Fan et al. [81], a minimum porosity of 14% is required for 
the formation of an interconnected pore structure reaching the center of the specimens. This 
structure can later enable the easy evacuation of the gas molecules generated during 
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thermal debinding. Despite the powder and feedstock composition were different for the 
study of Fan et al. [81], the large porosity value of the tested parts (more than double of the 
required porosity) was considered sufficient for further processing (i.e. thermal backbone 
elimination and sintering). 

 

Fig. 12. Specimens produced by FFF of the most promising feedstock SEBS/PW/Z after pre-
sintering: (A) bending bars, (B) watch case, (C) catalyzer, and (D) holder. 

No cracks were observed in the solvent-debound specimens, as compared to the cylinders of 
Fig. 10E. This could be attributed to two different factors: (i) the mixing in a twin screw 
compounder increases the homogeneity of the feedstock components, which causes a more 
uniform swelling, and the formation of a homogeneous porous network; and (ii) the 
specimens produced by compression molding are less porous than the specimens produced 
by FFF, more pores in FFF parts can help to alleviate the formation of cracks. However, 
these hypotheses are to be tested in future investigations. Finally, the solvent-debound 
specimens were placed in the muffle furnace for thermal debinding and pre-sintering. The 
rest of the binder could be removed out of the parts and as can be observed in Fig. 12, no 
defects appeared in this step. Considering that all the steps up to the initial stages of 
sintering could be conducted with SEBS/PW/Z, it can be stated that the developed feedstock 
is suitable for the combination of FFF with a two-step debinding process. 

5. Conclusion 

A new binder for the production of zirconia specimens by fused filament fabrication (FFF) 
and solvent debinding was developed. The design of a multicomponent binder along with the 
selection of its soluble components was the major focus of the present work. An amorphous 
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polyolefin (APO) and a styrene-ethylene/butylene-ethylene copolymer (SEBS) were tested as 
single soluble components. The incorporation of paraffin wax (PW) or extender oil (EO) as 
second soluble component was also evaluated. Stearic acid (SA) and acrylic acid-grafted high 
density polyethylene (AA-HDPE)were employed in all the formulations. The content of the 
different components was kept constant. The mechanical and rheological properties, the 
solvent debinding behavior, and the dispersion of the powder were the parameters evaluated 
for the binders and the feedstocks. 

The binder system containing SEBS and PW had the significantly highest ultimate tensile 
strength and secant modulus, a low viscosity, and also no defects after solvent debinding. 
The incorporation of zirconia powder increased the viscosity, strength, and stiffness of the 
compounds, while drastically reducing the flexibility. The dispersion of the powder and 
homogeneity of the feedstocks turned out to be the major aspects determining the required 
properties for FFF. Although the formulations solely containing SEBS had the most promising 
mechanical properties, the incorporation of PW as a low-viscous and soluble component was 
necessary to reduce the viscosity and the amount of defects that are present after solvent 
debinding. Therefore, the formulation SEBS/PW/Z was selected and its performance on the 
FFF and solvent debinding process was evaluated. The filament made of SEBS/PW/Z could 
be processed by FFF and the printed parts had no visible defects after debinding and pre-
sintering.  

Hence, these investigations offer an insight into the structure-property relation needed to 
make processable filaments of zirconia feedstocks for FFF combined with solvent and thermal 
debinding and sintering, and thus can be the basis for the applicability of this manufacturing 
strategy for other ceramic materials. In future studies, it is expected to demonstrate the 
successful reduction of the thermal debinding time as well as the production of fully dense 
parts by further developing the thermal debinding and sintering steps. The mechanical 
properties of the sintered parts as well as their morphology are also the matter of future 
investigations. 
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Supplementary Information  

Table S1. Composition of the feedstocks in volumetric percentage. In all the composites 47 
vol.% of tetragonal zirconia, partially stabilized with yttria, (TZ-3YS-E) powder was used. 
APO and SEBS refer to the amorphous polyolefin and styrene-ethylene-butylene copolymer, 
respectively. ‘No’ refers to the binder systems without a second soluble component, whereas 
PW and EO refer to the binder systems with paraffin wax and highly paraffinic extender oil, 
respectively. AA-HDPE refers to the acrylic acid-grafted high density polyethylene and SA to 
the stearic acid used as surfactant.  

 
Backbone Soluble comp. 1 Soluble comp. 2 Surfactant 

TZ-
3YS-E 

Powder 

AA-HDPE APO SEBS PW EO SA Z 

APO/No/Z 18.55 29.15 - - - 5.3 47 

APO/PW/Z 18.55 14.575 - 14.575 - 5.3 47 

APO/EO/Z 18.55 14.575 - - 14.575 5.3 47 

SEBS/No/Z 18.55 - 29.15 - - 5.3 47 

SEBS/PW/Z 18.55 - 14.575 14.575 - 5.3 47 

SEBS/EO/Z 18.55 - 14.575 - 14.575 5.3 47 

 

 

Fig. S1. Infrared absorption spectrum of the zirconia powder. The intensity peak at a 
wavenumber of 3355 cm-1 for the surface -OH groups is marked. ATR spectroscopy was 
performed with a Vertex 70 spectrometer (Bruker, Germany). 128 scans were accumulated 
with a resolution of 4 cm-1.  
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Fig. S2. Representative stress-strain curves of the investigated binders. The mean and 
standard deviation for the yield stress/ultimate tensile stress and the strain at yield/ultimate 
tensile stress are marked by symbols and error bars. For reasons of clarity, only the first 50 % 
of strain are represented. On the top right, the same stress-strain curves are given for the 
full strain to visualize the elasticity of the compound B/SEBS/No.  

 

 

 

Fig. S3. Representative strain-stress of the feedstocks. The mean and standard deviation for 
the ultimate tensile stress and the strain at ultimate tensile stress are marked by symbols 
and error bars. 
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Fig. S4. Differential Scanning Calorimetry (DSC) thermograms from the second heating cycle 
of the evaluated binder components. The measurements were conducted under nitrogen 
atmosphere on a Mettler Toledo DSC 1 equipped with a gas controller GC 200 (Mettler 
Toledo GmbH, Switzerland). Three specimens were investigated per material. Heat-cool-heat 
runs, with the heating and cooling rate set to 10 K·min−1, respectively, were performed in 
temperatures between 30 and 180 °C. 
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ABSTRACT  

Fused Filament Fabrication (FFF) is a material extrusion based additive manufacturing 
technique that enables the processing of thermoplastic filaments, which are selectively 
extruded and deposited in a layer-wise manner to create three-dimensional objects. 
Filaments of polymer-based compounds highly-filled with ceramic powders (ca. 40-60 vol.%), 
known as feedstocks, can be processed by means of FFF to shape ceramic parts. Such parts 
are then debound in order to remove the polymer from the feedstock. A highly porous 
structure is obtained, which is sintered at high temperatures to produce dense ceramic 
components. The use of highly-filled polymers constitutes a processing challenge, due to 
their high viscosity that complicates the fabrication by FFF. The material properties of 
compounds filled with zirconia (ca. 47 vol%) were optimized by the incorporation of an 
additional low viscosity component. It was observed that by adding the low viscosity 
component, the mechanical properties (flexibility, strength and stiffness) and feedstock 
viscosity are suitable for the production of filaments and the FFF process. Furthermore, the 
low viscosity component further promotes the defect-free removal of the major polymer 
fraction by leaching with a solvent.  
 
Keywords: Additive manufacturing; fused filament fabrication; highly-filled polymers; zirconia; 
binder; feedstock. 
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Introduction 

The low investment required for the printers, the wide range of available materials and the 
possibility to combine various materials have consolidated Fused Filament Fabrication (FFF) 
as the most common additive manufacturing technique for thermoplastic polymers and 
thermoplastic-based composites. In the FFF process filaments are driven by the action of two 
(or more) counter-rotating elements into a liquefier where the material melts and is 
selectively extruded through a nozzle to create parts in a layer-by-layer manner. This 
principle can be employed for the flexible production of ceramic components with customized 
and intricate design. In the FFF of ceramics, a polymeric compound (known as binder) acts 
as a carrier of a high load of ceramic powder (ca. 40-60 vol.%) and facilitates the production 
of filaments and the subsequent shaping of the parts. The next step is the removal of the 
polymeric components in the debinding process by dissolution in a solvent and/or thermal 
decomposition, followed by the sintering of the powders to obtain the final ceramic part [1].  

One major obstacle for the FFF of ceramics is the production of filaments with the necessary 
mechanical properties [1–3]. For instance, the filament must be strong and flexible enough 
to be spooled/de-spooled when being produced and for feeding the printer without breaking. 
A high stiffness is also required to avoid buckling and to transfer the force from the rollers to 
the molten material. Another big challenge to address is the high viscosity of the filled 
compounds (known as feedstocks). A high viscosity implies a higher resistance to flow 
through the FFF nozzle and therefore higher stiffness in the solid material to produce the 
flow [2,3]. 

A new binder formulation for the FFF of zirconia with a solvent and thermal debinding 
process was developed in our previous investigation [4]. Compounds with different binders 
soluble in cyclohexane were produced and the rheological and mechanical properties, as well 
as the solvent debinding behavior were tested. The formulation with styrene-
ethylene/butylene-styrene copolymer (SEBS) as soluble component had the best strength, 
stiffness and flexibility. Nevertheless, the feedstock had a high viscosity and large cracks 
appeared during debinding. The partial substitution of the SEBS by paraffin wax (PW) could 
reduce effectively the viscosity and the defects. Moreover, the wax contributed to the 
homogenization of the feedstock microstructure and the dispersion of the zirconia powder. 
The drawback of the PW incorporation was the reduction of the strength, stiffness and 
flexibility of the feedstock filaments, making necessary a careful handling and processing of 
the filaments to avoid breakage [4]. 

In this paper, the optimization of the material properties by the adjustment of the fractions 
of the binder components is presented. The objective of this study was the improvement of 
the mechanical properties of the compounds while maintaining a low viscosity and a 
minimum number of defects after solvent debinding. In the design of experiments the 
contents of the binder components were the varying factors in different formulations in order 
to determine their specific effect on the feedstock properties.  
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Experimental procedure 

Zirconium oxide containing 3 mol% of yttrium oxide(TZ-3YS-E, Tosoh Europe B.V., The 
Netherlands) was the ceramic powder employed in the feedstocks in a content of 47 vol%. 
The composition of the different binders was selected considering the process limitations and 
using the software Design Expert 10.0 (Stat-Ease, Inc., United States of America) in the 
design of experiments (DOE). A grafted polyolefin (gP, BYK-Chemie GmbH, Germany) was 
used as backbone. The minimum backbone fraction was limited to 35 vol% of the total 
binder content to maintain the strength of the parts during solvent debinding; and the 
maximum content was kept to 50 vol% of the binder since the insoluble backbone will hinder 
the diffusion of the dissolved products. A fixed fraction of surfactant (S, Merck Schuchardt 
OHG, Germany) was always used to facilitate the powder dispersion. The soluble binders 
were SEBS (Kraton Polymers Nederland B.V., The Netherlands) incorporated as flexible 
component, and PW (Sasol Limited, South Africa) as the low viscosity component. Since the 
objective is to improve the strength, flexibility and stiffness of the filaments, the fraction of 
PW in the compounds was always equal or smaller than the SEBS fraction. For the 
quantification of the influence of the binder components on the properties, regression 
models were calculated using the statistical software. The evaluated factors are the contents 
of the three main components, denoted by their acronyms. When evaluating the results, it 
must be considered that the models here reported are only valid in the range of 
compositions delimited by the constraints above. In all the cases the square root 
transformation was applied to provide homoscedasticity of variance and to ensure that the 
residuals remained normally distributed. 

The compounds were prepared in an internal mixer (Plasti-Corder PL2000, Brabender GmbH 
& Co. KG, Germany) with counter rotating roller rotors. Prior to compounding, the zirconia 
powder was dried in a vacuum oven Binder VD 23 (Binder GmbH, Germany) at 180 °C for 
1 hour to reduce the moisture content and, hence, subsequent agglomerations during mixing 
[5].The mixing chamber was pre-heated to 160 °C and the mixing was conducted at 60 rpm 
during 75 min. First, the powder and the dispersant were introduced in the chamber, after 
5 min the backbone was incorporated and after 5 min the base binder and the lubricant were 
added. At the end of the compounding the material was extracted and cooled down to room 
temperature. The material was then granulated in a cutting mill Retsch SM200 (Retsch 
GmbH, Germany) equipped with a sieve with 4x4 mm2 squared perforations. 

Feedstock filaments were produced at 150 °C in a high pressure capillary rheometer 
Rheograph 2002 (Göttfert Werkstoff-Prüfmaschinen GmbH, Germany). A die of 30 mm in 
length and 1.75 mm in diameter was employed. The feedstock was filled in the cylinder and 
left for 5 minutes to ensure the binder melting and the temperature homogenization. Then 
the piston moved at a speed of 1 mm/s and the extrudate was collected on a 
polytetrafluoroethylene (PTFE) conveyor belt where it cooled down. The pressure at the 
entrance of the die was measured during the process to calculate the apparent viscosity of 
the feedstock at one shear rate. 

The mechanical properties of the filaments were evaluated with tensile tests to determine 
the processability by FFF [6,7]. A universal testing machine Zwick Z001 (Zwick GmbH & 
Co.KG, Germany) with a 1 kN load cell and pneumatic grips was employed. At least 5 
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straight specimens with a length of 100 mm were evaluated per material. The initial gauge 
length was set to 50 mm. The tests were performed at a speed of 10 mm/min until rupture 
at standardized conditions (23 °C and 50% relative humidity). 

Compression molded cylinders with a diameter of 8 mm and a height of 5 mm were used to 
compare the solvent debinding behavior of the different compounds. The specimens were 
produced in a mold with PTFE seals and inside a hydraulic vacuum press P200PV (Dr. Collin 
GmbH, Germany). The mold was filled and heated to 160 °C at 1 bar during 40 min. 
Following 50 bars of pressure during 5 min enabled the compaction of the material, which 
was then cooled down to 30 °C at 50 bars. Five cylinders of each feedstock were immersed 
during 6 hours in cyclohexane at 60 °C. An oil bath unit (Memmert GmbH, Germany) was 
used to control the temperature. The specimens and the solvent were placed in glass 
desiccators with Dimroth condensers attached to the lid to prevent the solvent evaporation. 
In all the cases 20 ml of solvent were employed per gram of feedstock. After 6 hours in the 
solvent the specimens were extracted and dried at 80 °C for 2 hours in a vacuum drying 
oven (Binder VD 23, Binder GmbH, Germany). The initial and final mass was measured 
gravimetrically to determine the mass loss.  

Results and discussion 

The capillary rheology measurement is one of the most useful tools to determine the 
processability of the compounds by FFF due to the similarity with the FFF nozzle [2,3]. In our 
case the average apparent viscosity (ߟ௔ ) recorded during the filament production at an 
apparent shear rate of 215 s-1 was used to determine the influence of the binder 
components on the flow behavior. The regression model (1) (with response surface plot in 
Fig. 1a) indicates a linear dependence of the apparent viscosity on the three factors. 
Increasing the gP and SEBS increased the viscosity as observed for binary mixtures of wax 
with polyolefins [8]. Nevertheless, the SEBS has largest effect on the viscosity increase. 
Similarly to our previous study [4], the incorporation of PW is necessary to decrease the 
feedstock viscosity and enable the flow through the FFF nozzle with less required stiffness 
[2,3]. The high R2 value of 0.985 and normal distribution of residuals (Fig. 1b) indicate the 
adequacy of the obtained model in the range of compositions studied. ߟ௔ = ʹͷͺʹ.ʹͺ�ܲ + ʹͻʹͲ.Ͷܵ��ܵ − ʹ͵͹ͺ.ʹ͵ܲ� (1) 

 

Figure 1. Response surface plot of the regression model (a) and normal probability plot (b) 
of the apparent viscosity.  
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Tensile tests were conducted on the filaments to determine their strength, flexibility and 
stiffness. The stress at break (�௕) of the filaments was used to determine the filaments 
strength. The effect of the evaluated factors in �௕ is calculated in the regression equation (2) 
and Fig. 2a depicts the response surface plot of the regression model. The R2 value is 0.69, 
which cannot be considered high enough for obtaining a precise prediction of the �௕ value 
with the calculated model. The high scattering of the �௕  results might be caused by two 
phenomena. For brittle filaments such as the ones tested, a processing induced curvature of 
the specimen before testing generates additional bending stresses that lead to an earlier 
fracture at the beginning of the tensile tests. Despite taking special care to collect straight 
specimens during the filament production, the slightest curvature resulting from handling the 
specimens will affect the results. In addition, the used zirconia powder has a high tendency 
to agglomerate due to its small size [5]. An agglomerate in the filament constitutes a weak 
point in which the fracture will occur preferentially. Nevertheless, the model can provide 
important information about how each factor affects the strength. No component had a 
detrimental effect on �௕, and the highest values were measured for compounds with high gP. 
The use of the grafted polyolefin improves the adhesion with the powder [9], increasing the 
strength of the material [10]. Despite the poor strength of the PW, its incorporation 
produces a higher increase in �௕  than the SEBS. The reasons might be that at the 
concentrations here investigated, the PW can increase the crystallinity of the rest of the 
components[11] and improve the microstructure homogeneity [4].  �௕ଶ = ͷͳͻ.Ͳͷ�ܲ + Ͷ.ͷ͵ܵ��ܵ + ʹͺ.ͻͳܲ� (2) 

The strain at break (εb) of the filaments was used to determine their flexibility. In the 
regression model (3) and in its response surface plot (depicted in Fig. 2b) the effect of the 
evaluated factors in the εb can be observed. The higher sensitivity of the strain values to the 
phenomena previously mentioned resulted in a R2 of 0.53. Nevertheless the residuals 
remained normally distributed as shown in Fig. 2e.In general terms, it can be stated that the 
individual effect of the PW is a decrease of strain values, which is in accordance with the 
results of similar studies [8]. Even though gP and SEBS increase the strain values slightly, 
the highest increase is obtained for the interaction of SEBS and PW. This interaction could be 
caused by the combined effect of the good flexibility of the compounds with SEBS, and the 
improvement of the homogeneity when incorporating the PW [4]. When combining both 
soluble components in the right proportion, high strain values could be obtained. �௕ଵ.ଷହ = ʹ.͸ͻ�ܲ + ͵.ͷͷܵ��ܵ − ͳͷ.ͻͻܲ� + ͸ͳ.Ͳͺܵ��ܵ ∙ ܲ� (3) 

The stiffness of the filaments was determined by means of the secant modulus(SM) 
calculated in the strain range between 0.1 and 0.3%. These values were chosen in order to 
reduce the effect of the specimen’s curvature on the results. The effect of the evaluated 
factors in the SM can be observed in the regression equation (4). Fig. 2c depicts the 
response surface plot of the regression model. The residuals are normally distributed (Fig. 2f) 
and the R2 value is 0.745, which is the highest value of the models for the mechanical 
properties. The individual effects of the components show the decrease of the filaments 
stiffness with the increase of all of them, especially with SEBS. Nevertheless, a large 
improvement is obtained by the interaction of gP with both SEBS and PW.  ܵܯଵ.ହ = ሺ−ͳ.ͷ͸�ܲ − ʹ.͸ͷܵ��ܵ − ͳ.͸ͳܲ� + ͳ͵.ͶͶ�ܲ ∙ ܵ��ܵ + ͳͳ.͵�ܲ ∙ ܲ�ሻͳͲହ (4) 
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Figure 2. Response surface plot of the regression model of the stress at break (a), the strain 
at break (b) and the secant modulus (c). Normal probability plot of the stress at break (d), 
the strain at break (e) and the secant modulus (f). 

The loss of soluble binder (LSB) was calculated with the assumption that no powder or 
backbone was lost during debinding. At the end of the tests, cracks appeared on the 
specimens with different sizes depending on the composition (Fig. 3a). Therefore the LSB 
results must be carefully evaluated considering the different cracking of the parts. Like in the 
previous models, the square root transformation was applied for the LSB analysis in order to 
provide homoscedasticity of variance and to ensure that the residuals remained normally 
distributed (Fig. 3b). In the regression equation (5) the effect of the evaluated factors in the 
inverse of LSB is calculated. The response surface plot of the regression model is depicted in 
Fig. 3c. In this case the R2 of the experimental model is 0.798. As can be expected, 
increasing the gP produces a large decrease in the LSB since the insoluble backbone creates 
a physical barrier that hinders the diffusion of the dissolved polymers out of the specimens, 
which is the limiting factor during solvent debinding [12]. The increase of SEBS has the 
higher effect on LSB, nevertheless is due to the large cracks observed for these feedstocks 
(Fig. 3a) since the solvent penetrates easily through the cracks to the core of the specimen 
and the dissolved products are easily removed. The incorporation of the PW proved to be 
best option for the increase of LSB and for the reduction of the defects as a result a better 
homogeneity of the compounds [4]. ܵܮ�−ଵ = ሺʹͳ.ͻ�ܲ + ͹.ͷͳܵ��ܵ + ͳͲ.ͻ͵ܲ�ሻ ∙ ͳͲ−ଷ (5) 
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Figure 3. Cracks observed in specimens with the same gP content, but different PW/SEBS 
ratio (a). Response surface plot of the regression model (b) and normal probability plot (c) of 
the loss of soluble binder.  

Conclusions 

The effect of the fractions of the binder components in the properties of FFF feedstocks has 
been statistically determined. Increasing the content of gP and SEBS improves the 
mechanical properties of the filaments. Nevertheless both components increase the viscosity 
and make the defect-free solvent debinding more difficult. The incorporation of PW reduces 
the feedstocks viscosity and the defects while improving the debinding rate. Thus, 
intermediate contents of backbone and ratios 1 ≥ PW/SEBS ≥ 0.6 should be employed for 
the best combination of properties. Based on these results the feedstock with the best 
properties combination has been selected and a detailed investigation on the whole FFF 
process of zirconia is ongoing. 
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ABSTRACT 

Material extrusion additive manufacturing with filaments is also known as Fused Filament 
Fabrication (FFF). FFF is a versatile and popular technology that, when combined with 
debinding and sintering, can be used for the fabrication of functional metal and/or ceramic 
parts similar to Powder Injection Moulding (PIM). In order to produce filaments that are 
processable by FFF, a complex binder system is needed. The binder is generally composed of 
the main binder component, the backbone and additives. One popular additive in feedstocks 
for FFF or PIM is stearic acid (SA), since the use of SA is an effective way to reduce the 
viscosity, improve the feedstocks homogeneity and increase the solvent debinding rate. In 
this investigation, the incorporation of SA into a binder system comprised of acrylic acid-
grafted high density polyethylene, paraffin wax and styrene-ethylene/butylene-styrene 
copolymer has been studied. The effect of the SA on the viscosity, mechanical properties, 
debinding rate and processing by FFF for zirconia feedstocks is presented. 
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Introduction 

Metallic and ceramic components can be produced by the material extrusion process known 
as Fused Filament Fabrication (FFF). In the FFF of metals and ceramics, a polymeric binder is 
used to carry a high fraction of metallic or ceramic powder, obtaining the so-called feedstock. 
The feedstock is used to produce filaments which are then processed in a conventional FFF 
process to shape the parts, which must be debound and sintered similarly to the well-
established process of Powder Injection Moulding (PIM). Like in PIM, FFF powders of 
different sizes and shapes can be employed and a wide range of materials can be processed 
[1]. Moreover, the same feedstocks can be employed for both processes, making possible 
their combination or the use of FFF as a prototyping method for PIM. 

In order to be processed as filaments by FFF, the feedstocks must meet many rheological 
and mechanical requirements [2–4]. One of the main factors affecting the properties of the 
feedstocks and their processability by FFF is the wetting and adhesion of the polymeric 
binder to the powder surface. A poor adhesion in particulate filled polymers leads to the 
separation of both types of materials and to inhomogeneities in the mixture, resulting in a 
high viscosity and in poor mechanical properties [5–7]. Since the polymers commonly 
employed as binders in PIM and FFF are highly non-polar, and the powder surface is 
characterized by a high polarity, additives are incorporated to improve the interaction of both 
materials. 

Stearic acid (SA) is the most common additive for the processing of metals and ceramics by 
PIM. The polar carbonyl group (C=O) in this fatty acid [7] facilitates the wetting and 
adhesion of the binder to the polar surface of the powders. Therefore, SA has been added as 
surfactant to improve the feedstock homogeneity and reduce the viscosity in both PIM [7–9] 
and FFF feedstocks [3,4]. In this study, the effect of SA on the properties of zirconia 
feedstocks developed in our previous study [2] is evaluated and correlated to the 
processability by FFF and solvent debinding. 

Experimental 

Materials 

TZ-3YS-E (Tosoh Europe B.V., The Netherlands) with 3 mol% of yttria, a specific surface 
area of 7 ± 2 m2/g and a particle size of d50 = 0.09 µm was the zirconia powder selected. A 
multicomponent binder developed in our previous study [2] comprised of acrylic acid-grafted 
high density polyethylene (AA-HDPE), paraffin wax (PW) and styrene-ethylene/butylene-
styrene copolymer (SEBS) was used. The compositions shown in Table 1 were compared. In 
order to determine the effect of the stearic acid (SA), the relative content of the AA-HDPE, 
PW and SEBS was constant in both feedstocks.  
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Table 1. Composition of the feedstocks in volumetric percentage. The stearic acid content in 
the feedstock is used to name and to differentiate between both mixtures. 

 AA-HDPE SEBS PW SA Z 

5.3% SA 18.55 14.58 14.58 5.3 47 

0% SA 20.61 16.19 16.19 0 47 

 

Compounding and filament production 

The binder mixture consisting of AA-HDPE+PW+SEBS was produced in a co-rotating twin 
screw extruder (Werner & Plfeiderer GmbH, Germany). The compounding was conducted at 
a speed of  100 rpm with a temperature profile from the hoper to the nozzle of 75 to 170 °C. 
The material was collected in a metal conveyor belt, cooled using air ventilators and 
pelletized (Reduction Engineering GmbH, Germany). 

Following, the feedstocks were produced in the co-rotating twin screw extruder Leistritz ZSE 
18 HP-48D (Leistritz Extrusionstechnik GmbH, Germany). The binder was introduced by a 
first gravimetric feeder and in a second gravimetric feeder the zirconia powder was fed 
together with the stearic acid. The binder was added at a rate of 6 kg·h-1 and the powder at 
an according speed to have the right powder content. The screw speed was set to 600 rpm. 
Extrusion temperatures from 165 to 175 °C were used, and the extruded material was 
collected with the same metal conveyor belt and pelletized. 

For the production of filaments at laboratory-scale, single screw extruder FT-E20T-MP-IS (Dr. 
Collin GmbH, Germany) was used. The round die had a diameter of 1.75 mm and a length of 
20 mm. The rotation speed was set to 30 rpm and the temperature profile went from 170 °C 
at the feeding zone to 200 °C at the die. The extruded filament was cooled on a conveyor 
belt by air and then wound using a winding unit developed in-house. 

Rheology 

The apparent viscosity of the feedstocks was measured using the high pressure capillary 
rheometer Rheograph 2002 (Göttfert Werkstoff-Prüfmaschinen GmbH, Germany) at 230 °C 
and apparent shear rates from 75 to 750 s-1. A round die with a diameter of 1 mm and a 
length of 30 mm was employed. 

Tensile tests 

The mechanical properties of the filaments were measured by means of tensile tests. 
Straight filaments with a length of 100 mm were tested on the universal testing machine 
Zwick Z001 (Zwick GmbH & Co.KG, Germany) with a 1 kN load cell and pneumatic grips. The 
initial gauge length was 50 mm for all the measurements. The tests were performed until 
rupture at a speed of 10 mm·min-1 at standardized conditions (23 °C and 50 % relative 
humidity). At least five repetitions per material were performed.  
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Morphology evaluation 

The cryo-fracture surface of the extruded filaments with the zirconia feedstocks was studied 
by scanning electron microscopy (SEM, Tescan Vega II, Tescan Brno, s.r.o., Czech Republic). 
The analyses were performed on gold sputtered (100 s at 20 mA) specimens at 5 kV using 
secondary electrons. 

Fused Filament Fabrication 

Using these filaments, six cuboids of dimensions 15x15x5 mm3 were produced by FFF. The 
slicer software Slic3r Prusa Edition was used for the generation of the G-code. The parts 
were produced by means of the Duplicator i3 v2 (Wanhao, USA) FFF machine. A brass nozzle 
of 0.6 mm in diameter coated with TwinClad® was used for the printing at a temperature of 
230 °C. In the first layer, the printing speed was 5 mm·s-1 and in the rest of the layers 
10 mm s-1. The layer thickness was set to 225 µm and a concentric infill was employed. The 
building platform was a hairspray coated glass mirror set to 80 °C.  

Solvent debinding 

The solvent debinding of components with different geometries was performed using 
cyclohexane. In order to determine the effect of the SA in solvent debinding, the following 
specimens were tested: straight filaments with a length of 50 mm and a diameter of 
1.75 mm; compression moulded discs with a height of 2 mm and a diameter of 25 mm; the 
FFF cuboids with dimensions 15x15x5 mm3 and compression moulded cylinders with a height 
of 5 mm and diameter of 8 mm [2]. 

A glass desiccator enclosed within an oil bath unit with a temperature control (Memmert 
GmbH, Germany) was used. The solvent was refluxed with a Dimroth condenser attached to 
the lid to prevent the evaporation of the solvent. The specimens were immersed in pre-
heated cyclohexane at 60 °C for 6 hours, with 12 ml of solvent per gram of feedstock. After 
6 hours in the solvent, the specimens were left to dry at room temperature overnight. The 
final mass was measured to evaluate the percentage of leached binder.  

Results and Discussion 

Rheological characterization 

In Figure 1 the apparent viscosity of the feedstocks with 5.3 % and 0 % of SA is shown. The 
use of SA in the feedstock results in a lower apparent viscosity in the whole range of shear 
rates evaluated, the difference is becoming more pronounced at higher shear rates (48 %) 
compared to 25 % at the lowest shear rate. The reduction of the viscosity with the increase 
of SA can be explained by its effect as lubricant as well as surfactant, improving the wetting 
of the powder and its dispersion in the feedstock [3,5,7,8]. A lower viscosity and an 
improved powder dispersion result in an improved processability and give the possibility to 
increase the powder content in the feedstock, as demonstrated for PIM [8,9]. 
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Figure 1: Apparent viscosity at 230 °C for the two feedstocks. 

Mechanical testing 

The representative strain-stress curves shown in Figure 2 for the two feedstocks show the 
reduction of the mechanical properties of the filaments with the incorporation of SA. For the 
0 % SA feedstock the strength at break was 39 % higher than for the 5.3 % SA feedstock 
and the stiffness (determined by the secant modulus between 0.1 and 0.3%) was 9 % 
higher in the feedstock with no SA. Furthermore, the elongation at break of the 0 % SA 
filaments was twice the one measured for the 5.3 % SA filaments. 

The decrease of the mechanical properties with the incorporation of SA is in principle 
unexpected, since the improvement of the filler dispersion should result in an increase of the 
mechanical properties [5]. Nevertheless, the SA is not the only polar organic component in 
the feedstocks, since the backbone employed is an acrylic acid grafted HDPE [2]. For 
polymer nanocomposites, it is well known that the use of macromolecules (such as the 
acrylic acid HDPE) results in higher mechanical properties than the small molecules (such as 
the SA) due to the stronger interface entanglements with the rest of the polymer matrix [6] . 
Therefore, the use of SA in the feedstock might result in a reduction of the AA-HDPE effect 
on the mechanical properties and thus complicates the handling of the filaments without 
fracture. 

 

Figure 2: Representative strain-stress curves and average yield stress and strain at break of 
filaments produced with the two feedstocks. 
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Morphology 

The cryo-fracture surfaces of green filaments of the evaluated feedstocks are shown in 
Figure 3. The 5.3% SA feedstock filament has a homogeneous microstructure with small 
porosity, whereas large pores characterize the 0 % SA feedstock morphology. The 
improvement in the homogeneity for filled polymers with the incorporation of SA is well-
known, as it is produced by the improvement of the powder dispersion and the lubricating 
effect of the SA [5,7]. With exception of the pores, no inhomogeneity can be observed in the 
feedstocks produced by the separation of the binder components (as we observed in [2]).  

 

Figure 3: Scanning Electron Microscopy of the cryo-fracture surface of filaments produced 
with the two feedstocks. 

FFF processing 

Figure 4 shows examples of the cuboids produced with the 5.3 % and 0 % SA feedstocks 
and the average mass of the produced specimens. Due to the reduction in viscosity when 
using SA, more material was extruded for the 5.3 % SA than for the 0 % SA feedstock. The 
insufficient extrusion of material combined with a high viscosity, which reduces the cross 
flow of material for closing the gaps in the parts [10], resulted in parts with underfilled 
sections for the 0 % SA feedstock. Moreover, the incorporation of SA resulted in a better 
bonding between the extruded layers for the 5.3 % SA feedstock, which did not show the 
interlayer cracks observed for the 0 % SA feedstock. Nevertheless, the increase of the 
extrusion temperature might help to reduce the viscosity of the 0 % SA feedstock and to 
solve these defects. 
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Figure 4: Exemplary FFF cuboids with dimensions 15x15x5 mm3 produced with the two 
feedstocks and average mass of the printed parts. 

Solvent debinding 

In Figure 5 the leached soluble binder in wt% is plotted as a function of the surface area to 
volume ratio (As/V). As expected, the increase of the As/V ratio resulted in a faster 
debinding, due to the reduction of the diffusion length [11]. As we observed in our previous 
study [4], the incorporation of SA resulted in an increase of the solvent debinding 
performance. This might be the result of either the lower molecular weight of the SA 
compared to the other soluble components, and/or the improvement of the powder 
dispersion [4]. The only exception in the described trends is the FFF cuboids produced with 
the 0% SA feedstock. The reason for such deviation might be the porosity of the parts 
produced with this feedstock, which can be observed in Figure 4. The gaps between the 
deposited strands in the parts facilitate the penetration of the solvent into the components, 
as well as the diffusion of the dissolved products out of the specimens. 

 

Figure 5: Leached soluble binder of components with different area of the surface/volume 
ratio: filaments (2.33), compression moulded (CM) discs (1.16) and cylinders (0.9) and FFF 
cuboids (0.67). 



3. Development of binder formulation 

Santiago Cano Polymer Engineering and Science Leoben 82 

Conclusion 

The use of stearic acid in zirconia feedstocks for FFF is an effective way to reduce the 
viscosity, improve the feedstocks homogeneity and increase the solvent debinding rate. The 
reduction in the viscosity is a key factor to attain dense FFF green parts without the 
interlayer cracks observed for the feedstock without SA. However, the feedstock filaments 
with SA also have reduced mechanical properties, which results in a more difficult handling 
of the filaments and complicates a continuous winding of the material. As the filament 
without SA has considerably higher mechanical properties, further FFF trials with different 
processing parameters (especially higher extrusion temperatures) must be conducted to 
attain defect free FFF green parts. In addition, lower quantities of SA could be investigated 
in order to improve the viscosity and debinding rate without lowering the mechanical 
properties too much. 
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ABSTRACT 

The adhesion of the polymer to ceramic nanoparticles is a key aspect in the manufacturing 
of ceramic parts by additive manufacturing and injection molding, due to poor separation 
results in separation during processing. The purpose of this research is to investigate, by 
means of molecular dynamics simulations and experimental methods, the role of improved 
interfacial interactions by acrylic acid grafting-high density polyethylene on the adhesion to 
zirconia nanoparticles and on the composite properties. The polymer grafting results in high 
adhesion to the nanoparticles, increases the nanoparticles dispersion and improves the 
viscoelastic and mechanical properties required for additive manufacturing and injection 
molding. 

Keywords: interfacial interactions; rheological properties; mechanical properties; 
nanocomposites; ceramics; powder injection molding; fused filament fabrication; grafted 
polymers; molecular dynamics simulation. 
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1. Introduction 

The composites of thermoplastic polymers with ceramic nanoparticles are used in numerous 
fields such as medicine [1–3], electronics [4] or flame retardancy applications [3,5]. 
Moreover, highly filled ceramic-polymer nanocomposites are used for the manufacturing of 
ceramic parts by processes such as powder injection molding (PIM) [6–9] and fused filament 
fabrication (FFF) [10–12]. In these processes, the polymer acts as a carrier that enables the 
shaping of complex parts by injection molding or layer-by-layer extrusion into three 
dimensional objects. Once the parts are shaped, the polymer is removed in the debinding 
step. Finally, the parts are sintered to obtain ceramic components with high density. 

Polymer nanocomposites are complex systems, whose properties are determined by the 
properties of the components, the composition, the interfacial interactions and the 
morphology of the composite [13–15]. The adhesion and wetting of the polymer matrix to 
the surface of the powder [9,16] is a critical aspect since a poor adhesion will lead to the 
separation of both materials during processing, resulting in a weak interface and poor 
macroscopic properties [16,17]. The powder–binder separation is especially detrimental for 
the highly-filled composites used in PIM and FFF, since it leads to failure of the process by, 
for example, filaments with poor mechanical properties which cannot be processed in the 
FFF machines [11] or by inhomogeneity in the composition of parts with complex geometry 
in PIM [17,18]. The interaction between the polymers and the ceramic filler is greatly 
influenced by the polarity of both types of material. In PIM and FFF, multicomponent 
polymeric blends are used. A major fraction of the polymer blend has low viscosity for PIM, 
while for FFF not only low viscosity but also flexibility is required. The second major 
component of the blend, known as the backbone, is in many cases a polyolefin such as 
polyethylene or polypropylene, which is removed in the last step before sintering and thus 
must have a high adhesion to the powder. However, polyolefins are non-polar, whereas the 
surface of the inorganic particles is characterized by a high polarity. Therefore, different 
strategies have been developed to improve the adhesion and the interfacial interaction 
between both types of materials. 

To improve the adhesion between the polymer and the ceramic, one approach includes the 
coating of the nanoparticles with a coupling agent such as silane [13] or with a fatty acid 
such as stearic or oleic acid [6,7,10], which can also be incorporated as a surfactant [8,19]. 
Fatty acids and stearic acid have been extensively used in PIM and FFF as they improve the 
dispersion of the particles and reduce the viscosity of the composites [6–8,10,19]. 
Nonetheless, these low molecular weight polymers are very unstable and degrade if 
processed at high temperatures or long times [7]. Moreover, short molecules such as the 
fatty acids do not have strong entanglements with the rest of the polymeric components, 
which result in poor mechanical properties [13]. Another strategy is the use of polymers 
grafted with a polar component such as maleic anhydride or acrylic acid, which can be 
incorporated as a backbone [12,20] or as a compatibilizer [5,21–28]. The improvement of 
the adhesion to the filler with the use of grafted polymers results in a better dispersion of 
the filler [27,28] and in an increase in the mechanical properties [5,21–28]. Despite these 
efforts, a systematic investigation of interfacial interactions is still necessary to understand 
their effects on the properties of the feedstocks. Here, we aim to address this subject by 
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means of various experiments as well as atomistic insights from molecular dynamics 
simulations. 

In this study, we focus on the effects of interfacial interactions on feedstock properties by 
grafting of polyethylene with acrylic acid and modifying its adhesion to ceramic zirconia 
nanoparticles. The resulting composite morphology and properties for the processing by FFF 
and PIM are addressed. Molecular dynamic simulations are employed to calculate the binding 
energies between polyethylene with different grafting densities and zirconia. These results 
are combined with the experimental characterization of composites produced with two 
commercial grades of high-density polyethylene (HDPE) and yttria-stabilized zirconia powder. 
One of the HDPE grades is ungrafted, whereas the other is grafted with acrylic acid. The 
experimental investigation of the adhesion is conducted with the interfacial tension 
calculated from contact angle measurements and with the infrared spectra of the polymers 
and filler materials. The results of these experiments are linked to the dispersion of the 
particles in the nanocomposites and to the viscoelastic and mechanical properties. 

2. Materials and Methods 

2.1. Molecular Dynamics Simulation 

Computational simulation methods such as atomistic molecular dynamics (MD), Monte Carlo 
(MC) and dissipative particle dynamics (DPD) are useful tools in the study of the polymer-
filler adhesion and the characterization of the interface between both materials [15,29–34]. 
Moreover, MD simulations have been employed to study the interface between ceramic oxide 
fillers and polymer chains with grafted maleic anhydride or acrylic acid (AA) [30]. The MD 
simulations provide detailed atomistic information about the increase in the work of adhesion 
and the change of the distribution of the polymer at the interface of the composites with 
grafting [30,33]. 

MD simulations were employed for the study of the interfacial interactions between zirconia 
and polyethylene grafted with different contents of acrylic acid: 0, 5 and 30 mol%. Table 1 
summarizes the nomenclature used for the different systems in the MD simulations. The 
bonded and non-bonded interactions were mapped with the optimized atomistic field 
COMPASS. The simulations were carried out using the Forcite module of the Materials Studio 
software (BIOVIA Materials Studio 2017 R2, San Diego, CA, USA). Fifty polyethylene chains 
(C120H242) were used in each simulation run. For the polyethylene grafted with acrylic acid, 
additional side groups were included. The geometries of the polymer chains were initially 
optimized with energy and force convergence criteria of 0.0001 kcal·mol−1 and 0.005 
kcal·mol−1·Å−1, respectively. The polyethylene chains were in contact with a zirconia block 
with dimensions Lx = Ly ≈ 35.85 Å and Lz ≈ 8.87 Å. An orthogonal simulation cell with 
dimensions Lx = Ly ≈ 35.85 Å and a xyz Cartesian coordinate system was employed. A 
vacuum space with a length of 500 Å was put on top of the polymer in the z-direction. 
Consequently, the total Lz was equal to 635.46 Å. The simulations were run in the NVT 
ensemble at 443 K for 200 ps with a 0.1 fs time step. The binding energies were calculated 
and averaged over the final 50 ps of the simulations.  
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Table 1. Materials studied in the molecular dynamics (MD) simulations and nomenclature. 

 Polymer Acrylic Acid Content (mol%) 

PE PE 0 

5AAPE AA-PE 5 

30AAPE AA-PE 30 

2.2. Materials 

Tetragonal zirconia (ZrO2) (TZ-3YS-E, partially stabilized with 3 mol% yttria (Y2O3), Tosoh 
Europe B.V., Amsterdam, The Netherlands), supplied as spray dried granules with an 
average particle size of 90 nm and a specific surface area of 7 ± 2 m2/g, was the filler used. 
Figure 1 depicts the scanning electron microscopy (SEM) image of the powder. The 
commercial acrylic acid-grafted high-density polyethylene SCONA TPPE 2400 (AAHDPE, BYK-
Chemie GmbH, Wesel, Germany) employed in our previous study [12] was the functionalized 
polymer. According to the supplier [35], the material contains a minimum of 5 mol% of 
acrylic acid and has a melt volume rate (MVR) ranging from 9 to 20 cm3/10 min (190 °C, 
2.16 kg). Due to the importance of the viscosity for the processing of polymer 
nanocomposites, the non-grafted high-density polyethylene was selected based on its MVR. 
Therefore, the high-density polyethylene CG9620 (HDPE, Borealis AG, Vienna, Austria) was 
selected as it had a melt flow rate (MFR) of 12 g/10 min (MVR~12.47 cm3/10 min, 190 °C, 
2.16 kg). Using the two polymers and the zirconia powder, the compounds shown in Table 2 
were compared. 

 

Figure 1. SEM of the zirconia powder partially stabilized with yttria. 
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Table 2. Compounds prepared and nomenclature. 

 Polymer Acrylic Acid Content (mol%) Zirconia Content (vol%) 

HDPE00 HDPE 0 0 

HDPE30 HDPE 0 30 

AAHDPE00 AA-HDPE >5 0 

AAHDPE30 AA-HDPE >5 30 

2.3. Preparation of the Compounds 

All the materials were processed in an internal mixer fitted with counter rotating roller rotors 
with a mixing chamber volume of 300 cm3 (HAAKE Rheomix R3000p, Thermo Fisher 
Scientific Inc., Waltham, MA, USA). Mixing was performed at 160 °C and 60 rpm. The 
compounding of the nanocomposites started with the filling of the polymer, and after 3 min 
the powder was added in 5 batches with 5 min after each addition to ensure the stabilization 
of the torque and thus a proper dispersion. The mixing was continued for a total time of 
60 min. The molten compounds were extracted from the chamber and cooled down to room 
temperature. Following, they were granulated using the cutting mill Retsch SM200 (Retsch 
GmbH, Haan, Germany) equipped with a sieve with 4 × 4 mm2 square shaped perforations. 
The non-filled systems were processed using the same method in order to avoid the 
influence of the thermo-mechanical processing step. 

2.4. Calculation of the Interfacial Tension by Contact Angle Measurements 

The contact angle measurements of the unfilled polymers (HDPE00 and AAHDPE00) were 
conducted using compression molded plates. A plate of each material was produced in the 
hydraulic vacuum press P200PV (Dr. Collin GmbH, Maitenbeth, Germany). A steel frame with 
a thickness of 2 mm and flat polytetrafluoroethylene (PTFE) plates were used during the 
pressing. New PTFE plates were used for each material in order to obtain the same surface 
roughness, as this is known to influence the contact angle measurements [36]. The 
compression molding started with the pre-heating of the material at 180 °C during 10 min at 
a pressure of 1 bar, followed by the compression at 50 bar during 10 min and finally by the 
cooling down to 30 °C at a pressure of 50 bar. 

The contact angle measurements were conducted at room temperature with the goniometer 
Krüss DSA100 (Krüss GmbH, Hamburg, Germany) using deionized water and diiodomethane 
as the test liquids. Fifteen repetitions were performed per combination of polymer and liquid. 
For the zirconia, we used the contact angle values measured by González-Martín et al. [37] 
for plates of pure zirconia, tetragonal zirconia stabilized with yttria and zirconia with 3% of 
yttria. The contact angle values were employed for the determination of the surface energy 
components of each material using the Owens, Wendt, Rabel and Kaelble (OWRK) method 
[38–40]: 
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ሺଵ+cos�ሻ∙(���+���)ଶ∙√��� = √�௠� ∙ √������ +√�௠�, (1) 

where ߠ is the contact angle between the evaluated material (zirconia, AAHDPE or HDPE) 
and the test liquid; �௟� and �௟� are the polar and disperse fractions of the surface energy test 
liquids, respectively, both known; �௠�  is the polar fraction of the material surface energy, 
which is calculated as the slope of the fitted line; and ���  is the disperse fraction of the 

material surface energy, calculated as the intercept between the fitted line and the axis. The 
interfacial tension between the zirconia and each polymer was calculated [41,42] with the 
equation: ��� = ��� + ��� + ��� + ��� − ʹ ∙ ቆ√��� ∙ ��� +√��� ∙ ���ቇ, (2) 

in which the subscript z refers to the zirconia and the subscript p to the polymer (HDPE or 
AAHDPE). 

2.5. Attenuated Total Reflection Spectroscopy 

The infrared absorption spectra of the zirconia powder, the polymers and the compounds 
were measured by attenuated total reflection spectroscopy (ATR). ATR spectroscopy was 
performed using a Vertex 70 spectrometer (Bruker, Ettlingen, Germany) at room 
temperature. A total of 128 scans were accumulated with a resolution of 4 cm−1. 

2.6. Rheological Evaluation 

The viscoelastic properties of the neat polymers and the composite materials were evaluated 
with high-pressure capillary and rotational rheology tests. The high-pressure capillary 
rheology provides a good understanding of the processability of the materials by FFF or PIM, 
whereas a more fundamental understanding of the dispersion, structure and interactions 
between the polymer and filler can be obtained with the rotational rheology tests [43]. 

The high-pressure capillary rheology was conducted in the capillary rheometer Rheograph 
2002 (Göttfert Werkstoff-Prüfmaschinen GmbH, Buchen, Germany) at 160 °C and apparent 
shear rates from 75 to 2000 s−1. Round dies with a diameter of 1 mm and three lengths 
(10 mm, 20 mm and 30 mm) were employed. Three measurements were conducted with 
each die and material to ensure the repeatability of the results. The true shear rate and the 
true shear stress were calculated with the Weissenberg-Rabinowitsch [44] and the Bagley 
[45] corrections respectively. 

Oscillatory rotational rheology tests were conducted in the rotational rheometer MCR 501 
(Anton Paar GmbH, Graz, Austria) using parallel plates with a diameter of 25 mm. The tests 
were conducted using discs with a diameter of 25 mm and 2 mm height; the disc specimens 
were prepared in a vacuum press with the same procedure as the specimens for contact 
angle measurements. The oxidation of the material was avoided using an enclosed chamber 
under a constant nitrogen flow. After the melting of the material, the specimen was 
compressed to 0.2 mm by taking down the upper plate and the test was started using the 
automatic control of the normal force to 0 N. The range of evaluated angular frequencies 
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ranged from 0.1 to 500 rad/s using a strain value of 0.1% as the amplitude of oscillation. 
Three repetitions were conducted per material. 

2.7. Morphology Analyses 

The morphology of the filled materials was studied by scanning electron microscopy (SEM, 
Tescan Vega II, Tescan Brno, s.r.o., Brno, Czech Republic) of the cryo-fractured surface of 
the material extruded in the capillary rheometer. The analyses were performed on gold 
sputtered (100 s at 20 mA) specimens at 5 kV using secondary electrons. 

2.8. Tensile Tests 

The mechanical properties of the materials were measured by means of tensile tests on 
straight filaments with a diameter of 1.75 mm and a length of 100 mm. This method enables 
the rapid screening and comparison of similar materials processed under the same conditions 
[12,46]. The filaments were produced in the Rheograph 2002 at 160 °C using a round die 
with a 30 mm length and 1.75 mm diameter. The tests were conducted on the universal 
testing machine Zwick Z001 (Zwick GmbH & Co.KG, Ulm, Germany) with a 1 kN load cell and 
pneumatic grips. The initial gauge length was set to 50 mm and standardized conditions 
(23 °C and 50% relative humidity) were used. The tests were conducted at speed of 
10 mm·min−1 until the rupture of the specimen. Five repetitions were performed per material. 

2.9. Differential Scanning Calorimetry 

The crystallinity of the different polymers and composites was obtained using Differential 
Scanning Calorimetry (DSC) tests. The measurements were conducted under nitrogen 
atmosphere on a Mettler Toledo DSC 1 equipped with a gas controller GC 200 (Mettler 
Toledo GmbH, Vienna, Austria). Heat-cool-heat runs, with the heating and cooling rate set to 
10 K·min−1, respectively, were performed in temperatures between 30 and 190 °C. The 
normalized enthalpy in cooling was obtained with integral of the crystallization peak for each 
test. Following this, the crystallinity was calculated as the ratio between the normalized 
enthalpy in cooling and the normalized enthalpy in cooling for the 100% crystalline 
polyethylene (293.6 J·g−1). Five specimens were investigated per material. 

3. Results and Discussion 

3.1. MD Simulations 

Figure 2 shows the equilibrium structures of the different polyethylene types on the zirconia 
surface at the end of the simulation. In all the cases, the polymer chains closer to the 
zirconia surface are highly oriented parallel to the oxide surface and they get flattened. In 
the simulated structures of 5AAPE (Figure 2b) and 30AAPE (Figure 2c), the oxygen atoms of 
the acrylic acid tend to be adsorbed by the zirconia’s oxygen atoms and align perpendicular 
to the surface. The alignment and flattening of the polymer in parallel to metallic and 
ceramic surfaces has been also observed in other MD simulations [29–31,33]. Considering 
that the substrate contains oxygen atoms, the oxygen atoms in the polymeric chains localize 
close to the substrate in order to improve the interactions with the substrate crystalline 
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surface [30]. This phenomenon can be observed in the structures shown in Figure 2 in which 
the carboxyl groups (C=O) of all the acrylic acid monomers of the chains are in contact with 
the zirconia surface. Considering that the oxygen plays the most important role in the 
surface energy of zirconia [37], we evaluated the adhesion of the three types of PE with the 
zirconia surface by means of the binding energy. 

 

Figure 2. The equilibrium structures of (a) polyethylene (PE), (b) polyethylene grafted with 
5 mol% of acrylic acid (5AAPE), and (c) polyethylene grafted with 30 mol% of acrylic acid 
(30AAPE) on top o a zirconia surface. The colors represent the atoms as follows: O: red, C: 
grey, H: white, Zr: cyan. 

The binding energy between two joined materials is directly correlated to the adhesion 
between them [47]. Table 3 summarizes the binding energy values, with a higher absolute 
value indicating a better adhesion to the zirconia surface. The binding energy to zirconia is 
slightly higher for the 5AAPE than for the PE. This difference becomes larger for the 30AAPE, 
whose binding energy to the zirconia is 78% higher than that of PE. The higher affinity 
between the polar acrylic acid and the oxide surface and the adsorption of the oxygen atoms 
of the polymer on the ceramic oxide surface (Figure 2) are responsible of the higher 
adhesion between polymer and filler [30,33]. Moreover, the binding energy values show that 
the increase in the grafting level of the polymer can greatly enhance the adhesion between 
the polymer chains and ceramic nanoparticles. 

Table 3. Binding energy of the polymers to the zirconia substrate. 

Polymer Ebinding (105 kcal·mol−1) 

PE −4.2997 

5AAPE −4.8202 

30AAPE −7.6500 
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3.2. Calculation of the Interfacial Tension by Contact Angle Measurements 

Table 4 summarizes the contact angle values measured for compression molded plates of 
the high-density polyethylene with and without acrylic acid grafting in the virgin and 
processed state. For the powder, the contact angle values shown in Table 4 are those 
measured by González-Martín et al. [37] for pure zirconia, tetragonal yttria stabilized zirconia 
and zirconia with 5 mol% of yttria. 

According to the results of Decker et al. [47] and Cao et al. [48] with HDPE surface-grafted 
with acrylic acid, there is a large decrease in the contact angle of water onto the HDPE, even 
with low contents of AA in the surface [48]. Despite 5 mol% of AA being used in our study, 
only a slight difference exists between the values for AAHDPE00 and for HDPE00 (Table 4). 
Such disagreement might arise from the different distribution of the acrylic acid in the 
samples here employed [49]. For Decker et al. [47] and Cao et al. [48], all the AA was 
grafted and concentrated on the surface of the polymer. In our case, the commercial 
AAHPDE was used to produce the plates employed in the measurements. Therefore, after 
kneading and pressing, the polar and hydrophilic AA might be in the bulk of the compression 
molded plates rather than in the surface, and the polar chains might also be oriented 
towards the bulk and not to the surface. 

Using the contact angle values and Equation (1), the surface free energy values reported in 
Table 4 were obtained. The surface energy and its components were higher for the 
AAHDPE00 than for the HDPE00. Due to the small differences in the contact angle values, 
the difference in the ��  of both materials is not as pronounced as expected [47]. 
Nevertheless, when comparing the values of both components, the �� of AAHDPE00 is 62% 
higher than the one of HDPE00, whereas the �� difference is only of 2%. Thus, it can be 
stated that the polarity of the AAHDPE00 is higher than the one of HDPE00. 

Table 4. Contact angle with water (θ�) and diiodomethane (θ�) measured for the polymers 
and values for zirconia as reported by González-Martín et al. [37]. The precision of all the 
contact angle measurements was within ±2°. Polar (��) and disperse (��) components of 
the surface energy (�்) calculated with Equation (1). 

 Contact Angle (°) Surface Energy (mN/m) 

Material �� �� �� �� �� 

AAHDPE00 97 53 32.6 0.55 33.14 

HDPE00 99.3 54.2 31.9 0.34 32.24 

ZrO2 71.8 40.9 39.15 6.75 45.9 

Tetragonal Y2O3 stabilized ZrO2 74 47 35.93 6.67 42.6 

3%Y2O3-ZrO2 66.4 40 39.61 9.14 48.75 

 

Following this, the interfacial tension between the AAHDPE00 and HDPE00 with the different 
types of zirconia was calculated with Equation (2) and with the surface energy values from 
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Table 4. The interfacial tension is dependent on the surface energy and the polarity of the 
materials in contact, and it is inversely proportional to the adhesion between those materials 
[38,50]. In Table 5, the interfacial tension values between the different material 
combinations are shown. The interfacial tension of the AAHDPE00 with the three types of 
zirconia was lower than for the HDPE00. Consequently, a better adhesion to the zirconia can 
be expected for the AAHDPE than for the HDPE. The increase in the adhesion for the grafted 
polymer is in agreement with the trend observed in the MD simulation, which showed the 
increase in the binding energy with the increase in the acrylic acid in the polymer and the 
orientation of the acrylic acid towards the oxygen of the pure zirconia surface. The lower 
interfacial tension for the AAHDPE00 might be also produced by the presence of polar 
hydroxyl (–OH) groups on the surface of the zirconia plates employed by González-Martín et 
al. [37]. To determine whether the powder employed in our study contained hydroxyl groups, 
attenuated total reflection spectroscopy was conducted. 

Table 5. Calculated interfacial tension between the two types of polymers and different 
zirconia types. 

 Interfacial Tension (mN/m) 

Material ZrO2 Tetragonal Y2O3 Stabilized ZrO2 3%Y2O3-ZrO2 

AAHDPE00 3.74 3.46 5.53 

HDPE00 4.43 4.12 6.37 

3.3. Attenuated Total Reflection Spectroscopy 

Figure 3 shows the infrared spectra obtained for the powder, polymers and composites. The 
zirconia’s peak at 3355 cm−1 corresponds to the hydroxyl groups (–OH) bound to the powder 
surface [7,51–53]. Both unfilled polymers (HDPE00 and AAHDPE00) showed the 
characteristic polyethylene CH peaks at 1470, 2847 and 2916 cm−1 [53,54]. For AAHDPE00 
additional peaks were observed at 1167, 1246 and 1700 cm−1. The strong peak at 1700 cm−1 
corresponds to the stretching vibration of the carboxyl (C=O) in the acrylic acid group        
(–COOH) [48,55]. 

The reduction in the peaks’ intensity for the composites (Figure 3) is produced by the 
incorporation of the zirconia as a second component. No new peaks appeared due to the 
chemisorption of the acrylic acid onto the zirconia surface [55] or to the formation of ester 
links between the carboxyl (C=O) in the acid and the –OH groups in the zirconia [24,56,57]. 
However, the C=O peak of the AAHDPE has a slight shift of approximately 2 cm−1 after 
incorporating the powder (Figure 3). The other peaks remained exactly at the same 
frequencies. The shift of the carboxyl group could be produced by the formation of hydrogen 
bonds with the hydroxyl groups in the powder oxide surface [58,59] and even with the 
zirconium dioxide [59] itself. The hydrogen bonding with the oxide would be in agreement 
with the orientation of the acrylic acid towards the oxygen in the zirconia surface and the 
high adhesion for the grafted polymers observed in the MD simulations (see Figure 3b,c). 
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Figure 3. (a) Infrared absorption spectrum of the HDPE00, HDPE30, AAHDPE00 and 
AAHDPE30 with the main peaks of the pure components in different colors; (b) Magnification 
of the infrared absorption spectrum for the AAHDPE00 and AAHDPE30 in the 2000–1500 cm-

1 range with the carboxyl peak for the polymer and the composite. 

3.4. Morphology 

The cryo-fracture surface of the two composites, shown in Figure 4, shows the large 
differences between the morphology of both composites. HDPE30 showed large 
agglomerates of particles, which are heterogeneously distributed in the polymeric matrix. 
Contrarily, the zirconia powder is homogeneously distributed in AAHDPE30 without large 
agglomerates (Figure 4). The differences in the morphologies of both composites can be 
explained by their different adhesion with the zirconia powder as observed in the binding 
energy values obtained in the MD simulations at melt temperature (see Section 3.1) and in 
the interfacial tension values at room temperature (see Section 3.2). The poor adhesion 
between the non-polar HDPE chains and the zirconia’s surface cannot overcome the 
attractive forces existing between the submicron particles of zirconia, which promote their 
agglomeration [60]. Furthermore, the hydrogen bonding between the hydroxyl groups in the 
surface of the powder (see Section 3.3) results in strong powder agglomerates [27,28,61,62]. 
The use of grafted polymers as compatibilizers [27] has proven to be an effective solution in 
the reduction in the hydrogen bonding of the hydroxyl groups in silica nanoparticles. Thus, 
the combination of a high adhesion to the oxide surface and the hydrogen bonding of the 
acrylic acid with the hydroxyl groups on the powder surface are the responsible factors for 
the better powder dispersion in AAHDPE30 than in HDPE30. 
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Figure 4. Morphology of the strands produced in the capillary rheometer and cryo-fractured 
of the compounds of HDPE and AAHDPE filled with 30 vol% of zirconia. 

3.5. Viscoelastic Properties 

Figure 5 shows the viscosity measured in a high-pressure capillary rheometer for the 
different materials. The measurements in the capillary rheometers are strongly related with 
the processing of the materials by FFF or PIM, since in both processes the material is forced 
to flow through a narrow nozzle at high shear rates [63]. As can be observed in Figure 5, the 
shear viscosity of AAHDPE00 is slightly lower than the one of HDPE00 in the range of shear 
rates evaluated (80 to 1000 s−1). On the contrary, the viscosity of AAHDPE30 is higher than 
that measured for HDPE30, especially at shear rates below 500 s−1. Since the effect of the 
network of particles and polymer plays a more important role at lower shear rates, rotational 
rheology tests between 0.1 rad s−1and 500 rad s−1 were conducted. 

 

Figure 5. Shear viscosity curves as a function of shear rate measured in a round die capillary 
rheometer at 160 °C for HDPE00, HDPE30, AAHDPE00 and AAHDPE30. Lines are included to 
facilitate the visualization of the results. 

In Figure 6a, it can be observed that the complex viscosity of AAHDPE00 is slightly higher 
than the one of HDPE00 at low angular frequencies (<1 rad·s−1), whereas HDPE00 is higher 
in the rest of the angular frequencies. HDPE00 shows a Newtonian plateau at low angular 
frequencies, whereas AAHDPE00 exhibits a pseudoplastic behavior in the range of angular 
frequencies evaluated. The increase in viscosity in the low shear region and the 
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pseudoplastic behavior have been reported for long chain branched polyethylene [64,65] as 
well as for polyethylene grafted with polar groups such as maleic anhydride, glycidyl 
methacrylate and acrylic monomers [66,67] or silane [68]. Thus, the differences in the 
complex viscosity of AAHDPE00 and HDPE might be caused by the branching and partial 
crosslinking of the poly (acrylic acid) employed in the polymer grafting, which results in a 
more effective entanglement [67]; the hydrogen bonding between the carboxylic acid in the 
acrylic acid promotes this behavior [67]. The branching [65] or partial crosslinking [68] of 
the grafted polyethylene might also be the cause of the trend in the storage modulus (Figure 
6b). At low angular frequencies, the G’ of AAHDPE00 is higher than that of HDPE00, whereas 
the storage modulus of HDPE00 is slightly higher at high angular frequencies. This theory is 
further supported by the results observed in the loss factor of the unfilled polymers shown in 
Figure 6c. The slope of the loss factor is negative for HDPE00 in the whole range of angular 
frequencies evaluated. On the contrary, a positive slope is observed at low frequencies for 
the AAHDPE00, which is associated with an elastic behavior [68]. Considering the results of 
the mentioned studies and the trend observed in the complex viscosity (Figure 6), it can be 
stated that the chain entanglement or crosslinking and the reaction between the acrylic acid 
monomers in AAHDPE00 are the causes of the big difference in the viscoelastic properties at 
low angular frequencies for the unfilled polymers. 

 

Figure 6. Viscoelastic properties as a function of angular frequency measured in parallel plate 
rotational rheometer at 160 °C for HDPE00, HDPE30, AAHDPE00 and AAHDPE30: (a) 
Complex viscosity, (b) Storage modulus and (c) Loss factor. Lines are included to facilitate 
the visualization of the results. 

In the case of the highly filled systems, the complex viscosity of AAHDPE30 is much higher 
than the one of HDPE30 at low shear rates (Figure 6a). It is known that, at low frequencies, 
the particle–particle interaction and the network of particles have the main effect on the 
viscoelastic properties of polymer nanocomposites [43]. As was observed in Figure 4, there 
are no agglomerates in AAHDPE30, whereas HDPE30 has large agglomerates. Thus, the high 
viscosity of AAHDPE30 is not produced by the powder’s agglomerates. On the contrary, the 
decrease in agglomerates results in an increase in the particle surface area in contact with 
the polymer melt, thus increasing the viscosity [43,69–71]. Additionally, the higher adhesion 
to the powder for the AAHDPE than for the HDPE (observed in the MD simulations at high 
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temperature in Section 3.1) and the hydrogen bonding between the zirconia OH groups and 
the acrylic acid CO groups (observed in the ATR analyses in Section 3.3) promote the higher 
viscosity of AAHDPE30 [71–74]. A high work of adhesion results in a thicker layer of polymer 
absorbed in the particles [72]. At low shear rates, the effective particle size of the particles is 
larger due to the entanglement of the absorbed molecules with the rest of the polymer. At 
high shear rates, the polymer molecules disentangle and orient [72]. The breakup of this 
network results in a more pronounced shear thinning of AAHDPE30 as compared to HDPE30 
in Figure 6 [43]. As can be observed in Figure 6b, the formation of a polymer-filler network 
due to the improvement of the powder dispersion and the increase in the adhesion also 
affects the values of the storage modulus [43]. The polymer molecules adsorbed on one 
particle interact with the chains adsorbed on the near particles and with the free and mobile 
polymer, resulting in a decrease in the mobility and in an increase in the elasticity for 
AAHDPE30 as compared to HDPE30 [14,75]. 

The elastic behavior of the AAHDPE30 can also be observed in its loss factor values, which 
are smaller than 1 for all the evaluated angular frequencies (Figure 6c). Moreover, the loss 
factor of AAHDPE30 has a positive slope in all the evaluated shear rates, which corresponds 
to a pseudo solid behavior. On the contrary, the loss factor of HDPE30 is always higher than 
1 and the positive slope only appears at low angular frequencies (Figure 6c). For similar filled 
polymers, a positive slope and low values of the loss factors can be attributed to a high filler 
dispersion [76], which is in line with the differences in the morphology of AAHDPE30 and 
HDPE30. 

3.6. Tensile Properties 

The mechanical properties of the compounds used in FFF are of vital importance [11,12,77]. 
Sufficient strength and flexibility are required to spool and de-spool the filament for its 
production and for printing. Moreover, the filaments must be stiff enough to avoid buckling 
during printing. Furthermore, high strength and stiffness are also required in the PIM process 
for the de-molding and handling of the parts [78]. Therefore, tensile tests were conducted 
on filaments produced with all the evaluated compounds. This method enables a rapid 
screening and comparison of similar materials processed under the same conditions [12,46]. 

Figure 7 shows representative strain–stress curves of filaments of the materials evaluated, 
together with the average ultimate tensile strength (ܷܶܵ) and the corresponding average 
strain value (�௎்ௌ). The secant modulus (�ௌ) was calculated in the strain range between    
0.1% and 0.3% in order to avoid the initial stage of the test, in which the slight curvature of 
the specimens (due to the processing and handling of the filaments) could influence the 
results. Table 6 summarizes the average and standard deviation values for the three 
parameters. 
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Figure 7. Strain–stress curves for HDPE00, HDPE30, AAHDPE00 and AAHDPE30. The average 
ultimate tensile stress and its corresponding strain are plotted for all the compounds. 

Even though the flowability of the unfilled polyethylene was the only parameter employed to 
select the two types of high density polyethylene (see Section 2.2), no significant differences 
existed in the ܷܶܵ and �ௌ  of HDPE00 and AAHDPE00 (Table 6). In fact, the �௎்ௌ was the 
only parameter significantly different between HDPE00 and AAHDPE00 (Figure 7) with the 
non-grafted polymer having a significantly larger value. The incorporation of the particles 
should result in an increase in the strength and stiffness of the composites [21–23,27,74]. 
This behavior is observed for AAHDPE30 with an increase of 18% in ܷܶܵ and 98% in �ௌ with 
respect to the values of AAHDPE00 (Table 6). In the case of HDPE30, the �ௌ is 137% higher 
than the values of HDPE00, whereas no significant difference in the ܷܶܵ was found between 
HDPE00 and HDPE30 (Table 6). The presence of the zirconia particle results in a decrease in 
the �௎்ௌ of 91% in HDPE30 compared to HDPE00 and of 46% in AAHDPE30 compared to 
AAHDPE00 (Table 6). The decrease in the �௎்ௌ is produced by the restriction of movement of 
the polymer by the rigid particles which do not elongate, resulting in a reduction in the 
ductility of the material [21–23,27,74].  

When comparing the properties of the nanocomposites, the �ௌ  of HDPE30 is significantly 
higher than that of AAHDPE30 (Table 6). The secant modulus, calculated in the strain range 
from 0.1% to 0.3%, is highly dependent on the polymer structure and factors such as the 
crystallinity. In order to determine the crystallinity, Differential Scanning Calorimetry (DSC) 
tests were conducted on five samples of each material. The crystallinity of HDPE00 is    
76.21% ± 2.16% and increases to 77.65% ± 0.31% for HDPE30. For AAHDPE00 the 
crystallinity is 63.42% ± 1.52% and decreases to 57.92% ± 0.85% for AAHDPE30. In 
polymer nanocomposites with a semicrystalline polymeric matrix, the nanoparticle surface 
can act as a heterogeneous nucleating site [14]. Smaller nanoparticles are less able to act as 
nucleating agents than larger fillers [14, 79]. Additionally, the improvement of the dispersion 
of adhesion reduces the mobility of the crystallisable chain segments [68,80]. Therefore, the 
high dispersion and adhesion to the zirconia results in a lower crystallinity of the matrix in 
AAHDPE30 than in HDPE30 and consequently in a lower secant modulus [80]. 

The ܷܶܵ  of AAHDPE30 is significantly higher than the ܷܶܵ  of HDPE30 (Figure 7). 
Furthermore, the �௎்ௌ  of AAHDPE30 is three times higher than the one measured for 



3. Development of binder formulation 

Santiago Cano Polymer Engineering and Science Leoben 99 

HDPE30 (Table 6). Such behavior can be attributed to the higher adhesion of the AAHDPE 
than the HDPE to the zirconia surface, which seems to have a big effect in the high strain 
region. A high adhesion results in a strong polymer-filler interface and thus in a more 
effective transfer of load from the polymer matrix to the solid particles [21–23,27,74]. 
Moreover, the high dispersion of the powder in AAHDPE30 compared to HDPE30 (Figure 4) 
contributes to difference in the mechanical properties. In polymer composites, defects such 
as agglomerates or cavities result in a concentration of stresses around those points and 
eventually the failure of the material in those areas [16,22,23,27]. Thus, it can be concluded 
that the acrylic acid-grafting of the HDPE results in composites with a higher strength and 
flexibility by the combination of a strong polymer-filler interface and the reduction in the filler 
agglomerates. 

Table 6. Average and standard deviation of the ultimate tensile strength (UTS), strain at UTS 
(εUTS) and secant modulus (ES) values for the HDPE00, HDPE30, AAHDPE00 and AAHDPE30. 

 HDPE00 HDPE30 AAHDPE00 AAHDPE30 

UTS (MPa) 26.75 ± 0.7 25.56 ± 2.1 25.37 ± 1.3 30.01 ± 1.07 

εUTS (%) 11.15 ± 1.43 1.03 ± 0.13 5.81 ± 1.1 3.13 ± 0.49 

ES (GPa) 1.44 ± 0.05 3.41 ± 0.13 1.33 ± 0.15 2.64 ± 0.09 

 

4. Conclusions 

The effect of grafting polyethylene with acrylic acid on the interfacial interactions in zirconia 
nanocomposites for FFF and PIM has been investigated by MD simulations and experimental 
methods. The MD simulations show the increase in the adhesion to pure zirconia when 
polyethylene is grafted with acrylic acid, and the orientation of the acrylic acid side groups 
towards the oxygen in the zirconia. These results have been compared to the experimental 
characterization of a commercial acrylic acid grafted high density polyethylene and a 
comparable ungrafted high-density polyethylene and the nanocomposites of both materials 
with zirconia. The higher polarity of the acrylic acid-grafted high-density polyethylene 
compared to a similar ungrafted polymer has been observed in their interface with different 
zirconia surfaces. Moreover, the shift of the carboxyl group peak in the composite with 
acrylic acid grafted high density polyethylene demonstrates the formation of hydrogen bonds 
of the acrylic acid with the hydroxyl groups and the oxide in the powder surface.  

The increase in adhesion to the powder in the acrylic acid-grafted polyethylene produced by 
the increase in polarity, the improved interaction with the oxygen in the zirconia surface and 
the hydrogen bonding to the hydroxyl groups in the powder strongly affect the morphology 
and properties of the nanocomposites. All these effects result in an improvement in the 
dispersion of the powder in the polymer matrix in the nanocomposite with the acrylic acid 
grafted polyethylene. The combination of a higher adhesion between the matrix and filler 
and better powder dispersion for the acrylic acid grafted polyethylene than for the ungrafted 
one greatly affects the viscoelastic and mechanical properties of the nanocomposite. The 
restriction of the polymer chains movement and the formation of a polymer-filler network in 
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the nanocomposite with grafted acrylic acid results in higher viscosity and higher storage 
modulus than for the ungrafted system, especially at lower shear rates. Furthermore, the 
reduction of the powder agglomerates that act as defect points and the improvement of the 
adhesion to the powder provide a higher strength and flexibility for the nanocomposite with 
grafted acrylic acid than for the one not containing it. 

These findings offer insight into the interfacial interactions and the improvement of the 
adhesion between polymer and filler in ceramic nanocomposites for FFF and PIM by the 
grafting of the backbone polymer with polar groups. It is shown that these modifications 
result in an improvement of the quality of the nanocomposite by increasing the filler 
dispersion and the improving the properties required for its processing. In future studies, the 
effect of the backbone grafting on the properties and processability of feedstocks for FFF 
and PIM with multicomponent binder systems will be evaluated. 
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3.7 Summary of the binder development process 

In section 3 the development of a novel feedstock formulation has been conducted through 
the investigations presented in the publications A, B, C and D. Due to the complexity of the 
system, the influence of each component has been evaluated separately.  

In the work presented in publication A the soluble binder components were selected 
according to the properties required for the FFF and solvent debinding processes. The binder 
systems were composed of AA-HDPE as backbone, SA as surfactant and two types of soluble 
components. SEBS and APO were tested as single soluble components, and the incorporation 
of PW and EO as second soluble component was also evaluated. The content of the 
components in the binder systems was kept constant and the different formulations were 
tested as unfilled binders and as feedstocks with 47 vol.% of zirconia powder. It was found 
that two types of soluble components are required to meet all the requirements for FFF and 
solvent debinding: one soluble component with high flexibility and strength is required to 
produce filaments; the second soluble component must reduce the viscosity and reduce the 
swelling during solvent debinding. The soluble binder components must be homogeneously 
dispersed in the feedstock in order to avoid stress concentration and crack propagation 
during solvent debinding. Based on these findings, SEBS and PW were selected as the 
soluble binder components. The feedstock filament composed of 47 vol.% powder, 
18.55 vol.% AA-HDPE, 5.3 vol.% SA, 14.575 vol.% SEBS and 14.575 vol.% PW could be 
processed up to the pre-sintering step without defects. However, the low flexibility and 
brittleness of the material required a careful handling of the filaments. 

An statistical evaluation of the effect of the binder components fractions on the properties 
for FFF and solvent debinding was conducted in publication B. The objective of this 
investation was to obtain a better understanding of the feedstock properties and increase 
the flexibility of the feedstock filaments. Feedstocks with 47 vol.% of zirconia powder and 
different binder compositions were evaluated using the same procedures as those in 
publication A. The restrictions imposed in the design of experiments were a backbone 
content between 35 vol.% and 50 vol.% of the binder, and a PW content equal or lower to 
the SEBS content. The content of SA was kept constant. Increasing the backbone content 
increases the strength and stiffness, but also increases the viscosity and reduces the 
debinding rate. The increase of the SEBS content increases the debinding defects and only 
increases the flexibility when it is combined in the right proportion with PW. Since the 
increase of the PW content is the only way to reduce the viscosity and reduce the debinding 
defects, it was found that the PW to SEBS ratio must be kept in the range 
1 ≥ PW/SEBS ≥ 0.6. 

The influence of the SA on the properties and processability of the feedstock by FFF and 
solvent debinding was studied in publication C. The feedstock from publication A was 
compared to a second feedstock with no SA, but both feedstocks having the same relative 
content of AA-HDPE, PW and SEBS. Incorporating SA in the formulation reduces the viscosity, 
improves the homogeneity, increases the solvent debinding and reduces the defects in the 
parts. Nevertheless, it results in a significant decrease of the strength, stiffness and flexibility 
of the filaments. The reduction of the filament mechanical properties could be caused by the 
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reduction of the AA-HDPE adhesion to the powder, diminishing the improvements obtained 
with the acrylic acid grafted backbone. 

In fact, since the use of polyolefins grafted with polar groups as backbones in feedstocks is 
relatively novel, the mechanisms causing the improvement of properties are not fully 
understood yet. A first step in this direction was taken in publication D by the study of 
composites of zirconia with HDPE with and without the AA grafting. The interfacial 
interactions between the grafted backbone and the powder and their effect on the feedstock 
properties were investigated by means of molecular dynamics simulations and experimental 
methods. It was observed that the high polarity, the improved interaction with the oxygen 
atoms in the zirconia surface and the hydrogen bonding with the hydroxyl groups in the 
powder surface result in a higher powder-binder adhesion for the grafted backbone than for 
the ungrafted one. Higher powder-adhesion increases the dispersion of the powder in the 
polymeric binder, and both result in an increase of the filament flexibility and strength. A 
polymer-filler network is formed for the grafted backbone which results in higher viscosity 
and shear modulus than for the ungrafted backbone. 

Considering the results of publications A, B, C and D, it can be concluded that different types 
of binder components are necessary to meet the many criteria in the feedstock for the 
processing by FFF and solvent debinding. Moreover, the fraction of each type of component 
must be adjusted in order to reach the right combination of properties. The multicomponent 
binder system composed of AA-HDPE, SA, SEBS and PW developed in this section shows a 
great potential for the processing of zirconia by FFF and solvent debinding. The results of the 
feedstock development investigations validated the hyphotheses: 

1. By the right combination of binder components, a high strength, stiffness and flexibility, 

as well as low viscosity could be obtained as required for FFF. 

2. Solvent debinding requires two types of components. First, a major fraction of the 

binder must be leached with a solvent. The rest, known as backbone, must maintain the 

shape of the parts during the process and be removed in the subsequent thermal 

debinding step. The combination of the right soluble binders and backbones should 

enable the use of solvent debinding in FFF.  

3. The use of a polymer grafted with polar groups as backbone should result in an 

improvement of the adhesion to the polar surface of the zirconia powder. A high 

powder-binder adhesion should result in a more homogeneous feedstock, with lower 

viscosity and with higher mechanical properties. 

Nevertheless, the third hyphothesis could be only partly validated. The improved powder-
binder adhesion for the grafted backbone improved the powder dispersion and increased the 
mechanical properties. However, it did not reduce the viscosity as was initially expected. 

In future investigations, the final adjustment of the content of the binder components must 
be conducted in order to improve the flexibility of the feedstock filaments while having a low 
viscosity and no debinding defects. Moreover, the compounding of the feedstocks during the 
development process was conducted using low shear equipment. The reason to use the low 
shear equipment was the small amount of material required, which is critical in the 
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development of binder formulations. However, it is known for PIM feedstocks that the 
increase of the shear during compounding improves the powder dispersion, especially for 
small powders like the zirconia used in this PhD thesis [195]. In fact, high shear 
compounding equipment such as co-rotating twin screw extruders are commonly used for 
the production at industrial scale of highly filled polymers and feedstocks. Therefore, current 
investigations are addressing the adjustment of the feedstock composition with high shear 
compounding equipment and a small number of binder formulations. In the investigations 
presented in the next sections, a binder developed in previous investigations at the Institute 
of Polymer Processing [122], composed of a grafted polyolefin as the backbone and a 
thermoplastic elastomer as the soluble component, was used. 
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4 Influence of the solvent debinding parameters 

4.1 State of the art 

In this section, a brief review of the research performed in the field of solvent debinding of 
feedstocks is presented. More specifically, in the solvent debinding of feedstocks for Powder 
Injection Moulding, for which most of the research has been carried out.  

4.1.1 Stages and mechanisms of solvent debinding 

Three significant phenomena take place during the solvent debinding process: the diffusion 
of the solvent into the binder, the dissolution of the soluble polymer and the diffusion of the 
dissolved polymers from the inner regions to the surface [107]. The evolution of the porosity, 
the dimensional changes, the dissolution mechanisms, and the structure of the parts have 
been studied for the debinding in water and organic solvents. 

Hwang et al. compared the evolution of the pore structure for iron feedstocks containing a 
binder composed of PP:PW:SA = 30:65:5 wt.% during the thermal and the solvent + 
thermal debinding. For the solvent debinding at 50 °C in n-heptane, tests at different times 
were performed, and the mercury porosimetry was measured. The increase in time produced 
the increase of the median pore diameter, as well as the proportion of smaller powders. The 
second phenomeno was the increase of the solvent-binder interfaces with the increase of 
time, which facilitates the penetration of the solvent in more parts. SEM images of the 
different parts corroborated these results since the increase of the porosity can be observed 
with the time increase. The weight loss was also measured. At the beginning of the tests, 
the debinding rate is faster due to the smaller diffusion distance. As the process continues, 
the pore channels extend to the inner region of the parts, and the solvent and leached 
polymer need a longer time to diffuse. When comparing the thermal versus the solvent + 
thermal debinding, the second one proved to be more efficient. The main reason is the 
formation of a wider distribution of pores, which facilitates the evacuation of the 
decomposition products in the last thermal debinding stage [106]. 

The previous authors continued with the analysis of the solvent debinding, including the 
variation of the length with time.  The evolution of PP and feedstock parts in n-heptane was 
compared. A sharp increase in the length of the samples was measured when the pre-heated 
solvent was introduced. Following, the parts expanded slowly due to the PP swelling. At the 
end of the tests, the solvent was taken out, and a drastic contraction was measured. The 
initial and final changes were produced by the quick penetration and evaporation of the n-
heptane in the molecules of PP rather than thermal expansion. As a result, cracks and 
distortions were observed in the parts. The fast diffusion of the n-heptane in the PP was 
considered as indicative that the diffusion of the solvent is not the limiting mechanism in the 
process. Thus, the dissolution of the polymer and the diffusion of the dissolved molecules 
are the limiting steps in the process [107]. 

A detailed description of the solvent debinding mechanism in organic solvents was 
summarized by Westcot et al. [220]. The leaching of the polymer is caused by the combined 
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action of the solvation and capillary forces. The process starts with the diffusion of the 
solvent into the binder, together with the diffusion of the soluble components into the 
solvent. In this initial stage, a swollen gel is produced. If the interaction of the soluble binder 
with the solvent is stronger than that with the other polymers, a true dissolution takes place. 
The dissolved molecules diffuse finally to the outer part due to capillary forces. This process 
is repeated as the dissolved region expands to the interior of the parts. At the beginning of 
the process, the dissolution is controlling the debinding rate. However, as the process goes 
further into the parts, the diffusion of the dissolved polymers is the limiting mechanism [220].  

Yang et al. performed studies for water-soluble alumina feedstocks with 
PEwax:PEG:SA=30:65:5 wt.%. Similar results were obtained. However, since in that case 
the backbone was not affected by the solvent, a different process was proposed. According 
to the authors, the gradual dimensional change was only produced by the formation of a 
swollen hydrogel of PEG [230]. 

The theory of the formation of a PEG gel was refuted by Chen et al. [39]. These authors 
proved that the gelation process of PEG, produced by crosslinking, can only take place at 
temperatures above the lower critical solution temperature (LCST). So taking into account 
that the temperatures used in water debinding processes are considerably lower than that 
limit, gelation is discarded. A new model was proposed. At low water concentrations, water 
binds the units of PEG through hydrogen bonding, keeping the initial helix structure of PEG. 
In the case of high water concentrations, PEG molecules form a new structure where some 
water molecules form an interface with the polymer, while other molecules are bonded to 
the PEG chains. When the solvation process finalizes, the hydrated PEG compounds formed 
through these reactions are transported out of the parts in a diffusion process produced by 
capillary forces and gradients of composition. Since the molecular weight of hydrated PEG is 
higher than that of the water, the diffusion of PEG is considerably lower and determines the 
duration of the process. Finally, the hydrated complexes disperse in the water solution [39]. 

4.1.2 Effect of the debinding parameters 

The selection of the solvent is determined in most of the cases with the type of binder 
employed. This selection happens also in the other direction, since the water-soluble 
feedstocks are selected over wax-based feedstocks in many cases to avoid the use of organic 
substances. Over the years, many chemicals used originally as solvents have been retired 
due to their ozone-depleting and carcinogenic effect [13]. 

For the binders which can be removed with different organic solvents, the right selection of 
the solvent can lead to significant improvements in the debinding rate. Zaky et al. [236] 
studied the debinding behaviour in different solvents for a stainless steel PIM feedstock with 
a binder composed of PW, EVA and SA. The highest debinding rate and maximum amount of 
dissolved polymer were obtained with n-hexane, followed by n-heptane and isooctane. The 
difference could be caused by the differences in the carbon number since a higher carbon 
number could result in lower solubility of the PW and higher solvent viscosity [236]. A similar 
study was conducted by Ni et al. [155] for Al-Si alloy feedstocks with carnauba wax as the 
main soluble component. In that case, the debinding in xylene was more efficient than the 
debinding in hexane, and both were better solvents than heptane [155]. Other approaches 
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to increase the debinding rate are the increase of the solvent to feedstock ratio [236] and 
refreshing the solvent [155]. 

In some cases, an excessive debinding rate and swelling of the binders during solvent 
debinding can lead to defects in the components. To remove these defects, the use of a 
swelling inhibitor was investigated by Fan et al. [69] for PIM carbonyl iron parts. The binder 
system was composed of 40 wt.% of PE, 55 wt.% of PW and 5 wt.% of SA. Heptane was 
employed as a solvent and different types of alcohols, 1-bromopropane and ethylacetate 
were tested as inhibitors. Each of the inhibitors had a different solubility parameter. The PW 
and SA were insoluble in the alcohols, but they could be dissolved by the 1-bromopropane 
and ethylacetate. The swelling and debinding rate evaluation showed that the alcohols 
resulted in the most effective reduction of swelling, but also the highest decrease of 
debinding rate [69].  

The temperature of the solvent is another crucial factor in the process. Since solvent 
debinding is based on dissolution and diffusion mechanisms, the increase of the temperature 
increases the debinding rate. However, the increase in temperature might lead to softening 
of the part and to distortions. Therefore, it is necessary to adjust the temperature to the 
maximum temperature at which the parts preserve the shape. Numerous studies have 
optimized the solvent debinding temperature for feedstocks for different technologies [8, 29, 
43, 86, 160, 236]. 

The influence of the temperature in the dimensional changes during the immersion in 
heptane at 40, 50 and 60 °C was studied by Westcot et al. [220]. The dimensional changes 
of the iron feedstocks containing PP+LDPE+PW+SA were compared to the one of the pure 
backbones, i.e. PP and LDPE. The thermal expansion of the pure polymers and the filler has 
a minor role compared to the swelling of the polymers when reacting with the solvent. At the 
intermediate stage, the swelling is produced by the dissolution of the soluble polymers. A 
transient swelling peak is observed in this stage. The decrease in the temperature increases 
the magnitude of the peak. The reason is that the diffusion of the dissolved molecules is 
lower at lower temperatures. Since most of the defects are originated in this stage, higher 
temperatures would help to improve the quality of the parts. At the end of the process, the 
swelling is mostly produced by the swelling of the backbones and the thermal expansion. 
Higher temperatures produce higher final swelling and increase the probability of distortion 
of the parts. Thus, it is necessary to reach a trade-off for an efficient process [220]. 

Another parameter influencing the process is the geometry of the components. It can be 
stated that the larger the ratio surface area/volume for the components, the faster the 
debinding process [43, 160]. I.e. as the proportion of polymer close to the surface increases, 
the diffusion distance for the dissolved molecules is reduced. The influence of the specimen 
dimensions and geometries in the solvent debinding kinetics has been experimentally studied, 
and different mathematical models have been proposed for the prediction of this 
phenomenon [65, 190, 232].  

Fan et al. [70] studied in detail the minimum fraction of binder that must be dissolved before 
the thermal debinding can start for PIM specimens with squared section and thickness of 3, 
6 or 8.7 mm. A carbonyl iron feedstock with a binder composed of 40 wt.% polyethylene, 
55 wt.% paraffin wax and 5 wt.% stearic acid was employed. For such feedstock with 
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22.9 vol.% of soluble binder components, a minimum of 59 wt.% of the soluble binders 
must be removed, which is equivalent to a porosity of 8.5 vol.%. Above that level of porosity, 
an interconnected structure from the surface to the centre of the specimens is formed, which 
enables the evacuation of the evaporation and decomposition gases during thermal 
debinding [70]. Despite these results can be applied for binder systems based in wax, the 
formation of an open porous structure might not be enough for other binder systems, in 
which the removal of all the soluble components is required. An example is the FFF stainless 
steel feedstock employed by Gonzalez-Gutierrez et al. [86]. The dissolution of 94 % of the 
soluble component was not enough to avoid the apparition of defects in the subsequent 
thermal debinding, which could be only avoided for a dissolution fraction of 99 % [86]. 

4.1.3 Effect of the powder characteristics 

In addition to the properties of the binders, the influence of the geometry of the metallic and 
ceramic powders might also determine the performance of the feedstocks in solvent 
debinding, as has been reported in the literature [17, 48, 108, 210, 220].  

The effect of the particle size was another of the parameters studied by Westcot et al. [220]. 
Two feedstocks containing 60 vol% of spherical powder were compared, being one an iron 
feedstock with a median particle size of 4 µm and the other a 316L stainless steel feedstock 
with a median particle size 12 µm. The use of smaller particles produced a decrease in the 
debinding rate and an increase of the dimensional change. The cause of this phenomenon 
might be the decrease of the pore size and the increase of the contacts between particles 
with smaller sizes. Therefore, the diffusion of the dissolved molecules is slowed down, 
increasing the swelling of the parts [220]. 

Different results were obtained by Hwang et al. [108] when studying the solvent debinding 
in heptane at 50 °C of stainless steel and iron feedstocks containing PP:PW:SA = 
40:55:5 wt.%. Spherical raw powders were air classified in different particle sizes, and 
feedstocks were elaborated with the different size powders. Some minor differences could be 
observed at intermediate stages when comparing small and large stainless steel powders. 
Nevertheless, the debinding rate was practically constant regardless of the size of the 
particles and of the pores in most of the cases. The reason for this independence could be 
the considerable difference between the nano-PW molecules and the pores during debinding, 
which are in the micrometric scale in all the cases [108].  

These authors also performed preliminary tests comparing the solvent debinding of the 
feedstocks containing spherical and small powders, with those of feedstocks containing a 
60 vol% of irregular and large powders and a 40 vol% of small and spherical powders. Again, 
the results showed the invariance with the change of the particle geometry [108]. 

Nevertheless, similar results to those of Westcot were obtained by Contreras et al. [48] for 
the solvent debinding in heptane of bronze feedstocks containing a binder of 
HDPE:PW = 50:50 vol.%. Two irregular powders were employed, with median particles sizes 
of 13.18 µm and 75.71 µm. The debinding of four feedstocks was compared, two of them 
only with one of the two powders, and the other two with the combination of both. The 
results showed an increase of the wax loss with the increase of the particle size, especially at 
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the first and intermediate stages. As time progressed, the difference disappeared. This trend 
was kept for the combination of powders, regardless of the increase of the packing density, 
which would be expected [48].  

Contreras et al. also conducted a similar set of tests for determining the influence of the 
particle morphology. Feedstocks containing the previously mentioned binder and powders 
with two morphologies were compared. Additionally, two mixtures of the two types of 
powders were studied. The results clearly showed the increase in the debinding rate with the 
use of spherical particles, even though the particle concentration was higher for feedstocks 
containing spherical powders. The reason might be the larger path for the dissolved 
molecules when the particles are irregular [48]. 

The changes in solvent debinding behaviour for different powder geometries are of particular 
importance in the production of multi-material parts. Researchers of the Universiti 
Kebangsaan Malaysia [17, 210] studied the micro-injection moulding of components 
combining stainless steel and zirconia. The binder system was composed of 40 vol.% of 
LDPE and 60 vol.% palm stearin, the second being soluble in acetone. Solvent debinding 
trials of parts were performed first for single-material parts, obtaining a higher debinding 
rate for the stainless steel feedstock parts than for those with zirconia. Due to the different 
debinding rates of the two feedstocks, the temperature of the solvent had to be adjusted for 
the multi-material parts. An intermediate temperature was selected since a low temperature 
resulted in excessive swelling of the zirconia feedstock [210], whereas a high temperature 
could lead lo debinding defects [17]. 
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4.2 Introduction to publication E 

In section 2, the development process of a new feedstock formulation for the FFF and 
solvent debinding of zirconia has been presented. During that process, the effect of the 
binder components on the solvent debinding rate and the apparition of defects of FFF 
feedstocks could be determined.  

The influence of the powder chemistry, shape and size on the solvent debinding performance 
of different metallic and ceramic FFF feedstocks could be observed in previous works to this 
dissertation [17, 48, 108, 124, 210, 220]. In the introduction of publication E, the results of 
[124] can be found. In those investigations, it could be observed that the parts with the 
feedstock of the zirconia powder employed in this thesis had larger defects and lower 
debinding rates than those containing other powders.  

Based on the existing knowledge on solvent debinding of PIM feedstocks previously 
presented, the investigation in publication E aimed to solve the problems in the debinding of 
the zirconia feedstock based on the hypothesis: 

4. The parameters employed in the solvent debinding of FFF feedstocks should 

determine the debinding rate and the apparition of defects. 

The following parameters were investigated in publication E: the influence of the 
temperature, the debinding time, the incorporation of stearic acid as a dispersing agent and 
the use of a swelling inhibitor to reduce the swelling and the associated defects. The binder 
employed in [124] was a formulation developed in previous investigations at the Institute of 
Polymer Processing [122], composed of a grafted polyolefin as the backbone and a 
thermoplastic elastomer as a soluble component.  

  



4. Influence of the solvent debinding parameters 

Santiago Cano Polymer Engineering and Science Leoben 117 

4.3 Publication E 

 

Debinding behaviour of feedstock for material extrusion 

additive manufacturing of zirconia 

Christian Kukla, Santiago Cano, Dario Kaylani, Stephan Schuschnigg, Clemens Holzer, Joamin 
Gonzalez-Gutierrez 

 

Powder Metallurgy, 62 (2019) 196-204 

Special Issue VICNP Ciudad Real, Spain. 2017, guest-edited by Gemma Herranz 

 

doi: 10.1080/00325899.2019.1616139 

 

Received: 29.11.2017 

Revised: 13.08.2018 

Accepted: 03.05.2019 

Available online: 15.05.2019 

 

ABSTRACT 

Material extrusion additive manufacturing (MEAM) is mainly used for the production of 
polymeric components. Using feedstocks similar to those of Powder Injection Moulding (PIM), 
MEAM of ceramic components is possible. MEAM with filaments is also called Fused Filament 
Fabrication (FFF). Feedstocks are used as filaments; this imposes new requirements such as 
flexibility for spooling, stiffness to avoid buckling and constant diameter to ensure a 
consistent mass flow. Additionally, the binder should be removed without damaging the 
shaped part. In this paper, the debinding behaviour of MEAM feedstocks with zirconia was 
investigated. It was observed that higher temperature increases the debinding rate, but 
cracks occurred; the addition of a surfactant speeds up the debinding rate and reduces 
cracks; and a mixture of 10 % isopropanol and 90 % cyclohexane initially decreases swelling 
during debinding, but the debinding rate and the appearance of cracks is unaffected. 

Keywords: Material extrusion; fused filament fabrication; feedstock; ceramic. 
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Introduction 

Fused Filament Fabrication (FFF) is a popular Material Extrusion Additive Manufacturing 
(MEAM) technique. The main reasons of its popularity are its safe and simple fabrication 
process, low cost and the availability of a great variety of building materials. In FFF, a 
thermoplastic filament is extruded through a nozzle by the action of two counter rotating 
feeding wheels and deposited on a plate one layer at a time. The printing chamber and bed 
are kept at temperatures below the polymer melting point but higher than room temperature 
to promote adhesion to the printing bed and to reduce thermally induced stresses [1,2]. 

FFF can be used for the production of metallic or ceramic parts with complex shape, in a 
process called Shaping, Debinding and Sintering (SDS) [3] or fused deposition of metals 
(FDMet) [4,5] or ceramics (FDC) [6–8]. Feedstocks used in SDS consist of a polymeric binder 
and a high load of sinterable powder. After shaping, the binder is removed via solvent 
extraction and/or thermochemical decomposition. Finally, the powder is sintered together to 
obtain a solid part. Therefore the content of powders in the feedstock should be equal or 
higher than 50 vol% to reduce shrinkage and defects during the sintering process. In 
addition to the requirements of a highly filled system, the processing by FFF imposes further 
demands on the feedstocks. To be spooled as a filament, high flexibility and strength is 
required for the feedstock. Since the solid filament must transmit the force from the feeding 
wheels to the molten feedstock, sufficient stiffness is required to avoid its buckling during 
the material extrusion process. Furthermore, a low viscosity is necessary to reduce the flow 
resistance, and a good adhesion is necessary between the already extruded and deposited 
layers as well as to the building platform. In order to achieve all these properties in a 
feedstock, multicomponent binder systems are required and the right proportion of the 
components is needed [7,9]. 

Our research group developed a binder system consisting of a thermoplastic elastomer for 
flexibility and a grafted polyolefin for stiffness and tackiness. This relatively simple 
formulation has been demonstrated to produce filaments processable by FFF with various 
metallic and ceramic powders such as stainless steel 316L (d50 = 6.05 µm) [10], titanium 
alloy Ti6Al4V (d50 = 14.97 µm) [11], neodymium alloy NdFeB (d50 = 28.29 µm) [11], 
strontium ferrite SrFe12O19 (d50 = 1.35 µm) [11,12] and yttria stabilized zirconia YSZ 
(d50 = 0.6 µm) [11]. In Figure 1, the mechanical properties of filaments made out of 
feedstocks containing the developed binder system and 55 vol% of solid content (except for 
the zirconia feedstock, with a solid content of 50 vol%) are depicted. 

As can be seen in Figure 1, the mechanical properties of the filaments are greatly affected by 
the powder used. For those filaments containing 316L powder a yield stress point followed 
by strain hardening could be observed. The highest elongation at break (~41 %) and 
maximum stress (~12 %) values were measured for this material. Filaments with titanium 
have a shorter elongation at break (~10 %) and no maximum after the onset of plastic 
deformation. The curve for neodymium alloy filaments has a much shorter elongation at 
break (~3 %) and the stress continuously decays after reaching a maximum. Finally 
filaments containing ceramic powders (strontium ferrite and zirconia) have very low 
elongation at break with high stress values, i.e. very brittle filaments were obtained for the 
feedstocks with these powders. 
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Figure 1. Strain-stress (ε - σ) curves for filaments containing stainless steel (316L), titanium 
alloy (Ti6Al4V), neodymium alloy (NdFeB), strontium ferrite (SrFe12O19) and yttria stabilized 
zirconia (YSZ) [11]. 

Despite the big difference in the tensile properties, all filaments were processable by FFF 
with a Hage3D-140L FFF machine (Hage Sondermaschinenbau GmbH & Co KG, Obdach 
Austria). Examples of the printed parts are shown in Figure 2.  

 

Figure 2. Examples of parts build by FFF with 5 powder types: stainless steel (316L), 
titanium alloy (Ti6Al4V), neodymium alloy (NdFeB), strontium ferrite (SrFe12O19) and yttria 
stabilized zirconia (YSZ) [11]. 

A two-step debinding process combining solvent and thermal debinding can be conducted for 
the developed binder. Therefore the solvent debinding behaviour of the feedstock materials 
was also investigated. In Figure 3a the amount of soluble binder removed in cyclohexane at 
60 °C at times up to 12 h is plotted for the different feedstocks. The highest binder loss was 
obtained for 316L feedstock. For short times (3 and 6 h) a higher debinding rate was 
obtained for NdFeB than for Ti6Al4V, nevertheless similar values were obtained at 9 and 
12 h. The feedstocks with the two ceramic powders showed the lowest values for the 
leached soluble binders. Figure 3b shows that the filler used in the feedstock not only affect 
the debinding rate, but also can lead to defects during debinding. All the metal-filled 
feedstocks could be debound without defects, but the ceramic ones developed cracks [11]. 
The small particle size of the ceramic powder is most likely responsible for these differences. 
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In general, feedstocks with small particles have smaller pores between the particles and a 
higher number of contact points between those particles [13,14]. This creates an intricate 
network through which the dissolved polymers must be evacuated. In addition, the particles 
have a high tendency to agglomerate [15], which generates defects during the debinding 
and sintering steps.  

 

Figure 3. (a) Mass loss of soluble binder component for feedstocks with stainless steel (316L), 
titanium alloy (Ti6Al4V), neodymium alloy (NdFeB), strontium ferrite (SrFe12O19) and yttria 
stabilized zirconia (YSZ); (b) specimens after debinding in cyclohexane at 60 °C at different 
times[11]. 

Since zirconia is an important material for industrial and dental applications, it was decided 
to make a more detailed investigation on the solvent debinding behaviour of zirconia-filled 
feedstocks. Three main variables were investigated: (i) solvent debinding temperature, 
(ii) addition of surfactant (stearic acid) to the binder system and (iii) the incorporation of a 
swelling inhibitor (isopropanol) into the solvent to reduce defects. 

The solvent temperature is a major parameter affecting solvent debinding. Three major 
phenomena occur during the debinding: the diffusion of solvent into the organic components, 
the dissolution of the soluble binder and the diffusion of the dissolved polymers from the 
inner regions to the surface [16]. A temperature raise speeds up these phenomena and thus 
the overall debinding rate. Nevertheless, it could also result in defects and dimensional 
changes [13].  

One reason for adding surfactants to the binder system is the increase of the dispersion of 
the filler particles ensuring that individual particles are surrounded by binder [17]. Also the 
surfactant will be removed easily from the binder at the same time as the soluble component, 
since it has a low melting point, leaving space for more binder to leave without damaging 
the part.  

To conduct the solvent debinding process, a non-polar binder is coupled with a non-polar 
solvent, which in principle should ensure the dissolution of the main binder component. 
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However, the solvent could also interact easily with the non-polar polyolefin employed as 
backbone, producing its swelling [18]. One way to reduce swelling is the incorporation of a 
swelling inhibitor with higher polarity as observed by Fan et al [19]. According to these 
authors a significant swelling reduction and defect occurrence is attained while reducing only 
slightly the debinding rate [19]. 

Experimental procedure 

Tetragonal zirconia powder used to prepare feedstocks in this investigation was TZ-3YS-E 
grade supplied by the Tosoh Corporation (Tokyo, Japan). The powder is supplied as spray 
dried granules with a primary particle size of d50=0.6 µm and a BET (Brunauer–Emmett–
Teller) specific surface area of 7 ±2 m2/g. 

Feedstocks with a 50 vol% of powder fraction were produced with two types of binders. The 
first binder investigated consisted of a thermoplastic elastomer TPE (Kraiburg TPE GmbH & 
Co.KG, Waldkraiburg, Germany) and a grafted polyolefin (Byk Chemie GmbH, Wesel, 
Germany). To investigate the influence of a surfactant, 5 vol% of the TPE was substituted by 
stearic acid SA (Merck, KGaA, Darmstadt, Germany). Feedstocks without and with SA will be 
denoted as feedstock A and B, respectively.  

Prior to compounding, the powder was pre-dried at 180 °C for 12 h in order to remove the 
moisture and reduce its tendency to agglomerate as it is known from the ceramic injection 
moulding process [15]. Then the material was compounded in an internal mixer Brabender 
Plasticorder PL 2000 (Brabender GmbH & Co.KG) at 180 °C and 60 rpm. The compounding 
started with the filling of the binder (including the SA in the compounds in which it was 
included), followed by the powder, which was introduced in 5 times every 5 minutes. A total 
compounding time of 90 minutes was employed. After compounding the feedstocks were 
granulated in a cutting mill having a sieve with square orifices of 2 mm. 

Cylinders with a diameter of 8 mm and a length 10 mm were produced by compression 
moulding in a vacuum press (P200 PV, Dr. Collin GmbH, Ebersberg, Germany). This 
approach enables the study of the solvent debinding behaviour of small quantities of 
material on a fast and efficient way. In Table 1 the compression moulding parameters can be 
found. After the specimens were prepared their mass was recorded. 
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Table 1. Parameters employed for the production of specimens by compression moulding. 

Stage  1 2 3 

Time min 40 5 20 

Temperature °C 175 175 30 

Pressure bar 1 50 50 

 

Cyclohexane (Carl Roth GmbH + Co, KG, Karlsruhe, Germany) was the selected non-polar 
solvent for the dissolution of the main binder component. Isopropanol (Carl Roth GmbH + Co, 
KG, Karlsruhe, Germany) was used as a polar solvent and thus swelling inhibitor. A fixed 
ratio of 20 mL of solvent per gram of feedstock was used. The solvent and specimens were 
placed in a desiccator DN100 and a recirculating oil bath with heat controllers (Lauda 
Thermosthat, Delran NJ, USA) was employed to control the temperature. A Dimroth 
condenser was attached to the desiccator lid in order to reflux the solvent and prevent its 
evaporation. The tests were conducted at temperatures of 50, 60 and 70 °C and times of 1, 
3.5 and 6 h. Right after extraction from the solvent, the length of the parts was measured 
and later the specimens were dried in a vacuum oven (Binder GmbH, Tuttlingen, Germany) 
at 80 °C for 1 h. The mass loss and defect appearance were studied after the parts were 
dried.  

Using the measured mass loss of the specimens, the loss of soluble binder ( ݈�௕ ) was 
estimated as shown in equation 1: ݈�௕ = ௠�−௠�௠� ∙ ଵ��� ∙ ͳͲͲ%   (1) 

where ݉�  is the initial mass of the specimen after compression moulding, �݉  is the final 

mass of the specimen after being in the solvent for either 1, 3.5 or 6 h and after drying for 
1 h at 80 °C and ��௕  is the mass fraction of soluble binder in the feedstock, which is 
confidential. 

Results and discussion 

The loss of soluble binder, length change and appearance of defects during debinding was 
investigated as function of: (i) the debinding temperature (ii) the addition of SA to the binder 
and (iii) the use of isopropanol as swelling inhibitor. 

Effect of the solvent debinding temperature 

In Figure 4 the defects observed after the immersion tests at different temperatures are 
shown. All the specimens had large cracks, independently of the solvent temperature. The 
cracks can be attributed to the binder softening and swelling, which occur during the solvent 
debinding process [20,21]. When the specimens are immersed in the hot solvent, a sharp 
expansion is produced due to the heat [13]. Then the solvent penetrates into the specimens 
and diffuses between the polymer molecules, producing the swelling of the non-soluble and 
soluble components. Once the dissolution of the second group occurs, the solved products 
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are evacuated out of the specimens by capillary forces [13]. As the time progresses, more 
soluble binder is extracted and the solvent penetrates further into the specimens, causing 
the increase of the cracks size (Figure 4). 

 

Figure 4. Defects observed in solvent debound specimens at different times and 
temperatures for feedstock A. 

In Figure 5 (a) the loss of soluble binder at different times and temperatures can be 
observed. The increase of temperature clearly increases the debinding rate. An increase in 
temperature not only produces an increase in the solubility of the binder, but also facilitates 
the diffusion of the solvent into the specimen and of the dissolved polymers out to the 
components [22]. Nevertheless, these results must be evaluated together with the 
dimensional variation and defects observed in the parts, since these values are also expected 
to increase with the temperature increase [13].  

The maximum length change values at the different evaluated conditions are plotted in 
Figure 5 (b). A larger dimensional variation occurs when debinding at higher temperature at 
1 h, but the opposite trend occurs after 6 h. According to previous studies, a peak of 
swelling is observed due to the expansion of the soluble components prior to their diffusion 
out of the specimen [13,23]. Observing Figure 5, it can be stated that the swelling peak is 
observed at 3.5 h for 70 °C, not being observed for the other temperatures and times. In 
addition, the highest swelling value at 6 hours is obtained at 50 °C, since a smaller amount 
of binder could be leached compared to the other temperatures. The improvement of the 
diffusion rate of the dissolved TPE seems to reduce the dimensional variation. 
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Figure 5. (a) Loss of soluble binder and (b) length change over time at different 
temperatures for feedstock A. 

Incorporation of SA into binder formulation 

In Figure 6 the defects observed in the feedstocks without (Feedstock A) and with SA 
(Feedstock B) at different times and at 60°C can be observed. The incorporation of SA into 
the binder formulation resulted in a reduction of the cracks size, especially at longer 
debinding times. Nevertheless, it did not solve the appearance of cracks. In order to quantify 
the effect of the stearic acid incorporation, the loss of soluble binder and the length change 
were determined for both feedstocks. 
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Figure 6. Defects observed in solvent debound specimens for feedstocks without (feedstock 
A) and with SA (feedstock B). 

Figure 7 (a) shows the loss of soluble binder for the tested feedstocks at different times and 
at 60°C. The fraction of removed binder after the incorporation of SA increases at all 
measured times. Two phenomena might explain this improvement. First, the stearic acid has 
a lower molecular weight and a lower melting temperature than the thermoplastic elastomer 
in the binder, thus enhancing the dissolution and mobility of the dissolved polymer [24,25]. 
Additionally, the dissolution process might be facilitated by the improvement in the 
dispersion of the powder, which has been reported for ceramic oxide feedstocks containing 
SA [26]. The length change of specimens was compared to determine the influence of the 
surfactant in the dimensional variation. It was observed that the use of SA clearly reduces 
the length of samples after immersion in cyclohexane (Figure 7 (b)), which results in smaller 
defects (Figure 6). The small molecular weight of SA not only improves the mobility and 
dissolution, but results also in less swelling [24,25]. Additionally the improvement of the 
powder dispersion in the specimens contributes to a further reduction in defects, since the 
reduced swelling caused by the solvent penetration into the specimen is also homogeneous 
in the part.  
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Figure 7. (a) Loss of soluble binder and (b) length change over time at 60 °C for feedstocks 
without (feedstock A) and with SA (feedstock B). 

Incorporation of isopropanol as swelling inhibitor 

Figure 8 shows specimens after the immersion at different times in cyclohexane without and 
with 10 vol% of isopropanol. No significant changes in the cracks could be observed at any 
of the immersion times evaluated. Therefore, the use of isopropanol as inhibitor could not be 
considered as an effective solution for the large defects observed in the tested system. 

 

Figure 8. Defects observed in solvent debound specimens after debinding in different 
solvents at 1, 3.5 and 6 hours. 
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In Figure 9 (a) the loss of soluble binder (݈�௕) over time for the different solvents is plotted. 
Only a small binder fraction (around 10% of binder) could be leached out of the specimens 
with isopropanol. For the tests combining cyclohexane with 10 vol% of isopropanol no 
significant changes were observed compared to those using only cyclohexane as solvent. 
The high concentration of solvent per mass of part and the partial solubility of some of the 
components of the thermoplastic elastomer in isopropanol might explain why no difference 
was observed. 

A different trend was observed by Fan et al. [19] for paraffin wax PIM feedstocks, where a 
clear reduction in the dissolved fraction was measured when incorporating the swelling 
inhibitors. The feedstock used in our investigation contains a commercial TPE as soluble 
component; commercial TPEs are multicomponent compounds. As it can be observed in 
Figure 10, 10 % of the TPE is soluble in isopropanol, which might be enough to compensate 
for the replacement of 10 vol% of cyclohexane. Figure 9 (b) shows the change in length with 
time for different solvents at a temperature of 60 °C. For pure isopropanol, a small length 
change was measured. The immersion of the. specimen into a polar solvent results in a small 
dimensional variation due to the poor interaction with the binder as observed in the mass 
loss values. Incorporating 10 vol% of isopropanol only reduced the length change at short 
times. For the rest of the tested times, the incorporation of the second solvent did not have 
a significant effect reducing swelling and cracks still developed in all the specimens tested 
(Figure 12). The partial solubility of the binder in isopropanol can be the reason of the 
ineffectiveness of this substance as swelling inhibitor. Fan et al. [19] showed that alcohols 
could be used as swelling inhibitors, while using substances that are able to partially dissolve 
the binder had no significant effect reducing swelling. In addition, paraffin wax employed by 
Fan et al. [19] has a smaller molecular weight than TPE and thus less swelling is expected. 
This might explain the discrepancies observed here. 

 

Figure 9. (a) Mass loss of soluble binder and (b) length change over time in different 
solvents. 
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Conclusions and outlook 

A new binder system has been developed, which allows processing of highly filled filaments 
by FFF with metal and ceramic particles that later on can be solvent debound and sintered 
for the production of metal and ceramic parts. Unlike its metallic counterparts, feedstocks 
containing zirconia experience crack formation during solvent debinding [11]; this has been 
attributed to the smaller particle size and the use of a binder with a large swelling. Despite 
the debinding rate could be increased at high temperatures, the large cracks observed in the 
specimens occurred at all temperatures investigated. The incorporation of SA to the binder in 
the melt mixing process could improve the debinding rate and contribute to the reduction of 
defects, but it did not completely eliminate cracks. Incorporating isopropanol as a swelling 
inhibitor has been also studied here, observing no significant changes in the debinding rate 
and defects.  

For further reduction of the dimensional variation and defects, the modification of other 
parameters will be studied in further steps. For instance, the improvement of the particle 
dispersion by using compounding equipment with an increased shear and dispersive mixing, 
such as co-rotating twin screw extruders and the modification of the binder formulation to 
reduce swelling and increase the debinding rate.  
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5 Development and study of the FFF process 

5.1 State of the art 

The methodology employed for the preparation of the feedstocks has a strong influence on 
their homogeneity and the dispersion of the powder, and thus on the properties of the 
feedstocks and filaments. Powders with a small size (<1 µm) have a high trend to 
agglomerate [153], and often must be treated prior to compounding. The treatment consists 
of the breakage of the agglomerates with ball milling in a solution containing a surfactant to 
coat the powder and prevent re-agglomeration [144, 208, 225]. An additional step of sieving 
and mixing of the powder results in further removal of the agglomerates [178]. The quantity 
of agglomerates in the feedstock also depends on the shear during compounding. Fan et al. 
reported a higher dispersion of the powder in an alumina FFF feedstock produced in a 
kneader and a twin-roller as compared to the feedstock produced in a single kneading step 
[67]. The increase of the filament properties when compounding in a co-rotating twin-screw 
extruder has been observed for a zirconia feedstock in preliminary experiments to this 
dissertation [1]. 

As was stated in section 1.3.1.2, the filaments can be produced either in a round die 
capillary rheometer or in a single or twin screw extruder [4, 125, 193, 213]. The capillary 
rheometer enables the production of filaments with small quantities of material. Nevertheless, 
a perfect filling of the cylinder is necessary to avoid the presence of air voids in the melt, 
whereas with the extruder a continuous melt with no voids is easily obtained. In order to 
eliminate the agglomerates and debris in the feedstock and to improve the homogeneity of 
the melt, elements such as a mixing section, a screen and a breaker plate can be used in the 
extruder [178]. A modified co-extrusion process in which the feedstock filament is coated by 
one of the binder components has been developed by BASF SE in the last years [185]. The 
coating of the filament results in an improvement of the stability and mechanical properties 
of the filament and reduces the requirements on the feedstock. 

Once the feedstock filament is spooled, it is shaped in a conventional FFF machine. Due to 
the high content of particles, the feedstocks have a higher thermal conductivity and viscosity 
than the conventional thermoplastics [192]. Thus, there is a high trend to buckling between 
the rollers and the liquefier [213], which can be solved by using a low volumetric feed rate 
[9]. However, permanent solutions such as the cooling of the solid filament between the 
rollers to increase the stiffness or the re-design of the nozzle to reduce the extrusion 
pressure [45] are preferred. The increase of the contact area between the rollers and the 
filament by, for example, the use of a dual belt feeding system [1], increases the force 
transmitted into the filament and reduces the possibility of slippage, thus helping to 
overcome the flow resistance of the material.  

The high viscosity of the feedstocks also results in defects such as voids between adjacent 
strands and in sub-perimeter voids between the inner strands and those in the perimeter [1, 
30, 45, 51, 239]. The causes of these defects have been studied in detail during and after 
the shaping by FFF [3, 45, 71, 114, 127], and can be effectively reduced by a slight 
overlapping between the extruded strands [3], the over-extrusion of feedstock [80] and by 
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the alteration of the toolpath [3]. The optimization of the FFF processing parameters is 
another method to reduce the defects during shaping. The increase of the FFF nozzle 
temperature results in a reduction of the feedstock viscosity and better bonding between 
layers [80, 205]. However, the excessive temperature can hinder the deposition of the 
freshly deposited strands and lead to failure of the process [205]. S. Wu et al. [226] studied 
the warm isostatic pressing of green parts as another method to reduce FFF defects. 
Pressing at temperatures above 70 °C resulted in a reduction of the defects, but with no 
clear improvement of the final sintered parts mechanical properties [226]. 

A detailed study of the accuracy of the FFF for green 17-4PH stainless steel parts was 
conducted by G. Wu et al. [225]. The deviation of the green parts from the CAD design was 
investigated for 3 different geometries, each one produced at different times. An average 
accuracy of 0.969 % was achieved in the plane parallel to the printing platform (i.e. in the X 
and Y directions), whereas the accuracy in the Z direction (perpendicular to the building 
plane and the layers) was 1.556 %, attributed partly to the removal of the support [225]. 
These authors also suggested that the modification by e.g. machining, of the green parts as 
a method to improve the surface finish of the final sintered components. Such modification 
has been conducted recently by Burkhardt et al. [30] for 316L stainless steel parts. Hand-
grinding, sandblasting and polishing with a low power laser were the methods evaluated. 
The melting of the feedstock with the low power laser proved to be the best solution, as it 
resulted in the redistribution of the material and the reduction of the roughness and defects 
[30]. Using a nozzle with a small diameter is another method to improve the surface of the 
FFF parts. By the use of a binder system with low viscosity, Nötzel et al. [156] used nozzle 
diameters down to 0.15 mm for the production of small ceramic components. 

The POM-based feedstock patented by BASF SE [154] for the FFF of stainless steel is so far 
the only system using a catalytic+thermal debinding, the first step being conducted in a 
nitric or oxalic acid atmosphere. This method is not discussed here. In section 4.1, the state 
of the art of solvent debinding for powder-binder based techniques is presented. Therefore, 
only the thermal debinding process is discussed here. 

Thermal debinding is the most common debinding method for FFF. To conduct a progressive 
removal of the binders and to avoid internal trapped decomposition or evaporation gases, a 
progressive and long thermal cycle is required in thermal debinding [13]. The embedding of 
the components in a porous structure such as alumina [6, 49] or a carbon-based paste [55, 
224] can be alternatively used. In this process, also known as wick debinding, the molten 
polymers are partly removed by capillary forces from outside of the part, thus increasing the 
debinding rate. 

The defects generated during shaping influence the debinding behaviour of the FFF parts. 
The porosity in the green parts results in a faster debinding than for fully dense components 
produced by the extrusion of profiles in a single screw extruder [11]. Pistor [172] measured 
an anisotropic thermal expansion of two different feedstocks as a consequence of internal 
voids in the parts. Furthermore, internal stresses are produced in FFF by the shrinking of the 
binders when cooling down and by their viscoelastic behaviour [112, 177]. Both the 
anisotropic thermal expansion and the release of internal stresses result in an anisotropic 
shrinkage during debinding and thus in warpage of the parts. These phenomena are strongly 
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related to the build orientation in FFF. For instance, orienting all the strands in the parallel or 
the perpendicular direction of the main part direction leads to anisotropic shrinkage in the X-
Y directions, and thus warpage [112, 177]. However, the X-Y shrinkage is isotropic, and the 
warpage disappears when the strands angle alternate from +45° to -45° in each successive 
layer [112, 177].  

The largest shrinkage of the process occurs in the sintering phase due to the reduction of 
the porosity and the densification of the components. Due to the generation of the shape in 
a layer by layer manner, the sintering shrinkage is always anisotropic. The parts shrink in the 
Z direction between 18 to 23 %, whereas in the X-Y plane, the shrinkage lies typically 
between 13 to 18 % [81, 112, 177]. Fortunately, this difference can be predicted and 
included in the design, resulting in parts with the desired geometries.  

Due to the sintering approach, the material inside the extruded strands shows isotropic 
properties [81, 112]. However, the defects generated during the shaping FFF results in 
anisotropic properties in the parts. The orientation of the roads inside the layers results in 
different porosity and thus, different mechanical properties, as observed by Damon et al. 
[51]. The orientation of the parts with respect to the building platform has even a larger 
effect. Like in other additive manufacturing techniques, the surface defects in between layers 
act as notches, reducing the properties of the parts if the loads are applied perpendicular to 
the layer [73]. Weak bonding between layers caused by powder-binder separation promotes 
this anisotropy, as recently reported by Kurose et al. for stainless steel components [126]. If 
the processing parameters are optimized to obtain a good bonding between the layers, and 
the surface defects are removed by polishing, parts with isotropic properties can be obtained 
as shown by Iyer et al. [112] for silicon nitride bars. Moreover, such FFF parts can even have 
the same properties as parts produced by conventional processes as isostatic pressing [112]. 
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5.2 Introduction to publication F 

The last investigations conducted in the frame of this PhD thesis focused on the shaping by 
FFF. The proposed hyphothesis was: 

5. The defects caused during the shaping step in the FFF of ceramics and their 

effect on the properties of the final parts could be reduced by the proper 

adjustment of the parameters during shaping. 

One of the main types of defects generated in the shaping by FFF are the gaps between the 
extruded strands of material, known as roads. These gaps are a intrinsic defect of FFF and 
other MEX processes, and different studies have been conducted to reduce them [3, 45, 71, 
80, 114, 127, 205]. For polymeric FFF components, the pattern followed by the extrusion 
head in the shaping of each layer is known to have a strong influence in the size and 
orientation of the gaps, and thus on the properties of the components. For metallic FFF 
components, the first studies evaluating this matter have been recently reported [51, 126]. 
However, no systematic investigation on the effect of the extrusion pattern on the final 
properties has been conducted for ceramic FFF components. Therefore, the objective of the 
investigation in publication F was to determine the influence of the extruded roads 
orientation on the defects and mechanical properties of zirconia FFF parts. For this purpose, 
the binder system previously developed in [122] was used. 
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ABSTRACT 

The fused filament fabrication (FFF) of ceramics enables the additive manufacturing of 
components with complex geometries for many applications like tooling or prototyping. 
Nevertheless, due to the many factors involved in the process, it is difficult to separate the 
effect of the different parameters on the final properties of the FFF parts, which hinders the 
expansion of the technology. In this paper, the effect of the fill pattern used during FFF on 
the defects and the mechanical properties of zirconia components is evaluated. The zirconia-
filled filaments were produced from scratch, characterized by different methods and used in 
the FFF of bending bars with infill orientations of 0°, ±45° and 90° with respect to the 
longest dimension of the specimens. Three-point bending tests were conducted on the 
specimens with the side in contact with the build platform under tensile loads. Next, the 
defects were identified with cuts in different sections. During the shaping by FFF, pores 
appeared inside the extruded roads due to binder degradation and or moisture evaporation. 
The changes in the fill pattern resulted in different types of porosity and defects in the first 
layer, with the latter leading to earlier fracture of the components. Due to these variations, 
the specimens with the 0° infill orientation had the lowest porosity and the highest bending 
strength, followed by the specimens with ±45° infill orientation and finally by those with 90° 
infill orientation. 

Keywords: Fused filament fabrication; zirconia; material extrusion; infill orientation; raster 
orientation; fill pattern; rheology; bending strength; printing defects. 
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1. Introduction 

Thanks to the considerable efforts and interest of the industry and research institutions, the 
ceramic additive manufacturing has experienced considerable development and growth that 
is forecasted to increase in the next years [1]. Among the many technologies that have been 
developed in the last years [2–6], the four most relevant process categories are [1] vat 
photopolymerization (VPP), binder jetting (BJT), material jetting (MJT) and material 
extrusion (MEX). Each additive manufacturing technique has different advantages and 
disadvantages in terms of speed, dimensional accuracy, properties of the final components 
and costs [2–7]. Therefore, the feasibility of using one technique or another depends on the 
application. 

The fused filament fabrication (FFF) of ceramics, also known as Fused Deposition of 
Ceramics (FDC) [8–10], is a MEX process based on the selective extrusion through a nozzle 
of feedstock in the shape of filament. The feedstock is a multicomponent polymer system 
highly filled with powder of the desired ceramic material [9,11–13]. Once the so-called green 
parts are shaped by FFF, the polymer components are removed in the debinding stage by a 
catalytic reaction [14], dissolution in a solvent [12,15,16] and/or thermal decomposition 
[9,17–19]. Finally, the parts are sintered to obtain nearly dense components. Some 
advantages of this technology include the simplicity and the low cost of the equipment 
required to shape the parts [20], the possibility to produce lightweight structures with closed 
geometry [19–21], the possibility to combine this technology with a well-established process 
like ceramic injection molding [22], and the ability to combine various materials in one part 
by the use of various nozzles [23–25]. Nevertheless, the use of filaments as feed materials 
requires tight dimensional tolerances of the filaments to ensure proper feeding [8,26,27], 
which increases its price [28]. Moreover, the roughness in FFF parts and the minimum 
dimensions achievable are limited by the diameter of the nozzle [29,30].  

In FFF and the other MEX techniques [8,14,31–36], the generation of the shape by the 
extrusion of material strands, known as roads, can result in defects in the gaps between the 
strands or weak areas if the bonding between the strands is not sufficient [8]. In early 
investigations, different solutions were proposed to reduce these defects [8,10,37]. However, 
defects persist and are the cause of anisotropic mechanical properties even for nearly dense 
ceramics produced by other MEX techniques [38]. 

These typical FFF shaping defects depend on different factors such as the properties of the 
material, the processing parameters, the orientation of the parts with respect to the build 
platform and the pattern followed in the deposition of the material in each layer [39]. In 
most cases, one or more perimeters are included in each layer following the contour of the 
part to improve the surface quality, and a raster fill pattern is used in the inner part of the 
specimens, known as the infill. The orientation of the roads in the infill of the parts is known 
to have a substantial effect on the properties of polymeric components produced by FFF 
[37,39,40], and the first studies for metallic FFF components showing similar effects are also 
available [14]. In the case of FFF ceramic components, the infill orientation is known to have 
a small effect on the dimensional variations during debinding [17]. However, no detailed 
investigation is available for ceramic parts on the effect of the infill orientation on the 
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appearance of defects during the shaping by FFF and the mechanical properties of the final 
components. 

Hence, the objective of this work was to study the influence of the infill orientation on the 
properties of zirconia FFF components. The feedstock filament was produced from scratch, 
characterized by different methods and used in the FFF of specimens with infill orientations 
of 0°, 90° and ±45° with respect to the longest dimension of the part. The causes of the 
defects of the final specimens are related to the feedstock properties and the fill pattern 
used in the FFF with the different infill orientations. Finally, the influence of the defects on 
the bending properties of the various specimens is discussed. 

2. Materials and Methods  

2.1. Materials 

The powder used was the tetragonal zirconia (ZrO2)—stabilized with 3 mol % yttria (Y2O3) 
TZ-3YS-E (Tosoh Europe B.V., Amsterdam, The Netherlands), supplied as spray-dried 
granules. According to the supplier, the powder has an average particle size of 90 nm and a 
specific surface area of 7 ± 2 m2·g−1 [41]. The powder was mixed with the multicomponent 
binder system developed at the Institute of Polymer Processing of the Montanuniversitaet 
Leoben. This system is composed of a commercial thermoplastic elastomer compound (TPE, 
Kraiburg TPE GmbH & Co. KG, Waldkraiburg, Germany) and polyolefin grafted with a polar 
component to improve the adhesion to the powder (gPO, BYK Chemie GmbH, Wesel, 
Germany). The specific polymer grades employed and the fraction of each binder component 
are confidential. 

2.2. Feedstock and filament production 

The first step in the production of the ceramic filaments was the compounding of the binder 
system. Pellets of the two components of the binder system were fed together and mixed in 
the co-rotating twin-screw compounder ZSK 25 (Werner & Pfleiderer GmbH, Stuttgart, 
Germany). The rotational speed was 270 rpm, and the compounder had a temperature 
profile from the feed zone to the nozzle of 120, 185, 190, 195 and 200 °C. The material 
coming out of the nozzle was cooled down with water at room temperature and pelletized 
using a water bath + pelletizer (Accrapak Systems Ltd., Burtonwood, United Kingdom). An 
air blade removed most of the water from the surface of the material entering the pelletizer. 
In order to remove the remaining water, the binder pellets were dried overnight at 60 °C 
with a hot, dry air drier (Wittmann Kunststoffgeräte GmbH, Vienna, Austria). 

The binder system was compounded with the zirconia powder to obtain a feedstock with 
47 vol % of powder, which is equivalent to 85.3 wt %. The feedstock was produced in the 
co-rotating twin-screw compounder Leistritz ZSE 18 HP-48D (Leistritz Extrusionstechnik 
GmbH, Nuremberg, Germany), equipped with a high-shear screw configuration to ensure the 
homogeneous dispersion of the ceramic particles in the polymer. The screw speed was set to 
600 rpm, and the total mass output (powder + binder) was set to 6 kg·h−1. The binder was 
introduced in the first zone of the compounder, and the powder was added in the fourth 
zone using a side feeder consisting of co-rotating screws rotating at 250 rpm. The 
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temperature of the first zone was set to 25 °C and progressively increased from the second 
zone to the nozzle with the profile: 180, 200, 205, 205, 210, 210, 210, 210, 210, 210, 220 
and 220 °C. Once compounded, the molten feedstock coming out of the nozzle was cooled 
down on an air-cooled metal conveyor belt and pelletized (Reduction Engineering Scheer, 
Kent, OH, USA). 

The feedstock pellets were then used in the production of filaments in the single screw 
extruder FT-E20T-MP-IS (Dr Collin GmbH, Ebersberg, Germany) equipped with a die of 
1.75 mm diameter. The extrusion temperatures from the feed zone to the nozzle were 230, 
235, 240 and 245 °C and the screw rotation speed was set to 19 rpm. A 
polytetrafluoroethylene (PTFE) conveyor belt collected the extruded filament, which cooled 
down by natural convection. A self-developed haul-off and spooling unit was used to spool 
the filaments, whose diameter was measured with the laser measuring device, Diagnostic 
Laser 2000 (SIKORA AG, Bremen, Germany). 

2.3. Feedstock evaluation 

The morphology of the cryofractured filaments was studied by scanning electron microscopy 
(SEM, Tescan Vega II, Tescan Brno, s.r.o., Czech Republic). The analyses were performed 
on gold-sputtered (100 s at 20 mA) specimens at 5 kV using secondary electrons. 

Tensile properties of the filaments were measured on 100 mm long straight specimens using 
the universal testing machine Zwick Z001 (Zwick GmbH & Co.KG, Ulm, Germany) with a 1 kN 
load cell and pneumatic grips. An initial gauge length of 50 mm was set for all the 
measurements. The tests, five repetitions each, were performed at standardized conditions 
(23 °C and 50% relative humidity), at a speed of 10 mm·min−1 until rupture.  

The rheological behavior of the feedstock was characterized using regranulated filaments. 
The binder obtained in the first compounding step was also evaluated for comparative 
purposes. Capillary rheology measurements of both materials were conducted in the high-
pressure capillary rheometer Rheograph 2002 (Göttfert Werkstoff-Prüfmaschinen GmbH, 
Buchen, Germany). The tests were conducted at a temperature of 255 °C and apparent 
shear rates from 75 to 750 s−1. Three round dies with a diameter of 1 mm and lengths of 10, 
20 and 30 mm were employed. For the binder system, three tests were carried out with each 
nozzle, whereas five measurements per die were conducted for the feedstock due to the 
high variations in the recorded pressure. The true shear rate and viscosity values were 
calculated with the Bagley [42] and Weisenberg–Rabinowitsch [43,44] corrections, 
respectively. 

Thermogravimetric analysis (TGA) of the binder and the feedstock filament were conducted 
in the TGA/DSC1 (Mettler-Toledo GmbH, Greifensee, Switzerland) under an oxygen 
atmosphere. The tests were conducted from 25 °C to 600 °C with a heating rate of 
10 K·min−1. Alumina crucibles were used, and a total of 5 measurements per material were 
conducted.  
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2.4. Sample production 

Prismatic specimens with a length of 40.55 mm, a width of 3.93 mm and a thickness of 
3.6 mm were produced using FFF. Figure 1 shows the fill pattern in one layer for each of the 
infill orientations. This fill pattern is the same in all the layers of the specimens with the 0° 
and 90° infill orientations. In contrast, in the ±45° infill orientation, the roads of the infill are 
perpendicular to the roads of the previous layer. Specimen dimensions were set considering 
a homogeneous shrinkage of 20% and adjusting the length and width so that a whole 
number of roads were extruded without gaps in the 90° and 0° infill orientations, 
respectively. The software Simplify3D version 4.1.2 (Simplify3D, Blue Ash, OH, USA) was 
used to slice the parts and generate the G-Code. In File S1, File S2 and File S3 of the 
supplementary information the G-Codes for the 0°, ±45° and 90° orientations can be found. 
The parts were produced using the Duplicator i3 v2 (Wanhao, Jinhua, Zhejiang, China) FFF 
machine. A brass nozzle with TwinClad® XT coating with a diameter of 0.6 mm and a PTFE 
tube insert was used. The set layer thickness was 0.15 mm for all the layers, and the 
printing speed was 5 mm·s−1 for the first layer and 12.5 mm·s−1 for the rest of the layers. 
Independently of the infill orientation, one perimeter was printed with an infill-perimeter 
overlap of 50% and an extrusion multiplier of 85 %. The build platform was a glass mirror 
coated with hair spray for better adhesion. The extruder and build platform temperatures 
were set to 255 °C and 100 °C, respectively. Before starting the specimen production, the 
build platform and the extruder were preheated for 30 min; the distance of the die to the 
build platform was calibrated in the printing area. Then, the hair spray coating was applied, 
and the printing started. The parts were printed in build cycles of 5 specimens per print, with 
a total of 4 build cycles for the 0° and ±45° infill orientations and 5 build cycles for the 90° 
infill orientation. 

 

Figure 1. Fill pattern of perimeters (blue) and infills (orange) of one layer for specimens of 
each of the infill orientations, from top to bottom: 0°, ±45° and 90°. 

A two-step debinding process was carried out. First, most of the TPE was dissolved in 
cyclohexane. Solvent debinding in cyclohexane was performed in the digital thermostatic 
bath (Ovan B105-DE, Barcelona, Spain). The parts were immersed in cyclohexane at 60 °C 
for 24 h and 12 mL of fresh solvent per gram of feedstock were used. After 24 h in 
cyclohexane, the specimens were left to dry in the LAN Technics stove (Labolan, Esparza, 
Spain) at 50 °C for 24 h. Subsequently, the thermal debinding was conducted in the 
Hobersal furnace 12PR450/SCH PAD P (Hobersal, Barcelona, Spain) in an air atmosphere. 
The thermal debinding cycle employed was: heating from room temperature to 175 °C at 
150 K·h−1; heating to 225 °C at 25 K·h−1; heating to 325 °C at 10 K· h−1; heating to 440 °C 
at 5 K·h−1, and cooling down of the furnace to room temperature by natural convection. 
Finally, the parts were sintered in the tubular Hobersal furnace ST 186030 (Hobersal, 
Barcelona, Spain) under air. The following thermal cycle was used for sintering: room 
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temperature to 450 °C at 180 K·h−1, hold at 450 °C for 1 h; heating to 600 °C at 180 K·h−1, 
hold at 600 °C for 1 h; heating to 1365 °C at 300 K·h−1, hold at 1365 °C for 3 h, and cooling 
down of the furnace by natural convection. During debinding and sintering steps, specimens 
were placed upside-down so that the face in contact with the build platform during FFF was 
the air side during sintering, and no further defects were introduced. 

2.5. Characterization of specimens 

After sintering the specimens had dimensions of approximately T = 3 mm, W = 2.85 mm 
and L = 30.75 mm. There was no significant difference between the sizes of the specimens 
produced with the different infill orientations. In order to determine the relative density in 
the green printed specimens, the density of the pelletized feedstock filaments was measured 
with the helium pycnometer Micrometric Accupyc 1330 (Micromeritics Instrument 
Corporation, Norcross, GA, USA). For each infill orientation, the five specimens produced in 
the first build cycle were used to determine the apparent density after printing and after 
sintering through the simple Archimedes’ method. 

The face of the specimens in contact with the build platform, corresponding to the first 
extruded layer, was the side of the specimens evaluated under tensile stress in the bending 
tests. All the specimens were chamfered to eliminate the influence of edge defects in the 
perimeter [45]. The two edges of the first layer of the specimens were machined with 
chamfers of approximately 0.3 ± 0.075 mm.  

Three-point bending (3PB) tests were performed following the standard DIN EN 843-1:2008-
08 [45]. The support distance was 20 mm; the support and loading rollers had a diameter of 
2.5 mm. After applying a preload of 10 N, the tests were conducted on a Zwick Z010 testing 
machine (Zwick GmbH & Co.KG, Ulm, Germany) at a cross-head speed of 1 mm·min−1 at 
24 °C and approximately 56% relative humidity. The failure occurred within 6 s to 12 s. 
Nineteen, 22 and 20 specimens were tested for infill orientation of 0°, 90° and ±45°, 
respectively. The fracture stresses calculated from fracture loads and specimen dimensions 
were not corrected for the chamfers, leading to an underestimation of the strength values by 
approximately 4%. For each condition, the obtained fracture strength results were described 
using a Weibull distribution [46]. The parameters σ0 (characteristic strength) and m (Weibull 
modulus) of the distributions were obtained using the maximum likelihood method. No 
unbiasing correction was applied to the Weibull moduli obtained by this procedure.  

The distribution of porosity was measured on polished sections at various locations and 
orientations with respect to the specimen’s long-axis. These samples were prepared from 
broken bent bars by polishing to a 1 µm diamond suspension finish using a semi-automated 
Struers RotoForce-4 and RotoPol-25 system (Struers Aps, Ballerup, Denmark). Composite 
micrographs consisting of six individual images each were taken at each location and 
orientation using an Olympus BX50 light microscope (Olympus Corporation, Tokyo, Japan) 
and the image alignment routine implemented in the Olympus Stream Desktop 2.2 image 
analysis software (Olympus Soft Imaging Solutions GmbH, Münster, Germany) 

Polished sections were thermally etched in an air atmosphere for 30 min at 1400 °C to reveal 
the microstructure of the material. In ceramics, the strength of an individual specimen is 
related to the size of the most critical defect that is present. The scatter of strength is 
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related to the size distribution of defects in the entirety of all specimens [47]. Knowledge of 
the types of failure causing defects that can be gained from fractography [29] can be used 
to understand the observed trend of strength with infill orientation. Fracture surfaces and 
polished sections were investigated after gold sputtering using an Olympus SZH10 
stereomicroscope (Olympus Corporation, Tokyo, Japan) and a JEOL NeoScope JCM 6000Plus 
scanning electron microscope (Nikon Corporation, Konan, Japan). 

3. Results 

3.1. Properties of the feedstock 

Figure 2 shows the filament diameter over the length of the spool employed for the 
production of the specimens. Filament dimensions were monitored during production, and 
extrusion parameters were adjusted to obtain a filament with an average diameter of 
1.75 mm and in the range of 1.7 to 1.8 mm. Nevertheless, uncontrolled variations of the 
pressure in the extruder resulted in a sudden increase or decrease of the filament diameter. 

 

Figure 2. Diameter of the spool employed in the production of the FFF specimens. 

Figure 3 shows the cryofracture section of the filaments produced with the feedstock. As can 
be observed, the powder and binder are homogeneously distributed in a microstructure 
without large pores. A homogeneous and dense filament is crucial for the successful 
production of dense FFF components. In our experience, filaments with high porosity or an 
inhomogeneous microstructure have poor mechanical properties compared to dense and 
homogeneous filaments. Reduced mechanical properties could lead to the failure of the 
filament production and spooling, and even complicate the shaping by FFF [9,12,48,49]. The 
mechanical properties of the filaments were measured by means of tensile tests. The 
strength and flexibility of the filaments were quantified using the yield stress and the strain 
at yield, which had values of 18.8 ± 0.8 MPa and 4 ± 0.1%, respectively. The filament 
stiffness was quantified with the secant modulus between 0.1 and 0.3% of strain, obtaining 
a value of 1221 ± 84 MPa. The properties of another set of filaments produced with a binder 
developed in our previous study [12] and the same powder fraction and methods described 
in Section 3.2 were measured as a reference. In that case, the stress and strain at yield are 
19.5 ± 0.5 MPa and 2.9 ± 0.2%, respectively, and the secant modulus is 1739 ± 63 MPa. 
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Despite its lower stiffness, the higher flexibility of the filament employed in this study 
resulted in an easier spooling, handling and FFF processing. 

 

Figure 3. Morphology of the cryofractured feedstock filament at: (a) 100 times magnification; 
(b) 5000 times magnification and (c) 20000 times magnification. 

The flow behavior of the feedstock is another crucial factor for a successful FFF process. The 
rheological measurements provide further information about the powder–binder interaction 
and the stability of the flow. A section of the filaments was regranulated and used in the 
rheological measurements with a high-pressure capillary rheometer to determine its 
rheological properties. Measurements were also conducted on the binder to determine the 
influence of the powder addition and further processing. Figure 4a shows representative 
curves of the pressure at the entrance of the three used dies for the feedstock and the 
binder. 

As can be observed, the pressure increases and reaches a stable value for the binder as the 
piston speed is increased over time. However, the feedstock showed considerable variations 
at higher speeds of the piston, or what is the same, as the apparent shear rate increased. 
These large oscillations of pressure appeared at lower apparent shear rates as the length of 
the die increased. For the die with a length of 1 mm, the pressure could be measured up to 
an apparent shear rate of 500 s−1, whereas only 350 s−1 could be reached for the 20 mm die, 
and 275 s−1 for the 30 mm die. At those apparent shear rates, the apparent shear stress was 
0.25 MPa, 0.25 MPa and 0.24 MPa for die-lengths of 10, 20 and 30 mm, respectively. During 
the oscillations of pressure, the material came out of the nozzle in a discontinuous periodic 
manner, with no material coming out of the nozzle for a short time followed by a sudden 
burst of material. For the binder, the maximum programmed apparent shear rate of 750 s−1 
could be reached for all the dies employed, and the material could be extruded continuously. 
Due to the pressure variability, the viscosity of the feedstock could only be measured up to 
intermediate values, as can be observed in Figure 4b. Independently of the nozzle employed, 
during the measurements bubbles appeared in the extruded feedstock a few millimeters 
after it left the nozzle. In Figure 4c, an example of the extrudate with such bubbles is shown. 
Such a phenomenon could not be observed for the binder. 
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Figure 4. (a) Representative pressure curves measured for the binder and feedstock with the 
three nozzle geometries; (b) Shear viscosity as a function of the shear rate for the binder 
and feedstock after applying the Bagley and Weissenberg-Rabinowitsch corrections; (c) 
Feedstock rods collected during the rheological measurements. 

The thermo-oxidation behavior of the binder and the granulated feedstock filament was 
measured by TGA, obtaining the results shown in Figure 5. In both cases, two decomposition 
ramps can be observed, a ramp at low temperatures with a pronounced mass loss, and a 
ramp at higher temperatures with a lower mass loss rate. Each ramp corresponds to the 
progressive degradation of the polymers in the multicomponent binder system, as has been 
already observed for zirconia feedstocks for ceramic injection molding [50]. From Figure 5, it 
can be seen that the slope of all the ramps is more pronounced and the degradation starts at 
lower temperatures for the feedstock than for the binder. 

 

Figure 5. Representative curves of the amount of binder left in samples as temperature 
increases, and of the derivative of the binder left in the samples at different temperatures for 
the binder and feedstock. The nozzle temperature (255 °C) used in the FFF shaping is 
indicated in blue. 

3.2. Properties of the FFF specimens 

Table 1 summarizes the theoretical and actual green mass for all the specimens produced. 
For the five specimens produced in the control build cycle, the mass, apparent and relative 
density in the green and sintered state are shown as the “control build cycle” in Table 1. The 
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theoretical mass was calculated considering a filament with a constant diameter of 1.75 mm, 
the length indicated in the G-Code of each infill orientation (Files S1–S3 of the 
Supplementary material) and the density of the feedstock measured in the helium 
pycnometer (3.296 ± 0.002 g/cm3). The small differences between the theoretical green 
mass and the actual green mass of the specimens are caused by the variability in the 
filament diameter (Figure 2), which results in the variability of the mass of the produced 
specimens. A section of the filament with a diameter higher than 1.75 mm results in 
overextrusion of material, whereas underextrusion occurs for filament diameters lower than 
1.75 mm. Nevertheless, there is no significant difference between the actual green mass of 
the specimens produced with the different infill orientations.  

Due to differences in filament diameter in sections employed to produce the control build 
cycles, there is overextrusion for the parts from the control build cycle for ±45° and 0° 
orientations, printed with a filament diameter higher than 1.75 mm, and underextrusion for 
those of the control build cycle of with 90° orientation, which were produced with a filament 
diameter smaller than 1.75 mm. The parts for the three control build cycles show the same 
mass loss of approximately 15 wt % after sintering, which is equivalent to 46.5 vol % of 
powder in the printed parts, as opposed to 47 vol %. This difference could be caused by the 
continuous underfeeding of powder during compounding by a small and systematic error in 
the feeding units in the compounder. The use of a slightly higher feeding rate for the powder 
could solve it. Still, it would require various iterative cycles that were not possible due to the 
limited amount of material available. 

Since the simple Archimedes’ method was used to measure the density of the parts, some 
water could penetrate the open porosity at the surface of the specimens. Therefore, the 
density shown in Table 1 is the apparent density, and not the bulk density [7]. The apparent 
density of the feedstock was also measured, as the helium used in the pycnometer 
measurements could penetrate the outer pores of the pellets. Nevertheless, since the 
perimeter was produced with the same procedure independently of the orientation of the 
infill, a direct comparison of the apparent density can be established. Table 1 shows that the 
parts produced with 0° infill orientation are denser than those produced with ±45° 
orientation, and both are denser than those produced with 90° orientation. For the parts 
produced with 90° orientation, one cause of this difference could be the porosity produced 
by the underextrusion for this build cycle. Nevertheless, the trend is opposite for the parts 
produced with ±45° orientation, which were heavier but less dense than the ones with the 0° 
orientation.  

As can be expected, the relative green and sintered density values follow the same trend 
with the infill as the apparent density. Overall, the relative green density is lower than 100%, 
and due to the residual porosity caused by incomplete sintering, the relative density after 
sintering is even lower than after printing. In order to get a better understanding of the type 
and size of the different pores, and the origin of them, a detailed microscopy evaluation was 
conducted. 

Table 1. Theoretical and actual green mass (mg) for all the specimens produced with the 
different orientations and for the five parts of a control build cycle for each orientation: 
green (mg) and sintered mass (ms), mass loss (Δm), green (ρg) and sintered (ρs) apparent 
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density, and relative green (ρrg) and sintered (ρrs) density. The average and standard 
deviation values are provided for all the parameters   

 Theoretical Actual Control build cycle 

Infill 
orientation 

mg (g) mg (g) mg (g) ms (g) 
Δm 

(wt.%) 

1ρg 
(g/cm3) 

1ρs 
(g/cm3) 

ρrg  

(%) 

ρrs  

(%) 

0° 1.702 
1.706 

±0.029 

1.723 

± 0.01 

1.464 

± 0.01 

15.06 

± 0.07 

3.254 

± 0.003 

5.943 

± 0.013 

98.73 

± 0.08 

98.23 

± 0.22 

±45° 1.703 
1.72 

± 0.041 

1.77 

± 0.007 

1.487 

± 0.042 

15.08 

± 0.03 

3.202 

± 0.024 

5.878 

± 0.034 

97.15 

± 0.71 

96.97 

± 0.64 

90° 1.694 
1.72 

± 0.034 

1.642 

± 0.004 

1.396 

± 0.003 

15 

± 0.06 

3.176 

± 0.007 

5.797 

± 0.015 

96.35 

± 0.21 

95.82 

± 0.26 

1The green apparent density is calculated using the apparent density measured for the 
feedstock in the helium pycnometer (3.296 ± 0.002 g/cm3), and the sintered density is 
calculated using the density provided by the powder supplier as reference (6.05 g/cm3). 

The macroporosity in the sintered and fractured specimens was evaluated for cuts in 
different directions. In Figure 6, the results of this study are presented. The green and 
solvent debound specimens showed the same type of defects, as Figure S1 in the supporting 
information shows. Three types of pores can be observed in Figure 6, each one in a wide 
variety of sizes: round pores, elongated pores and pores with an irregular shape.  

The width and length of pores and their intralayer distribution are shown in the sections xy 
of Figure 6. These sections were obtained by polishing between 200 and 500 µm of the 
lower part of the specimens, i.e., the side under tensile loads in the bending tests. In all the 
cases, the pores shown in these sections follow the fill pattern of the extruder shown in 
Figure 1. In the outer part of the specimens, the pores follow the perimeter, which is the 
same for the three infill orientations. In the inner part, the orientation of the pores depends 
on the infill orientation employed. Pores are aligned in the x-direction for specimens with 0° 
infill orientation, and in the y-direction for specimens with 90° infill orientation. The pores 
inside the specimens with the ±45° infill orientation are diagonally aligned to the parts.  

The distribution of pores in the different layers can be observed in the sections xz-C, xz-S 
and xy. These sections show the inhomogeneity in the porosity distribution in all specimens. 
The most pronounced difference is a reduced porosity in the outer part of the specimens 
than in the inner part. A low porosity can be seen on the right of the xz-C sections and the 
sides of the yz sections (Figure 6), and moreover, the sections xz-S have a considerably 
lower porosity than the xz-C. All these sections correspond to specimen sides, where 50% 
overlap between perimeter and infill was applied, and thus material overextrusion.  

A more subtle difference is the low porosity of the lower part of the specimens compared to 
the rest, which can be observed in the cuts xz-C, and yz. This area corresponds to the first 
layers of the specimens, which are closer to the build platform. Before each build cycle, the 
height of the build platform was adjusted manually relative to the extrusion head. A tight 
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adjustment was conducted to ensure proper adhesion of the specimens to the platform; this 
means that the actual height of the first layer was in most of the cases slightly lower than 
the programmed height of 0.15 mm. In this manner, there is an additional overextrusion of 
material in the lower part of the specimens that can prevent pores. 

The xz and yz sections of Figure 6 show that the infill of the specimens has a different 
distribution (size and shape) of interlayer porosity depending on the plane orientation of the 
section with the infill orientation of specimens.  

For instance, the sections xz-C are parallel to the infill orientation of the specimens with 0° 
orientation, which show elongated and thin pores in these sections. For the specimens with 
±45° infill orientation, the plane of the section has an alternating orientation of +45° and 
−45° with the infill; in these sections, irregular and large pores are predominant in this case. 
The infill orientation of 90° is perpendicular to these sections, and small round and irregular 
pores are predominant.  

Since section yz is perpendicular to the infill orientation of 0°, pores inside the parts with this 
orientation are round and small. The plane of the yz sections is diagonal to the infill 
orientation of ±45°, and there is an equal amount of irregular and round pores with different 
sizes. Since the infill orientation of 90° is parallel to the yz section, elongated pores are 
predominant. However, pores are considerably larger than those of the specimens with a 0° 
infill orientation in the xz-C sections. 

The last phenomenon observed in Figure 6 is the presence of pores inside the extruded 
roads. These pores are distinguishable as round pores in the right specimen border in the 
sections xz-C, or in the two side borders of the specimens in the sections yz, which 
correspond to the perimeter of the specimens. The outer area of the xy sections also 
corresponds to the perimeter of the specimens, where more pores are distributed. In those 
areas, some of the pores are round, while some others are elongated and adopt an elliptical 
shape. For the areas corresponding to the infill of the specimens, it is difficult to determine 
which of the pores are inside the extruded roads and which are the pores commonly seen in 
the gaps between roads [8,14]. 
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Figure 6. Sections of sintered fractured bars with the three infill patterns. The location and 
orientation of the imaged plane are indicated in the leftmost column with the directions 
parallel to the plane used to designate it. The zones studied are the centre (C) or the side 
(S). The fracture surface is marked with dark grey colour in the schematic representation. 

The other potential source of porosity in the specimens is the porosity which could not be 
removed during sintering. This kind of porosity can be regarded as an intrinsic feature of the 
material and is also present in similar ceramic components produced by conventional routes 
[51]. Attempts to remove it by variation of the sintering conditions would lead to 
oversintering and could cause excessive grain growth that could be detrimental for the 
mechanical properties [52]. Figure 7 shows the microstructure of a specimen produced with 
the ±45° infill orientation. Despite some micropores remaining, a homogeneous and dense 
microstructure can be observed, with small-sized grains (approx. 300 nm to 500 nm). 
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Figure 7. Exemplary microstructure of a sintered specimen. 

The infill orientation has a significant effect on the defects in the side of the specimens that 
were in contact with the build platform, which was the one under tensile loads in the 
bending tests. Figure 8 shows examples of the defects on this side with the different infill 
orientations. In the specimens with the 0° infill orientations, thin gaps can be observed 
between the roads. These gaps become more irregular and broader for the specimens with 
the ±45° infill orientation, with some large defects in between. For the specimens with the 
90° infill orientation, the second type of defects is even more pronounced, and can be easily 
detected. Moreover, the second type of defects is only found in the inner part, which 
corresponds to infill roads. 

 

Figure 8. Underside of the sintered specimens produced with the different infill orientations 
after chamfering. 

Figure 9b shows the Weibull plot obtained in the three-point bending tests of the specimens 
produced with the different infill orientations. Schematics of the bending test configuration 
are shown in Figure 9a to facilitate the interpretation of the results. Table 2 summarizes the 
values of the characteristic strength, the average strength and the Weibull modulus. The 
specimens produced with the 90° infill orientation had a significantly lower characteristic 
strength than those specimens produced with the other infill orientations. Due to the high 
variability of the results, no significant difference exists between the characteristic strength 
of the specimens produced with the ±45° and 0° infill orientations; however, the latter 
exhibits higher values. When comparing the Weibull moduli of the different specimens, the 
specimens with the 0° orientation have the highest value, followed by those produced with 
the ±45° and the specimens with the 90° having the lowest average values. Nevertheless, 
only the difference between the Weibull modulus of the specimens with 0° orientation and 
that of the specimens with 90° is statistically significant.  
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In Table 2, the properties measured in three-point bending tests for 3 mol % yttria-stabilized 
tetragonal zirconia parts produced by additive manufacturing and conventional methods are 
shown for comparison. The strength values are higher than MEX-components produced with 
the same infill orientation [53]. However, the strength values are lower than for VPP and 
subtractively manufactured components [54]. Moreover, the strength is considerably lower 
than the typical value of 1200 MPa provided by the supplier [41].  

 

Figure 9. Weibull plot of the specimens produced with the different infill orientations. 

Table 2. Weibull modulus (m), characteristic bending strength (σ0) and average bending 
strength (σ) of the specimens produced with the three infill orientations. For comparison, 
3 mol% yttria-stabilized tetragonal zirconia parts produced by additive manufacturing 
material extrusion (MEX), vat photopolymerization (VPP) and subtractive methods are shown. 
90% confidence intervals are given in square brackets. 

Technology Infill 

orientation 

m (-) 

[90% CI] 

σ0 (MPa) 

[90% CI] 
σ (MPa) 

 0° 9.9 [6.7–12.6] 537 [514–562] 512 ± 55 

FFF (MEX) ±45° 6.5 [4.5–8.3] 508 [477–543] 473 ± 90 

 90° 4.3 [3.1–5.5] 404 [368–443] 366 ± 99 

3D Gel Printing (MEX) [53] 0° 281 4621 450 ± 20 

Digital Light Processsing 
(VPP) and polishing [54] 

- 9.3 [6.7–12.3] 1066 [1031–1101] 1013 ± 126 

Subtractive method [54] - 12 [8.7–15.8] 1206 [1173–1239] 1158 ± 114 

1Values calculated from the average and standard deviation of the bending strength [55]. 

Despite a large amount of porosity, the fracture surfaces exhibited fractured mirrors and 
thus fracture origins could be identified. All specimens failed due to the pores and defects 
previously described. Figure 10 shows the fracture origin of exemplary specimens with high 
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and low bending strength. Especially for the specimens with 90° infill orientation, the hackle 
region which usually shows ridges and grooves radiating away from the failure origin [29] is 
strongly influenced by the macropores and the layerwise assembly of the specimens. Low 
strength specimens with 90° infill orientation failed due to defects at the road interfaces 
which are located on the tensile faces of the specimens (Figure 10). These typical defects 
are oriented perpendicular to the applied stress and are thus most dangerous. High strength 
specimens with 90° infill orientation did not show interfacial defects on the tensile sides but 
failed because of pores located within the volume, see Figure 10. The strong nonlinear trend 
of the data in the Weibull plot (Figure 9) may also be a hint for the existence of two different 
defect populations. A similar defect characteristic could be observed for the specimens with 
±45° infill orientation. The interfacial defects visible on the tensile sides of the low strength 
specimens are oriented at an angle to the applied stress (Figure 10). They are therefore less 
critical than in the case of the 90° infill specimens. For the specimens with 0° infill 
orientation, interfacial defects which are visible on the tensile sides (see Figure 8 and section 
yz 0° of Figure 6) are loaded in a longitudinal direction. Failure origins for specimens with 0° 
infill orientation were pores at some distance from the tensile surface. For several specimens, 
the size of a critical defect ac as calculated from the fracture stress σf using the failure 
criterion from LEFM [56] KIc = σf Y √ac with a typical fracture toughness of KIc = 4 MPa√m 
for Y-TZP [52] correlates well with the observed defect sizes in Figure 10. A geometry factor, 
Y = 2/√π, was used for volume defects, and Y = 1.12 √π for surface defects, respectively 
[56]. 
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Figure 10. Tensile surfaces and fracture surfaces of specimens with high and low strength 
and Influence of the defects on the first layer produced during shaping by FFF for the 
specimens with high and low strength produced with infill orientations of 0°, ±45° and 90°. 
Periodic defects between the roads produced during FFF are marked by arrows, Locations of 
the fracture origins are marked with a circles and the defects in the tensile surface are 
marked with arrows. 
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4. Discussion 

Despite the simplicity of the FFF equipment, the processing of ceramics by FFF is a complex 
process, on which different factors affect the properties and quality of the final ceramic parts. 
Therefore, all processing steps must be considered to determine the influence of the infill 
orientation on the properties of final zirconia parts. 

The rheological measurements on the binder and the feedstock reveal the notable effect of 
the zirconia powder in the flow behavior. The expected increase of viscosity after 
incorporating powder (Figure 4a) is produced by the restricted mobility of the polymeric 
chains by the solid particles and by the interaction and friction of those particles [57]. The 
oscillation of the pressure during the rheology of the feedstock shown in Figure 4b has also 
been observed for unfilled polymers such as polyethylene, highly filled polymers and PIM 
feedstocks [57–59]. Depending on the nature of the polymeric matrix and filler fraction, 
different trends have been observed for this oscillation [58]. For multicomponent feedstocks 
such as the one employed in this study, the pressure oscillations appear only at high 
concentrations of powder and become more irregular as the powder concentration increases 
[60,61]. The fact that the oscillations start for all the nozzles at a shear stress of 
approximately 0.25 MPa could indicate the existence of critical shear stress after which slip 
of the material in the capillary wall starts [62], leading to the slip-stick effect [59]. Therefore, 
it can be said that high-shear rates can negatively affect the extrusion process of this 
material due to flow instabilities. However, it is not expected that the FFF of ceramics 
reaches those high-shear rates due to the high viscosity of the material, which could lead to 
problems like buckling or shearing of the filament. 

It is also not clear whether the appearance of bubbles of the feedstock coming out of the 
rheometer (Figure 4c) is related to the pressure oscillations, especially since the bubbles 
appeared in the whole range of shear rates evaluated, whereas the oscillations started at 
higher rates. The origin of the bubbles could be related to moisture evaporation at high 
temperatures [26] or the degradation of binder ingredients at high temperatures catalyzed 
by moisture, powder, or the combination of both. The polar surface of the zirconia powder 
and the hydroxyls groups on it [63] could promote the absorption of water [64]. Moreover, 
water in the feedstock could explain the lower degradation temperatures for the feedstock 
than for the binder in the TGA (Figure 5) [65]. However, it is surprising that no bubbles 
appeared in the feedstocks filaments during their production at temperatures up to 245 °C 
(as shown in Figure 3). Since pelletized feedstock filaments were used in the rheology 
measurements and the TGA, the additional heating and shearing cycles on the material could 
contribute to the degradation of the material. At that step of the process, polymers have 
been melt-mixed to obtain the binder, compounded with the powder to get feedstock, 
extruded to make filament, and finally extruded during the characterization or the shaping by 
FFF. 

Moreover, the pores inside the extruded roads could be another manifestation of the 
phenomena described in the previous paragraph. The origin of these pores has been 
attributed to the existence of previous porosity in the filament [21]. In our case, since the 
filaments employed in this study have a homogeneous and dense microstructure with no 
pores (Figure 3), it can be stated that the pores inside the extruded roads appear during the 
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shaping of the parts by FFF and not in the previous steps of compounding and filament 
production. Pores inside perimeter roads can be seen as round cavities, which can also be 
observed in the bulk of specimens, but also as elliptical pores in the perimeters in the xy 
sections (Figure 6). For the inner region of the specimens, it is not possible to differentiate 
the pores inside the roads with the gaps between the roads. 

The gaps between roads are a direct consequence of the building strategy not only of FFF 
[8,14,31] but also of other MEX processes such as piston-based [33,34] or screw-based 
[31,35] systems. These gaps can appear as interroad defects, which are elongated voids in 
between the extruded roads and parallel to them, or as subperimeter voids, which are 
produced by the change of direction of the infill when it reaches the perimeter [8,14]. In this 
study, there is an overlap of 50% between perimeters and infills, which effectively reduces 
or eliminates the subperimeter voids [8]. 

In previous studies dealing with the production of metallic and ceramic components, the 
interroad defects have been detected as long voids running parallel to the roads across the 
whole section of the parts [14,17]. Such defects cannot be observed in any of the sections 
evaluated in Figure 6. However, there are small elongated voids observed in the cuts parallel 
to the road deposition (xz-C for 0° and yz for 90°) and with small size in the cuts of Figure 6 
perpendicular to the road deposition (yz for 0° and xz-C for 90°). Nevertheless, some of 
these voids could be the elliptical pores inside the roads discussed previously. Since the 
specimens produced with the ±45° infill orientation have roads perpendicular to those of the 
previous layer, the shape of the interroad defects is different than the shape of these defects 
for the other orientations, and no direct comparison can be made. 

The inconsistency in the filament diameter in this study (Figure 2) could promote the 
irregularity of the interroad pores in two ways. The direct effect is that a filament section 
with small or large diameter results in an uncontrolled under- or overextrusion of material 
[8,26,27]. The second effect is the flow fluctuations by the filament diameter variability, 
which changes not only the amount of material extruded but also the grip of the rollers on 
the filament and the force applied on the molten feedstock in the nozzle [8,27,66]. Figure S2 
in the supplementary information shows the variation of the mass of the specimens in the 
different build cycles as a result of the filament diameter; however, no direct correlation 
between the mass of the specimens and their bending strength could be observed (Figure 
S2). 

Two sources of overextrusion can be found in this study: the programmed overextrusion 
caused by the perimeter-infill overlap and the uncontrolled overextrusion by the changes in 
the filament diameter. In principle, the overextrusion of material is an effective way to 
reduce the porosity in FFF parts [67,68]. Nevertheless, an excessive overextrusion leads to a 
“flooding” of material between roads and structures such as the one shown in Figure 11a 
[8,68]. Figure 11b shows the origin of the overextrusion defects, which can eventually result 
in the apparition of new types of defects, as shown by Costa et al. [68]. The shape and 
volume of these defects are different depending on the orientation between the roads of 
consecutive layers, as shown in Figure 11c. With the 0° and 90° infill orientations the roads 
of the new layer are parallel to those already deposited, resulting in the defects reported by 
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Costa et al. In the specimens with the ±45° infill orientation, the new roads are 
perpendicular, which leads to new types of defects. 

 

Figure 11. (a) Effect of excessive overextrusion on the top extruded layers; (b) Schematics of 
the origin of the overextrusion defects by the extrusion of a new road of hot material (in red) 
over a previously deposited road of cold material (in grey); (c) Schematics of the material 
deposition on top of a road with overextrusion if the roads of the new layer are parallel or 
perpendicular to it. 

The defects in the lower side of specimens (Figure 8) are directly correlated with the length 
of the roads for each infill orientation. In Figure 1, it can be observed that long roads are 
used in the 0° infill orientation, whereas the roads are shorter for the ±45° infill orientation 
and especially for the 90° infill orientation. Longer roads result in more time for cooling of 
the material, which in the bulk of the specimens could be detrimental since the bonding 
between the roads is reduced [8]. However, the situation is different in the first layer of the 
specimens. If the deposited roads in contact with the build platform are not cold enough, the 
material could be scrapped away in some areas, resulting in the irregular and large defects 
observed in the specimens with the ±45° and 90° infill orientations in Figure 8.  

In three-point bending tests, all specimens failed due to the pores and defects previously 
described, which were generated during the FFF of the parts. The FFF-induced defects 
(Figures 6 and 8) are more prominent and bigger than the intrinsic material defects (Figure 
7), which explains the generally low strength compared to traditional and VPP manufactured 
Y-TZP [41,54,69,70]. In the specimens with the 90° und ±45° infill orientations, different 
defect types are active. The large defects in the tensile surface (Figure 8) cause the fracture 
of the low strength specimens, and the origin of the fracture in the high strength specimens 
are the pores in the core observed in Figure 6. This porosity results in low Weibull moduli 
and high strength scatter for the specimens with ±45° infill orientation and especially those 
with 90°. In the specimens with 0° infill orientation, the thin interroad defects on the tensile 
surface did not cause failure due to the low number of roads used to build the first layer and 
the favorable orientation of their interfaces concerning the applied stress. In these 
specimens, only one defect population was responsible for failure: The volume defects 
(pores) that are equal in size as in other orientations and appear at different locations in the 
cross-section, in some cases at a rather long distance from the tensile faces of the 
specimens (Figure 10). As a consequence, it results in higher characteristic strength and a 
lower scatter of strength for the 0° infill orientation specimens.  
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5. Conclusions 

In this study, the influence of the infill orientation on the properties of zirconia parts 
produced by FFF was evaluated. Bending bars with infill orientations of 0°, ±45° and 90° 
were produced, and the properties of ceramic feedstock and sintered parts were measured. 

The incorporation of the powder into the organic binder results in significant changes in the 
rheological properties and thermal degradation behavior. Pressure oscillations appeared 
during the rheological measurements of the feedstocks at a shear stress of approximately 
0.25 MPa, whereas no oscillations were recorded for the binder. Moreover, gases formed 
during the extrusion process result in pores inside the roads during the shaping by FFF. 

FFF shaping causes three defect types: interroad defects, defects due to material under- and 
overextrusion, and defects caused by the shearing-off by the nozzle of the already deposited 
material in the first layer. All of these defects are promoted by the variability of the filament 
diameter, and their shape and orientation are affected by the infill orientation, resulting in 
different bending strength of the evaluated specimens. The shape of the defects due to 
excessive overextrusion is different if the roads of the next layer are parallel or perpendicular 
to the roads of the previous layer. Finally, the shearing-off of the deposited material in the 
first layer results in defects for the ±45° and 90° orientations. 

The strength of the parts was evaluated in the as-sintered state. The bending behavior of 
the parts is primarily influenced by the quality of the first layer. Interfaces that are oriented 
normal to the applied stress (as in 90° and to some extent in ±45° infill orientation), bad 
leveling of the bed, variations of the filament diameter and the shearing-off the deposited 
material result in high variability of the strength values and low Weibull modulus. The 
bending strength of parts printed with 0° orientation shows a smaller dependence on these 
defects than the strength of those parts with 90°. On the other hand, pores inside the 
specimens are causing failure if the tensile side is free of defects.  

Therefore, the loads applied to FFF ceramic parts during their service have to be considered 
during their production. When possible, the infill roads must be oriented in parallel to the 
tensile loads. In order to produce dense and strong components by FFF, the defects inside 
and between the roads must be avoided. The use of filaments with tight dimensional 
tolerances and the use of controlled overextrusion are known to reduce the interroad defects. 
In future investigations, the influence of the powder content and the moisture on the 
degradation of the binder components must be studied to minimize intraroad porosity. 
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Supplementary Information 

Due to the length of the G-Codes employed in publication F, the following files have not 
been included in this thesis: File S1: G-Code for the specimens with the 0° infill orientation, 
File S2: G-Code for the specimens with the ±45° infill orientation, File S3: G-Code for the 
specimens with the 90° infill orientation. However, all these files are available online in the 
webpage of the journal. 

 

 

Figure S1: Cross-section of green and solvent debound specimens 
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Figure S2: Bending strength and mass of the specimens produced in the different build 
cycles (A, B, C, D and E) with all the infill orientations 
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6 Conclusions and research outlook 

6.1 Conclusions 

The AM of ceramics enables the production of short series of components and opens new 
possibilities for the production of light weight products and highly complex geometries. In 
this manner, the AM technologies are complementary techniques to the conventional 
processes for ceramics. Depending on the characteristics of the process such as building 
speed, dimensional accuracy, attainable geometries and cost, each AM technology will find 
its applications in the years to come. The FFF of ceramics is one of the AM technologies with 
the higher potential due to the low cost and simplicity of the processing equipment, the large 
knowledge existing for the FFF of polymeric components and the possibility to process a 
wide variety of materials. Nevertheless, many challenges have to be addressed before FFF is 
an industrial feasible process for the thermoplastic based manufacturing of ceramic 
components. In order to overcome the current limitations of the FFF of ceramics, a deeper 
knowledge on the employed materials and the phenomena occuring in the process is 
required.  

The main objective of this PhD thesis was to develop a better understanding of one of the 
most influencing factors of the FFF process, the ceramic feedstock. More specifically, of the 
feedstocks for FFF and solvent debinding, which are the main type of materials used 
commercially, but for which little information exists in the literature. 

A novel feedstock formulation was developed in a systematic manner by evaluating the 
influence of each type of component separately. The feedstock is composed of acrylic acid-
grafted high density polyethylene (AA-HDPE), stearic acid (SA), paraffin wax (PW) and 
styrene-ethylene/butylene-styrene copolymer (SEBS). In the first step, the influence of the 
solvent debinding components was investigated. It was found that two types of soluble 
components are required to meet all the requirements for FFF and solvent debinding. One 
soluble component with high flexibility and strength, such as SEBS, is required to produce 
filaments. A second soluble component must reduce the viscosity and the swelling during 
solvent debinding, such as the PW used in this thesis. The soluble binder components must 
be homogeneously dispersed in the feedstock in order to avoid stress concentration and 
crack propagation during solvent debinding. For instance, if an extender oil is used instead of 
the PW, the feedstock is more heterogeneous, resulting in heterogeneous swelling and 
defects.  

The statistical evaluation of the effect of the binder components fractions on the properties 
for FFF and solvent debinding enabled to obtain a better insight in the function of each 
component. Increasing the backbone (AA-HDPE) content increased the strength and stiffness, 
but reduced the debinding rate and increased the viscosity. However, the largest increase of 
viscosity was obtained with the increase of the SEBS fraction. The increase of the SEBS 
fraction increased the swelling during debinding and thus the defects, but improved the 
flexibility if combined in the right proportion with PW. Therefore, a PW to SEBS ratio of 
1 ≥ PW/SEBS ≥ 0.6 is necessary for a good combination of properties.  
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To determine the influence of the SA on the feedstock properties and processability, a 
separate study was conducted comparing a feedstock with this surfactant versus another 
feedstock without it. Incorporating SA reduced the viscosity, improved the homogeneity, 
increased the solvent debinding and reduced the defects in the parts. Furthermore, the 
reduction of the defects during solvent debinding with the incorporation of SA could be 
observed for the two feedstock compositions evaluated in this thesis. Nevertheless, the SA 
incorporation decreased significantly the strength, stiffness and flexibility of the filaments. 

The last component studied was the AA-HDPE used as backbone. Molecular dynamic 
simulations and experimental characterization of composites of zirconia with HDPE with and 
without the AA grafting were conducted. It was observed that the high polarity, the 
improved interaction with the oxygen atoms of the oxide and the hydrogen bonding with the 
hydroxyl groups in the powder surface resulted in a higher powder-binder adhesion for the 
AA-HDPE than for the HDPE. Higher powder-adhesion increased the dispersion of the 
powder in the AA-HDPE, and both resulted in an higher filament flexibility and strength for 
the AA-HDPE composites. A polymer-filler network was formed for the AA-HDPE which 
resulted in a higher viscosity and shear modulus than for the HDPE. 

The results of the feedstock development investigations validated the first and second 
hyphotheses: 

1. By the right combination of binder components, a high strength, stiffness and flexibility, 

as well as low viscosity could be obtained as required for FFF. 

2. Solvent debinding requires two types of components. First, a major fraction of the 

binder must be leached with a solvent. The rest, known as backbone, must maintain the 

shape of the parts during the process and be removed in the subsequent thermal 

debinding step. The combination of the right soluble binders and backbones should 

enable the use of solvent debinding in FFF.  

Nevertheless, the third hyphothesis was only partly validated, since a higher viscosity was 

measured for the AA-HDPE than for the HDPE: 

3. The use of a polymer grafted with polar groups as backbone should result in an 

improvement of the adhesion to the polar surface of the zirconia powder. A high 

powder-binder adhesion should result in a more homogeneous feedstock, with lower 

viscosity and with higher mechanical properties. 

The multicomponent binder system composed of AA-HDPE, SA, SEBS and PW developed in 
this thesis shows a great potential for the processing of zirconia by FFF and solvent 
debinding. Current investigations are addressing the final adjustment of the content of the 
binder components in the feedstock to improve the flexibility of the feedstock filaments while 
having a low viscosity and no debinding defects. Based on the results obtained in this thesis, 
a small number of formulations have been selected to be produced in larger amounts using 
compounding equipment with high shear rate and to be evaluated through all the steps of 
the FFF process.  
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In addition to the investigations of the feedstock compositions for the processing by FFF and 
solvent debinding, the effect of the processing parameters on the processability of this type 
of feedstocks was investigated. More specifically, the effect of the solvent debinding and FFF 
shaping parameters on the processing of a zirconia feedstock with a binder composed of a 
grafted polyolefin as the backbone and a thermoplastic elastomer as the soluble component 
[122] was investigated. 

The effect of the solvent debinding parameters on the defects and debinding rate of 
compression moulded cylinders was studied first with immersion trials in cyclohexane. The 
increase of the solvent temperature improved the debinding rate by the improvement of the 
polymer dissolution and the diffusion of the dissolved polymers out of the specimens. 
However, it did not influence the formation of cracks. No changes in the debinding rate and 
defect apparition could be observed when isopropanol was incorporated as a swelling 
inhibitor. In fact, the feedstock composition was the most influencing factor in the solvent 
debinding performance, since the use of SA in the feedstock improved the debinding rate 
and reduced the solvent debinding defects. Therefore, it can be stated that the results of this 
investigation cannot validate the hyphothesis: 

4. The parameters employed in the solvent debinding of FFF feedstocks should determine 

the debinding rate and the apparition of defects. 

Surprisingly, the large defects in the compression moulded cylinders used in the publication 
E could not be observed for the parts shaped by FFF in publication F with the same 
feedstock. Therefore, residual stresses in the compression moulded cylinders could promote 
the apparition of defects. Thus, despite compression moulded cylinders can be employed in 
the development of new feedstocks for the comparison of the debinding performance of 
different formulations, the magnification of the debinding defects must always be considered. 

In the last part of this PhD thesis, the influence of the FFF shaping parameters on the 
defects and bending properties of zirconia bars was evaluated. More specifically, the 
parameter studied was the orientation of the extruded roads of the infill with respect to the 
longest dimension of the bending specimens. Specimens with infill orientations of 0°, ±45° 
and 90° were produced and characterized. This study was complemented with the 
characterization of the feedstock filament employed in the FFF shaping. The formation of 
gases during the feedstock extrusion resulted in voids inside the extruded strands. Gaps 
between the extruded roads, the over- and underextrusion of material and the scrapping-off 
by the nozzle of the material in the first layer resulted in defects during the shaping by FFF. 
The variability of the filament diameter promoted the apparition of the FFF-defects. 
Moreover, the shape and orientation of these defects was influenced by the infill orientation, 
which resulted in higher mechanical properties for the specimens produced with the 0° 
orientation than for the 90° orientation. On this manner, the fifth hyphothesis of the thesis 
has been validated: 

5. The defects caused during the shaping step in the FFF of ceramics and their effect on 

the properties of the final parts could be reduced by the proper adjustment of the 

parameters during shaping. 
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The results obtained in this PhD thesis provide a deeper understanding of the polymeric 
binder components required for the combination of FFF and solvent debinding. Furthermore, 
the influence of the processing parameters on the processability of this type of compounds 
and on the properties of the final ceramic parts is determined. The results of the conducted 
investigations can facilitate the development and optimization of binder formulations for the 
processing of ceramics and metals not only by FFF, but also by other conventional and 
additive manufacturing technologies requiring of similar feedstocks. Moreover, the developed 
binder was made publically available for further studies. Finally, a better understanding of 
the phenomena occurring during the shaping by FFF and the solvent debinding of ceramic 
feedstocks has been gained.  

6.2 Research outlook 

Despite most of the initial questions have been answered, the obtained results arise many 
new questions that must be addressed in future investigations. For instance, the effect of the 
compounding shear forces on the dispersion of the zirconia particles could be different 
depending on the binder formulations. The roller rotors mixers are commonly used in the 
feedstock development since they require only small amounts of feedstock, which enables 
the production of many different formulations without a large waste of material. However, 
high shear equipment such as co-rotating twin screw extruders or shear rollers enable a 
better dispersion of the ceramic particles [195] and are the preferred option for the large 
scale production of feedstocks. Therefore, future studies must address the effect of the 
compounding shear on the properties of feedstocks with different characteristics, especially 
with different viscosity. 

The use of polyolefins grafted with polar components as backbone shows a great potential 
not only for FFF [68, 87, 122], but also for Powder Injection Moulding (PIM) [223], in which 
similar multicomponent feedstocks are used. The results in publication D provide a first 
insight into the interfacial interactions between the zirconia powder and the grafted 
polyolefin. However, feedstocks are complex multicomponent systems in which the other 
binder components can interact with the backbone and the powder. Therefore, future 
studies must determine the nature of the interactions occurring in feedstocks with grafted 
components and the effect on the properties and processability of these feedstocks. 
Moreover, the effect of the backbone grafting on the thermal debinding behaviour must be 
investigated, especially for metallic powders. If the grafted backbone with high adhesion to 
the powder is not completely removed, the residual carbon could deteriorate the properties 
of components made by metals such as stainless steels. 

In publication C, the effect of the surface area to volume ratio and the processing method of 
compression moulding and FFF specimens could be observed. Parts with a higher surface 
area to volume ratio have a faster debinding due to the shorter diffusion length [43, 160]. 
Moreover, at the beginning of the solvent debinding of thick components, the solvent enters 
in contact with the outer part of the components and produces the swelling. Since there is 
no swelling in the inner part of the components, internal stresses could appear in the 
components. These internal debinding stresses could result in delamination between the 
layers [49], especially when there is a poor inter-layer bonding [3]. Therefore, future studies 
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should investigate the maximum thickness that can be produced for the defect-free 
production by FFF and solvent debinding. Furthermore, the effect of the inter-layer bonding 
in the apparition of solvent debinding defects should be a matter of future investigations. 

The causes of the gases during the FFF shaping in publication F must be determined in order 
to reduce the porosity inside the extruded roads. As was discussed in publication F, some 
possible causes are trapped moisture inside the feedstock, the catalytic degradation of the 
binder by the water or the powder, the combination of both or the many processing cycles 
on the feedstock. Current investigations are addressing this question by the comparison of 
the rheological and thermal properties and the processing by FFF of feedstocks dried at 
different time spans. Furthermore, feedstocks with different powder concentrations are being 
used in these investigations in order to determine the role of the powder content in the 
formation of gases during the extrusion of the feedstock. The increase of powder content 
could promote the densification during sintering and reduce the intrinsic sintering porosity 
observed in publication F. However, increasing the powder content could result in a 
significant increase of viscosity and reduction of the mechanical properties, promoting the 
apparition of the FFF shaping defects observed in publication F. 
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 3DP  Three-dimensional printing 

 3PB  Three-point bending tests 

 AA  Acrylic acid 

 AA-HDPE  Acrylic-acid grafted high density polyethylene 

 AAPE  Acrylic acid polyethylene 

 AM  Additive manufacturing 

 APO  Amorphous polyolefin 

 ATR  Attenuated reflection spectroscopy 

 BET  Brunauer-Emmett-Teller 

 BJT  Binder jetting 

 CAB  Cellulose acetate butyrate 

 CAD  Computer assisted design 

 CIM  Ceramic injection moulding 

 CM  Compression moulded 

 CNC  Computer numerical control 

 DMD  Digital micromirror device 

 DOE  Design of experiments 

 DPD  Dissipative particle dynamics 

 DSC  Differential scanning calorimetry 

 EO  Extender oil 

 EVA  Ethylene vinyl acetate 

 FDC  Fused deposition of ceramics 

 FDM  Fused deposition modeling 

 FDMet  Fused deposition of metals 

 FEF  Freeze-form extrusion fabrication 

 FFF  Fused filament fabrication 

 gP  Grafted polyolefin 

 HDPE  High density polyethylene 

 ISOBAM  Isobutylene and Maleic Anhydride  

 LCST  Lower critical solution temperature 
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 LDPE  Linear density polyethylene 

 LENS  Laser engineered net shaping 

 LSB  Loss of soluble binder 

 MC  Monte Carlo 

 MD  Molecular dynamics 

 MEAM  Material extrusion additive manufacturing 

 MEX  Material extrusion 

 MFR  Melt flow rate 

 MJT  Material jetting 

 MVR  Melt volume rate 

 OWRK  Owens, Wendt, Rabel and Kaelble  

 PAA  Polyacrylic acid 

 PE  Polyethylene 

 PEG  Polyethylene gycol 

 PIM  Powder injection molding 

 PM  Powder metallurgy 

 PMMA  Poly(methyl methacrylate) 

 POM  Polyoxymethylene 

 PP  Polypropylene 

 PTFE  Polytetrafluoroethylene 

 PVA  Polyvinyl alcohol 

 PVB  Polyvinyl butyral 

 PVOH  Polyvinyl alcohol  

 PVP  Polyvinylpyrrolidone  

 PW  Paraffin wax 

 SA  Stearic acid 

 SDS  Shaping debinding and sintering 

 SEBS  Styrene-ethylene/butylene-styrene 

 SEM  Scanning electron microscopy 

 SLA  Stereolithography 

 SLM  Selective laser melting 

 SLS  Selective laser sintering 
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 SM  Secant modulus 

 STL  Standard tesselation language 

 TGA  Thermogravimetric analysis 

 TPE  Thermoplastic elastomer 

 UTS  Ultimate tensile stress 

 UV  Ultraviolet 

 VPP  Vat photopolymerization 
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