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Thermoplastic 3D printing of zirconia parts with varying infill
strategies

Wednesday, 9th November - 12:25: A - MATERIAL JETTING - Oral

Ms. Ipeknaz Ozden ', Mr. Steven Weingarten 2, Dr. Aljaz Ivekovic¢ !, Mr. Uwe Scheithauer ?, Dr. Andraz
Kocjan!
1. Department for Nanostructured Materials, JoZef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia, 2. Fraunhofer

Institute for Ceramic Technologies and Systems IKTS, 01277 Dresden, Germany

Thermoplastic 3D printing (T3DP) is an additive manufacturing (AM) method which relies on the deposition of
a thermoplastic feedstock in the form of droplets to form 3 dimensional objects. Deposited droplets are fused
together with a certain fusion factor to create lines which are then fused further to create layers. Such a building
concept allows changing the infill strategy which is known to have an effect on the final mechanical properties
of the parts.

In this work, we aim to show the effect of varying infill strategies on the flaw types and final mechanical prop-
erties of the parts prepared by T3DP. A zirconia wax-based feedstock with 40 vol% solid loading was used to
fabricate rectangular bending bars with 3 different infill strategies: 0°, 90° and a combination of two. Parts
were wick debinded and sintered to reach high theoretical densities above 99%. Mechanical characterization
was done by 4-point bending test, Weibull analysis and SEM imaging. 0° was found to be the best infill strategy
of all, with a characteristic strength of 700 MPa and a Weibull modulus of 7.0 while the combination of two
strategies resulted in a decrease in the characteristic strength and the Weibull modulus to 624 MPa and 6.0,
respectively. Furthermore, microstructural analysis with SEM, phase characterization with XRD and exami-
nation of volumetric population of flaws present in sintered parts by X-ray CT analysis was done. The results
showed that varying the infill strategy led to variations in the level of fusion of subsequent droplets and lines,
that consequently resulted in different mechanical properties. Moreover, the results obtained with T3DP were
comparable to those obtained by other AM methods which is encouraging for pursuing further research with
this method such as multi-material fabrication.
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In the last decade the usage of additive manufacturing became more and more relevant. Beginning its
evolution with the easier processable material of polymers, the possibility of more elaborate 3-dimensional
components which promised lower material usage attracted the metal and ceramic disciplines as well.

One of the main manufacturing methods for ceramic additive manufacturing, the powder bed binder jetting,
faces the challenge of the compaction and homogeneity of finer powders. In the process of the LSD-print
the powder is dispersed into a slurry, which is deposited layer by layer by means of a doctor blade. This
results in a higher packed powder bed and higher mechanical properties of the green body. Thereby a wider
range of ceramic materials is enabled, even with before unprintable materials and particle sizes in standard
powder-based binder jetting.

In this work the LSD-process will be introduced and the application ranging from silicate ceramics to high per-
formance ceramics will be shown, with focus on silicon carbide ceramics.

Additionally recent developments and planned progression of the LSD technology in the next future will be
talked about.
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Binder Jetting of piezoceramic materials offers the possibility of producing application-oriented geometries
while maintaining a high process throughput. This solution is attractive for lead-free ceramics, such as sodium
potassium niobate (KNN), whose scarce performance with respect to PZT may be compensated for by specific
design.

In this work, irregular and spray-dried granulated feedstocks were employed to produce simple and complex
specimens. First, KNN stability in aqueous suspension with a polyanionic dispersant was quantified by ICP-OES
and spray-drying conditions were investigated to produce spherical particles with a reduced average diameter.
Secondly, printing parameters, in particular binder saturation, were optimised to achieve a homogeneous pow-
der bed and to maximise the green bodies density. Then, heat treatments (debinding and sintering) were studied
to promote diffusion mechanisms and obtain higher densification rate. Double sintering revealed to be neces-
sary to achieve a sufficient mechanical strength, nevertheless all samples were affected by a large residual
porosity (up to ~40%). SEM observations highlighted a preferential orientation for pores development along
the interlayer directions, as already observed for ceramic shaped by binder jetting.

Finally, piezoelectric properties were measured both along the parallel and transverse direction with respect to
the printing orientation to identify potential anisotropy induced by porosity. ds3 values of 80-90 pC N in both
cases revealed a minimal influence of the building direction and optimal performances with respect to those
of correspondent die-pressed components. The Figure of Merit for their employment in direct mode showed
an improvement close to 100%, thus confirming the great potential of this manufacturing route for specific
applications, such as in the field of sensors.
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Powder bed 3D printing, also known as binder jetting, is one of the most efficient additive manufacturing tech-
nologies to create large and complex shaped ceramic parts. It enables the production of prototypes as well as
final products, which may not be realized by established shaping techniques. One main drawback of the tech-
nology is the immanent porosity of printed green bodies, due to dry powder deposition methods. This usually
prevents the creation of parts with material properties which are technically sufficient.

In contrast to the vast majority of technical ceramics, powder bed porosity is not an obstacle for the production
of components made of reaction bonded silicon carbide (RBSiC). In fact, a porous network is a prerequisite
for the liquid silicon infiltration (LSI) process which follows the creation of green bodies. Thus, it is feasible
to manufacture complex and crack free parts with material properties that are comparable to conventionally
processed RBSiC.

The presentation will give some insights into material and process development, which was key to enable the
production of three dimensional printed RBSiC with excellent properties. Today we can exploit process-related
advantages of additive manufacturing providing a new dimension of constructive design potentials and address
demanding market segments of space, mechanical engineering, and thermal process technology.
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The present work addresses powder-bed binder jetting by selective cement activation (SCA) to produce magne-
sium oxychloride-based components. Its focusis on the effect of powder-bed and fluid properties on the porosity
of printed parts. Depending on the properties of the activator solution and of the powder bed and the kinetic
energy of jetted fluid, droplets’ impact leads to different consolidation mechanisms. In addition to the powder
bed feedstock and fluid, cement additives (e.g., methylcellulose) modify powder-bed properties; printing strate-
gies (e.g., voxel size and binder saturation level) change the kinetic energy of droplets, as well. In this study,
a three-level general factorial design was employed to evaluate the effect of “water-cement ratio (w/c)”, “fluid
pressure” and “methylcellulose content” on the residual voids volume, using mercury intrusion porosimetry
and UCT. The volume of residual voids quantifies the porosity and homogeneity of printed cubes. Analysis of
variance (ANOVA) indicated that the studied factors are significant. Higher w/c ratios lead to smaller porosity
which instead increases significantly with the addition of methylcellulose (MC). The optimum values of fluid
pressure to have minimum voids are in the mid-levels. Methylcellulose content has an interaction with two
other factors. It retains the solution in the dispensed locations for cement reaction, but if the liquid is sprayed
atlow pressures, the fluid migrates into the powder bed only after dissolving MC. Increasing fluid pressure leads
to rearranging aggregates and leaves residual voids in the structure, while low pressures do not have enough
kinetic energy to penetrate the deposited layer; both cases include a high volume of porosities. Quadratic in-
terpolation modeled the volume of residual voids as a function of studied factors to analyze the powder-binder
interaction at the micro level.
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AM with inorganics materials is an innovative, challenging research field enabling the production of parts with
complex structures, and specific functional or structural properties.

In the current research, a large-scale binder jetting printer was employed to fabricate inorganic binder-based
components. To achieve the target properties, the dry powder mix was comprised of specific aggregates, reac-
tive binders and byproducts. The printing mix was activated by the selective deposition of water and solutions
(e.g., alkaline solution). The reaction parameters were controlled in order to achieve an adequate setting time
enabling rapid printing with suitable resolution, and the building up of a structure at the macro-scale (meter-
size).

The production process and the printing parameters were simultaneously adapted to the specific conditions.
The main chemical, physical, and mechanical characteristics of the printed parts were investigated.

Different fields of application (e.g., construction, fire resistance, marine protection, urban environment, art
and architecture, etc) were studied and the specific advantages and the correlated functional properties were
highlighted.
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The present work is focused on dry-electropolished WC-Co. A systematic nanomechanical study of a 3D-printed
WC-Co grade is investigated. In doing so, nanoindentation technique is implemented, while the main deforma-
tion or damage mechanisms induced at the submicrometric length scale are investigated at different tempera-
tures, from room up to 600 °C. In general, three different approaches are followed to accomplish this research:
(1) assessment of intrinsic hardness values as a function of crystallographic orientation from a room tempera-
ture up to 600 °C and (2) the determination of effective hardness and flow stress through the Tabor’s equation
of the metal cobalt binder. Finally, the elastic strain to break has been also determined for the main crystallo-
graphic orientations for the WC particles as a function of the temperature. The preliminary results highlight
that the strength reduction with increasing temperature is attributed to metallic binder softening. On the other
hand, the WC particles present an isotropic behavior when the testing temperature is over 500 °C because, in-
side these particles, the dislocations and the stacking faults are the main deformation mechanisms induced at
intermediate/high testing temperature.
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Additive manufacturing of ceramics is of huge scientific interest. It brings ceramic properties into applications,
where conventional ceramic manufacturing hits its borders. One of those is the creation of high resolution and
lightweight ceramic objects. Filigree structures can be manufactured via two-photon-polymerization (2PP), a
vat-polymerization technique operation with a non-linear light source and for that crucially requires transpar-
ent resins, which is a diametrical demand brought upon usually fully opaque ceramic resins and slurries.

In this study we present a transparent and photocurable resin with yttria stabilized zirconia particles, which are
of such a small size, that scattering doesn’t play a role any more at 800nm laser wavelength. The particles are
well dispersed and can be stacked to weight fractions up to 80wt%. Sintered ceramic structures with a positive
resolution of down to 500nm obtain filigree and overhanging features. The mechanical properties of those
structures are dependent on the chosen geometry, infill pattern and sintering temperature varying from 800 to
1450°C. The resulting compressive strengths are close to monolithic yttria stabilized zirconia of a few thousand
MPa, but at lower densities of 1-4g/cm®. A ceramic meta material is born, where the mechanical properties of
yttria stabilized zirconia are altered by changing geometrical parameters and creates a new ceramic material
class.
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Rheology provides important information on the formulation and how the different ceramics photosensitive
suspensions work for stereolithography (SL). For all the SL technologies a viscosity range is required for opti-
mum production. Higher viscosity can lead to a lack of resin movement, causing an extremely long printing
time or even making it impossible to print. On the contrary, a very low viscosity can lead to stability problems,
which will lead to a sedimentation process that can cause inhomogeneities in the final pieces. Typically, SL
resins have high viscosities related to large amounts of ceramic particles. These high amounts of ceramic are
necessary to increase the densification of the final piece once the polymeric phase is burned to be able to obtain
a ceramic piece as dense as possible. This high content of ceramic causes, in addition to changes in viscosity,
changes in the photosensitive behaviour of the mixture, largely influenced by light scattering.

In this work, UV-rheology is employed to understand the photocuring behaviour of alumina suspensions in
function of ceramic loading. UV-rheology enhances the possibility of determining the mechanical conversion
in function of the time and intensity applied, being the perfect complement to DSC-UV. Different contents up to
80 wt% have been studied. The effect of the particle size and specific surface, of the alumina employed in the
suspension, and its photosensitive and rheological behaviour are also studied.

Furthermore, the final formulation of these suspensions does not include only the resin and the ceramic, but
also other additives. Those with a higher percentage are usually additives to improve the debinding of the
piece. One of these additives used with good results is PEG. As they occupy an important percentage of the final
formulation, their effect on the rheological behaviour and reactivity has also been determined.
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Ceramic laser stereolithography (SLA) is an additive manufacturing technique with a high design freedom and
resolution, required for producing complex and dense ceramic parts, notably useful for implants development.
In this context, we aim to understand how formulation ingredients and mixing procedure could change paste
characteristics influencing three SLA printing aspects of prime importance: I) the paste rheology, II) the pho-
topolymerization and III) the debinding. To do so, we produced several SLA pastes containing 45 vol.% in ce-
ramic particles functionalized with different dispersants, functionalization techniques and acrylate oligomers.
We ran in-depth rheological and rheo-SAXS investigations with a rotational rheometer to provide quantitative
parameters describing the paste “printability”, to compare our pastes and to understand particle restructuration
under shear stresses.

Besides, solidification and polymerization of printed samples made from homemade pastes were investigated
by FT-IR and low-field NMR relaxometry before to be compared to Jacob’s equation fit of single layer samples
measurements. For a commercial paste, we observed that the evolution of polymerization depth, monomer
conversion rate and solidification, regarding laser energy were similar regarding laser energy. Combining FT-
IR and NMR probes further made possible to estimate absolute (average) values of the monomer conversion
while varying the processing route and the paste formulation.

To this end, we were able to spot the differences brought by paste ingredients and process on monomer conver-
sion and solidification and not only by sample shape and surface observation

Finally, thermal (TGA and DSC) as well as dynamic mechanical analyses (DMA) were performed on printed sam-
ples while heating, serving to clarify the phenomena occurring during the debinding step, allowing to reduce
risks of fracture during the processing.
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Introduction

Today a strong need for high-performance ceramic materials combined with new shaping techniques appears
on the market. 3D printing technology of ceramic objects is in strong development as it opens new perspectives.
While ceramic materials are brittle and subject to catastrophic failure that is difficult to predict, ceria-stabilized
zirconia-based composites can provide new ceramic materials with a plastic deformation domain before rup-
ture, excellent resistance to processing flaws and a Weibull modulus approaching that of a steel.

In this study, we explored the influence of SLA stereolithography shaping on this new ceria-stabilized zirconia-
based material with unique mechanical behavior.

Experimental

Firstly, a slurry compatible with the CERAMAKER process was developed. Then, the specific object of the study
was to evolve the influence of the shaping parameters (layer thickness, lasing power, etc.) on the green part
quality. Finally, the effect of the sintering temperature on the microstructure and mechanical properties of
optimized SLA-printed material was also studied.

Conclusion

Through this study, 3DCERAM has been able to prove that this new material could be shaped by 3D SLA. Different
sintering parameters have been studied to optimize densification and material properties. SEM observations
show original layer structures and microstructure development attributable to the shaping process.
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Yttria-stabilized zirconia (YSZ) is a high-performing ceramic material for technical, as well as medical applica-
tions due to its extraordinary mechanical properties, chemical inertness and biocompatibility.

Compared to conventional ceramic shaping methods, Additive Manufacturing (AM) enables the production of
zirconia parts for a wider range of complex designs. One of these AM methods is Lithography-based ceramic
manufacturing (LCM), which is a vat photopolymerization-based technique to process slurries, consisting of ce-
ramic powder dispersed in photosensitive resin, to green parts by selective exposure to light.

This contribution will focus on the development of YSZ systems for outstanding performance concerning me-
chanical properties as well as optical qualities.

With the LCM technology it is possible to manufacture parts from 3mol% yttria-stabilized zirconia with a 4-
point-bending strength of >1000 MPa, which is already comparable to values achieved by conventional shaping
methods. Further improvement is aimed at by evaluating the production parameters of the slurry as well as
adjusting the thermal post processing routine.

Furthermore, the usage of different zirconia grades, e.g., powder containing a different yttria content, is con-
sidered to enhance the mechanical strength of the parts or change the translucency.

Another topic is the addition of pigments to zirconia to obtain coloured ceramic parts, mainly for aesthetical
applications — such as dental or luxury - while maintaining adequate mechanical properties. The colouration
was achieved either by direct addition of pigments or utilizing precursors which only develop the final colour
during the sintering to not impede the initial printing process. The effects of these additives on the microstruc-
ture and the ensuing impact on the mechanical strength are also shown and discussed within this work.
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Nowadays, numerous technologies for additive manufacturing (AM) ceramics are being developed, opening
the path to fabricate ceramic components of high geometric accuracy and complexity. Stereolithographic 3D-
printing technique is commonly used to print ceramics from slurries containing a relatively high amount of
polymeric binder. As a result, debinding and further sintering of the printed parts are time and energy de-
manding processing steps, which may limit the mass production of certain ceramic products. In this regard,
rapid sintering technologies, such as FAST or SPS have been recognized as a game-changer that can densify
ceramics with fine-grained microstructures within a few minutes, raising the question on how the mechanical
properties may be affected. Whereas the mentioned rapid sintering technologies are limited to simple geome-
tries, in this work, a pressure-less rapid sintering process was used to obtain the ability of rapid sintering ce-
ramic parts of complex shapes. In a hollow cylindrical graphite die, alumina ceramics were sintered through
radiation heat transfer within less than 20 minutes. It was investigated, how temperature and dwelling time
effects microstructural, physical and mechanical properties. Dense, pure alumina with a grain size below ~0.5
um could be manufactured, resulting in a biaxal strength (o 0 =860MPa) 30% higher than that of conventionally
sintered alumina parts. This increase may be associated with the fine-grained microstructure and low internal

micro-residual stresses, opening the path to sinter complex 3D-printed alumina parts in very short times.
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Piezoelectric ceramics are of significant interest in a wide range of applications, from ultrasonic transducers to
energy harvesters. Thanks to the augmented design flexibility and microstructure controllability, Additive Man-
ufacturing (AM) is altering the way piezoelectric ceramics are processed. Here, we focus on lithography-based
AM of potassium sodium niobate [(K, Na) NbO3;, KNN] that is a potential alternative to lead-based piezoceram-
ics. Lithography-based AM of ceramics involves 1) designing of photopolymerizable ceramic suspensions, 2)
selectively and layer-wise curing of suspension to fabricate green bodies through pattering the light in Digital
Light Processing (DLP) technique, 3) heat treatment of green bodies to produce dense ceramics. So, the quality
and performance of piezoelectric ceramics are correlated with several factors including suspension charac-
teristics, e.g., solid loading, as well as heat treatment conditions, e.g., debinding thermal profile and sintering
temperature and time. Herein, we strive to develop a highly loaded suspension of KNN nanoparticles with suit-
able rheological and optical properties for DLP-based AM technology. In addition, the rheology and stability
of the suspensions with different solid loading and dispersant concentration are examined through viscosity
and sedimentation testing. Also, the microstructure, density, as well as the piezoelectric performance of KNN
piezoceramics made of suspensions with different solid loadings are investigated.
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Fused Filament Fabrication (FFF) is considered as an Additive Manufacturing (AM) process that can process not
only pure thermoplastics but also particle-filled polymers into three-dimensional components via the powder
metallurgy route currently. In particular, low acquisition costs of the equipment technology represent the op-
portunity for many companies to enter the field of AM of metal or even ceramic components. An increasing
variety of filaments favors the accessibility to a wide range of different markets. The possibility to process all
sinterable materials and even to combine them with each other is a special feature for additive processes. How-
ever, it is well known that the surface roughness caused by the layer buildup is often considered too high, which
means that this technology is often used for prototyping only. By green machining the components, the surface
quality can be significantly improved before sintering and fine structure sizes can be achieved. This tool offers
great potential for improvement in the future. The presentation will give an overview of recent work in the
field of FFF at Fraunhofer IKTS. Current materials as well as components will be presented and approaches to
improve the surface roughness as well as to reduce distortion during heat treatment will be presented. Fur-
thermore, examples will be shown how AM processes can be hybridized or individual parts can be joined to
assemblies without using solders.
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Doped zirconia is one of the most exploited high-performance ceramic materials owing to its intriguing me-
chanical, electrical and thermal properties. In the past decade, ultrafast sintering techniques have gained pop-
ularity as a way to reduce the processing time and energy consumption of the ceramic industry. However, most
of the research study has focused on the field-assisted sintering of uniaxially or isostatically pressed powder
compacts with simple shapes. Additive manufacturing (AM) allows fabricating complex geometries with fewer
constraints compared to the conventional fabrication techniques such as HIP, extrusion, injection molding etc.
Coupling AM with field-assisted sintering would be ideal to reduce production time from days to hours.

In this work, 3D printed cylindrical structures of 3 mol% yttria-stabilized zirconia (3YSZ) with gyroidal infill pat-
tern were fabricated using the fused filament fabrication process (FFF). The used filaments were commercially
produced from Nanoe. This research study examines the use of ultra-fast high-temperature sintering (UHS) to
densify the complex 3D structure. A systematic study was done on the sintering behavior of the as-printed,
chemically debinded and pre-sintered sample. Furthermore, current-controlled experiments were performed
to study the densification behavior, extent of phase transformation and grain size. With optimized parame-
ters, the 3D printed, chemically debinded samples could be fully densified in 60 to 120 seconds. There were
no visible cracks on the surface of the samples. The hardness of the UHS-ed samples was comparable to that
of conventionally sintered components. The work provides a first proof of concept on utilizing the ultrafast
heating rates to sinter such complex geometries. Producing high-quality parts with complex geometries and
adequate properties within hours using UHS approach would be quite appealing, also from an industrialization
and prototyping perspective.

20



Young Ceramists Additive Manufacturing Forum

Preparation of Cu-based Colloidal Feedstocks for Material
Extrusion with Filaments

Thursday, 10th November - 09:45: C - MATERIAL EXTRUSION WITH CERAMIC FILAMENTS - Oral

Ms. Elena Usala !, Dr. Eduardo Espinosa !, Dr. Begoiia Ferrari?, Dr. Zoilo Gonzalez !
1. University of Cordoba, 2. Instituto de Cerdmica y Vidrio, CSIC

The Additive manufacturing (AM) plays an important role in modern ceramic industry, and this role expands
with each improvement in technology. With fused filament fabrication (FFF), it is possible to produce large and
complex components quickly with high material efficiency.

The improvement in properties and the discovery of new functionalities are key goals that cannot be reached
without a better understanding of the preparation, characterization, and manufacturing of novel functional
formulations that offer excellent properties.

The availability of certain customized feedstocks for specific applications is still limited or nonexistent, which
greatly impedes the production of desired structural or functional materials.

The combination of AM techniques with colloidal processing offers more freedom in terms of design while
maintaining the necessary thermal and chemical properties. Colloids, with their stable biphasic nature, have
tremendous potential to satisfy the requirements of various 3D printing methods owing to their tunable elec-
trical, optical, mechanical, and rheological properties. This enables materials delivery and assembly across the
multiple length scales required for multifunctionality.

In this work we propose the formulation of novel Cu-based colloidal feedstocks which will be used to produce
functional filaments for material extrusion.

Firstly, a composition was successfully prepared from micronic Cu particles. After extrusion and 3D printing,
the samples were sintered and calcined to transform Cu powder to CuO semiconductor, which displayed an
advance structure with a mechanical characteristic like a scaffold ceramic.

The preparation of functional composites of PLA with incorporated CuO nanoparticles was also considered to
perform specimens manufactured by fused filament fabrication (FFF) that are aimed to produce multi-purpose
geometrically complex nanocomposite materials that could be employed in medical, food, and other sectors.
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Carbonaceous species have become an interesting issue in the energy storage field thanks to their electronic
properties, low cost and sustainable origin. In this sense, the processing of graphite based conductive colloidal
feedstock for Fused Filament Fabrication (FFF) requires physical union between particles hence theloading and,
therefore, the dispersion of the electroactive inorganic particles in the polymer matrix becomes essential.The
colloidal processing allows, following a more efficient and effective route than the classic hot mix routes, to
maintain physical contact between the particles in the polymeric matrix through a high dispersion of the mate-
rials. This work presents the fabrication of conductive electrodes, with an oriented inorganic microstructure,
by the formulation of conductive filaments with a high content of commercial Graphite and Graphene. Through
the colloidal processing, well dispersed high inorganic loadings are obtained (15-30vol%) provoking the orien-
tation of carbon nanoflakes during the extrusion process. The FFF approach enables a major control of the
architecture and morphology of the electrode requiring less material. Therefore, rheological analysis of the
melted filaments was studied, limiting the printing window in order to obtain highly defined different architec-
tures and porosities. However, the developed colloidal filaments, with an oriented inorganic microstructure,
not only allow a defined shaping of the outer structure of the electrode, but they also let the design of the com-
pletely different microstructures. Thus, by the improvement of the stacking of the conductive nanoflakes, the 1t
unions remain intact keeping the mandatory electronic network that provides an electrical conductivity up to
22 S/m to the electrodes.
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In 2015, the United Nations General Assembly adopted the 2030 Agenda for Sustainable Development as a
roadmap for international cooperation on sustainable development, with its economic, social, environmental
and governance dimensions. Today, geopolitical developments make it essential to redouble efforts and ad-
dress challenges for the rapid prototyping of advanced, environmentally friendly, low-cost and highly efficient
photochemical devices.

One of the most promising technologies for water treatment today is photocatalytic membrane reactors (PMRS).
They are considered a mature methodology for the immobilisation of semiconductors in photocatalytic pro-
cesses, while their engineering is still unresolved. The challenge is related to the fabrication of photoactive
membranes adapted to PMR configurations. In this sense, the project focuses on the creation of prototypes of
photoactive membranes for their implementation in PMRs by means of fused filament fabrication (FFF), and
the validation and demonstration of the additive manufacturing (AM) technology in a relevant environment.
In this regard, for water decontamination based on ceramic semiconductor (commercial TiO;) we proposed a
colloidal method to self-support nanoparticles in a polymeric matrix of polylactic acid (PLA). The fabrication of
a photocatalysts material of thermoplastic nature made the composite suitable for processing by additive man-
ufacturing techniques. The first step is surface modification using a polyelectrolyte to ensure homogeneous
dispersion of the particles in the new medium. Then, after wet mixing of the matrix-particle system heat ex-
trusion are used to process the final parts. Catalytic activity is evaluated as a function of the degradation of a
chemical indicator over time. The results indicate that the geometries printed by FFF achieve degradation rates
for methyl orange of 100% after an exposure time of 2h, reaching 50% degradation after one hour of testing.
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Translucent zirconia is the newest preference of zirconia-based ceramics which aimed to renewal the non-
transparent Yttria-stabilized Tetragonal Zirconia Polycrystal (Y-TZP) in more demanding esthetic cases. As a
result of advancements in 3D fabrication technology and increased demands of translucent zirconia, efforts
made to achieve full-density 3D zirconia parts via Direct Ink Writing. In this work, partially-stabilized zirconia
powder with 3 mol% Yttria (TZ-3YB) and high translucent zirconia grades: Zpex, Zpex-4 and Zpex-smile with
3, 4, 5 mol% Yttria respectively, were printed using an inverse-thermoresponsive hydrogel, Pluronic®F-127.
Sintering was performed at 1450 °C for two hours. Higher densities of printed samples were achieved at 73% of
solid loading for TZ-3YB and 71% for high translucent zirconia grades. Sinterized speicmens displayed similar
shrinkage which was higher for Z direction, 27+2%. The amount of yttria leaded to an increase of cubic phase:
from 21+3% to 58+2% for TZ-3YB to Zpex-Smile, respectively. Nanoindentation tests pointed out that there is no
significant differences regarding elastic modulus while hardness increased with increasing percentage of cubic
phase: from 15.06+1.74 GPa for TZ-3YB to 16.92+1.65 GPa for Zpex-Smile. Fracture toughness was determined
by means of indetation fracture. In this sense, grain size of printed samples plays an important role. Thus, TZ-
3YB and Zpex with small grain size, around 0.28+0.1um, exhibited higher fracture toughness, 5.4+1.45 MPavm,
than Zpex-4 and Zpex-Smile, with 0.65+0.2um and 0.75+0.45um respectively, where values decrease to 4.15+1.8
and 3.78+1.15 MPavm.

Keywords: Translucent zirconia, Direct ink writing, Mechanical properties, Nanohardness, Fracture toughness
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Additively manufactured hollow-strut bioceramic scaffolds present an attractive strategy for enhanced perfor-
mance in patient-tailored bone tissue engineering (BTE). The channels in such scaffolds offer nutrient and cell
transport pathways and facilitate effective osseointegration and vascularization [1, 2]. For extrusion-based 3D
printing technologies, nearly all systems use a round-mouth nozzle geometry, from which the materials are
extruded to be initially round filaments.

In this work, we describe the design and production of novel nozzles with various geometries via vat photopoly-
merization 3D printing. The novel extrusion geometries enable the fabrication of scaffolds with hollow struts
of diverse cross-sectional geometries.

We synthesized copper substituted diopside, a promising material for BTE scaffolds combining good fracture
toughness and bioactivity [3]. An optimized paste with favorable rheological behaviors was developed by em-
ploying sodium alginate and Pluronic F-127 as additives. Finally, scaffolds with hollow members of varied outer
and inner geometries were printed by robocasting through specially designed extrusion nozzles, and their util-
ity for bone repair was explored in terms of mechanical performance and bioactivity.

Surprisingly, mechanical testing and finite element analysis reveal that hollow-strut scaffolds with square cross-
sections showed the best performances, exceeding those with round cross-sections or others. The hollow struc-
ture of these bioceramic scaffolds significantly improved cell attachment and proliferation. Moreover, hollow
members can be infiltrated with a second phase, in a subsequent step or during printing, to produce high-
performance biomimetic composites and self-healing materials.

Taken together, this work provides an easily controlled method for 3D printing of hollow-strut scaffolds with
various cross-sections, which is a reference for the development of diversity and mechanical enhancement of
printed objects in extrusion-based 3D printing.

[1]1 Y. Kang et al., Regen. Med. 13(06) (2018) 705-715.

[2] C. Feng et al., ACS Biomater. Sci. Eng. 7(3) (2020) 872-880.

[3] S. Pang et al., Mater. Des. 215 (2022) 110480.
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By employing direct ink writing (DIW) in combination with the capillary suspension concept, we are able to 3D
print complex geometries with high open porosity > 60%. Capillary suspensions are ternary liquid-liquid-solid
systems, in which the addition of a secondary fluid, immiscible to the main phase, changes the flow properties
of the suspension drastically. This is due to the formation of a sample spanning particle network controlled
by strong attractive capillary forces coming with the addition of the second immiscible liquid. This network
structure reduces shrinkage and suppresses crack formation, making capillary suspensions ideal precursors for
manufacturing of highly porous bodies, with the possibility to tune porosity and pore size, simply by varying
particle size and volume fraction. Capillary suspensions display a high yield stress and strong shear thinning
behavior, which makes them good candidates for extrusion-based 3D printing processes. The former guarantees
a superior shape accuracy and enables large ratios of unsupported length over filament diameter ratios (»10)
and printed feature sizes below 0.1 mm. In this study, we will present 3D printed structures to be used as filters,
with geometries not achievable by traditional fabrication processes. Porosity and pore size will be analyzed
and their influence on mechanical strength will also be discussed.
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Direct Ink Writing (DIW) allows printing biomimetic hydroxyapatite scaffolds for bone regeneration with a
precise control of both external shape and internal porosity. Triply periodic minimal surfaces (TPMS), minimal
surfaces that are invariant under a rank-3 lattice of translations, have attracted great interest as nature-inspired
models. Their limited surface curvature, similar to the trabecular structure, results in interconnectivities and
concave pores that are favourable for cell growth, migration, and vascularization!. This study explores the
feasibility of printing three types of TMPS (Gyroid, Diamond and Schwarz) through DIW of calcium phosphate
inks and studies their mechanical and biological properties compared to a typical orthogonal-pattern.
Cylindrical TPMS models were created through Matlab codes and the ink was prepared by loading a 30wt.%
Pluronic hydrogel with 70wt. % of a-tricalcium phosphate fine powder. After printing, the scaffolds were hard-
ened by immersing them in water at 37°C. After optimising the printing pattern, in terms of unit cells and poros-
ity, the printed geometries were analysed by microcomputed tomography and tested mechanically by uniaxial
compression. The effect on the blood permeability and the proliferation and metabolism of preosteoblasts cells
were evaluated. Orthogonal-patterned scaffolds with the same porosity were used as control.

The Gyroid and Diamond geometries were successfully printed with a 20% porosity, resulting in concave, inter-
connected and relatively large pores compared to the convex and small pores from the control. Under compres-
sive forces, the Gyroid exhibited a compaction effect, instead of the abrupt fracture observed in the orthogonal
scaffolds, although the strength was reduced. Pore architecture had a strong effect on permeability, with TPMS
structures, that had larger interconnectivities, showing a ten-fold increase compared to the control. Conse-
quently, preosteoblasts proliferation and metabolism were affected. Therefore, Gyroid structure could be a
biological properties enhancer, while keeping interesting mechanical properties.

1. H. Montazerian, Acta Biomaterialia, 96, 2019
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The present work addresses the problem associated with the measurement of thermal transport properties of
3D porous macro-lattices developed by extrusion-based additive manufacturing (AM) technologies, which is a
fundamental concern for their application in fields such as energy conversion and storage, catalysis or thermal
management. The finite element method (FEM) is used to numerically analyze the most important parameters
affecting thermal conductivity measurement by the transient plane source (TPS) technique. This technique
stands out because allows determining the thermal conductivity, thermal diffusivity, and heat capacity in just
one test, being suitable for a wide range of materials including highly porous 3D structures. The main concerns
when evaluating thermal properties of 3D printed macro-lattices by TPS tackled by the developed FEM model
are the interfacial thermal resistances associated with the imperfect contact between the testing probe and the
rough scaffold surface, the gas presence inside the pores, and the anisotropy induced by the printing process,
which complicate the straightforward design of additively manufactured components. In addition, the thermal
characteristics of these lattices depend not only on the thermal properties of the strut material but highly on
the geometrical parameters defining the structure like the shape, size, and the spatial distribution of the macro-
pores. FEM modelling has also been performed for analyzing the effect of these parameters being a powerful
tool to predict, tailor, and optimize the geometry and final properties of the 3D printed structures before the
manufacturing stage, hence reducing the experimental workload. The FEM model has been experimentally
validated in 3D printed structures of diverse ceramic materials.
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Powder-based additive manufacturing (AM), such as laser powder bed fusion (L-PBF) or binder jetting (B]), have
high demands on the feedstock properties. They largely determine the process reliability and reproducibility
of AM processes. While established measurement methods exist for the physical properties of powder particles
(such as density, size and shape), there is currently no scientific consensus on characterizing the behaviour
of powders for and in AM applications. ™ In particular, there are currently few detailed studies comparing
the many different flowability measurement methods and discussing their specific suitability for AM. ! In this
work, five AM powder materials (metallic and ceramic), in the as-received condition, as well as modified pow-
ders, were investigated using a wide range of advanced powder flow characterization techniques.

An important consideration for carrying out such characterization methods are the humidity conditions of the
lab environment in which the measurement takes place. To calibrate the equipment and learn about humidity
influence, a detailed study on the influence of humidity on the flowability of powders was carried out. Further-
more, to learn about the recyclability of powders, the influence of thermal aging in L-PBF alloys on the powder
properties was investigated. In detail for the powders, two nickel alloys, one iron alloy, one titanium aluminide
and one tungsten carbide the most common flowability measurements, such as the measurement of flow time,
Hausner-factor, angle of repose, bulk density, powder-rheology, avalanche angle and the ring shear cell test
were carried out.

References

1. A.B. Spierings, M. Voegtlin, T. Bauer, and K. Wegener: Prog Addit Manuf, 2016, vol. 1, pp. 9-20.

2. 1. Baesso, D. Karl, A. Spitzer, A. Gurlo, J. Glnster, and A. Zocca: Additive Manufacturing, 2021, vol. 47, p.
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The fabrication of Silicon Carbide (SiC) components by a novel hybrid additive manufacturing process was
investigated. Selective laser sintering of polyamide powders was used to 3D print a polymeric preform with
controlled relative density, which allows manufacturing geometrically complex parts with small features, such
as cellular architectures. Preceramic polymer infiltration with a silicon carbide precursor followed by pyrolysis
(PIP) was used to convert the preform into an amorphous SiC ceramic, and six PIP cycles were performed to
increase the relative density of the part. The final densification was achieved via liquid silicon infiltration (LSI)
at 1500°C, obtaining a SiSiC ceramic component without change of size and shape distortion. The crystallization
of the previously generated SiC phase, with associated volume change, allowed to fully infiltrate the part leading
to an almost fully dense material consisting of B-SiC and Si. The advantage of this approach is the possibility
of manufacturing SiSiC ceramics directly from the preceramic precursor, without the need of adding ceramic
powder to the infiltrating solution. This can be seen as an alternative AM approach to Binder Jetting and Direct
Ink Writing for the production of templates to be further processed by silicon infiltration.
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As one of the most popular additive manufacturing techniques for inorganic materials, powder bed fusion (PBF)
of alloy materials has shown industries flexibility and rapidness in manufacturing novel and complex geome-
tries. Modeling and simulation of the PBF aim to complement the current time and cost-expensive trial-and-
error principle with an efficient computational design tool. Nevertheless, it remains a great challenge due to
the sophisticated and interactive nature of underlying physics, which covers a broad range of time and length
scales and strongly depends on the processing parameters (incl. beam size and power, as well as scan speed).
A unified modeling scenario considering scale effects as well as multiphysics coupling is thereby essential for
reliable microstructure prediction.

In this work, we develop a non-isothermal phase-field modeling scenario coupled with multiphysics, such as
fluid dynamics, heat transfer, phase transition, and magnetism, to recapitulate interesting phenomena from
multiple time/length scales and reveal their interactions during the PBF, which are not accessible to the con-
ventional isothermal model. Models are derived in a thermodynamically consistent way according to our latest
work and numerically implemented by the finite element method (FEM). We further perform the parameter in-
vestigations of the PBF procedure. The influences of the processing parameters on the properties, incl,, thermal,
mechanical, and magnetic, are also discussed based on property homogenization.

33



Oral Presentations -
Directed energy
deposition



Oral Presentations -
Emerging, hybrid and
multimaterial AM

technologies



Young Ceramists Additive Manufacturing Forum

Hybridization of materials and shaping technologies for the
manufacturing of ceramic components with unprecedented
combinations of properties

Friday, 11th November - 11:20: G - EMERGING, HYBRID AND MULTIMATERIAL - Oral

Mr. Uwe Scheithauer !, Mr. Eric Schwarzer-Fischer !, Mr. Johannes Abel !, Mr. Steven Weingarten ,
Mrs. Hanna Elflein !, Mrs. Stefanie Bode !, Dr. Lars Rebenklau !, Dr. Henry Barth !, Mrs. Nadine
Lorenz !, Mrs. Lisa Gottlieb !, Mrs. Maria Reichel !

1. Fraunhofer Institute for Ceramic Technologies and Systems IKTS, 01277 Dresden, Germany

The advent of additive manufacturing of ceramics (CerAM) has enabled unprecedented geometrical complexity
of products: a “game changing” manufacturing technology in the processing of ceramics. As a result, complex
ceramic components can be realized cost-effectively, with post-processing reduced or even completely unnec-
essary. Additively manufactured ceramics are now for the first time genuine alternatives to polymer and metal
components, especially for applications in harsh conditions.

The potential of such CerAM components can be further increased by integrating additional functionalities, like
incorporated electrically conductive 3D-tailored networks into the component.

The presentation gives an overview of the current development trends in the fields of material and process
hybridisation, resulting in ceramic components with unprecedented combinations of properties. Using various
application examples, e.g. from the aerospace, chemical and process engineering sectors, different manufactur-
ing strategies (sequential and simultaneous manufacturing of multi-material or multi-functional components;
hybridization of CerAM FFF and CerAM VPP to realize high-resoluted geometries in large components) as well
as their possibilities and limitations will be presented and discussed.
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Additive manufacturing processes, such as 3D printing technologies, allows to fabricate materials with designed
geometries and microstructure. Short prototyping time and low production costs make 3D printing appealing
for industrial applications. Therefore, 3D printing attracts attention in the energy conversion sector due to
the possibility of further advance development and commercialization of proton ceramic electrochemical cells.
Additive manufacturing of protonic conductive fuel cell elements is quite a novel approach.

In our study, we present recent developments of 3D printing of the BagsLaosCo;xFex0O3 5 ceramics as positrodes
for protonic ceramic fuel cells. The main focus of this work was to integrate the micro-extrusion process
with precise IR laser post-processing of deposited layers. The printer uses an extrusion-based printing head
developed for Direct Ink Writing technology. The prepared printable inks consisted of ceramic powders
dispersed in a polyvinyl alcohol (PVA) matrix. The PVA was later removed in the post-processing stage. Inks
were deposited on the dense BZCY442 electrolyte to examine the interface adhesion of the future proton
conducting fuel cell elements. The post-processing was performed by scanning the surface of the printout
point-by-point with IR laser. This process allows the burnout of the organics with simultaneous sintering of the
ceramic component. As a result, depending on the process parameters such as laser power, scanning speed,
or laser working frequency, various microstructures were obtained from dense ceramics, through porous
backbones with various pore sizes, to ceramic foams composed of large pores with the size of hundreds of
micrometers with a few micron-thick walls. Various compositions and conditions were tested and the most
appropriate parameters of the laser post-processing were chosen.
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Additive manufacturing of ceramic and glass materials has been developed extensively over the past years,
revealing strengths and limitations of the various technologies. Here, we present a hybrid extrusion-
photopolymerization process developed to exploit the benefits of both approaches. Their combination al-
lows for the fabrication of complex geometries with less rheological constraints and no influence of scattering
and/or absorption. We demonstrated the capabilities of this method by fabricated transparent silica glass 3D
honeycomb-like structures starting from a suspension that combines silica particles and a silicon alkoxide. We
tailored the rheological behaviour and reactivity of the ink with an appropriate blend of acrylates as well as
with the alkoxide addition. The latter also contributes to the final ceramic yield, allowing for faster thermal
treatments despite a relatively low particle loading. The final components closely match the shape provided
by the CAD model; their physical properties confirm the formation of a fully dense silica glass after the heat
treatment. The setup can be mounted on a 6-axes robot arm, thus enabling additional degrees of freedom and
control on the extrusion path.
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Additive Manufacturing (AM) of ceramics is a timely topic because it allows to produce functional ceramic parts
with geometrical complexity, very useful in fields including electronics, medicine, aerospace, and sustainable
energy. Nevertheless, the main limitation of most ceramic AM processes is the need of a thermal post treatment
to remove organic materials as well as obtaining compact ceramic objects. This post treatment can be time con-
suming and generate cracks and deformations in the ceramic parts. This research project aims to study new
powder modifications (coatings/grafting) and additives that could allow a single step AM of ceramic parts. In-
organic, preceramic polymers as well as sol gel precursors are investigated as potential additives to reach this
objective. These new additives and modifications are tested by using different ceramic materials (alumina, zir-
conia, and silica) to enable single step AM of ceramic components at low substrate temperatures. Flash Lamp
Annealing (FLA), an emerging technology which employs ultrashort (0.1-10 ms) pulses of light, is used to in-
duce rapid transient heating and sintering of thin layers of ceramic materials. In addition to FLA, infrared
heating is also studied to induce liquid phase sintering of ceramic thin layers with the use of light absorbent ad-
ditives. These two light technologies are combined with AM processes, such as Direct Ink Writing/Robocasting
and Aerosol Ink Printing, to deposit and treat very thin layers of ceramic suspensions in order to allow a single-
step, low-temperature AM process for ceramic manufacturing without the need for post-process pyrolysis.
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Nowadays, Additive Manufacturing (AM) is one of the most promising area of research in terms of manufac-
turing of three-dimensional objects. AM comprises a broad range of different techniques to build 3D objects
layer-upon-layer, allowing to design and rapidly fabricate highly complex shapes with very few geometric lim-
itations compared to traditional manufacturing processes.

Bibliometric analysis is a quantitative approach to identify, analyse and evaluate published research. Biblio-
metric is the science with the capability to present a precise, systematic and reproducible review process and
thus improve the quality of reviews, leading the researcher to the most important studies and mapping the
research field.

The Web of Science Core Collection database was used to search the most relevant scientific articles related to Ce-
ramic Additive Manufacturing. The following main keywords were used for the search: “Additive Manufactur-
ing” OR “3D printing” OR “rapid prototyping” and some ceramic keywords to delimited like: ceramic, alumina,
glass, cement, zirconia and hydroxyapatite among many others. Only articles and reviews were considered in
this analysis.

This study presents an overview of the history and the tendency of Ceramic AM research between 2001 and
2020. The results show that ceramic AM has been gaining a positive exponential growth in the last decades, es-
pecially since 2014, this trend is accordance with the expired patents between the years 2013 and 2015. Another
relevant result comes from the analysis of ceramic AM research by country, showing China and United States
of America (USA) as the main contributors to the knowledge development; nevertheless, when considering Eu-
ropean Union as a whole, it accounts for a higher contribution than China or the USA. This reflects the strong
efforts produced from the European initiatives towards AM technologies. Analysing the authors, P. Colombo is
the most productive author publishing on the ceramic AM research topic, followed by D. Li.
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Additive manufactured (AM) Poly-ether-ether-ketone (PEEK) orthopaedic implants offer new opportunities for
bone substitutes. However, the integration between Poly-ether-ether-ketone (PEEK) with hard and soft tissue
represents a major challenge of PEEK orthopaedic implants owing to its chemical inertness. Here we investi-
gated the influence of hydroxyapatite (HA) fillers and pore size of additive manufactured (AM) HA/PEEK com-
posites scaffolds on the integration with bone and soft tissues through cellular experiments and animal experi-
ments. The composite scaffolds were manufactured by fused filament fabrication. The cell experiment showed
that the adhesion, proliferation, osteogenic differentiation and mineralization ability of mesenchymal stem
cells (BMSCs) as well as the proliferation and adhesion of myofibroblasts on the PEEK/HA scaffolds were signif-
icantly improved. Ca2+ released by HA was proved to be the key in promoting cell behaviour on the surface of
PEEK-based composites. The in-vivo experiment demonstrated significantly higher bone ingrowth and tighter
adhesion of soft tissue in the HA/PEEK scaffolds. The shear bonding strength between bone tissue and the scaf-
folds showed that PEEK/HA composites scaffolds exhibited higher bonding strength than that of the pure PEEK
scaffold. The maximum push-out force between the scaffold and bone tissue was 415.8 + 43.9 N, exceeding the
bonding force of the titanium alloy porous scaffolds with bone tissue. The macroscopic bonding force between
soft tissue and scaffolds was dominated by the pore size of the scaffolds but was hardly affected by the HA con-
tent. The maximum bonding force of soft tissue was 5.61 + 2.55 N, which was higher than that between natural
bone and soft tissue of rabbits. The present study provides engineering-accessible design principles on material
components and geometry of AM PEEK-based composites orthopaedic implants for improving the integration
with the bone and soft tissue.
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3D printed replicas of bones are currently being used in some hospitals for surgical planning and clinical train-
ing, allowing the surgeons to simulate and prepare the procedure before the surgery. Fused Filament fabrica-
tion (FFF) technique allows obtaining models that mimic the properties of bones in an inexpensive and easy
way, if low-cost machines are employed. However, these models are limited in their ability to mimic the me-
chanical behavior of bones in milling or drilling processes.

In the present work a new composite material was developed, consisting of calcium carbonate filled-
polypropylene (PP) filament.

Tensile samples Type IA were printed according to ISO 527-2 standard to perform the study.

The samples were subjected to three different sterilization methods available at SJD Barcelona Children’s Hos-
pital: 134 Autoclave, 121 Autoclave and Peroxide HPO. 20 tensile samples were 3D printed: 5 copies for each
sterilization method and 5 control specimens.

After this operation, the samples were characterized regarding dimensional accuracy, surface finish and poros-
ity. In addition, functional tests were performed to the samples mimicking the operations performed during
surgery such as milling or drilling.

The results showed that the sterilization processes did not significantly affect the performance of the samples,
the dimensional accuracy, surface finish and porosity, showing that the proposed material could be used for 3D
printed models of the bone and included in the operating rooms of the hospitals. In addition, it showed excellent
performance in the machining tests. In future works, tensile strength tests will be performed to the samples.
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Ceramic membranes operating at high temperatures are a key technology for hydrogen separation processes
including advanced chemical reactors, power generation, CO, capture and hydrogen separation/purification
from gas mixtures. Thanks to their 100% selectivity, high proton-electron conductivity, intrinsic lower costs
if compared with Pt-based technologies and chemical and temperature stability, ceramic composites based on
BaCe652r0.20Y0.1503.5-Gdo2Cep502 (BCZY-GDC) have gained increasing attention as asymmetric membranes for
H, purification. Nowadays, however, the hydrogen permeation fluxes obtained employing this technology are
still not suitable for industrial applications. Asymmetric architectures are an effective way to improve both
gas permeation and mechanical strength of the membrane, due to the combination between a dense and a
porous ceramic layer that are commonly composed of the same materials to avoid thermal expansion mismatch
between themes.

In order to improve the H, permeation, a lot of research is currently focused on optimizing the microstruc-
ture of the porous support aiming to increase the gas access and transport through it. In this work, complex-
shaped BCZY-GDC composite supports were successfully fabricated for the first time by 3D micro-extrusion.
Honeycomb-type geometries containing different size cavities were designed and produced to promote the
support fluidics without affecting its mechanical stability. Different high solid loading water-based BCZY-GDC
pastes were formulated finely tuning their viscosity. The latter was then micro-extruded in multilayer struc-
tures without nozzle clogging or other process issues. Aiming to obtain cracks-free green bodies, different dry-
ing process methods were considered and deeply investigated. Finally, the process optimization allowed the
production of engineered porosity BCZY-GDC supports potentially employable in asymmetric membranes.
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High voltage electrical devices like generators and motors are subject to extreme environments featuring high
humidity, heat and dust pollution - conditions that can lead to electrical discharges, which damage the equip-
ment through electric leakage and fires. In order to prevent this, it is essential to separate the electrical input
and output signals to inhibit short circuit damages in parts of the devices with a high voltage isolation system.
In this study, ceramic/polymer paste was printed to apply as an isolator for high voltage applications. The pre-
pared printing models are cylindrical shells, square cubes and polyhedrons. The fabricated paste was degassed
to remove air bubbles before printing to avoid defects. This work focuses on stacking layers of low viscous
ceramic paste. The extrusion was controlled by an auger screw in the print head. The mechanical and high
voltage electrical isolator properties were analyzed. The paste printing was assisted by ultraviolet (UV)-light
exposure (A= 380 nm - 390 nm) to cure the system and prevent issues with surface tension and gravity of the
pastes. In addition, the wettability of the printing substrates was measured to determine the wettability of the
stacking layer. The silicone resin was mixed with a UV curable agent and defined volume ratios of the mica re-
inforcement particles. Furthermore, 3d printed samples were compared to mold-cast samples having the same
thickness. Analysis with FT-IR, TG/DTA, rheometer, optical microscope, SEM, and tensile tests were performed,
changing mica content and curing conditions (UV/heat). In conclusion, this study shows the influence of mate-
rial and processing parameters of mica reinforced silicone composite as a high voltage electrical isolator.
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Direct Ink Writing (DIW) is an extrusion-based additive manufacturing (AM) technique that allows the produc-
tion of high-density ceramic parts with complex shapes. Parts are built in a layer-by-layer fashion by a con-
tinuous extrusion of a high solid loading viscoelastic paste through a narrow nozzle. A computer-aided design
(CAD) model is used to control the movement of the nozzle to build the object with high precision.

The overall dimensional accuracy, roughness, and density of the printed and sintered parts are mostly depen-
dent on the printing parameters. Deciding these parameters is also crucial for the mechanical properties since,
it is not possible to remove printing defects in the subsequent drying-debinding-sintering steps. The resolution
of the printed parts and surface quality is mostly dependent on nozzle shape and size while the dimensional
accuracy is mostly related to the extrusion rate, i.e. pressure and nozzle speed. Moreover, carefully selecting
the correct raster pattern, filament spacing and layer height is required for high-density parts with minimum
defects.

The DIW printed objects are green bodies, requiring an appropriate drying-debinding-sintering route for den-
sification. As the pastes studied are high solid loading aqueous pastes, controlled humidity drying is required to
avoid drying cracks and warping. Drying is followed by debinding and sintering to remove the organic binder
in the paste and to reach full densification.

To obtain the desired printing quality, optimization of printing parameters as well as the drying-debinding-
sintering route is crucial. In this study, the aforementioned parameters were studied to produce high-density
monolithic alumina toughened zirconia parts with high accuracy.
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Lucideon has developed a range of water-based ceramic pastes suitable for robocasting advanced ceramics such
as alumina, sintered silicon carbide and nitride bonded silicon carbide. Paste formulations have been shown to
produce high density complex parts with a range of geometric features using hardware designed for printing
clay.

This presentation will highlight the properties of each material and show the types of geometry which can be
manufactured from each paste. In addition, the development process will be explored, reviewing paste for-
mulating, printing parameters, sintering and characterization. Applications for ceramics manufactured from
robocasting will also be explored, assessing how geometric features only possible to create via additive manu-
facture can lead to novel applications and improved performance.
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Selective catalytic reduction (SCR) of NOy is an effective strategy for pollution abatement in internal combustion
engines: by using NHs as a reducing agent over a suitable catalyst, NOx can be converted to N, and H, O resulting
in a significant decrease of harmful emissions. Commercial application is however complicated by the fact that
NHs is a flammable and corrosive gas, posing substantial risks when stored in pressurised vessels: commercial
SCR units instead employ urea as reducing agent, which can be stored and dosed more safely but also presents
the disadvantage of releasing CO, as a byproduct of the reaction. Alkali earth metal halides (AEMHSs) display
the ability to readily absorb and release NH; by forming ammine complexes and thus offer a safe solid-state
storage alternative which operates near ambient pressure, but the significant volumetric expansion associated
with the formation of the ammine complexes makes their use impractical. Such limitation can however be
mitigated through the design possibilities of Additive Manufacturing.

The authors present here a novel approach to shape SrCl, into a structured sorbent for NH; storage in SCR units
by Direct Ink Writing (DIW) of SrCl,-bentonite slurries. The porous lattice design of the 3D-printed compo-
nent improves access of NH; to the salt and more easily accommodates the volumetric expansion of SrCl, (over
400%) to preserve the structural integrity of the component. The use of bentonite allows the printed monoliths
to achieve good mechanical properties after drying without the need for heat treatments, which are problematic
due to the poor stability of SrCl, at high temperature. The SrCl,-bentonite monoliths were tested for NH; ab-
sorption where they displayed comparable storage capacity to that of the pure salt and the ability to withstand
numerous absorption-desorption cycles without loss of performance or structural integrity.
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Direct Ink Writing (DIW) is an additive manufacturing (AM) extrusion-based 3D-printing technique in which a
filament of paste (known as an “ink”) is extruded from a small nozzle while the nozzle’s position is controlled by
a computer in accordance with a CAD model. An ink for robocasting must be highly shear thinning behaviour to
allow extrusion through fine nozzles and retain a degree of strength and stiffness to be self-supporting following
printing. There are several options to get these rheological conditions, being the use of inks based on a hydrogel
as carrier one of them.

Usually, inks with a high solid load of ceramics powder are required, commonly above 40 vol%. The high content
entails the use of additives that prevent agglomeration and/or sedimentation, ensuring the homogeneity and
stability of the suspension, with a proper viscosity and workability. An alternative strategy to ceramic powder
is the use of ceramic precursors in the form of soluble salts. This type of chemical compounds allows to obtain
small size pieces with micro details due to the large shrinkage generated and porosity.

The present work shows the preparation of inks based on ceramic precursors to obtaining Al,Os ceramic pieces
specifically inorganic aluminium salts. Inks are based water and the gelling agent is Pluronic F-127. A complete
rheological characterization of the inks has been carried out to ensure printability for DIW, TGA/DTA exper-
iments were performed to study the thermal decomposition and determine the parameters for the thermal
treatments need it to obtain alumina after the printing. The evolution of the crystalline phases was studied by
XRD and microstructural characterization by SEM.
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Alumina is widely used as catalytic support because of its high chemical inertness, strength, and hardness.
As a polymorphic material, has seven different crystalline structures; of which alpha(a) and gammal(y) are the
most interesting phases for catalytic applications. y-alumina possesses excellent surface area owing to the small
particle size, which results in a high activity of the surface for catalyst support, while a-alumina is characterized
to display better mechanical properties. In this sense, this work was focused on producing a-alumina as a
core coated with y-alumina. In doing so, the Direct Ink Writing technique was used to print a-alumina parts.
The sintering process has been carried out in a range of temperatures between 600 and 1450 °C to determine
the optimal conditions in roughness to enhance the adhesion of y-alumina coating. The coating procedure
was performed by immersing printed samples in a y-alumina suspension at different times (10-20 s). Cross-
sections of resulted samples were analyzed by Raman spectroscopy to identify the presence of a and y-alumina
phases at the surface. Adhesion of the coating was determined by scratch tests. Results revealed that roughness
has a significant effect on the adhesion of y-alumina unlike immersion time in the coating procedure. Raman
spectroscopy analysis evidenced the formation of a y-alumina coating on the a-alumina substrate for all studied
conditions. Coating adhesion was higher for supports sintered at lower temperatures.
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In laser additive manufacturing (LAM), understanding the parameter dependence on the properties of interest
is the key to designing and producing consistently good quality products'. Melt pool size proved crucial in
building cellular lattice structures with good quality using laser additive manufacturing (LAM) process™*. Such
structures are of particular interest due to their unique mechanical properties?. Meanwhile, pre-heating in LAM
is an essential step owing to improved structural stability and reduction in internal stresses and distortion. An
improvement in dimensional accuracy in the finished products produced using LAM process is also reported®.
Effects of powder size distribution on the effective thermal conductivity of powder bed are evident from the
previous studies*, which attributes to the relative density of the powder bed rather than the material property
itself. However, there are not many studies available on how powder size characteristics affect the thermal
conductivity of a pre-heated powder bed. It is of great interest to predict the melt pool width using our data-
driven phenomenological LAM model’, since it’s an essential factor affecting the melt pool width as per our
previous study.

In this work, we investigated several powder beds of stainless steel 316L with varying powder size distributions
to evaluate the dependence of powder size characteristics on the thermal conductivity of pre-heated powder
beds. Spherical particles with distinct size distribution were pre-heated under 600 °C. Isothermal phase-field
pre-heating simulations were performed to present the microstructure evolution during pre-heating, where
the neck size is adopted to quantify the degree of pre-heating. Effective thermal properties based on transient
microstructure were then evaluated by diffuse-interface based thermal homogenization. Data-driven analysis
was also performed to investigate further the correlation and the sensitivity of the powder bed conductivity to
factors of interest, incl. the powder size distribution, packing density, and degree of pre-heating.
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Additive Manufacturing (AM) of ceramics is currently limited by the necessary and long post treatment after
printing to remove organics and densify the ceramic body. The grail of ceramics AM would be to create a single-
step, low-temperature AM process without the need for post-process pyrolysis. This work aims to reach this goal
by using low melting points additives or “filler” particles that become viscous at modest temperatures or under
illumination. Formulations and methodologies for binding together ceramic powders of arbitrary composition
are optimized based on inorganic condensation reactions, sol-gel chemistry and liquid phase sintering. By mak-
ing these binding chemical reactions light-activated, an excitation process where each 3D printed layer is then
exposed to some external energy source to drive densification is developed. Layer by layer, a mechanically
stable green body can be created by photo-assisted aerosol jet printing or photo-assisted Direct Ink Writing.

52



Young Ceramists Additive Manufacturing Forum

SLA-DLP of 3D ceramic packaging for high power electronics
applications (GaN, SiC)

Wednesday, 9th November - 10:50: Poster session I and Coffee break - Poster

Ms. Charlotte Meuly !, Mr. Loic Teisserenc’, Ms. Marie Beaujard *, Dr. Lucile Mage !, Dr. Regis Delsol *,
Dr. Emmanuel Marcault !
1. CEA Tech Occitanie

This work focuses on the development of 3D ceramic packaging to reach requirements of future high power
devices (gallium-nitride and silicon carbide semi-conductors). New designs of ceramic hoods are developed to
ensure efficient cooling, optimize power density and improve compactness of those new electronic devices.
Initially, thermal modeling is performed with Ansys Mechanical to optimize 3D packaging designs and identify
ceramic materials that will ensure good heat dissipation. Those designs are shaped by stereolithography (SLA-
DLP). Alumina hoods with good geometry and tolerances are obtained.

In order to improve heat dissipation, it is necessary to get a good interface between the hood and the ship. A
specific PCB is developed and an interface (TIM, Thermal Interface Material) between the hood and the chip is
added. A specific tooling and gluing process is developed to ensure a good alignment of parts and ensure a good
adhesion of the TIM.

Finally, first result on a packaging 100% ceramic will be shared.
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Photopolymerization-based additive manufacturing has gained worldwide attention in recent years as a proven
and flexible technique for the fabrication of an enormous variety of materials, thus opening up novel pathways
for utterly complex architectures over different length scales. To meet the growing demand of finely customized
materials, the coupling of photopolymerization-based additive manufacturing and sol-gel chemistry has been
receiving considerable interest and provides a unique tool to explore a new generation of materials with ad-
vanced performances; particular focus is devoted to hybrid organic-inorganic precursors for the synthesis of
ceramics. Sol-gel-based feedstocks rely on the assembly of the molecular building blocks into dual or multiple
interlocking networks, with the photopolymerization-derived network in addition to the one derived from hy-
drolysis and condensation. The interplay between the inorganic and organic species plays a significant role in
the arrangement of the structuring units, therefore holding particular importance for the final properties. Re-
search endeavours are still ongoing to unravel the several acting mechanisms and this work has been pursued
aiming at developing a versatile and feasible protocol for the fabrication of titanium carbide components by
means of sol-gel processing combined with stereolithography. A bottom-up approach has been therefore de-
signed to achieve a control over the organization and positioning of the structural units of the hybrid network,
and to offer a broad range of possibilities to synthesize tailor-made components with tunable properties, with
particular focus on nanoscale porosity. Indeed, this synthetic strategy takes advantage of its inherent flexibil-
ity, which allows for a large variety of modifications by easily playing with the choice of the network-forming
structural motifs, and can be potentially extended to the fabrication of different carbide-based materials.
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SiC is a ceramic with a high refractoriness and decomposes to volatile Si-species and graphite at temperatures
above 2300°C. Forming and densifying SiC is a challenge, and green machining and post-sinter treatment is often
necessary to obtain the final geometry for a given application. 3D-printing of green bodies based on alumina
using Digital Light Processing (DLP) has been accomplished giving high surface finish and accurate geometry
within a short process-time. Our aim is to develop a DLP-technique for SiC to produce sinterable green bodies.
However, to utilize DLP-printing with UV-triggered polymerization, optical properties like transmittance, ab-
sorbance and reflection of the ceramic particles are crucial to the penetration depth of the incoming light into
the dispersions. First part of the investigation will report optical properties of SiC-particles with varying purities
(99,0-99,99 %) and sizes (500-700 nm) in dispersions with the photomonomer, 1,6-hexanediol diacrylate.
Second part of the investigation presents of stability and rheology of the SiC-dispersions as a function of the
solid loading. Dispersions are prepared by mixing photomonomer, surfactants and 2-propanol prior to adding
SiC-particles. Solid loading is pivotal to the sinterability of the green body and should be as high as possible.
Results from 3D-printing of optimized dispersions will be presented and discussed with respect to rheology,
optical properties, and penetration depth.
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The design and fabrication of optically transparent glass systems shaped in 3D form features facilitate applica-
tions in various areas such as sensing, optics and photonics. Despite the advent of 3D glass printing methods,
many issues still remain, including limited materials availability, resolution, and surface roughness of printed
parts. This study reports on the fabrication of transparent/translucent glass objects with complex shapes (triply
periodic minimal surface) using stereolithography. To use this technology, the glass powder, obtained from
the crushing of crystal glass (RONA glass, Slovakia), was dispersed in a photosensitive suspension with a solid
loading of at least 55 wt%. The green parts were printed and later converted into sintered objects via controlled
heat treatment. The role of viscous flow sintering is discussed and the mechanical performance of the sintered
materials is studied. The parts produced with the use of glass powders demonstrate the advantages and current
limitations of the approach. Direct doping of rare-earth (RE)-based oxyfluoride nanocrystals with glass powders
can be used for optical thermometry sensing applications.
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The Polymer Derived Ceramics (PDCs) are a variety of materials obtained from polymeric precursors. The use
of such a type of materials allows for their relatively simple and effective preparation for a specific application,
including bioactive materials and materials for catalysis, etc. In addition, this simplicity allows for easy mod-
ification and optimization of the processes of obtaining and printing such materials. Black glasses, or silicon
oxycarbides, are such materials.

Due to the use of organosilicon polymers as preceramic materials it is possible to control the Si:C and Si:O ratio of
final materials. Also the amount and form of the free carbon phase can be controlled. Additional modifications
can also be introduced in the form of cationic substitutions enhancing desired properties of the final product.
The aim of this study was to introduce into the photocurable polysilsesquioxanes matrix, containing methacry-
late groups, the additives in the form of nitrates like cerium or copper nitrate to enhance bioactivity of the PDCs
material. In order to fabricate desired structures Digital Light Processing 3D printing using Cellink Lumen X+
was applied.

Detailed spectroscopic research (FT-IR and Raman) were employed during preparation process of Ce and Cu
modified photocurable polysilsesquioxanes materials to study the reaction mechanisms. Obtained 3D printed
preceramic samples were subjected to thermal processing and extensive structural (FT-IR, Raman) as well as
microstructural (SEM, BET) studies.

This project was supported by National Science Center grant number 2019/35/B/ST5/00338 “New biocompatible
coatings on metallic substrates based on materials from the Si-O-C system”
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Preceramic polymers used for the preparation of Polymer-derived Ceramics (PDCs) are the new materials exten-
sively developed in the recent years. Their main advantage is the ability of processing using the methods typical
for polymers. With their application, the samples with complex geometry which are subsequently converted
to ceramics may be obtained. It provides more possibilities for the preparation of materials with a specific mi-
crostructure compared to the direct processing of ceramics. Therefore, this concept is very attractive in the
preparation of new materials.

Silicon oxycarbide (SiOC) is one of the most interesting silicon-based ceramics because of its physicochemical
properties which originate from the characteristic structure. Typical amorphous structure of silica is modified
by the introduction of carbon as a substituent of some oxygen as well as a separate phase. The total content of
carbon and the ratio of its two forms determine the final properties of the product.

The research involved the development of new procedure for the preparation of 3D SiOC structures using Digital
Light Processing 3D printing. This included the following steps:

(1) sol-gel synthesis of photocurable polysilsesquioxanes with the introduction of methacrylate groups designed
to obtain a specific amount of carbon in the final material,

(2) optimization of the 3D printing process using Cellink Lumen X+ including the selection of the photoinitiator
system to provide the efficient photopolymerization process and the preparation of the 3D samples which fully
reproduce the predesigned virtual models,

(3) thermal processing of the printed samples to obtain the final 3D SiOC structures.

The products were characterized in terms of their microstructure (Scanning Electron Microscopy) and structure
(FT-IR and Raman spectroscopy).

This research was funded by the National Science Centre, Poland, grant no. 2020/37/B/ST8/02859 and supported
by the program ,Excellence initiative — research university” for the AGH University of Science and Technology.
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Solid oxide fuel cells (SOFCs) directly convert the chemical energy of fuels into electricity. They have attracted
great interest worldwide due to their high efficiency and excellent fuel flexibility. Despite these advantages,
commercialization of SOFC technology has been restricted by its high-cost and complicated procedure of cell fab-
rication. Stereolithography has widened the scope for designing more performing microstructures for SOFCs.
Topological modifications of electrolytes facilitate ion transport and increase the electrochemical performance
of the cell. In this work new approaches of 3D modeling were explored with the aim of thickness reduction and
increase of surface area of yttria-stabilized zirconia self-supported electrolytes. Planar and wave-shaped elec-
trolytes with different thicknesses were printed and sintered at up to 1400°C in air and vacuum. The shrinkage,
mechanical properties and density of sintered ceramics were investigated. Furthermore, ceramics microstruc-
ture and phase stability of yttria-stabilized zirconia were examined.
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Inrecent years, Additive Manufacturing (AM) has become an integral part of various dental applications. Nowa-
days, in dentistry, the focus is on AM of polymers and metals, producing a variety of parts with different tech-
nologies for the use in dental clinics. The increasing demand for metal-free restorations results in a higher need
for ceramic material like zirconia. This poster discusses the manufacturing accuracy of zirconia four-unit fixed
dental prostheses (FDPs) fabricated by three different additive manufacturing technologies compared with sub-
stractive manufacturing. The accuracy of the manufactured parts is of significant importance for the clinical
application. Inaccurate marginal fit can be responsible for plaque retention, micro-leakage and cement break-
down. Poor internal accuracy can increase the thickness of the cement and thus influence the mechanical
stability of zirconia-based restorations. Parts produced by stereolithography, material jetting and digital light
processing were digitized and the accuracy of three Regions Of Interest (inner/outer shell, margin) is presented
here.
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This work is aimed to develop an additive manufacturing (AM) method to process porous hydroxyapatite-based
scaffolds with high potential in the field of medicine. Over recent years, AM techniques have gained a special
attention in order to process complex structures and patient-customized pieces for biomedical application. One
of the most known technique is Fused Filament Fabrication (FFF), which highlight as an economic, simple and
fast method in comparison with similar other AM technologies. However, FFF is limited to process thermoplas-
tic materials, therefore it is restricted to polymer feedstock or polymer-based composites with low amount of
inorganic load dispersed into the organic matrix. In this work, a new route to process composite thermoplastic
composites with a high ceramic content has been developed. In addition, it is presented a procedure to measure
the oscillatory rheology of the melt composites in terms of the parameters related with the 3D printing.

In this work, filaments and feedstock with high inorganic content of Hydroxyapatite-based (HA) have been
developed, using polylactic acid (PLA) and polyethilenglycol (PEG) as processing agents to provide the thermo-
plasticity necessary for FFF technique. Melt composites are characterized through oscillatory rheology in order
to determine the main parameters associated to the extrusion and printing processes. These results provide un-
derstanding to what happens to the HA filaments during printing, and also how the inorganic content conditions
the printability and affects to the obtaining of a final full ceramic 3D object of HA.
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Ceramic matrix composites, CMCs, are finding many uses in the challenging environments that are becom-
ing increasingly common in modern society. Fibre-reinforced CMCs have a higher toughness compared to the
monolithic ceramics and can also be tailored to offer a wide range of other properties too, e.g., carbon fibre-
reinforced ultra-high temperature CMCs can be used in extreme environments where temperatures can exceed
25000C.

This work, which has just started, focuses on using additive manufacturing for the fabrication of fibre reinforced
ceramics. The ultimate goal is to achieve the simultaneous fabrication of both the reinforcement and the matrix.
The approach being investigated involves the accurate controlled use of fused deposition modelling (FDM),
which it is hoped will enable flexibility in the structural and material design of fibre-reinforced CMCs, whilst
being capable of producing parts of complex shape and good surface finish, potentially without a need for final
machining. The influence of filament composition and FDM parameters are currently being investigated. The
research aims to improve the thermo-mechanical properties of fibre-reinforced CMCs via multiple approaches,
reducing the demand for subsequent post-processing for densification.
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Additive manufacturing (AM) processes are nowadays well introduced in different segments: medical, aeronau-
tics, packaging, industrial, electronics, optical,... An important application for 3D printing is the manufacture of
prostheses, which usually have complex shapes with porous structures.

Specifically, Fused filament fabrication (FFF) 3D printing technology was used for the printings in this work.
Main advantages of the technique are the easiness of use and the possibility to manufacture complex shapes.
The main aim in the present work is 3D printing and characterizing Calcium Carbonate (CaCO3) and Zirconia-
filled Polylactic Acid (PLA) parts for use in prostheses. Cylindrical samples were defined in two different sizes:
diameter 6,35 mm x 12,70 mm height, according to ASTM C1424 - 15 Standard for ceramics, and diameter 12,7
mm X 25,4 mm height, according to ASTM D695 Standard for plastics. Six replicates were obtained of each
experiment. The purpose is to compare the performance of the samples printed in different sizes.

After 3D printing, the main parameters for the characterization were: surface roughness, dimensional error,
density and total porosity.

Similar results were obtaining regardless of the size of the samples, showing the option to manufacture samples
in different sizes, depending on the standard considered, either for ceramic or for plastic materials.
Keywords: additive manufacturing; 3D printing; prostheses; porous structures; Polylactic Acid (PLA); Calcium
Carbonate (CaCOs); Zirconia; ASTM; surface roughness; dimensional error; density; total porosity; Fused fila-
ment fabrication (FFF)
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In their interaction, composite materials based on carbon nanotubes (CNT) and zinc oxide (ZnO) presents prop-
erties with tremendous potential in a variety of domains. By combining the capacity to absorb a wide range
of contaminants and large specific surface area of CNT with the environmental-friendly ZnO, a material with
promising efficiency in wastewater treatment could be obtained. In order to process CNT-ZnO based structures
with a geometry that will facilitate a better filtration of the water, the additive manufacturing technology is
needed. The obtained 3D structure has to present a suitable mechanical behavior in order to withstand the
filtration process. Thus, it is required that the printed geometry to undergo mechanical examination.

In this study, the CNT-ZnO 3D structures obtained via robocasting were designed considering the previously
used printing parameters. The CAD model was subjected to a static simulation in order to make a prediction of
the mechanical behavior of the CNT-ZnO based structures.

ZnO-CNT nanocomposite powder prepared by hydrothermal synthesis was used to obtain 3D structures via
robocasting technique. Considering the input parameters of the 3D structures, a CAD model was designed using
the software SolidWorks 2019. The designed structure was subjected to static pressure tests at 0.1 MPa, 0.5 MPa
and 1 MPa. The minimum and maximum values for Von Mises stress and dislocation were determined under
static conditions.

The results of the simulation process indicated that the structures will not fracture under the action of me-
chanical stress. Furthermore, under the action of applied pressures, the CAD structure shows a predictable
displacement that is likely to occur mainly in the center of the structure. The results obtained in the simulation
are a satisfactory indicator of the mechanical potential of the obtained architectures.
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Advanced ceramic materials have attracted large interest in various modern industrial and practical engineer-
ing applications due to their excellent mechanical and physical properties. Additive manufacturing offers new
opportunities to manufacture advanced ceramic materials with increased geometry complexity and reduced
waste material. Among these additive manufacturing techniques, robocasting is often considered to perform
fine and dense ceramic structures with geometrically complex morphology and high strength, thanks to the
high solid loading in the feedstock. The main goal of this work is to develop dense zirconia ceramics by eval-
uating the effects of different geometries on mechanical performances of sintered parts. In this work, three-
dimensional 8 mol.% yttria-stabilized zirconia (8Y-ZrO;) ceramic parts with rectilinear (0/90° and 45°) and cylin-
dric geometries were printed via robocasting with a 100 % infill. A printable ink was developed using an inverse-
thermoresponsive hydrogel, Pluronic® F-127, and 8Y-ZrO, ceramic powder with a solid loading of 70 wt.%. Vol-
umetric shrinkage and relative density together with mechanical properties were determined. Results revealed
that cylindric printed samples presented higher volumetric shrinkage and density while rectilinear ones with
filaments oriented at 45° displayed the highest compression strength.
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Composite materials based on carbon nanotubes and metal oxides (CNT / MO) combine the unique properties
of CNTs with those of metal oxides and have extraordinary properties resulting from their interaction. Zinc
oxide nanoparticles had shown great promise in the area of water and wastewater treatment due to its high
BET surface area, strong oxidation ability and good photocatalytic capability. Carbon nanotubes can be easily
modified by functionalization of the material surface and it presents large specific surface area, high chemical
stability, the capability to adsorb a great variety of contaminants and high electrical conductivity. Therefore,
reinforcing ZnO with CNT could be an interesting strategy in order to obtain a composite material with better
properties with potential application in different fields such as energy storage and wastewater treatment. Over
the past five years, additive manufacturing (AM) has shifted from a tool used exclusively in the industry for
rapid prototyping to a new, far-reaching approach to the development of high-value products. The researchers
also explore the potential of using 3D printing techniques in composite printing, which is why the main purpose
of this study was to obtain three-dimensional structures based on ZnO-CNT composite powder by robocasting.
During this work, 3D parts with different printing characteristics were designed and manufactured based on
ZnO-CNT hydrothermally synthesized powder. The 3D bodies thus obtained were characterized from a mor-
phological point of view with the help of the scanning electron microscope. Some of the 3D structures were
impregnated in sodium nitrate (with the role of a phase change material) using the solvothermal method pro-
cess at high pressure in order to evaluate their potential in energy storage application. Also, in order to evaluate
the potential of these structures in wastewater treatment applications, preliminary tests for retaining Cd ions
from standard solutions prepared in the laboratory were performed.
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3 mol% Yttria-Stabilized Zirconia Polycrystal (3Y-TZP) exhibits an excellent combination of mechanical strength,
fracture toughness, biocompatibility, and bioactivity. This is one of the reasons why 3Y-TZP can be used in the
biomedical field, which requires complex shapes and geometries together with mechanical resilience and in
the case of dental applications also aesthetics. This complexity cannot be achieved by traditional manufactur-
ing processes, therefore additive manufacturing is a suitable alternative. With these requirements, multiple
porous geometries, including rectilinear at 0/90 and 45°, triangular, concentric, and cylindrical were produced
by the robocasting technique using 3Y-TZP/Pluronic hydrogel paste as printing material and an 840 mm nozzle
for extrusion. After sintering at 1450 °C for 2 hours, samples were analyzed by micro-computerized tomography
(m-CT) to observe filament placement and pore distribution in the cross-sections and Field Emission Scanning
Electron Microscopy (FESEM) to follow microcracks or manufacturing faults of different shapes. Compression
tests were carried out to determine the stress-strain curve for each condition and to elucidate differences be-
tween them. Results revealed that rectilinear geometry at 45°displayed higher strength in contrast to concentric
and cylindrical ones.
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Osteoinductive biomaterials are those capable to induce the osteogenesis process, by stimulating pluripotent
stem cells to differentiate into bone-forming cells!. Such biomaterials hold great potential in bone regeneration
applications. Recent studies have shown that osteoinduction is highly benefited from the presence of concave
surfaces®. This represents a challenge for the application of extrusion-based 3D printing techniques in the
fabrication of synthetic bone grafts, due to the convex surface of the extruded filaments. The aim of this
project was to overcome this limitation by developing a novel method that relies on the fabrication of calcium
phosphate scaffolds with concave surfaces by the infiltration of sacrificial polymeric moulds with self-setting
calcium phosphate slurries and their subsequent dissolution. The goal was to obtain ceramic scaffolds with
concave porosity which were the negative of the polymeric mould printed by direct ink writing. Printing
parameters such as infill density, pattern and layer height were modified and their effect on scaffold porosity
and mechanical properties was analysed. Infill density did not affect the pores’ geometry or dimensions but
increasing infill densities of the printed moulds increased porosity and decreased the compressive strength.
Three infill patterns were studied; perpendicular, gyroid and crossed, of which the perpendicular pattern
had the highest compressive strength for the same porosity values. Layer height affected pore size and their
geometry, as oval pores were obtained for smaller layer heights. This translated into lower porosity values
and, as a consequence, lower compressive strengths. Overall, infill percentage and infill pattern had the
highest influence on mechanical properties and infill percentage on porosity. We concluded that the use of
sacrificial moulds is a promising approach to obtain ceramic scaffolds with concave porosities that could
promote osteoinduction.

1Albrektsson & Johansson, Eur. Spine J. 10 (2001)
’Barba, et al. ACS Appl. Mater. Interfaces, 9, 48 (2017)
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Due to the depletion of fossil resources and to the rising ecological awareness, energy storage has become a
major issue in our society. Thermochemical storage, based on hygroscopic salts, seems promising to meet these
new challenges. However, in order to optimize the thermal properties of these systemes, it is necessary to asso-
ciate the salt with a host material. For our application, this host material must be affordable, resistant and as
porous as possible. To meet these requirements, we have chosen to design porous geopolymers. In addition,
an energy efficient shaping technology was also chosen: Direct Ink Writing, in order to create a multi-scale
porosity.

Different additives were added to an initial geopolymer ink formulation to firstly increase their porosity in
order to store more salt, and secondly make their rheology adequate for the printing process.

On a small scale (parts < 8 cm®), a robocasting machine provided by 3D Inks LLC was used. For parts larger than
8 cm?®, we used a WASP 2040, accessible to the general public, on which we made some technical modifications
to allow geopolymer printing.

As a result, structures have been successfully printed and show good fidelity to the model for the two printers.
However, even if the samples are more porous (50% against 4.5% without additives), the porosity is not sufficient
for our application. Moreover, it is lower than that of the molded samples, which suggests that the 3D printing
process modifies the internal structure of the foam.

To improve these results, other strategies are currently considered, such as adjusting the formulation, a new
technical modification of the printer or the use of other foaming agents.
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The integration of microbatteries in increasingly complex (e.g. flexible or wearable electronics) and numerous
electronic devices requires a paradigm shift in their fabrication, towards greater design and fabrication flexibil-
ity, lower costs, as well as a reduced environmental footprint. Additive manufacturing can meet this challenge,
while allowing innovative internal structuring. This work aims to demonstrate the feasibility of microbatteries
printed by Direct Ink Writing [1]. This device allows printing with a current resolution of the order of 200 pm
of anode, cathode, and even solid electrolyte materials. By optimizing both the materials and the design of their
architecture a better manufacturing flexibility is targeted and a decrease in financial and environmental costs.
The optimization of the formulation and printing conditions has allowed to reach a printable and rheologically
adapted anode ink at around 50% of dry extract with minimized CMC and carbon black contents and more
than 90% of graphite increasing the nominal capacity of the anode. The anode is cycle-tested in a lithium-faced
Swagelok with a liquid electrolyte. In parallel with the printing and electrochemical cycling stages, tomography
is proving to be a good characterization technique to judge the mechanical strength of a printed ink and, in the
long term, to monitor the printed structure over the battery charge/discharge cycles.

For the cathode, two materials are considered: LiFePO4, an inorganic polyanionic material, and Mg(Li2)-p-
DHT [2], an organic material which is elaborated by means of a low-energy synthesis chemistry. Finally, the
electrolyte must be able to fit into the pores of the electrodes while providing a real electronic barrier between
them; photo-ionogels [3] are considered as good candidates. All the components of the batteries could then be
printed in complex shapes (interdigitated).

[1] Tabard et al., 2021; Coffigniez et al., 2021.

[2] Jouhara et al., 2018.

[3] Aidoud et al., 2016.
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High-performance ceramic materials have been widely used in the aerospace, biomedical, automotive and elec-
tronics industries due to their exceptional properties, such as high strength and hardness, resistance to high
temperatures and corrosion.

Traditional manufacturing methods, such as moulding or machining, still face difficulties in manufacturing
complex ceramic geometric shapes.

Additive manufacturing technologies offer an opportunity to alter and complement traditional manufacturing
paradigms. The ability to directly 3D print parts from digital designs drastically alters design and prototyping
workflows. Key technologies contributing to the growth of the 3D printing market include the light curing
segment, which accounted for 21% of the 3D systems market in 2021.

Stereolithography makes it possible to print very dense parts and also very small details thanks to the high reso-
lution provided by its thin layers. Therefore, SLA 3D printers are an excellent choice for jewellery applications,
dentistry and other types of high-precision functions.

That said, this ceramic additive manufacturing technology requires a high investment that not all companies can
afford; the cost of a technical ceramic SLA 3D printer can start at around $150,000 and go up to over $500,000.
3D printing with ceramic resin is also a relatively complex operation involving long preparation times and
delicate post-processing steps, such as washing off excess resin, curing, and sintering.

The aim of this project, financed by Instituto Valenciano de Competitividad Empresarial, is to study the proper-
ties of ceramic parts printed on an open source machine, specially the influence of the particle size distribution
on the density of the resulting parts.
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There is potential to influence the ceramic industry by offering new opportunities to manufacture advanced
ceramic components without the need for expensive tooling, thereby reducing production costs and increasing
design freedom. Application of Additive Manufacturing technology makes it possible to obtain 3D parts by
adding material, layer-by-layer, directly based on virtual 3D model.

The aim of this research is an evaluation of Digital Light Processing (DLP) 3D printing process of aluminum ox-
ide based structures. In order to obtain a printing material, sol-gel synthesis of aluminum sol is provided with
introducing photocurable compound. The solid printed structure is made out of preceramic polymer which af-
ter thermal treatment turns into ceramic. Materials obtained by this route are called Polymer Derived Ceramics
(PDCs). It is the group of materials which offers an interesting way for the preparation of ceramic materials,
since preceramic polymers may be processed using standard methods applied for typical polymers. The combi-
nation of DLP and PDCs gives an opportunity to obtain ceramic products with strictly predesigned architectures.
For the sake of the research, the optimalization of printing parameters were provided. In order to characterize
designed structures basic microstructural (SEM) and structural (FTIR, XRD) tests are performed.

This research was funded by the National Science Centre, Poland, grant no. 2020/37/B/ST8/02859.
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3D printing technologies based on the photo-curing mechanism have been developing very quickly in recent
years. The most known and used technologies in today’s science and industry are Stereolitography (SLA) and
Digital Light Processing (DLP). Photosensitive resins used in these methods should have low viscosity or ade-
quate fluidity. Low viscosity resins are of small molecular weights, which result in a high degree of cross-linking
of photo-curable materials. As a consequence of this is the high hardness and brittleness of the final product.
On the other hand, if the molecular weight of the photosensitive resin is large, the viscosity is too high for print-
ing. Then, a large amount of monomer is needed to make the material suitable for printing, which causes the
loss of good performance of the resin. Therefore, for the further development of 3D printing methods based
on photopolymerization, it is extremely important to develop a photosensitive resin with low viscosity, good
fluidity and high efficiency.

This work presents the preparation of photo-curable resins in the sol-gel process based on polysiloxanes, which
belong to the preceramic polymers. Novel materials from the SiOC system have been received with the use of
precursors containing methacrylic groups in their structure. This allows the use of such materials in 3D printing
technology by the SLA or DLP method. The structure of the synthesized product was determined and the first
samples were printed using the DLP method.

Acknowledgment
This research was funded by the National Science Centre, Poland, grant no. 2019/35/B/ST5/00338 and supported
by the program ,,Excellence initiative — research university” for the AGH University of Science and Technology.
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The poster describes the development of photosensitive ceramic suspensions cured by a blue light (A=455 nm).
The backbone of the suspension is based on a mixture of 1,6-hexanediol diacrylate and trimethylolpropane
triacrylate. The photoinitiator — co-photoinitiator mixture of camphorquinone and 2-(dimethylamino ethyl
methacrylate) was used. The premix was loaded with alumina (Al;03) ceramic powder with a specific sur-
face area of 11.85 m2.g™ up to solid loading of 83 wt%. The optimal solid loading and dispersant content were
studied. The prepared suspensions were test-printed, and the microstructural quality of 3D-printed parts was
evaluated.
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Technologies of additive manufacturing (AM) impress with the ability of fabricating ceramic parts of high pre-
cision and complexity. However, their mechanical performance may be affected by printing process-related
parameters as compared to conventionally processed ceramics. To improve strength and damage tolerance of
3D-printed alumina-based ceramics, two different approaches have been investigated, focusing on microstruc-
tural and architectural design.

(i) High strength alumina based on a multilayer design: A-B-Alaminates of (A) alumina and (B) alumina-zirconia
materials were additive manufactured using the 2K-lithography- based ceramic manufacturing (LCM) technol-
ogy. Through mismatching thermal expansions of the different materials, compressive residual stresses were
induced into the surface alumina layers during cooling after sintering. A biaxial strength of 1 GPa was obtained,
in comparison to 650 MPa on 3D-printed bulk alumina.

(i) Damage tolerance alumina: Textured alumina ceramics were 3D-printed by applying the method of tem-
plated grain growth. Through shear forces, occurring during the printing process, aligned high aspect ratio
templates grew due to the dissolution and precipitation of surrounding submicron-sized powder particles. As a
result, anisotropic crystallographic properties as well as the morphology of the textured grains led to a biaxial
strength of 670 MPa, compared to 570 MPa measured on equiaxed alumina sintered under the same conditions.
Additionally, toughening mechanisms as crack deflection, bifurcation and even crack arrest could be observed,
leading to an enhanced damage tolerance.

These two strategies may be applied to other 3D-printed ceramic materials and systems of more complex geom-
etry to enhance their structural properties.
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Nowadays energy and pollution crisis raised interest towards alternative ways to harvest energy, like thermo-
electric conversion of waste heat into electrical energy (i.e., thermoelectric generators, TEGs). The most inter-
esting aspect is the direct conversion of energy by employing lightweight and quiet devices, without moving
parts, therefore at zero green-house gases emissions. Since their thermoelectric properties, the most used and
studied materials are bismuth telluride and its alloys (p-type Bi x Sb 2-x Te 3 and n type Bi 2 Se 3-x Te X ). Aerosol
jet printing (AJP) is based on atomization and deposition of a colloidal suspension of a powder with a particles
size (d 50 ) lower than 500 nm. As preliminary tests, as-received bismuth telluride (Bi 2 Te 3 ) powder (d 50 =
2.26 um) from Sigma Aldrich was ball milled (high energy planetary ball milling Retsch PM400) to reduce the
particle size. A submicrometric mean particle size was achieved by dry ball milling, by testing different milling
parameters (e.g., higher rotation speed, lower spheres diameter...). The lowest d 50 value was about 840 nm,
using a multiple steps ball milling process. The next steps consisted in the preparation of a stable colloidal sus-
pension based on ball milled bismuth telluride powder in a dispersant based on ethanol, ethylene glycol and
glycerol, as formulated by Hollar et al [1,2]. The stable suspensions enabled the deposition of uniform thin films
by AJP.

1. Hollar, C. et al. High-Performance Flexible Bismuth Telluride Thin Film from Solution

Processed Colloidal Nanoplates. Adv. Mater. Technol. 5, 1-8 (2020).

2. Varghese, T. V. Additive Manufacturing of High Performance Flexible Thermoelectric

Generators Using Nanoparticle Inks. Boise State Univ. 1-97 (2019).
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Calcium carbonate, a raw material naturally found in coral, limestone, and marble, is an essential feedstock for
several applications. Although it is more commonly used in powder form, bulk or structural parts could have
exciting applications, such as bone scaffolds, artificial corals, and synthetic rocks. Additive manufacturing, es-
pecially vat-photopolymerization, is a promising strategy for producing complex geometries for such purposes.
However, two challenges arise: 1) Producing a CaCO3 suspension suitable for vat-photopolymerization additive
manufacturing with high ceramic solid loading and low viscosity; 2) Sintering the CaCOs; without causing its
thermal decomposition into CaO above 600°C. The first challenge was addressed by following a systematic for-
mulation strategy for the ceramic suspension. First, the photocurable monomer was selected considering the
viscosity and curing thickness of mixtures containing different percentages of 2-Hydroxyethyl methacrylate and
poly(ethylene glycol) diacrylate 250. Then, eight dispersants were compared, and the one which resulted in the
lowest suspension viscosity was selected. Finally, the volumetric loading of the calcium carbonate suspension
was increased until a compromise with the viscosity and printability was reached. Preliminary sintering tests
at 850°C were carried out in a controlled atmosphere, and the resultant crystalline phases were evaluated using
X-ray diffraction. As aresult, a printable calcium carbonate suspension was obtained with 35 vol% of CaCO; and
low viscosity (282 mPa.s at 30s?). The resin was successfully used to print scaffolds and artificial corals using
an ordinary digital light processing (DLP) 3D printer. The developed sintering method revealed that it is possi-
ble to remove organics and sinter CaCO3 without thermal decomposition by using the proper atmosphere. The
presented results are an important advance for fabricating calcium carbonate parts with complex geometries
that can be used as bone scaffolds, artificial rocks, and other applications.
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Guided Bone Regeneration (GBR) therapy has proven successful in repairing large bone defects for both dental
and orthopedic applications. Collagen-based medical devices (MDs) are often used for GBR application however,
their fast degradation rate can jeopardize the clinical outcome. Therefore, the aim of this work was to develop
and up-scale the production of an alternative to collagen-based MDs for GBR application by integrating the QbD
strategy at the early developmental stage of the product design.

The MD was produced by adapting a published protocol. The mechanical properties were evaluated by rheom-
etry (Discovery HR-2) and nanoindentation (Piuma). Crosslinker quantification and spatial distribution was
studied by an in-house biochemical assay. For in vitro biocompatibility and efficacy testing, murine and human
primary fibroblasts were used to assess material toxicity (Live/Dead, CCK-8 and LDH assay) and cell penetra-
tion (immunolocalization and DNA quantification (PicoGreen)). Material degradation was assessed in vitro by
enzymatic digestion and in vivo by subcutaneous implantation in mice. Gamma sterilization was performed
by IONISOS. Statistical analyses were performed using GraphPad Prism software and results, are presented as
mean +SD. A level of p<0.05 was considered significant.

In order to facilitate the design and up-scaling of our MD, it was necessary to apply a risk assessment cycle. As
such, critical material attributes (CMA) and process parameters (CPP) were initially identified accordingly to
their influence on the MD’s critical quality attributes (CQA).

Crosslinking the material at 50°C led to a slower degradation time in vivo which was correlated to higher me-
chanical properties. Although in vitro the gamma irradiated MD degraded faster than the UV sterilized, in vivo
it showed a comparable performance to a commercial gold standard (collagen-based MD, data not shown).
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Additive manufacturing of ceramic materials has been rapidly expanding for several years. Robocasting (some-
times referred to as Direct Ink Writing) is one of the few additive manufacturing techniques that allows pro-
cessing multiple materials simultaneously as multiple cartridges can be loaded in the machine and used to print
a single part. Thanks to that, we are able to create dense materials with complex geometries and gradients of
composition.

Robocasting uses mechanical forces to extrude ceramic pastes (called « inks ») from one or several syringes
through thin nozzles, following a computer-aided design model to form green 3D structures. To allow extrusion
through fine nozzles, agglomerates and bubbles should be removed and a homogenous ceramic paste must be
obtained. The rheological properties are also considered to be one of the most important factors for a successful
printing. That’s why, we have to work with shear-thinning materials. Indeed, we have to obtain pastes with a
sufficient yield stress and an adequate thixotropic behavior. Both homogeneity and rheology were thus opti-
mized by the formulation of ceramics paste, in particular with a work on the optimum amount of dispersant
and gelling agent, and an optimization of mixing sequence.

In addition, the influence of printing parameters was also studied: path of the nozzle to make the design, use
of two syringes to create either support structures or bi-materials architectures, etc. Printed parts were charac-
terized by SEM and X-Ray Tomography at each stage of the process (after printing, debinding and sintering). It
is very important to optimize printing parameters and rheological properties at the same time because cannot
print all geometries with one rheology. These studies will allow to better understand links between printing
parameters, rheological properties and mechanical properties.
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