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Abstract

This research project focuses on the production of ceramics via Additive Manufacturing (AM)
techniques, with particular focus on extrusion-based technologies. The main advantage of AM is the
ability to produce cellular structures with high complexity and controlled porosity, allowing to
manufacture light but efficient stretch-dominated structures. The inspiration comes from nature:
bone architectures are a great example, consisting of thin, solid skins attached to highly porous,
cellular cores.

Very few commercially available AM systems are suited for ceramic materials, and most of them
use ceramic powders as feedstock. Residual pores and cracks are very hard to avoid and result in
low strength, poor reliability and loss of unique material properties such as glass optical
transparency. AM technologies employing polymers are at a much more advanced stage of
development. The goal has been to exploit such advances and to provide alternatives to the ceramic
powder-binder approaches. Three different material families were explored: preceramic polymers,
geopolymers, and glass.

The same preceramic polymer, a commercial polysilsesquioxane, was employed as a non sacrificial,
reactive binder to develop inks for stereolithography (SL) and direct ink writing (DIW).

The first technology allowed for production of dense, crack-free SIOC micro-components with strut
size down to ~200 um and optimal surface quality. No shape limitations were experienced, but
porous structures or small dense parts are the best options in order to avoid residual pores and
cracks. The second approach was employed for the fabrication of complex biosilicate scaffolds for
tissue engineering with a rod diameter of 350 um and unsupported struts. The preceramic polymer
had the double role of source of silica and rheology modifier. Ceramic matrix composites (CMCs)
were also fabricated; the preceramic polymer developed the ceramic matrix (SiOC) upon pyrolysis
in inert atmosphere, whereas reinforcement was given by chopped carbon fibers.

Geopolymer components with controlled porosity were designed and produced first by negative
replica of PLA sacrificial templates and then by DIW. Highly porous ceramic components with
features of ~800 um and unsupported parts with very limited sagging were produced with the latter
approach.

A novel extrusion-based AM approach was finally developed for the production of objects starting
from molten glass. The system processed glass from the molten state to annealed components of
complex, digitally designed forms. Objects possessing draft angles and tight radii were fabricated.
Within the design space it was possible to print with high precision and accuracy; parts showed a

strong adhesion between layers, and high transparency through the layers.
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Research Motivation

Up to recent times, materials scientists and engineers have focused on the understanding of the
physical and chemical properties of polymers, ceramics and metals, in order to determine their
mechanical, thermal, and functional behavior. Manufacturing technologies have been developed
with the aim of exploiting the intrinsic properties of materials, such as the low melting point of
polymers and the ductility of metals; microstructure modification and material functionalization
have been so far the result of post processing treatments such as quenching, etching, and coating.
Materials development has produced synthetic materials, which in some cases possess properties,
which are superior to biological based materials; however, natural materials are still unbeatable in
terms of their architecture.

Over the past millennia, nature evolved extremely efficient cellular materials, which combine low
density with high stiffness and strength; bone architectures are a great example, consisting of thin,
solid skins attached to highly porous, cellular cores. Skin thickness, core cell shape, size and
distribution vary among species and with respect to the specific bone function: a typical bird’s wing
bone is much lighter and porous than a human femur. Within the same bone, gradient in density and
morphology can be observed.

Human-developed cellular architectures are much less intricate: to date, market-ready
manufacturing technologies limit the choice to foams and honeycombs. Structure control is crucial
as it determines the behavior of the cellular material. The randomness typical of foams results in
bend-dominated deformation and a rapid decrease in strength and stiffness with porosity. A linear
decrease could potentially be achieved by stretch-dominated ordered lattices.

Unique opportunities associated with the design and production of complex cellular architecture are
now being provided by the special combination of materials engineering with computational design
and additive manufacturing (AM). AM technologies are enabling the actual fabrication of cellular
components with much less limitations compared to the conventional routes; computational power
and methods, on the other hand, have been improved and are now able to design intricate
architectures for specific functions.

The cooperation between these worlds enables the application of topological optimization and
architectural principles that already increased the efficiency of buildings and structures to the
material scale. It results in an additional degree of freedom for material design, which could be
manufacture to tailor location-specific requirements.

The same material can double its function within the same component, being a structural element,

with high strength/density ratio, but also a thermal insulation or a permeable membrane.
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The intrinsic property of the bulk material is the upper bound that defines the mechanical properties
of the cellular component. Therefore, efforts are rapidly moving from AM of polymers to metals
and ceramics. By fabricating lattice structures of extreme materials, such as technical ceramics,
ceramic matrix composites (CMCs) and ultimately diamond, unprecedented strength/density ratios
can be accessed.

Among the many commercially available AM systems, very few are suited for ceramic materials,
and most of them use ceramic powders as feedstock. Due to the high melting point of ceramics,
consolidation of powder to a dense part is a big challenge, and residual porosity is yet very hard to
avoid. Residual pores and cracks are responsible for the low strength and poor reliability of
additively manufactured ceramic parts; moreover, they inhibit unique material properties such as
glass optical transparency due to the light scattering.

Inner porosity, on the other hand, could also provide for the desirable functional features in the
design and fabrication of multifunctional materials with graded, hierarchical structures.

As polymeric materials possess unique formability and a much lower melting point compared to
ceramics, AM technologies employing polymers are at a much more advanced stage of
development. The motivation driving this research has been to exploit such advances and to provide
alternatives to the ceramic powder-binder approaches, which could potentially overcome the
aforementioned limitations. The potential of these technologies to meet the high demand of
complex architected components with superior mechanical properties and additional functionalities
would open the way to high-end applications in lightweight structures, energy absorption, thermal

management, biomedical engineering and responsive metamaterials.



Thesis Organization

The state-of-the-art of AM for ceramic materials will be presented in the Background, with focus on
the technologies employed over the course of this PhD work.

Chapter 1 reports on the use of a preceramic polymer to develop inks for stereolithography (SL) and
direct ink writing (DIW). Contrary to conventional organic binders, preceramic polymers have a
low decomposition mass loss, so they can be considered as non-sacrificial binders. Pure
prececeramic polymer inks were developed, as well as composition in which they behave as
reactive binders to form complex silicate phases or as matrix in a CMC.

Chapter 2 focuses on geopolymers, a class of ceramic materials synthesized from aluminosilicate
powders in alkaline or acidic environments by a polycondensation reaction, which resembles the
polymeric ones. Lattices were fabricated fist following a negative replica route, and then developing
slurries with optimized rheology for DIW. Their applications range from low-CO. emissions
concrete to filters for air and water depuration.

Chapter 3 presents the development of a novel extrusion system for soda-lime glass able to process
it from a molten state to an annealed product. Soda-lime glass is a much more traditional material
compared to preceramic polymers and geopolymers; its amorphous structure and glass transition
correspond to a gradual variation of its properties upon heating/cooling.Most polymers possess the
same behavior, which is exploited in AM processes such as fused deposition modeling (FDM); the
biggest challenge involved in the a FDM approach applied to soda-lime glass resided in the

development of a platform able to operate at much higher temperatures.






Background

Additive Manufacturing and ceramics
Solid Freeform Fabrication (SFF) technologies enable the manufacture of three-dimensional (3D)
structures based on a layer-by-layer approach starting from Computer-Aided Design (CAD) models.
After the development of stereolithography (SL) in the 1980s [1], numerous competing SFF
technologies have been introduced and improved with the focus moving from rapid prototyping to
production of finished and functional devices. Additive Manufacturing (AM) systems based on SFF
technology eliminate tooling costs, making small-scale production feasible and cheap and
increasing flexibility; less material is wasted and generally less energy is consumed, resulting in a
“greener” production compared to conventional manufacturing routes. AM has the peerless ability
to produce designs impossible to build otherwise; additional complexity does not affect production
rate, cost, or quality. Rapid and economic design iterations exploit the efficacy of non-linear design
and optimization.
According to the American Society for Testing and Materials (ASTM), AM is defined by the
“process of joining materials to make objects from 3D model data, usually layer upon layer,
opposed to subtractive manufacturing methodologies, such as traditional machining” [2].
In contrast, subtractive fabrication techniques construct the manufactured object by successively
removing material from a solid block; most machining processes such as milling, grinding and
turning are part of this family. Finally, mechanically shaping a set amount of material i.e. by
bending, forging or forming, is known as formative fabrication.
The feedstock material for AM processes can be employed in form of powder, liquid, slurry,
filament or sheet. It can be directly deposited only in the position giving the desired shape of the
final object, or it can be deposited forming a complete layer and consolidated only where needed
[3].
Based on these criteria, ASTM divided AM technologies into seven categories [2]:
« Material extrusion: material is selectively dispersed through a nozzle or orifice (e.g. direct
ink writing (DIW) or robocasting, fused deposition modeling (FDM)).
« Material jetting: droplets of build material are selectively deposited (e.g. direct inkjet
printing, DIP).
« Binder jetting: a liquid bonding agent is selectively deposited to join powder materials (e.g.
powder based 3D printing).
* Sheet lamination: sheets of material are bonded to form an object (e.g. laminated object

manufacturing, LOM).



« Vat photopolymerization: liquid photopolymer in a vat is selectively cured by light-
activated polymerization (e.g. Stereolithography (SL)).
» Powder-bed fusion: thermal energy selectively fuses regions of a powder bed (e.g. selective
laser sintering/melting (SLS/SLM); selective electron beam melting).
» Direct energy deposition: focused thermal energy fuses a material by melting it as it is
deposited.
Material extrusion, material jetting and direct energy deposition are known as direct AM
manufacturing technologies, as the material is deposited only where the objects is; binder jetting,
sheet lamination, vat photopolymerization, powder-bed fusion are classified as indirect processes,
meaning that they require the deposition of a layer on which the object cross-section is inscribed. In
the latter case, the excess material has to be removed at the end of the print; at the same time, it
provides a support for the successive layers. Direct technologies, on the other hand, often require
the addition of sacrificial structures to support large overhangs, which are time consuming and can
be difficult to remove.
It is also true that indirect processes do not allow for the production of objects with closed porosity,
as there is no way to remove the excess material trapped inside it; even in the case of small open
pores and cells, the unreacted material can be difficult to remove completely. In the case of powder-
bed fusion or binding, partially sintered/bonded particles affect the surface finish of the
manufactured object significantly.
Indirect technologies can potentially be faster, as the cross-section can be inscribed over the entire
layer surface; simultaneous production of multiple objects is also enabled. Direct AM, instead, can
only deposit material in sequence.
AM technologies that are based on the processing of polymeric and metallic materials, have been so
far the most successful. Even multi-material textures and functionally as well as compositionally
graded structures can be fabricated during the manufacturing process [4,5]. Direct AM appears
more promising in the combination with multi-material systems, also including ceramics (functional
gradients, ceramic/plastic and ceramic/metal interfaces). Indirect technologies show much more
limitations, e.g. the addition of metallic materials acting as conductor in multilayer ceramic systems

is possible just for small concentrations [6].



Fig. L.1 - The seven categories of AM [7]. (a) Material extrusion, (b) Material jetting and (c) Direct energy deposition
form the group of direct technologies; (d) binder jetting, (e) sheet lamination, (f) VAT photopolimerizaton and (g)

powder-bed fusion are grouped under indirect processes.

As the focus is moving from design and prototyping task to the production of functional objects
with adequate physical properties, there are technical challenges in AM of ceramics still being faced
by most technologies. Most work in the field has been so far on fabrication of porous structures
such as lightweight lattices, scaffolds for tissue engineering, filters and catalyst carriers. Many of
the current direct AM technologies are intrinsically suited for the production of structures with a
fine mesh, and enable the production of lattices with a control on the amount, direction and shape of
the pores impossible to get otherwise; in this sense, AM is not competing with traditional
manufacturing, but rather, opens new fields of research.

Mentioned applications are more forgiving, as a certain amount of random porosity is tolerated or

even desired in order to provide more functionality.
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Fully dense, monolithic ceramics, on the other hand, show superior mechanical properties, thermal
resistance and durability; so far, very few AM technologies have the potential to fabricate
components with these features, limiting the industrial impact of this production route. The biggest
issue relies in the only partial processing of the objects during the fabrication: in most cases, the
product is a green body which needs to be sintered or converted to ceramic with the same
limitations involved in conventional manufacturing. The need of specific expertise and equipment,
such as high temperature furnaces, restricts the user field to people already dealing in ceramic
production or research.

The following paragraphs will focus on the state-of-the-art of the AM technologies applied to
ceramic materials and relevant for this work of research; their suitability for fabrication of both
porous and monolithic components will be discussed in detail, and several examples will be

presented.

Fused Deposition Modeling

Fused Deposition Modeling (FDM) is today considered one of the most popular technologies, as it
is employed in most desktop machines for the production of polymeric parts. The easiest approach
to adapt this relatively cheap technology to ceramic manufacturing to prepare a mixture of ceramic
powder and a relatively high amount of polymer. As the printing head is heated, the polymer melts
and is extruded in a filamentary form; it then solidifies upon cooling and thus retain the shape of the
extruded part. The main drawback resided in the feedstock preparation: ideally, a continuous
filament should be produced, which would be flexible enough to be collected in spools and
continuously fed to the printing head. However, it is very hard to produce such a filament with a
high ceramic loading, as it immediately becomes too brittle. The high amount of polymer needed
can cause issues during subsequent burning and sintering of the parts.

First attempts used commercially available FDM printers for polymers (i.e. by Stratasys Inc., Eden
Prairie, MN) for production of silicon nitride component [8]. Functional ceramics such as PZT were
also successfully produced by FDM: Bandyopadhyay et al. produced a polymeric filament spool
loaded with 50-55% PZT powder and used it with a commercial machine to fabricate a 3-3
piezocomposite ladder structure after sintering and impregnation with epoxy resin [9]. Jafari et al.
developed a proprietary apparatus with four deposition units and used it to fabricate more complex
piezoelectric components, i.e. a multilayer transducer composed on soft and hard PZT [10].

With the same machine, Allahverdi et al. also demonstrated fabrication of BiT structures and of

alumina structures with photonic bandgap properties [11].



Fig. L.1I- (@) FDM extrusion head creating a ceramic prototype; (b) green and sintered silicon-nitride parts [8].

Grida et al produced zirconia components from a mixture of 55% zirconia in wax and tested
different nozzles with diameter ranging from 76 to 510 um [12]; they observed that when the
filaments are too fine, they solidify too quickly in air.

For what concerns bio-related applications, Park et al. printed scaffolds with a mixture of 40%
hydroxyapatite (HA) and polycaprolactone (PCL) and measured the influence of the patterned
shape on the compressive modulus [13]; they also conducted in vitro tests with osteoblast-like cells,
as the scaffolds are meant for application in bone tissue engineering.

Polypropylene-tricalcium phosphate (TCP) composites with a pore size of 160 um were fabricated
by Kalita et al. [14]; resulting in a total porosity of 36%, they possessed a compressive strength of
12.7 MPa.

Direct Ink Writing

Direct Ink Writing (DIW), originally known as Robocasting after Cesarano’s patent [15], is a layer
by layer fabrication technique that involves the robotic deposition of a viscous ceramic paste
extruded through a fine nozzle. Central to the approach is the creation of an ink that can be extruded
in form of a filament; it then needs to solidify rapidly to maintain the shape of the printed structures,
which is particularly challenging if the filaments span gaps in the underlying layer(s). Appropriate
rheological properties for the ink are therefore an essential requirement.

Robocasting originally exploited the evaporation of the solvent as mean of rapid solidification for
ceramic suspensions with high solid loading; the minimal drying of the slurry after extrusion in air
converts it from a pseudoplastic to a dilatant behavior. This approach, however, limits the nozzle
size to a minimum of 0.5 mm, otherwise clogging occurs.



A partial solution is the deposition in a non-wetting bath, often constituted by oil, which prevents
excessive drying. Different ways of achieving the desired rheology can also overcome this issue.
The ideal rheology for a DIW ink is that of a Bingham pseudoplastic fluid, i.e. a fluid who shows an
initial yield stress and whose viscosity decreases with the increasing shear rate. In this way, the ink
can be easily extruded at low pressure but is able to retain its shape once deposited, even in case of
suspended struts. Such behavior is typical of a reversible gel and can be achieved in several ways,
including flocculation of a ceramic suspension to form a gel (e.g. by a change in pH, ionic strength
of the solvent, addition of polyelectrolytes), or the formulation of a ceramic ink containing a
polymeric binder and plasticizer [16]. The use of polyelectrolytes and salts for tailoring of the pH is
complex and requires a specific characterization of each suspension, i.e. measurement and
adjustment of its zeta-potential. Moreover, ions in the solution can interfere with the ceramic
particles: it is the case with bioglass, which was bound to dissolve and leach ions in water due to pH
modification [17]. The blend with a polymer binder and a plasticizer is less dependent from the
ceramic in use, but requires a de-binding step to remove the organic part; for lattices with a fine
mesh, no defects generated by such additional step were detected [18]. Another possibility is the use
of gelling additives, which is favorable because it makes use of a very little amount of organic
additives, therefore making a dedicated de-binding step unnecessary [19]. The same bioglass
suspension mentioned above was successfully dispersed using carboxymethyl cellulose, which also
behaves as a reversible gel former [17].

As clogging of the nozzle does not affect the latter cases, the size of the nozzle and of the
corresponding extruded filament can shrink down to 100 um [20,21]; the choice of the nozzle is
usually a compromise between processing time and surface quality. It is also possible to produced
specific cross-sections by using squared, hexagonal or more complex nozzles [22]; even hollow
filaments can be extruded [23].

The green bodies usually have a density up to 60%, which enables an almost complete densification

of the sintered parts.

10



(a) (b)

.
oy
]
s
-
s
e
-
=
)

.

iy LAY
Ly

LA -
i
LA
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comprised of alternating layers deposited using radial and concentric fill patterns [24].

Even so, the deposition in a filament fashion has so far shown its limitations in the fabrication of
monolithic parts, as it generates surfaces with a rough surfaces and voids at the interface between
layers; this is also the case for FDM approaches. Moreover, the presence of a binder or organic
additives can also translate into residual porosity or gas formation during de-binding. The
mechanical properties of such components are affected by these irregularities and the properties
along the vertical direction are usually much lower than the bulk ones.

Experimentation with porous components, on the other hand, has been particularly successful. Most
of the research has been oriented on the fabrication of porous bioceramic scaffold, which are
particularly suited for bone tissue engineering applications. For this reason, mechanical properties
have been carefully analyzed and correlated to the porosity of the scaffolds, as they should be able
to withstand some load. Miranda et al. printed hydroxyapatite (HA) scaffolds with a total porosity
of 39% and 15% of microporosity of the struts [25]; their compressive strength under uniaxial load
was ~50 MPa, and it doubled after immersion for two weeks in simulated body fluid (SBF) [26].
Porosity within the struts was found to be significant by Franco et al.: they printed several types of
bioceramic scaffolds by developing a thermo-reversible gel ink which has a low viscosity when
extruded at low temperature, but undergoes gelation when deposited into a warm (60 °C) oil bath
[27]. An increasing amount of gelling agent resulted in a porosity of the struts increasing from 5%
to 40%, which translated in a compressive strength decreasing from ~25 MPa to ~2 MPa.

Fu et al. were able to achieve fully dense bioglass struts on scaffolds with 60% total porosity [28].
The mesh of the scaffold was very anisotropic with unidirectional pores, and so was the
compressive strength: they reached 136 MPa in the channels direction and only 55 MPa in the
perpendicular one. These values can be fitted well with the Gibson-Ashby model for cellular

ceramics with closed pores [29].
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A model of the compressive strength of HA scaffolds was developed by Genet et al. based on a
Weibull approach and compared it with own experimental data [30]. They first kept the diameter of
the strut constant and gradually increased the spacing between the struts and so the porosity and
experienced a decrease in the compressive strength; they then kept the porosity constant (45%) and
increased both the spacing and the diameter of the struts, and they found a decrease of almost 75%
of the compressive strength. The model proposed showed a good accordance with the experimental
data.

Good results have been shared also in other, non bio-related fields of applications: mullite lattices
with 100 to 1000 um pore sizes were printed by Stuecker et al. with a sintered strut density of 96%
[31]. Radial struts arrays with increasing spanning distances were printed by Smay et al. with a strut
diameter of 200 to 400 um and a spacing of 300 to 1200 um [24]. The same ink was used to
produce PZT components for ultrasonic sensing applications [32]. Infiltration with an epoxy resin
resulted in PZT-polymer composites with 2-2 connectivity. Complex phases were also produced by
Smay et al., which used a nozzle mixer to print ternary mixtures of BaTiOs, BaZrOgz, SrTiOz [33].
They also presented one of the first examples of multi-material printing as they fabricated Ni-
BaTiO3 metal-ceramic structures through an array of single nozzles.

As already mentioned, for certain applications, some amount of porosity within the struts is
desirable as it decreases the weight of the component and increases its aspect ratio. Such porosity
can be designed by adding a porogen to the ink [34,35]. Dellinger et al. produces scaffolds with a
porosity gradient: macropores (100 — 600 pwm) obtained through the printing process, micropores (1-
30 pum) produced by PMMA microsphere addition to the ink, and submicron pores (<1 um) due to
incomplete sintering [35].

Stereolithography

Stereolithography is historically the first developed AM technology and consists of the selective
photopolymerization of a liquid resin with a UV light. The resin can be filled with ceramic particles
forming a slurry typically including a monomer solution, a photo-initiator, an absorber and
dispersing agents; concentrations of 40-60 vol% can be achieved [36-39].

Even if SL is an indirect AM process, the material surrounded the cross-linked part is liquid and
therefore cannot provide sufficient support; support structures need to be built and removed after
printing [39]. Thanks to the use of fine ceramic particles and the high green densities achievable,
almost dense ceramic parts can be produced [37]. Moreover, layer inscribing through a light source
allows for a much higher resolution compared to DIW and FDM; theoretically, it is limited by the

biggest between the pixel area and the particle size.
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On the other hand, there are material limitations associated with the light absorption: SiC
components, for example, cannot be fabricated via SL. Kirihara et al. experimented with several
materials producing samples possessing an ordered porosity of 75 vol% [40]. They produced yttria-
stabilized zirconia (YSZ) lattices with 100 um thick struts and 250 um lattice constant as anodes for
solid oxide fuel cells; alumina diamond-like structures served for simulation and measurement of

photonic properties. Chartier et al. also fabricated alumina 2D porous meshes [41].

woodpile crystal

waveguide

Fig. I.IV- (a) Elaborated 3D zirconia woodpile crystal having a waveguide within it [36]; (b) and (c) Examples of

alumina sintered pieces [41].

HA implants were also produced by means of SL; Kirihara et al. fabricated a dendrite structure with
graded porosity and a strut density between 95 and 98% [40]. Chu et al. produced scaffolds with
orthogonal pores, with a designed porosity of 40% and a compressive strength of 30 MPa [42]. SL
was also combined with freeze casting for producing B-TCP-type 1 collagen composite scaffolds
inspired by the osteochondral cartilage [43].

A much more recent development of SL, namely nano-stereolithography, makes use of a two-
photon equipment to achieve resolutions down to 200 nm. In this case, the structure is built in a
voxel-by-voxel fashion. Stable ceramic suspensions with particles smaller than 200 nm are difficult
to obtain, and so far the best results have been reached by using preceramic polymers to obtain
SiCN complex micron-sized structures upon pyrolysis in nitrogen [44]. 9x9x9 pum? structures with
an average cell size of 1 um were reported.

Of the technologies presented, SL is the most promising for the production of monolithic
components. The critical step in achieving full density is de-binding: when it is thermally activated,
it transforms the binder and additives into gaseous species which can leave pores and defects behind
as they leave the bulk by diffusion.

Heating must be very slow as the pressure inside the part cannot increase to much, otherwise cracks

and voids will form.
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Such issues are well known also in conventional manufacturing such as injection molding [45]; it
was shown that the limiting factor is the maximum wall thickness or volume of the green body, as
for wall thicknesses of ~1 cm, thermal treatment would require several days [46].

Negative replica

A possible solution for some of the limitations of the AM of ceramics is a negative replica
approach, where molds or porous structures are printed, impregnated with a ceramic slurry and then
the molds are removed. Molds can be produced from AM of polymeric materials, whose
development is at a greater stage compared to ceramics and offers easier processes, better resolution
and surface quality. Moreover, the final ceramic part can be more homogeneous and possess a
uniform microstructure when the template is filled with suitable slurry. Finally, the requirements in
terms of rheological behavior for the infiltrating slurries are much less stringent in comparison to
the strict control required for the fabrication of high quality structures by DIW. However,
infiltration can also be a delicate process, especially for complex lattices with fine, intricate
channels.

Bose et al. fabricated 3D honeycomb TCP and alumina structures for bone implants by infiltrating a
polymeric mold created by stereolithography with a ceramic slurry [47]. Porous components
produced by negative replica were developed almost exclusively for tissue engineering applications.
Preliminary attempts involved manual building of predesigned macroporous architectures where
sugar porogen elements were stacked layer-by-layer to form uniaxial, orthogonal and helicoidal
networks in polymeric structures [48]. A few years later, PLA and PLA-HA scaffolds were
fabricated by casting in 3D printed wax/PSA molds. The same route was followed by Ma providing
highly accurate inverse replicas with promising features for tissue engineering applications [49].
Different technologies can be employed to produce the molds: Detsch et al. produced a wax mold
with dropwise deposition and infiltrated it with a HA slurry [50]; they also replicated the geometry
by DIW. Negative replica produced scaffolds with 44% porosity, whereas components fabricated
via DIW had a porosity of 37%.

The pore size (300 pm) and strut diameter (500 pm) were the same and in both cases the strut
relative density reached 96% after sintering. This result indicates that the two techniques are fully
interchangeable. Also Bandyopadhyay et al. compared piezocomposites produced with FDM and

negative replica approach [9].
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Fig. 1.V - The manufacturing procedure: (a) template, (b) slurry replication, (c) pyrolysis, (d) silicon infiltration [51].

SL resin molds were fabricated and impregnated with HA following a gel-casting approach in order
increase the strength of the green body [52]; similar molds led to the fabrication of diamond-shaped
Ti02/SiO2 photonic crystals [53]. Guo et al. produced PZT components by gel-casting into selective
laser sintered (SLS) polystyrene molds; they found out that a proper polymer and corresponding
decomposition treatment need to be selected accurately in order to avoid deformation of the parts
[54]. Ortona et al. produced complex, regular three dimensional cellular structures through a Polyjet
approach, and they coated it with a SiC slurry; after pyrolysis, the resulting hollow lattice was
infiltrated with molten Si to generate RBSIC structures [51].

The combination of porosities and architectures at various scales, gradually decreasing from macro-
to micro- and nanostructures is possible and was demonstrated for instance, by Chen et al. with
PLLA nano-fibrous scaffolds [55]. Local pores can be manufactured simultaneously with the
infiltration process using conventional methods (e.g. using emulsions or adding sacrificial particles
to the infiltrating slurry), producing both local and global pores within one sample (often with

different length scales, enabling the fabrication of components with hierarchical porosity).
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1. Preceramic polymers

Preceramic polymers are a class of inorganic/organometallic polymers which can be converted to a
ceramic with high yield. Ceramics resulting from this process are named polymer-derived ceramics
(PDC). This novel class of ceramic materials was introduced more than 40 years ago, and it has
gained interest within scientists and industry thanks to its processing versatility and outstanding
material properties.

Most of preceramic polymers consist of silicon-based molecules; depending on the specific
precursor, binary systems such as SiC and SisN4, and more complex systems such as SIOCN or
SIBCN can be produced. They can be synthesized at lower temperatures (1000 - 1300 °C)
compared to classical powder technology (above 1700 °C) with a lower energy consumption. Some
varieties, like SiOC or SiCN, cannot be produced following any other approach but the molecular
route.

PDCs exhibit superior oxidation resistance and excellent thermo-mechanical properties (i.e. stability
to creep, crystallization, or phase separation) up to and above 1500 °C [1]. Moreover, they can also
possess functional properties such as piezo-resistivity, electrical conductivity, luminescence, high
chemical durability and favorable non coagulating behavior in contact with blood as well as
compatibility with cells [2-7].

The greatest advantage of this class of materials is that they can be processed or shaped using
conventional polymer-forming technologies such as infiltration, coating, spinning, extrusion,
injection molding and so on. This way, the general drawbacks and shaping limitations of the
traditional ceramic processing can be overcome.

PDCs have found application in several key fields such as information technology, transport,
defense, energy as well as environmental systems, biomedical components, sensors, and micro or
nano-electromechanical systems.

The general formula of an organosilicon polymer comprises a Si atom bonded to another atom or
group, forming the polymer backbone, and two substituent groups at the Si atom. The variation of
the backbone group determines the polymer class, whereas by changing the functional groups at the
Si atom properties such as chemical and thermal stability, solubility and rheology can be tailored.
Substituents can also modify the final chemistry of the ceramic, as they provide carbon in the

structure.
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Preceramic Organosilicon Polymers
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Fig. 1.1 - Main classes of Si-polymer precursors for ceramics [1].

Processing of preceramic polymers can usually be done in three steps:

1) Shaping: as mentioned, one of the key features of PDCs is that they possess a polymeric
nature at forming temperatures; therefore, conventional plastic-forming technologies can be
applied. Typically, the precursor is either a cross-linkable liquid, a meltable and curable
solid, or an unmeltable but soluble solid.

2) Cross-linking: after shaping, the component needs to be cured forming a thermoset able to
retain its shape upon ceramization. The functional groups (Si-H, Si-OH etc.) spontaneously
react via condensation or addition, usually below 200 °C; this thermal cross-linking can be
triggered by using catalyst, to the point that cross-linking reactions occur already during
shaping. Alternative means besides heating are oxidative treatment, e-beam curing, UV-
curing or treatment in alkaline solution [7]. Cross-linking stabilizes the material structure
and thus prevents the evaporation of oligomers during heat treatment.

This results in a lower release of gases that can form bubbles and defects.
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3) Ceramization: polymer-to-ceramic conversion leads to the decomposition and release of
organic groups. The most widely used process is pyrolysis, i.e. thermal treatment to high
temperatures. The process and the final composition depend on the precursor, the presence
of passive or active fillers, the atmosphere, the heating conditions etc.; however, in most
cases a 100% ceramic component can be obtained at about 1000 °C. The results are
remarkably stable amorphous phases; when heated at elevated temperatures, phase

separation and subsequent crystallization occur.
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Fig. 1.2 - Thermal decomposition of Si-based polymers [1].

Ceramization occurs with gas release and high shrinkage, leading to large defects such as pores and
massive cracks on bulk parts. The main strategy to overcome these limitations has been so far the
introduction of fillers.

They can be classified in two main categories:

1) Inert fillers: they do not react at any stage with the polymer, its decomposition products and
ceramic residue and the atmosphere. Their purpose is to reduce the shrinkage and gas
release upon ceramization and to provide means of escape for decomposition gases, thus
reducing cracking significantly and allowing for production of bulk parts.

2) Active fillers: these materials can react with the polymer and its decomposition products,
the atmosphere or the ceramic residue. A sacrificial polymeric filler can be added to the
preceramic polymer as porogen: in fact, it decomposes completely forming pores with size
and shape depending on the filler itself. Metallic and intermetallic fillers can react with the
decomposition products of the polymer forming carbides, or with an inert atmosphere

forming nitrides.
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By exploiting the volume expansion associated with the formation of such compounds, near
net-shape components with almost zero shrinkage can be fabricated [8,9]. Metallic but also
oxide fillers can react with the ceramic residue: the pyrolysis of a preceramic polymer in
oxidizing atmosphere gives a reactive SiO> ceramic residue which can generate complex
silicate phases. The latter approach has been extensively applied by the research group in
Padova and led to the development of numerous compositions: technical ceramics such as
mullite [10] and SIAION [11] but also bioceramics such as wollastonite [12] and
hardystonite [13,14]. The choice of submicro-sized active fillers with high reactivity
resulted in phases with high purity, produced at a lower temperature compared to standard
ceramic processing technology.
The polymeric nature of the preceramic precursor opens the door to AM development.
Polycarbosilane was used both alone and filled with SiC for ink-jet printing of simple shapes[15];
Selective Laser Curing was used to produce downscaled turbine wheels with a polysiloxane powder
filled with SiC [16]. More recently, Zocca et al. developed different approaches for the use of
powder-bed 3D printing in combination with preceramic polymers: in the first, a solid methyl-
silsesquioxane powder was used for the powder bed and printed with commercial binders[17]; in
the second, the preceramic polymer acted as non sacrificial binder and was jetted on a powder bed
containing active (CaCOgz) and passive fillers to form wollastonite-based bioceramic scaffolds [18].
SIOC lattices with ~120 um thick struts were produced by DIW at the Imperial College London
[19]; a small amount of graphene oxide was added to decrease the shrinkage upon pyrolysis. Eckel
et al. produced SiOC microlattices and honeycombs with high precision by curing preceramic
monomers UV light in a SL printer or with a technology known as self-propagating photopolymer
wave-guide technology (SPPW) [20].
Most experiments in this chapter were performed with a specific preceramic polymer, a commercial
product labelled Silres MK (Wacker Chemie AG, Ninchritz, DE). It is a poly(methyl-
silsesquioxane), with the characteristic -Si-(O)1.5- backbone and methyl lateral groups. The glass
transition temperature Ty is between 40 and 60 °C, but the polymer also possesses approximately 2
mol% hydroxy and ethoxy groups that allow cross-linking with release of water and ethanol [21].
Cross-linking occurs spontaneously at 150- 200°C, but the reaction can be accelerated by the
addition of an appropriate catalyst. However, there is no need of a catalyst when a high amount of
fillers is mixed with the polymer, as the fillers will prevent the collapsing of the structure above Tj.
The ceramic yield in one of the highest commercially available: 84 wt% upon firing at 1000 °C in

air or inert atmosphere.

24



SL of SiOC from a preceramic polymer

Partially published in:
Zanchetta, E., Cattaldo, M., Franchin, G., Schwentenwein, M., Homa, J., Brusatin, G.,
Colombo, P.: Stereolithography of SiOC Ceramic Microcomponents. Adv. Mater.
2016, 28, 370-376 [22]

SL of preceramic polymers has the potential to combine resolution and surface smoothness typical
of polymer forming with the superior thermo-mechanical and chemical properties of ceramics in the
microfabrication field. Different methods have already been used to micropattern PDCs components
[23]. In particular, polysilazanes 2D shaping was performed with liquid casting, softlithography
[24-27] and photolithography [28]; first attempts with 3D fabrication were conducted with nano-
stereolithography [29]. These molecules are not easily available and require processing in a non
moisture, oxygen-free environment as they are very sensitive to air. Polysiloxanes, on the other
hand, are not sensitive to air and moisture; they are much cheaper and commercially available.
Their use has been so far limited to 2D patterns through molding or photolithography (for siloxanes
containing vinyl groups) [30-33].

The goal of this section was to fabricate SiOC ceramic microcomponents via SL, starting from a

preceramic polymer with high ceramic yield.

Materials and methods

Material Synthesis

Silres MK does not cure under UV light; therefore it needs to be functionalized. The photocurable
preceramic polymer was prepared by dissolving MK in a mixture of THF (Aldrich) and Dowanol
TPM (Tripropylene Glycol Monomethyl Ether, Dow Chemical Company) solvents in 1:1 volume
ratio under stirring and sonication. Typically, 40 g of MK were dissolved in 40 mL of solution.
Then, an organically modified silicon alkoxyde (3-(trimethoxysilyl)propyl methacrylate or
TMSPM) was added to the solution with a MK to TMSPM weight ratio of 80:20 and let stir for 1
hour. The mixture was finally hydrolyzed in acidic conditions (1% molar of HCI and 2.4% molar of

water with respect to TMSPM) at room temperature for 12 h.
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2D soft-lithography optimization experiments

The photopolymerization of the acrylic groups in the photocurable resin was promoted by the
addition of two commercial photoinitiators: 2-Benzyl- 2-dimethylamino-1-(4-morpholinophenyl)-
butanone-1 (Ciba IRGACURE 369, BASF, Ludwigshafen, DE) and 2,2-dimethoxy-1,2-
diphenylethan-1-one (Ciba IRGACURE 651, BASF, Ludwigshafen, DE) with a molar
concentration of 1% with respect to TMSPM. Thin films (5 pm thick) were deposited by spin
coating on a Si wafer and a micro-patterned PDMS mold was gently pressed on them. The material
was exposed to increasing UV doses with a 250 nm-enhanced type Xe-Hg Hamamatsu

Lightningcure LC5 UV lamp (6 J/cm?) to validate and optimized the process.

Production of 3D SiOC microcomponents
Printing of the microcomponents was conducted at Lithoz (Lithoz GmbH, Wien, A) using the
stereolithography printer CeraFab 7500 (Lithoz GmbH, Wien, A; see Fig. 1.3).

Fig. 1.3 - CeraFab 7500 SL printer (copyright: Lithoz GmbH, Wien, A).
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Before printing, the THF solvent was evaporated through rotavapor at 45 °C for 60 min. A different
radical-based photoinitiator was chosen, which was a camphorquinone-amine system comprising
camphorquinone (Sigma-Aldrich, St. Louis, MI, USA) and ethyl 4-(dimethylamino)benzoate
(Sigma-Aldrich, St. Louis, MI, USA) in equimolar ratio. It is already widely used in dental filling
materials but also for other biomedical applications [34]. Upon exposure to light in the near UV-
range the photoinitiator undergoes homolytic cleavage and forms radicals which then initiate the
radical polymerization to form the polymer network. An azo dye was added as light absorber to
control the penetration depth of the light into the ink. This way, it is possible to cure thin layers and
realize high resolution in z-direction.

The SL process in use is named Lithography-based Ceramic Manufacturing (LCM) and was
developed at Lithoz (Lithoz GmbH, Wien, A). It is based on the layer-by-layer selective cross-
linking of the resin by means of a LED source according to a virtually sliced CAD model. The local
curing allows to shape each layer as desired and prevents thermoplastic flow of the resin during
subsequent pyrolysis. After printing of one layer, the moving stage which supports the object moves
up and extracts it from the liquid; the vat rotates to recoat the part with the solution. The moving
stage moves then down to a gap height corresponding to the layer height. A schematic of the
process is shown in Fig. 1.4.

The process can be applied to a wide range of different viscosities, from <1 to 100 Pa-s, with only
some adjustments in the printing parameters. The lateral resolution of the system is 40 pum; the layer
height was set to 25 pm.

After 3D printing, the base and support struts were removed from the green bodies, which were then

pyrolyzed at 1000 °C with a heating rate of 1 °C/min for 1 hour in inert atmosphere (99.99% Ny>).
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Fig. 1.4 - SL of the preceramic photopolymer. (a) the moving stage goes down to a gap corresponding to the layer

height, and a layer is cured; (b) the moving stage goes up to release the component; (c) at the end of the process, the
component is removed; (d) pyrolysis at 1000 °C gives the SiOC component (black) [22].

Characterization

The progress of the photopolymerization reaction in the preceramic polymer was investigated by
means of Fourier transform infrared spectroscopy (Jasco FT-IR-620 spectrometer) in the range of
400-4500 cm* with a resolution of +4 cm™; it provides bonding information for the ceramic
material after pyrolysis.

The ceramization process was investigated by differential thermal analysis/thermal gravimetry
(DTA/TG; STA409/429, Netzsch Gerdtebau GmbH, Selb, DE), operating in nitrogen flow using a
heating rate of 2 °C/min up to the maximum temperature of 1000 °C. The analysis was conducted
on the MK+TMSPM mixture previously dried in air at 60 °C overnight to eliminate the THF.

X-ray diffraction (XRD) pattern of the ceramized material was collected using a X-ray
diffractometer (D8 Advance, Bruker Italia Srl, Milano, IT) with Cu Ka radiation, step scan 0.02°, 2
S per step.

The quality and the microstructure of the green bodies and of the corresponding ceramic structures
was evaluated through stereomicroscopy (STEMI 2000-C, Carl Zeiss AG, Oberkochen, DE) and
scanning electron microscopy (ESEM, Quanta 200, FEI, Hillsboro, OR).
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The designed total porosity was extracted from of the CAD file as the ratio between the volume
occupied by the structure and the volume of the rectangular prism encapsulating the object. The true
density of SiOC powder after ceramization was measured by means of a helium pycnometer
(Micromeritics AccuPyc 1330, Norcross, GA). The total porosity of the lattices was calculated by
weighing the samples on a digital scale and measuring their size of the samples using a digital
caliper, taking into account the measured SiOC density.

The compression strength of the SiOC structures was assessed on samples of approximately 10 x 10
x 10 Mm?2 in size, using an Instron 1121 UTM (Instron Danvers, MA) operating with a cross-head

speed of 0.2 mm min 2.

Results and discussion

As printed components could not be produced in house, when those experiments were conducted,
first experiments were carried out on polymer films to allow for a quick feedback concerning the
different parameters chosen for the ink. First, the MK-TMSPM ratio was adjusted until a sufficient
polymerization degree was reached. The assumption was that a composition suitable for obtaining a
2D solid structure after removal of the mold would also allow to obtain solid layers through
stereolithography.

Fig. 1.5 reports the proposed mechanism for cross-linking of the photocurable MK-TMSPM
system, supported by FTIR spectroscopy of a MK-TMSPM film exposed at increasing UV doses.
As the curing progressed, C-C bond absorbance decreased and C-O peak broadened and shifted to
higher wavelengths, signaling the polymerization of TMSPM’s acrylate groups and gradual
terminal double bond polymerization [35]. Moreover, Si-OH absorption decreased, together with
the ratio between the longitudinal and the transverse optical components of the Si-O-Si bond; these
variations indicated a densification of the film through the condensation of Si-O-Si bonds[36].

The curing process resulted in a condensed SiOC glassy network linked to a polymerized organic

phase.
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Fig. 1.5 — Photocurable MK-TMSPM synthesis and curing.

Optimization of the pyrolysis conditions was also performed on the 2D structures until shape
retention of the produced components during heating was reached (i.e. that the degree of cross-
linking and the heating rate were appropriate to avoid melting of the structures). The low heating
rate chosen, associated with the previous UV cross-linking of the structures, allowed shape
retention and the diffusion and release of decomposition gaseous species without generation of
pores and defects. FTIR spectroscopy and XRD diffraction analysis on the ceramized material
confirmed that amorphous SiOC phase was obtained.

The ceramization process was investigated by thermal gravimetry. Fig. 1.6 reports the TGA curves
in nitrogen atmosphere for the single components of the system, i.e. MK resin, TMSPM, pure THF,
pure dowanol their mixture; finally, it includes the TGA curve of the photopolymerized system.

The system was dried overnight at 60 °C in air; data from the solvents and the solvent mixture

demonstrated that THF was almost entirely eliminated, whereas some residual dowanol is retained.
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Fig. 1.6 - TGA curves in nitrogen atmosphere for the pure silicone resin (MK), TMSPM powder, MK-TMSPM resin
powder, THF+Dowanol solvent mixture, and pure THF and pure Dowanol [22].

The overall mass loss for MK-TMSPM was of 48.6 wt% at 1000°C, and it was the result of four
main contributions:

1) ~2 wt% loss from room temperature to 100 °C was caused by the evaporation of water
produced by the polycondensation reactios and of residual THF;

2) ~ 31 wt% loss from 100 to ~230 °C was due to the evaporation of residual dowanol;

3) ~11 wt% loss from 230 to ~500 °C was caused by the polycondensation of MK and
subsequent release of byproducts (water and ethanol) as well as to the degradation of the
organic component of TMSPM;

4) ~4 wt% loss from 500 to ~800 °C corresponded to the loss of hydrogen and methane from
MK (transformation of the organic—inorganic polymeric network into a ceramic one).
Though it is hard to separate the contributions from the different components occurring in the same
temperature range, data indicated clearly that ~29 wt% of the mass loss could be attributed to the
residual solvent, and explained why the overall ceramic yield was significantly lower than the pure
MK one (~15 wt% loss at 1000 °C). On the other hand, a solvent with low volatility is required for

achieving longer printing times before the viscosity of the material increases too much.
SEM images of the 2D microstructures after pyrolysis are shown in Fig. 1.7. Pillars with a diameter
of 4 um with no shape distortion and defects are visible, indicating that the cross-linking process

and subsequent pyrolysis were successful.
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Fig. 1.7 - SEM images of PDC 2D microstructures obtained through soft-lithography after pyrolysis at 1000°C in

nitrogen atmosphere[37].

First 3D samples produced with CeraFab 7500 (Lithoz GmbH, Wien, A) were simple cylinders.
Fig. 1.8(a) is a picture of the green bodies; Fig. 1.8(b-d) show SEM images of a pyrolyzed cylinder
at increasing magnification. The quality of this structures is rather low as the experiments were
performed on mixtures with variable amount of solvent and varying printing parameters in order to
optimize the process. However, the experiments confirmed that the degree of crosslinking achieved
during 3D printing, even with a different photoinitiator, was sufficient to avoid deformation of the
component during pyrolysis, and that the pyrolysis led to the formation of dense 3D

microstructures.

Fig. 1.8 - 3D cylinders by SL: (a) picture of the green bodies and (b-d) SEM images of a pyrolyzed cylinder at

increasing magnification [37].

After optimization of the printing parameters, a complex lattice with a resolution of ~200 um was
finally fabricated. It possessed cavities, undercuts and large overhangs in order to demonstrate the
versatility and accuracy of SL technique. Successful printing of such a delicate and complex
structure demonstrated the high photoreactivity of the resin, the sufficient stiffness of the cured
photopolymer and the high achievable resolution. Many different shapes and micro-components—

either dense or highly porous—could be produced using this approach.
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Fig. 1.9 reports a comparison between the green body and the SiOC structure after pyrolysis at 1000
°C in nitrogen atmosphere. The conversion from polymer to ceramic resulted in a ~25% isotropic
linear shrinkage, which did not deform the pyrolyzed structure.

Fig. 1.9 - Picture of a printed green body and of the corresponding pyrolyzed 3D ceramic component.

Fig. 1.10 reports SEM images of the printed and pyrolyzed structure at increasing magnification.
The evidence of the layer-by-layer fabrication can be noted in Fig. 1.10(b, e): different bands
protruding from the surface can be detected. They are separated by ~25 um (equal to the set layer
height) in the green body and by ~20 um after pyrolysis, confirming the structure shrinkage.

The surface of both the green and the pyrolyzed lattices was smooth and completely defect-free.
The struts of the cellular structure, whose sections are shown in Fig. 1.10(c, f) are dense and show
no porosity.

The SiOC struts have a density of 2.12 g/cm®. The designed total porosity of the components was
96.03 vol%, while the measured one was 93.1 £+ 0.3 vol%. This difference can be caused by some
degree of over-polymerization during printing, which slightly decreased the porosity of the actual
parts. The compression strength of the ceramized SiOC structures was 0.686 + 0.105 MPa.
Considering the relative density of the tested components (0.069 + 0.002), the structures possessed
a compression strength in accordance with values reported in the literature for SIOC macroporous
ceramics produced using different processes [38].
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Fig. 1.10 — (a) and (b) SEM images at increasing magnification of the green body and (c) a close up of a section of its

struts; (d) and () SEM images at increasing magnification of the same component after pyrolysis and (f) close-up of a

section of its struts after pyrolysis.

Conclusions

Stereolithography of dense and crack-free SiOC ceramic micro-components with high resolution
was demonstrated using a commercially available preceramic polymer which was chemically
modified for the purpose. Cellular geometries with strut size down to ~200 um were fabricated and
converted to dense, crack-free SiIOC micro-components with optimal surface quality through
pyrolysis at 1000 °C. Ceramic objects fabricated with SL possessed a compressive strength similar
to that of conventionally produced components.

Single parts with variable 3D model design can be quickly realized without shape limitations (i.e.
overhangs, undercuts, cavities), opening the way to complex micrometric 3D structures based on
advanced ceramic materials such as SiOC. In fact, the same strategy can be transferred to other
PDCs systems (SiC, SiCN, and BN) producing precision micro-components able to resist to harsh
environments and high temperatures. As the decomposition products need to be effectively
eliminated during pyrolysis, porous structures or small dense parts are the best options in order to

avoid residual pores and cracks.
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DIW of hardystonite from a preceramic polymer and fillers

Partially published in:
Zocca, A., Franchin, G., Elsayed, H., Gioffredi, E., Bernardo, E., Colombo, P.: Direct
Ink Writing of a Preceramic Polymer and Fillers to Produce Hardystonite
(Ca2ZnSi»07) Bioceramic Scaffolds. J. Am. Ceram. Soc. 2016, 99 (6), 1-8 [39]

Hardystonite (Ca2ZnSi207) is a zinc calcium silicate; it is gaining interest in the bioceramics field as
it possesses better mechanical properties and also improved biological ones compared to calcium
silicate wollastonite (CaSiO3). In fact, hardystonite ceramics can conduct both osteoblast-like cells
and osteoclasts, which are the main living constituents of human bones; therefore, they find
potential application in skeletal tissue regeneration and as coatings [40]. Bone marrow
mesenchymal stromal cells were reported to attach and spread well on the hardystonite ceramics;
moreover, a bending strength of 136 + 4 MPa and a fracture toughness of 1.24 + 0.03 MPa m?
were reported for samples with a relative density of 83 + 3% and a grain size in the range of 1-5 pm
[41].

A4 AV M V4 N M. . M. M.

Fig. 1.11 - Phase diagram of the system CaO-SiO2-ZnO [42].
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The synthesis of hardystonite through the reaction of a preceramic polymer and fillers has been

recently demonstrated within the research group [14]; the reaction is the following:
2Si02 (from preceramic polymer) + ZnO + 2CaCO3z = CaxZnSi207 (hardystonite) + 2CO»

Hardystonite phase is also identified in the SiO,-CaO-ZnO phase diagrams in Fig. 1.11.
The aim of the work in this section was to produce hardystonite scaffolds by DIW of an ink

containing a preceramic polymer and active fillers.

Materials and methods
Ink preparation
ZnO (Sigma-Aldrich, St. Louis, MO) and CaCOs (Bitossi, Vinci, IT) were mixed as a dry powder.
Silres MK polymer was used as preceramic polymer, in this case as a SiO, source. Fumed silica
(FS, Aerosil R106, Evonik, Essen, DE) was mainly used as a rheology modifier, as it is known to be
a thickening and thixotropic agent in low molecular weight solvents [43,44]. It also acted as
additional source of SiO.. This FS was treated with octamethylcyclotetrasiloxane to become
hydrophobic and dissolvable in isopropanol, which was chosen as a solvent.
The mixing stage of the ink was crucial, as a homogeneous mixture was essential for avoiding the
formation of agglomerates capable of clogging the nozzle of the syringe during DIW; moreover, it
would help to achieve a complete reaction with no phase separation or inclusions.
The preparation of the ink involved three steps:
1) FS was dispersed in isopropanol and mixed with mechanical stirring until a thick gel was
achieved,
2) Preceramic polymer was gradually added to the dispersion and ball milled in a planetary
mill for 1h at 200 rpm in an alumina jar with alumina balls (diameter ~1 cm);
3) Finally, the ceramic fillers (ZnO and CaCOgs; hardystonite powder when required) were
added, and the ink was again ball milled for 5 hours at 400 rpm.
The first compositions developed, labeled HO, did not contain any hardystonite powder. It was
designed to give pure hardystonite upon pyrolysis, according to the reaction:

2Si02 + ZnO + 2CaCO3z = CaxZnSi,07 (hardystonite) + CO:

Upon heat treatment, CaCOs decomposes into CaO and gaseous CO2, and the oxide reacts with the
SiO; from MK and FS and with ZnO to give the desired silicate.
The second ink developed, named HF, was similar to HO but contained some hardystonite powder

as filler already in the ink.
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Biological-grade hardystonite powder was not commercially available, thus the powder was
prepared according to the preceramic polymer route followed by ball milling; this was a cheaper
and simpler way in comparison to the sol-gel route demonstated in literature [45].

After some preliminary tests, the appropriate amount of FS to achieve the desired rheology was set
at 10 wt%, expressed as amount of fumed silica/total silica, (where total silica = silica derived from
the siloxane + fumed silica) after pyrolysis. This value was the same for both HO and HF. Their
final compositions are reported in Table 1.1. The density of the inks was calculated using the rule of

mixture from the theoretical density of the individual raw materials.

Table 1.1 - Composition and density of HO and HF inks (wt%)

Ink Isopropyl  Fumed MK ZnO CaCOs Hardystonite Density
alcohol (g) silica (9) (9) 9) (9) filler (9) (g/cmd)

HO 135 2.5 26.4 16.7 41 0 1.73

HF 12.1 1.9 20.3 12.8 31.6 21.2 1.89

The particle size of the filler powders (reported within brackets) was analyzed by a laser diffraction

particle size analyzer (Mastersizer S, Malvern, England) and is reported in Table 1.2.

Table 1.2 - Particle size distribution of the fillers in use.

Eiller d(v, 10%) d(v, 50%) d(v, 90%)
(Hm) (Hm) (Hm)
Zn0O 0.34 0.70 1.48
CaCos3 0.79 2.32 9.18
Hardystonite 0.61 2.03 2.06

Rheological characterization

The rheology of the ink is the key factor for the DIW process, and is crucial for the fabrication of
geometries with unsupported parts; in fact, the material has to bear its own weight with minimal
deformation after being printed.

The problem of determining the theoretical conditions for the stability of a spanning strut interested
Smay et al.[46] and Schlordt et al.[47]. Based on a static beam bending model, Smay et al.
demonstrated that in order to have a minimal deflection (< 5% of the filament diameter) the
following relation must be satisfied:[46]

4

L
G’ >035y (B) D (1.1)
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where G’ is the shear storage modulus of the ink, y is the specific weight of the ink in oil (y; —
Yoir = [pink — poil]-g; with g ~9.81 m/s?), L the spanning distance (distance between two points
supporting the filament) and D the diameter of the filament.

Schlordt et al. focused on the dynamical deformation of the filament and proposed a model for the

Z(t)~% fL(t)2 — Ly* 1.2)

where z(t) is the time dependent midspan deflection, Lo is initial length of the beam and L(t) is the

midspan deflection [47]:

time dependent length of the beam, which can be expressed as:

th.qg-L
L) = L, <1+ L ”67‘797)" dt) (1.3)

where p = pink — poil IS the density of the ink in the oil bath, g is the gravitation constant and n(t) is
the time dependent viscosity. Both models were slightly modified to account for the buoyancy force
given by the fact that the filaments were immersed in oil.

n(t) plays the most important role, as it is the only time dependent variable; in an optimized
Bingham pseudoplastic system, the material is extruded at high shear rate and at low viscosity; once
it is deposited, its viscosity should rapidly increase (recover) to minimize the deflection z(t).

In order to assess whether the inks were suitable for a DIW process and to apply the proposed
models, three different rheological tests were performed:

1) Steady rate sweep: the shear rate was ramping from 0.1 s to 100 s and the corresponding
shear stress was measured;

2) Dynamic oscillation test, the strain ramping logarithmically from 0.01% to 100% at 1 Hz
frequency;

3) Viscosity recovery, in two steps. First, a shear rate of 50 s** for 30 s was applied, followed
by the application of a controlled shear stress of 25 Pa for 90 s in order to measure the
recovery of viscosity. The shear rate needed to be high enough to overcome the initial yield
stress of the ink; in the second stage, the shear stress needed to be lower than the yield stress
to allow recovery. Values were chosen according to the results of the other two tests.

The tests were performed at the Istituto Italiano di Tecnologia (IIT, Torino, IT) with a stress-
controlled rheometer (MCR302, Anton Paar GmbH, Austria), equipped with a Peltier system for
temperature control and with 50 mm parallel plates geometry. The tests were performed in
isothermal conditions at 25°C; a solvent trap filled with isopropanol was used to prevent quick

evaporation of the highly volatile solvent.
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DIW and ceramization of hardystonite 3D scaffolds

The device used in this work was commercial fused deposition modelling printer for polymeric
materials (Powerwasp Evo, Wasproject, Massa Lombarda, IT) equipped with a syringe for paste
extrusion. The syringe containing the preceramic ink was mounted in place of the heated head, and
the ink was extruded by a mechanical piston actioned by a stepper motor on the side. The lateral
(XY) resolution of the printer is 120 um; the Z resolution is 4 um. The syringe base system can
mount conical nozzles of various sizes (Nordson Italia S.p.a., Segrate, IT) ranging from 100 to 1500

pm. The printer and its equipment are shown in Fig. 1.12.

Fig. 1.12 - Powerwasp Evo FDM printer with paste extrusion equipment.

For this work, nozzles with a diameter of 410 um were used. Because of the fine nozzles, printing
in air resulted in frequent clogging of the nozzle; therefore, the ink was printed in a nonwetting oil
bath (sunflower oil, poii= 0.92 g/cm?®) visible in Fig. 1.12.

The green bodies were heat treated following this schedule: pre-heating at 200°C on a Teflon foil in
order to start the cross-linking of the polymer, heating to 450°C at a rate of 1°C/min, from 450 to
500°C at 0.5°C/min (1h dwelling at 500°C), from 500 to 600°C at 0.5°C/min (3h dwelling at
600°C), from 600 to 900°C at 1°C/min, from 900 to 1200°C at 5°C/min (1h dwelling time at
1200°C). The heat treatment was conducted either in static air or under flowing nitrogen (99.99%).
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Characterization

The ceramization process was investigated by DTA/TG (STA409/429, Netzsch Gerdtebau GmbH,
Selb, DE), operating in static air and nitrogen flow using a heating rate of 2 °C min! up to the
maximum temperature of 1200 °C. The analysis was conducted on the inks and on the raw materials
and led the optimization of the heat treatment.

The phase composition of ceramized powders (obtained through grinding of the filaments after heat
treatment at 1200°C) was investigated by XRD (D8 Advance, Bruker Italia Srl, Milano, IT).

The composition of the ceramized materials was determined by X-ray fluorescence (Spectro X-
LAB; Spectro Analytical Instruments GmbH, Kleve, DE).

The dimensions of the scaffolds were measured by means of a digital caliper, before and after the
heat treatment, in order to calculate the shrinkage occurring during ceramization.

The designed total porosity was calculated as the ratio between the volume occupied by the model
scaffold and the volume of the rectangular prism encapsulating the object. The true density of
ground filaments after ceramization was measured by means of a helium pycnometer
(Micromeritics AccuPyc 1330, Norcross, GA). The total porosity of the scaffolds was calculated
and given by weighing the samples on a digital scale and measuring their size using a digital
caliper, taking into account the measured true density.

The compressive strength of the ceramized scaffolds was measured at room temperature using an
Instron 1121 UTM (Instron Danvers, MA) at cross-head speed of 0.5 mm/min. It was calculated
from the maximum stress recorded during the test. As it was not possible to lap the samples to
achieve parallel faces, a compliant layer (Parafilm M, Pechiney Plastic Packaging, Neenah, WI)
was used between the plates and the sample surfaces to ensure that the load distribution was
homogemeous. The results were reported as mean * standard deviation over at least 10 samples for
each composition.

The morphology of the scaffolds was investigated by scanning electron microscopy (ESEM, Quanta
200, FEI, Hillsboro, OR). The porosity in the struts of the scaffold was evaluated by image analysis
of SEM pictures using Fiji software [48].

Results and discussion

Rheological characterization

To validate the suitability of the inks for DIW, their rheological properties were measured and used
to apply the proposed models.

The steady rate sweep test allowed to assess if the inks possessed a Bingham pseudo-plastic

behavior, as desired for DIW applications [49].
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Modeling the extrusion process as the flow of a viscous fluid through a tube, the shear rate applied
to the ink can be estimated by:
40Q

— (1.4)

Y=
where Q is the volumetric flow rate, r is the nozzle radius; in the experiments presented here, the

estimated shear rate was ~100 s,

T HO 1t HF
- - nHO- - nHF

= 10°

Shear Stress (Pa)
Viscosity (Pa-s)

Shear Rate (1/s)

Fig. 1.13 - Flow curves for HO and HF inks, plotting the shear stress and the calculated apparent viscosity with

dependence to the shear rate [39].

Fig. 1.13 shows the experimental flow curves for HO and HF inks. HO had a high apparent viscosity
at low shear rates: for y> = 0.1 s, the viscosity is n ~ 10® Pa-s; when the shear rate increased to 100
s1, the viscosity decreased by two orders of magnitude. This behavior is typical of shear thinning
fluids, and the linear trend of the curves in double logarithmic scale is in accordance to a power-law
model with yield stress reported by Herschel [50]. The curves for HF were similar, also with a
viscosity n ~ 10% Pa-s at low shear rates which goes down to n ~ 10 Pa-s in correspondence to the
extrusion shear rate. The lines here seem to be fragmented in two linear segments with different
slope, but this effect might be caused by experimental errors; in fact, the ink tended to be expelled
from the side of the plates of the rheometer as the shear rate increased. This might also be the cause

of the humps and irregularities observed at high shear rates.
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Fig. 1.14 - Log-log plot of the storage and loss moduli of HO and HF inks as a function of the shear stress. The strain

was ramping logarithmically from 0.01 to 100% at 1Hz [39].

Dynamic oscillation tests allowed to assess whether the inks had a transition to low rigidity systems
at high shear stress values. Fig. 1.14 shows a log-log plot of the storage (G’) and loss (G”’) moduli
of the inks as a function of the shear stress. The curves show a similar behavior and both can be
divided in three different sections:

1) at low shear stress, a distinct plateau for G’ and G” was detected;

2) at intermediate shear stress both moduli showed an overshoot;

3) the two curves for G’ and G” decreased and intersected; then, their values stabilized again.
This trend is typical of a gel and can be interpreted as a gradual destruction of the microstructural
arrangement of the ink. It can be classified as type 1V Large Amplitude Oscillatory Test (LAOS)
behavior, or strong strain overshoots. Such conduct is related to intermolecular interaction and
formation of network microstructure [51]. In this case, it was the suspended fumed silica which
formed a network of interconnected colloidal aggregates; as they were bonded by weak Van der
Waals forces, they could be reversibly disrupted and reformed when a shear stress was respectively
applied or removed [43].

In the plateau region, G’ eq) ~ 6.0 kPa for HO. As per HF, G’ was slightly lower (G’eq ~ 3.8 kPa),
indicating that a weaker gel was formed. Since these curves did not have a clear transition point, the
values of the yield stress 1ty were determined at the intersection between the G’ and G’ curves and

were found to be ty~ 96 Pa for HO and ty ~255 Pa for HF.
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This method resulted in lower values for ty compared to different criteria applied in literature (i.e.
that ty corresponded to the t value for which G’ = 0.9 G’q)), thus being more conservative [46].

To assess whether these values satisfied the condition in Eqg. 1.1, the threshold values in the
equation were calculated for the chosen geometry and ink. The model scaffold possessed
unsupported features with a designed spanning distance L (road gap) of 1 mm (corresponding to the
actual measured value); the filament diameter D (road width) was 0.35 mm. The two inks had a
density pink = 1.73 g/cm?® for HO and pink = 1.89 g/cm? for HF, corresponding to a specific weight of
7.75-10% N/m2® and 9.32-10° N/m®, respectively. Inputting these values, Eq. 1.1 gives G’ > 63 Pa for
HO and 76 Pa for HF. The values resulting from the dynamic oscillation test were significantly
above the limits, indicating that the developed inks had sufficiently high rigidity at low shear stress
values.

It is true that in literature typically stronger gels were used for DIW. Smay et al. developed inks
with G’(eg) in the range of 10 t0100 kPa [46], while inks used by Schlordt et al. showed a G’ (eg) Up tO
390 kPa [47]. For the generation of larger structures or higher L/D ratio, the development of inks
with higher G’q) might be necessary; a possible solution could be to increase the content of fumed
silica or to reduce the content of solvent.

The time dependent viscosity recovery test was performed in order to assess whether the midspan
deflection in the printed structures would have been acceptable. The measurement enabled to follow
the degradation of the structure of the material at the micro-scale (gel-like interconnected structure)
occurring in the first step, when a stress above ty was applied; the recovery of the gel-like structure

with time was recorded during the second step.

Viscosity (Pa-s)

10' = . - -
0 5 10 15 20 25 30

Time (s)

Fig. 1.15 - Viscosity recovery test. The plot shows the second stage of the test [39].
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Fig. 1.16 - Midspan deflection calculated with Eq. 1.2 and Eq. 1.3 using data from Fig. 1.15 as input [39].

Fig. 1.15 shows the recovery of viscosity with time during the second stage. HO and HF behavior
was very similar: the viscosity started from a low value (below 100 Pa-s) but increased by two
orders of magnitude in less than 20 seconds, arriving at a plateau value. This result confirmed the
deformation of the unsupported structures in the printed scaffold was limited to a short period of
time, before the viscosity increased and the system became too rigid. Thess results were in
accordance with what achieved experimentally by Lewis et al [52].

Using these data as input in Eq. 1.2 and 1.3, the deflection profile in the middle of the filament
could be calculated and is reported in Fig. 1.16. The shape of the curve traced that of Fig. 1.15. For
the given spanning distance L and a filament diameter D, the final calculated deflection was ~0.1
mm for both HO and HF, which was considered acceptable. These results confirmed that the inks
developed were suitable for DIW of desired geometry with good accuracy. Having developed a
stronger alumina ink, Schlordt et al. also reported a smaller deflection of only ~0.04 mm with a
similar proposed model (L= 1 mm, D= 0.5 mm) [47]. However, the modeled deflection slightly
overestimated the experimental observations: a midspan deflection of ~0.07 mm was measured in
the scaffolds; similarly, for a span of 2.5 mm, the model estimated a midspan deflection of 0.4 mm,

while a deflection of ~0.3 mm was observed.
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Production and characterization of porous scaffolds

After the rheological optimization, the inks were used for scaffold fabrication via DIW. The chosen
geometry was of a 15 x 5 x 5 mm? scaffold with orthogonal pores, with 350 um thick struts and a
spanning length of 1 mm. A model scaffold with these characteristics has a computed porosity of
79.6 vol%; during printing, however, a small overlap (50 pum) was introduced between the layers in
order to improve the adhesion between the filaments. This resulted in a porosity slightly lower than

the value calculated for the model.
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Fig. 1.17 - (a) Top view and (b) side view of a scaffold in the green state, printed with HF ink, from optical microscope

images [39].

Fig. 1.17 shows an example of the printed scaffolds in the green state, before the heat treatment.
The image is relative to HF, but scaffolds produced with ink HO were similar. Very limited sagging
can be detected, confirming the results from the rheological characterization. The as printed
structures showed no visible cracks or defects and possessed an optimal adhesion between the
layers.

First pyrolysis treatments were performed in air to 1200°C with a heating rate of 1 °C/min on
scaffolds printed with ink HO. The heat treatment resulted in extensive cracking of the filaments
(visible in Fig. 1.18).
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1 mm

Fig. 1.18 - SEM of a scaffold printed with ink HO after pyrolysis at 1200 °C in air [39].

DTA/TG analysis was performed on the inks and the raw materials in order to understand the
possible causes of the cracking; resulting curves are reported in Fig. 1.19(a).

Considering the pure MK polymer, a first mass loss starting from ~230°C could be detected; it
corresponded to the release of byproducts (water and ethanol) from the cross-linking reactions.
From ~350°C to ~830°C an almost continuous mass loss took place as the polymer transformed to
ceramic releasing decomposition products.

The CaCOs powder, on the other hand, started to decompose at ~700°C forming CaO and CO;
most of the mass loss associated with the reaction (~45 wt%) is concentrated between 800°C and
950°C. As the CaCOs contribution to the mass loss was the highest, this was supposed to be the
major cause for the extensive cracking of the scaffolds. CaO powder could be used instead of
CaCOs as afiller, but its processing is problematic due to its high hygroscopicity.

A different approach to solve the issue brought to the development of ink HF. In fact, the already
ceramized hardystonite powder acted as inert filler and decreased the total amount of gaseous
species released. The amount of hardystonite filler was selected after some preliminary trials,
considering both the rheology of the ink and the quality of the scaffolds after printing and heat
treatment; the final composition is reported in Table 1.1. TGA analysis confirmed this hypothesys,
as the total mass loss of HF was sligthly lower than that of ink HO.

Besides the MK polymer and CaCOz mass losses, both inks showed an initial mass loss which can

be attributed to the evaporation of residual solvent.
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Fig. 1.19 - TGA curves up to 1200 °C of HO, HF, MK and CaCOs (a) in air and (b) in nitrogen [39].

Fig. 1.20 - (a) Top view and (b) side view from SEM microscope images of a scaffold printed with HF ink, after

pyrolysis in air at 1200 °C [39].

47



Fig. 1.21 - (a) Top view and (b) side view from SEM microscope images of a scaffold printed with HF ink, after

pyrolysis in nitrogen at 1200 °C.

The addition of the inert filler was successful as it greatly decreased the cracking the filaments (see
Fig. 1.20). There are just few cracks still barely visible, which might be related to the pyrolysis but
also to the handling and cutting of the samples before the analysis.

The pyrolysis of scaffolds produced with HF ink was also performed in flowing nitrogen. The inert
atmosphere resulted in a SiOC residue upon ceramization, instead of the SiO» residue which is
obtained when heating in air [17]. The resulting scaffolds were analyzed by means of SEM
micrographs (see Fig. 1.21); these scaffolds did not show any crack or defect. The results suggest
that the oxidation of the Si-CHs groups in the silicone preceramic polymer above 350°C [53], which
is a very exothermic reaction [54,55], was at least partially responsible for the formation of the
cracks.

Fig. 1.22 shows the cross-section of a scaffold printed with HF and pyrolyzed in air (a) and in
nitrogen (b); the struts were micro-porous, with an average pore size of ~1 um and a max pore size
below 10 um. The porosity was likely generated during CO- release, and was estimated to be ~17
vol% for both samples. Although it is true that the porosity would lower the mechanical strength of
the scaffolds, it would be beneficial for bioceramic applications, as it would facilitate osteoblasts

attachment and spread and improve the osteoconductivity of the material [56,57].
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Fig. 1.22 - Microstructural details of a scaffold printed with HF, (a) pyrolyzed in air and (b) in nitrogen, from SEM
images [39].

Crystalline phase assemblage

The crystalline phases developed by HF ink after pyrolysis at 1200°C for 1 h in air and in nitrogen
were investigated (Fig. 1.23).

After heat treatment in air, HF yielded virtually pure hardystonite (Ca.ZnSi»O7); no secondary
phases and no traces of unreacted ZnO or other raw materials were detected.

HF treated in nitrogen, however, did not develop hardystonite as the main crystalline phase. The
main phases that formed were two polymorphs of wollastonite (CaSiOs), para- and pseudo-
wollastonite, along with only small traces of hardystonite. No other Zn containing phases or
significant residual glassy phase were present, which suggested that most part of the Zn left the
sample during the heat treatment. The same results were obtained using argon instead of nitrogen, a
sign that the latter did not have a direct role in the loss of Zn.

The carbonaceous residuals form the ceramization of the preceramic polymer do not decompose in
inert atmosphere; the ZnO most likely underwent a carbothermal reaction with them and reduced to
metallic Zn. According to the Ellingham diagram relative to Zn, this reaction is estimated to happen
~950 °C [58]. At the pyrolysis temperature employed (1200°C), therefore, ZnO carbothermal

reduction to metallic Zn could proceed via the solid-gas intermediate reactions [59]:
ZnO (s) + CO (g) = Zn (g) + CO2 (9)

C (s) + CO2 (g) =2CO (9)
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Fig. 1.23 - Diffraction patterns of HF ink pyrolyzed at 1200 °C in air (top) and nitrogen (bottom) [39].

If a carbothermal reaction is not occurring, then an oxygen partial pressure lower than 1072 atm is
necessary to reduce ZnO to metallic Zn at 1200 °C according to the same diagram for the reaction
2Zn0 = 2Zn + O». This value is not achievable by the setup in use with flowing nitrogen, and
therefore the oxygen partial pressure by itself cannot explain the reduction of ZnO.

The reduced metallic Zn most probably evaporated at high temperature as its boiling point is 907°C;
the presence of Zn traces deposited on the walls of the furnace ceramic tube confirmed this
hypothesys. As the composition was deprived of Zn, wollastonite (CaSiOs) was formed instead of
hardystonite (Ca2ZnSi»O7); in fact, both phases have the same Ca:Si molar ratio.

XRF analysis was employed to confirmed the absence of Zn in the samples treated in nitrogen; the
results were reported in

Table 1.3 and indicated clearly that after treatment in nitrogen Zn almost completely disappeared.
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The theoretical molar ratio SiO2/Ca0O is 1, whereas the measured ones were 1.04 in air and 1.08 in
nitrogen. Impurities in the raw materials might explain the slight deviations observed. In particular,
the natural calcium carbonate in use contained traces of magnesium, sodium and silicon; the Al20s
contamination likely derived from the ball milling process.

Even if HF in nitrogen did not form hardystonite as the main ceramic phase, this result showed the
potential of using a heat treatment in inert atmosphere. One might argue that the difference in the
cracking behavior in air and nitrogen might be associated with a different volume shrinkage for the
two phases developed. The theoretical volume change associated with hardystonite formation is -
10.2 vol%, while for wollastonite is -9.2 vol%; while the shrinkage is relevant and might induce

stresses in the scaffolds, these values are too similar to justify alone the differences observed.

Table 1.3 - Composition of samples HO heat treated in air and in nitrogen, measured by XRF

Oxide (wt%o) Heated in air Heated in nitrogen
SiO2 37.2 525

CaO 335 45.2

ZnO 22.9 0.2

Al203 2.9 -

Na2O 2.3 1.2

MgO 0.6 0.9

Physical and mechanical properties of the scaffolds

The physical and mechanical properties of scaffolds produced with HO and HF inks are reported in
Table 1.4. Compared to HO samples, the compressive strength of HF samples improved by almost
three times in the case of pyrolysis in air, and up to five times in the case of nitrogen. This result
was expectable considering the almost complete elimination of cracks in the HF samples. The
relative density of the HF 3D printed structures pyrolyzed in nitrogen was 0.23 £ 0.002; this
considered, their compression strength was well in accordance with values reported in literature for
macro-porous ceramics produced with other processing techniques. Compared to powder-based
technologies, scaffolds produced by DIW generally possess better mechanical properties
(compressive strength is up to one order of magnitude higher), as their struts are usually denser
[38].

There is no reference in literature of hardystonite foams of similar porosity for a comparison.
Samples produced by the polymer sponge replication technique had a compression strength of 0.06
+ 0.01 MPa at 90% total porosity [60]; foams based on a different system (hardystonite/gahnite) had
a compression strength of 4.1 £ 0.3 MPa at 85 vol% of porosity [61].
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Table 1.4 - Shrinkage, total porosity and compressive strength of HO and HF scaffolds heat treated in air and in

nitrogen
] ] ) Total Compressive
Shrinkage X  Shrinkage Y  Shrinkage Z )
porosity strength
(%) (%) (%)
(vol%o) (MPa)
HO in air
13+3 133 n.d. 77+2 06+0.2
1200°C
HF in air
9.0£1.0 85+£05 99+15 74+3 1.6+£0.3
1200°C
HF in N2
81+£05 9.1+1.0 10.0£1.0 764 25+0.6
1200°C
Conclusions

Bioceramic hardystonite scaffolds were produced by DIW of inks composed of a preceramic
polymer and active and inert fillers. The preceramic polymer, together with the addition of fumed
silica, had the double role of source of silica and rheology modifier. The preceramic polymer acted
as a polymeric binder and increased the viscosity of the ink, while the fumed silica additive induced
a “gel-like” behavior by forming a network of silica colloidal agglomerates. The rheology of the
inks was investigated and compared with two models proposed in the literature. The experimental
results confirmed that the inks were suitable to accurately produce scaffolds with a rod diameter of
350 um and a spanning distance of 1 mm. Pyrolysis in air led to the desired hardystonite phase,
while a heat treatment in nitrogen produced wollastonite polymorphs, most likely due to a
carbothermal reduction of the ZnO and subsequent evaporation of metallic zinc. The presence of
cracks in the ceramized scaffolds was almost completely eliminated by the addition of a
hardystonite inert filler to the ink composition, and the produced scaffolds had mechanical
properties adequate for non load-bearing bioengineering applications.
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DIW of Ceramic Matrix Composites (CMCs) from a

preceramic polymer and fibers

Ceramic matrix composites (CMCs) consist in a ceramic matrix embedding ceramic fibers. Several
oxide or non-oxide ceramic materials are used for the matrix and the fibers, which can be weaved in
many configurations. Their most valuable applications are in components with highly demanding
thermal and mechanical requirements.

Polymers are generally weak and limited to low temperatures. Metals can be used up to 1000 °C —
1200 °C (special alloys), but they possess a low creep resistance and are susceptible to oxidation.
Monolithic ceramics can be used operational temperatures up to 2000 °C, have an excellent creep
resistance and high stiffness; on the other hand, their low fracture toughness leads to brittle fracture
and poor thermal shock resistance. The goal of CMC development is the maintenance of the thermal
and mechanical properties of monolithic ceramics in combination with a damage tolerant, quasi-
ductile fracture behavior. Compared to metals, CMCs are a significantly lighter, can operate at
much higher temperatures and possess good resistance to wear and to aggressive chemicals.
Labeling and classification of CMCs comprises fiber and matrix materials, separated by a slash (/).
For example, the term C¢/SiC indicates a CMC made of carbon fibers and a silicon carbide matrix.
Usually, oxide fibers are combined with oxide matrices and non-oxide fibers with non-oxide
matrices. Oxide fibers are usually made of alumina, mullite or silica, whereas the matrices consist
of alumina, zirconia, mullite or other alumino-silicates. Non-oxide fiber materials include carbon
and silicon carbide, and the same materials (SiC, C) or mixtures of silicon carbide and silicon
(SiSiC) are employed as non-oxide matrices. Residual porosity, usually between 1 and 30 %, is also
present in most CMCs [62].

What provides the high fracture toughness of CMCs is the interaction between fibers and matrix
during fracture, which must be designed carefully according to two complementary concepts
[63,64]:

« Weak interface: during fracture, the fibers are pulled out of the matrix and the crack
propagation along the interface absorbs fracture energy. The fibers can be coated to reduce
adhesion to the matrix.

»  Weak matrix: if the stiffness of the matrix is lower than that of the fibers, cracks will arise
in the matrix and will be deflected at the fibers’ interface; the fracture surface and the

elongation at break will both increase.
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CMCs applications exploit their high thermal shock and creep resistance in high temperature
processes as materials for flame tubes, heat exchangers, protective tiles, and various high
temperature holders. Thanks to the high wear resistance and the favorable friction properties, they
find use as sliding contact bearings, brakes and clutch-plates. Their application in extreme
environments like gas turbines allows to increase the operating temperatures and improve energy
efficiency, and to design blades with very high rotational speeds. As there are not isotropic, their
properties can be tailored in different directions; for example, C#SiC composites are used to design
components with zero thermal expansion in one or two directions applied as support in precision
optics, e.g. in satellite communication or microelectronics, or for calibration of dimensional control
tools.

Fibers are cut from the yarns to form short fiber bundles or (in case of continuous fibers) weaved,
knitted or braided into textile structures. Non-woven structures like uniaxial or multiaxial fabrics,
fleeces and felts can be used; they can also be produced directly from short fibers providing cheaper
reinforce materials. The 1D, 2D or 3D fiber structure of the preforms controls the anisotropic
properties of the final CMC and can be designed to bear the anisotropic loads expected in each
direction. The fibers usually receive a coating applied via a CVD process or wet chemical routes.
The matrix material is generally provided via a fluid phase — either gaseous or liquid.

Metallic silicon melts at 1414 °C and is used to infiltrate the preforms; it is absorbed by capillary
forces and, in case of carbon particles present in the matrix, it reacts with them to form silicon
carbide. C fibers need to be protected to avoid degradation by the liquid Si metal. This process is
called liquid silicon infiltration (LSI).

Slurries with ceramic particles can be infiltrated into the preforms at room temperature (ceramic
slurry infiltration, CSI) and the impregnation allows for a quasi ductile manufacturing of complex
shapes. After drying, however, sintering is required to consolidate the ceramic matrix. As excessive
shrinkage of the matrix would cause cracking of the CMC structure, usually the sintering is just
partial and the final component retains an open porosity between 20 and 50 %.

The matrix can also be introduced via a reactive gas, with a process known as chemical vapor
infiltration (CVI). It requires a controlled atmosphere of the reactive gases at temperatures above
800 °C and several hours (up to some days) to achieve sufficient densities.

Preceramic polymers (pure or with fillers) are a well-known alternative for the manufacturing of
CMCs. The advantages over LSI and CVI include simpler and cheaper equipment, lower process
temperatures, shorter cycle times and the capability to produce large and complex parts.

They are infiltrated into the preform in dissolved or molten state; the application of external

pressure can support this phase.
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During the subsequent heat treatment, the polymers are pyrolyzed and the final ceramic structure is
formed. The process is known as polymer infiltration and pyrolysis (or Liquid Polymer Infiltration
— LPI).

As the polymer undergoes a volumetric shrinkage during pyrolysis, the whole process has to be
repeated, typically 3 to 10 times, to achieve sufficient density of the final CMC; an increase in the
ceramic yield of preceramic polymers has led to a lower number of infiltration cycles and to lower
pyrolysis temperatures (~850 °C). Components can be machined to near-net shape before full
densification and no extensive final machining is needed. On the other hand, shapes that can be
produced by infiltration are rather conventional and do not allow the fabrication of lattices with
internal complexity and voids.

Some research has been conducted in the field of AM of polymer matrix composites [65-71], but
none on the development of CMCs via AM routes. The goal of this section was to overcome part of
the limitations faced in terms of mechanical properties in the previous experiments with AM of
preceramic polymers, and to develop an ink suitable for DIW which would produce a CMC upon
pyrolysis. DIW is still an unexplored approach for the production of highly porous CMCs. This
project is still ongoing; therefore, the characterization of the printed structures is not yet complete.

It is presented as a proof of concept for the feasibility of this approach.

Materials and methods

Ink preparation

The ink development took advantage of the optimization performed in the previous section for the
production of hardystonite scaffolds. The same polymer, Silres MK, was used in this case as a SiOC
source. Isopropanol was chosen as a solvent. As the amount of fillers was in any case not sufficient
to avoid shape loss during the first stages of the pyrolysis treatment, a commercial catalyst (Geniosil
GF91, Wacker Chemie AG, Nunchritz, DE) was added to the mixture with a 0.5 wt% ratio on the
MK polymer.

Chopped, uncoated carbon fibers (MF100, Ferrari Carbon Srl, Milano, IT) were used as reinforce
material. They were 100 um long and 7.5 um thick, and possess superior mechanical properties
(tensile strength = 3.5 GPa, Young modulus = 230 GPa).

Given its efficacy, hydrophobic fumed silica (FS, Aerosil R106, Evonik, Essen, Germany) was
employed as rheology modifier, when needed, and also provided additional SiO». SiC powder (E-
ABRASIC F 1000, ESK-SIC GmbH, Frechen, DE; d (v, 6%) = 1 um, d (v, 50%) = 4.5 um, d (v,

97%) = 10 um) was added as inert filler in a successive stage of the experiments.
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A dispersant (BYK 430, BYK-Chemie GmbH, Wesel, DE) was employed to assure a good
dispersion of the SiC powder in the ink.

The mixing stage of the ink was crucial, as a homogeneous mixture was essential for avoiding the
formation of fiber agglomerates capable of clogging the nozzle of the syringe during DIW.

The preparation of the inks involved several steps:

1) MK was gradually added to isopropanol and dissolved via mechanical stirring for ~2 hours
until a viscous, transparent fluid was achieved; the mixture was kept in a closed beaker to
avoid solvent evaporation; the polymer to solvent weight ratio was set at 70:30.

2) The SiC powder was gradually added to the mixture together with the dispersant, and the
mixture was left overnight under mechanical stirring at low speed (< 200 rpm, to avoid air
entrapment and foaming).

3) The carbon fibers were gradually added to the mixture and dispersed via mechanical at low
speed. Based on previous experiences, ball milling would have led to better dispersed, more
homogeneous inks; however, in this case it could damage the fibers and therefore
mechanical stirring was preferred.

4) Fumed silica was added to the ink under mechanical stirring at low speed until a thick gel
was achieved.

5) Once the ink was ready, GF91 was added under mechanical stirring to catalyze the cross-
linking of the polymer; this needed to be the last step, otherwise the ink would start cross-
linking before being extruded in the DIW process.

The first composition developed, labeled CF/MK, did not contain any SiC powder. It was designed
to give a pure SiOC matrix upon pyrolysis of the preceramic polymer in nitrogen [72]; the expected
volume fraction of carbon fibers in the final CMC was ~0.20.

The second ink developed, named CF/(MK+SiC+FS), was similar to CF/MK but contained some
SiC powder as filler. The amount of SiC was set at a weight ratio 1:1 with the SiOC provided by the
pyrolysis of Silres MK polymer. Given the presence of the filler, the amount of carbon fibers
needed to be decreased for rheological constraints: the expected volume fraction in the CMC
decreased to ~0.17.

As the polymeric character of the ink was hindered by the filler, addition of fumed silica was
needed in order to achieve a rheological behavior suitable for DIW. Fumed silica was added
gradually at the end of the mixing process; its amount was set at ~5 wt% of the total ink.

The final compositions of the inks are reported in
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Table 1.5. Typical guantities are shown which were able to be printed without waste before the

material became too viscous due to cross-linking.

Table 1.5 — Compositions of CF/MK and CF/(MK+SiC+FS) inks.

Ink Isopropyl MK SiC  Carbon Fumed GF91 BYKA430
alcohol (g) (9) (g) fibers(g) silica(g) (mL) (mL)

CF/MK 11.70 27.3 0 4.91 0 0.13 0

CF/(MK+SiC+FS) 11.70 27.3 23.2 6.96 3.48 0.13 1.50

Direct ink writing and ceramization of C/SiOC structures

The device used in this work was commercial fused deposition modelling printer for polymeric
materials (Delta Wasp 2040 Turbo, Wasproject, Massa Lombarda, IT) equipped with a paste
extrusion system. It comprises a pressurized vessel which is filled with the material; the pressure
(applied with compressed air or argon) pushes the material through a Teflon tube into a smaller
chamber (~20 mL) at the print head, in which an infinite screw extrudes the ink from the nozzle tip
mounted below. The system can mount the same kind of conical nozzles (Nordson Italia S.p.a.,
Segrate, IT; various sizes ranging from 100 to 1500 um) as the one employed in the previous
section.

The new system, employing a combination of a compressed air piston and screw extrusion, is much
more effective; the pressure applied is more uniform and can reach higher values, allowing to
extrude inks with higher viscosities. Moreover, the screw provides additional mixing of the ink
while extruding it, decreasing the risk of phase separation and breaking eventual big agglomerates.
The layer resolution of the printer is 50 um. The printer and its equipment are shown in Fig. 1.24.
For this work, nozzles with a diameter of 840 and 410 um were used. The inks developed could be
printed in a time frame of 2 to 3 before the cross-linking occurred.

The green bodies were left overnight to cross-link and dry; then, they were heat treated at a rate of
1°C/min to 1000 °C (1h dwelling time). The heat treatment was conducted under flowing nitrogen
(99.99%).
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Fig. 1.24 — Delta Wasp 2040 Turbo equipped with paste extrusion system.

Characterization

The ceramization process was investigated by DTA/TG (STA409/429, Netzsch Geratebau GmbH,
Selb, DE),, operating in static air and nitrogen flow using a heating rate of 2 °C min™* up to the
maximum temperature of 1200 °C. The analysis was conducted for previous works and led to the
optimization of the heat treatment.

The phase composition of ceramized powders (obtained through grinding of the filaments after heat
treatment at 1000 °C) was investigated by XRD (D8 Advance, Bruker Italia Srl, Milano, IT).

The dimensions of the scaffolds were measured by means of a digital caliper. The designed total
porosity was calculated as the ratio between the volume occupied by the model scaffold and the
volume of the rectangular prism encapsulating the object. The true density of ground filaments after
ceramization was measured by means of a helium pycnometer (Micromeritics AccuPyc 1330,
Norcross, GA). The total porosity of the scaffolds was calculated by weighing the samples on a
digital scale and measuring their size using a digital caliper, taking into account the measured true
density.
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The compressive strength of the ceramized scaffolds was measured at room temperature using an
Instron 1121 UTM (Instron Danvers, MA) at cross-head speed of 0.5 mm/min. It was calculated
from the maximum stress recorded during the test. As it was not possible to polish the samples to
achieve parallel faces, a compliant layer (Parafilm M, Pechiney Plastic Packaging, Neenah, WI)
was used between the plates and the sample surfaces to ensure that the load distribution was
homogeneous. The results were reported as mean + standard deviation over 25 samples.

The morphology of the scaffolds was investigated through stereomicroscopy (STEMI 2000-C, Carl
Zeiss AG, Oberkochen, DE) and scanning electron microscopy (ESEM, Quanta 200, FEI, Hillsboro,
OR).

Results and discussion

While developing the inks, preliminary tests were performed in order to assess the maximum
amount of fibers with which the ink can be extruded through the desired tip. This quantity is limited
by the fact that the addition of fibers also increases the viscosity of the ink. Moreover, when the
fiber length is close to the diameter of the nozzle tip, agglomerates can form which would clog the
tip and block the extrusion process. The maximum volume fraction that allowed extrusion through a
sub-mm nozzle tip was ~33 vol% of fibers in the final pyrolyzed composite (with a tip of 840 um).
As the diameter of the nozzle tip was decreased to 410 um, the amount of fibers had to decrease
accordingly; CF/SIOC final composition was designed with ~20 vol% fibers on the final pyrolyzed
CMC and was printed without clogging issues. The ink was used for DIW of composite lattices
with orthogonal pores. The chosen geometry was of a 19.6 x 19.6 x 4.8 mm? lattice, with 400 um
thick struts and a spanning length of 1.6 mm. During printing, a small overlap (50 pum) was
introduced between the layers in order to improve the adhesion between the filaments.

1 mm

Fig. 1.25 - Stereomicroscope images of lattices printed with CF/SiOC ink: (a) greenbody; (b) pyrolyzed sample.

59



Fig. 1.25(a, b) shows an example of the printed structures before and after the heat treatment at
1000 °C in nitrogen. The treatment led to formation of amorphous SiOC with a ceramic yield of
~85 wt% (from DTA/TGA analysis; see Fig. 1.19(b) for reference). Both the polymeric and the
amorphous SiOC matrix reflected the light from the microscope, thus it is very difficult to make

observations on the fiber distribution or on the eventual presence of cracks and defects.

——— 200 um

Fig. 1.26 - SEM images of a strut printed with CF/SiOC ink: (a) green body; (b) pyrolyzed sample.

Fig. 1.26(a) is a SEM close-up on a strut printed with CF/SiOC ink before the heat treatment. The
filament had no cracks or defects but some wrinkles on the surface in correspondence to the carbon
fibers; they were probably associated with the drying and cross-linking stages of the polymer
surrounding the fibers. It is interesting to note that the fibers were not oriented randomly, but they
tended to align with the extrusion direction; this behavior has already been observed in polymer
matrix composites fabricated by FDM or DIW and is due to the shear forces occurring at the nozzle
tip during extrusion [66,73]. This observation was of great interest as it can potentially lead to the
fabrication of anisotropic structures in which the fibers are aligned to provide higher toughness and
resistance in specific sections of the printed component [70].

The effects of heat treatment were clearly visible in Fig. 1.26(b): the filament was extensively
cracked, and the cracks propagated perpendicularly to the print direction from the interface between
the matrix and the fibers. It is likely that the presence of the carbon fibers hindered the shrinkage of

the printed structures; in fact, almost no shrinkage was noticed after the pyroplysis treatment.
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The now-ceramic material, unable to absorb the deformation energy, released the stresses through
formation of cracks starting at the interface between the matrix and the fibers, where the constraint
IS maximum.

In the direction perpendicular to the fibers, the matrix was able to shrink, therefore the struts
diameter decreased. This finding also suggests that the adhesion between the fibers and the matrix
was high, thereby limiting the possibility of independent decoupled shrinkage along the filament
axis of the siloxane matrix with respect to the non-shrinking fibers.

A possible solution to this problem would be to lower the amount of fibers used as reinforcement,
but it would go against the purpose of the work, as their contribute would not be as significant
anymore.

Another option could be the addition of low melting temperature fillers able to provide viscous flow
during the ceramization and synthesis of SiOC: this way, the material would be able to deform
releases the stresses associated with the shrinkage. This second approach was investigated through
the addition of different glass fillers, such as borax and borosilicate glass; results are not shown as
the fillers provided no obvious improvements. Cracks disappeared in some cases, but just from the
surface; they were still present and went deep into the struts. Moreover, the powders were difficult
to disperse homogeneously and resulted in frequent clogging of the nozzle during DIW.

A different approach took inspiration from the previous work with hardystonite powder as inert
filler; CF/SIOC ink could also benefit from the mechanism of decreasing the total amount of
reactive material undergoing ceramization and therefore shrinkage.

The choice fell on SiC powder because of its chemical affinity with the SiOC matrix, its good
thermo-mechanical properties and its wide use in CMCs fabrication; the amount of SiC filler was
selected after some preliminary trials, considering both the rheology of the ink and the quality of the
lattices after printing and heat treatment; finally, a weight ratio of 50:50 of SiC over the SiOC
resulting from MK pyrolysis was chosen.

Although the rheological characterization of the ink has not been performed yet, its behavior was
clearly affected by the SiC addition; the polymeric features of the MK solution were not as
predominant anymore, therefore a small amount of fumed silica was added as pseudoplasticizing
agent with a concentration of ~5 wt% on the total ink. The volume fraction of the fiber
reinforcement was also decreased slightly (~17 vol% of fibers on the final pyrolyzed composite), to
adapt to the changes in the matrix and lead to an extrudable ink. The final composition of
CF/(SIOC+SIC+FS) ink is reported in

Table 1.5.
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Fig. 1.27 - Stereomicroscope images of structures printed using CF/(SiOC+SiC+FS) ink: (a) green body and (b)

pyrolyzed sample.

Fig. 1.27 (a, b) shows an example of the structures printed with the new ink before and after the
heat treatment at 1000 °C in nitrogen. Their appearance is different with respect to the previous
samples (see Figure 1.24) due to the presence of the powder; also in this case, the shrinkage of the

structures along the filament axes was negligible.

200 pm ——— | . g G R —200 pm

Fig. 1.28- SEM images of a strut printed with CF/(SiOC+SiC+FS) ink: (a) green body and (b) pyrolyzed sample.

Fig. 1.28 shows the surface of a filament printed with CF/(SiOC+SiC+FS) investigated by SEM
before and after pyrolysis.
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The addition of the inert filler was visible in the green body (Fig. 1.28(a)): the SiC powder was
homogeneously dispersed in the filament. Some small cracks and wrinkles developed upon drying,
a stage which seemed to affect the structure more than before.

Fig. 1.28(b) validates the addition of inert filler as a solution for the hindered shrinkage: cracks
were greatly decreased in number and extention. The few cracks still present seemed less deep and
did not show a preferential orientation, and some of them might be still those developed upon
drying or might have been caused by handling and cutting of the samples for the analysis.

In fact, each printed component was cut in four parts to provide access to the filament cross-section
and to prepare samples for mechanical testing (see Fig. 1.29).

Cutting of the samples was peformed in the green state, when the material is less fragile. Each
resulting sample should be composed by six struts per each layer, giving a model lattice of 8.4 x 8.4
x 4.8 mm?3 for the green sample with a computed total porosity of 77.6 vol%. The average length of
the samples measured after heat treatment was 8.24 + 0.12 mm, just slightly smaller than the model
(as the shrinkage is very little). The height ot the samples, on the other hand, was 2.13 £ 0.12 mm
on average, less than half the designed height. The small overlap between the layer would lead to

4.2 mm, still very different from the observed values.

Fig. 1.29 - Samples for mechanical testing: (a) cutting of the CMC lattices; (b) close-up on a cut sample; (c) side

microscope view of the sample, showing some deflection but also open porosity.

Fig. 1.29(c) shows the side view of one such sample: it was clear from the picture that filaments did
not retain their circular section, but got deformed under the weight of the upper layers developing
an ellyptical section. The horizontal axis of the ellypes was slightly larger than the filament
diameter (~500 pm at the bottom layers) and the vertical one decreased down to ~200 um, resulting
in a rather flat sample. The rheology of the ink has not been investigated extensively yet, but these
results indicate that a stronger gel-like behavior was needed.

Nonetheless, the deflection of the filaments was already limited and the components showed open
porosity also in Z direction, indicating that there was some viscosity recovery and that the ink
already had some gel-like features.
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200 ym

Fig. 1.30 - (a) front view and (b) top view of the sections of ceramized struts printed with CF/(SiOC+SiC+FS) ink via
SEM.

Sections of the ceramized struts are reported in Fig. 1.30. Although no specific test was yet
conducted, some pull-out of the fibers could be detected, suggesting that the inks developed an
appropriate weak interface between the fibers and the matrix, which is crucial for achieving high
fracture toughness.

The front view of the strut confirmed the alignment of the fibers in the extrusion direction; the
matrix appeared dense (the holes are left by the pull-out of the fibers upon cutting). The fibers also
appear to be homogeneously distributed within the section of the strut.

The true density of the struts, measured by means of a helium pycnometer, was 2.41 g/cm?; the
measured total porosity of the cut, pyrolyzed samples was 75 £ 2 vol%. As the sample height was
so different than the designed one, a comparison with the designed total porosity was not
meaningful; however, the high value achieved was in accordance with the smaller dimensions of the
struts. The feed rate of the DIW process will need to be tailored to approach the volume flow rate of
the material being extruded to generate filament with the desired section.

The compressive strength of the ceramized lattices obtained by DIW with CF/(SiIOC+SiC+FS) ink
was 3.80 £ 1.23 MPa. Fig. 1.31 reports an example of stress-strain curve of a sample loaded under
compression; the behavior was typical of a ceramic cellular architecture [74].

After an initial pseudo elastic behavior (strain up to ~0.5%), the first crack appeared and the stress
decreased to reach an ideal plateau. The fluctuations around the average value in this second stage

are generally attributed to successive brittle failures corresponding to individual struts crushing.
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In this domain, the lattice showed a pseudo ductile behavior, although the constitutive material was
fragile. When all cells were destroyed, densification was observed.

There is no reference in literature of fiber reinforced SiOC foams of similar porosity for a
comparison. However, the samples already possess a higher compressive strength than the formerly
produced hardystonite scaffolds for a similar porosity; they also overcame the performances of pure
SiOC lattices found in literature (~2.5 MPa for a total porosity of ~64 vol%) [19]. These findings
suggested that the carbon fiber reinforcement was increasing the mechanical properties of the

samples; higher values can be expected once no residual cracks would be present in the structure.
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Fig. 1.31 - Stress-strain curve for a CF/(SiOC+SiC+FS) lattice loaded in compression.

Conclusions

DIW of ceramic matrix composites (CMCs) was investigated; the preceramic polymer developed a
ceramic matrix (SiOC) upon pyrolysis in inert atmosphere, whereas the reinforcement was provided
by the use of chopped carbon fibers.

Suitable formulations were investigated for the extrusion of fine filaments (< 1 mm diameter).
Extrusion of inks with a relatively high amount of fibers, above 30 vol% on the CMC, was possible.
The main issue encountered was the fact that the fibers hindered the shrinkage of the matrix during
pyrolysis, resulting in severe cracks perpendicular to the filament axis. The solution was the
addition of SiC powder as passive filler; such addition needed to be counteract by the addition of

fumed silica and a slight decrease in the amount of fibers, in order to maintain a printable ink.
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A proper rheological characterization and optimization is still needed, but complex structures with
porosity of ~75% and compressive strength of ~4 MPa were printed.

The process is of particular interest for its ability to orient the fibers in the extrusion direction due to
the shear stresses generated at the nozzle tip: quantitative analysis on this phenomenon has not been
performed yet, but microscopy investigation can already confirm it, opening the path to layer-by-
layer design for gradually changing the mechanical properties within an object printed with a single
material.
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2. Geopolymers

Geopolymers are inorganic materials with a chemical composition similar to that of zeolite and a
variable microstructure (amorphous to semi-crystalline). Their synthesis involves the reaction
between SiO2 and Al;O3 species in a highly alkaline medium, leading to the formation of a
continuous three-dimensional network. The exchange of silicon for aluminum in the network
structure results in a net negative charge which is compensated by alkali cations. These materials
can consolidate at low, even room temperature, leading to amorphous microstructures; heat
treatment at temperatures > 500 °C results in semi-crystalline structures resembling zeolites ones
[1].

In the late 1970’s, Davidovits coined the term geopolymer to classify the newly discovered
inorganic polymeric materials produced via polycondensation reaction; he also classified these

silicate and aluminosilicate materials according to the Si:Al atomic ratio (see Fig. 2.1).

Table 2.1 - Silicate and aluminosilicate classification based on Si:Al atomic ratio.

Si:Al atomic ratio Nomenclature Applications
_ Bricks, ceramics, fire
0 Siloxo _
protection.
Cements and concretes,
1 Sialate radioactive waste
encapsulation.
Foundry equipments, tools for
) ) Ti processing, fire protection
2 Sialate-siloxo ] )
fiber glass composites (heat
resistance up to 1000 °C).
) o Sealants for industry (up to 600
3 Sialate-disiloxo
°C), tools for Al SPF.
_ ) Fire and heat resistant fiber
>3 Sialate link

composites.

The atomic ratio Si:Al in the poly(sialate) structure determines the properties and applications. A
low ratio Si:Al (< 3) produces a 3D-Network that is very rigid. The higher the Si:Al ratio, the

higher the polymeric character provided to the geopolymeric material.
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Fig. 2.1 - Aluminosilicate classification based on Si:Al atomic ratio [1].

Most of the geopolymer compositions are synthesized following the alkaline route, which involves
the polycondensation reaction of dehydroxylated aluminium silicate (such as calcinated kaolinite or
metakaolin, general formula Al>03-2Si0;) within an alkaline medium comprising hydroxides and
alkali-silicates.

However, geopolymers can also be synthesized via an acidic route, mainly in a phosphoric acid-

based medium, leading to poly(phosphor-siloxo) and poly(alumino-phospho) phases.
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The geopolymerization reaction involves several phases as schematized in Fig. 2.2. First, the
poly(siloxo) layers of the aluminosilicate source are depolymerized by the alkaline (or acidic)
medium, leading to the formation of ortho-sialate molecules; then, the interaction between these
molecules and the alkaline species in solution leads to the polycondensation into oligomers

(gelation) and polymeric network (solidification and hardening).

Dissolution of solid Silicate species in
aluminosilicate source activating solution

N/

Rearrangement and
exchange between
dissolved units

Solidification and hardening

A 4

Ongoing gel rearrangement
and crystallisation

Fig. 2.2 - Geopolymerization steps [2].

An example of geopolymerization reaction starting from metakaolin calcinated at 750 °C is here
reported for clarity; it refers to Na* as alkaline cation [3]. The geopolymerization kinetics for Na-
poly(sialate-siloxo) and K-poly(sialate-siloxo) are slightly different, probably due to the different
dimensions of the Na+ and K+ cations; however, the mechanism can be generalized to K* and other
cations.
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Step 1: alkalination tetravalent Al formation in the sialate side groups:

o | Na*g OH
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| |
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Step 2: alkaline dissolution and OH" attachment to Si, which turns into a penta-covalent site:

Na*., OH Nat.  ©OH
| © + OH" ol Co,
—Si —D—AI_ » —Si—O0—AlI_
I | OH H'D/ | | "OH
10 OH 101 OH
| pentavalentsi |
— Si — — §i —
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Step 3: formation of silanol Si-OH and siloxo Si-O:
+
@'_ _Nae,/DH | Ma @/DH
—Si—0—AlI{ » —Si —0—AIT_
wo” 1) | “OH | | "OH
101 OH 101 OH
| ®
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| — 5 —

Step 4: further formation of Si-OH groups and isolation of the primary ortho-sialate unit:
CH

+
I OH . | Na'y OH
—Su—(} AI:: +OH »* H(}—S:—D AI';i
| | OH I | "OH
10| OH 101 OH
® ®
Step 5: reaction of Si-O” with Na™ and formation of Si-O-Na terminal bond:
QH + OH
| _Na o /DH + Nat | ;”DH
HO— Si —O—AI_ > HO—Si—0— Al,\
I | OH | | OH
[e] OH 101 OH
= 2 Na'i'

Step 6: condensation between primary ortho-sialate units, reactive groups Si-O'Na* and aluminum
hydroxyl OH-AI to create a cyclo-tri-sialate structure; NaOH is liberated and reacts again leading to

further polycondensation into Na-poly(sialate) nepheline framework.
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Reaction with KOH and potassium silicates follows the same mechanisms and leads to formation of
a K-poly(sialate-siloxo) leucite framework.

o) o (A Leucite framework
K-Poly(sialate-siloxo)

The primary area of application of geopolymers is currently in the development of low-CO;
construction materials as a greener alternative to Portland-based cements; they can provide other
technological advantages over traditional construction materials. Other applications include host
matrix in waste encapsulation, as a low-cost ceramic (either used directly or as a precursor for
calcination), and in fire protection of structures.

All mentioned applications do not require complex processes: geopolymer production has so far
been performed through simple casting of the geopolymeric slurry into molds or pre-forms. The
focus on conventional manufacturing has so far limited the exploration of other applications, such
as filters and catalyst carriers, which could take advantage of the geopolymer zeolite-like
composition and intrinsic mesoporosity [2]; in fact, complex shapes and high aspect ratio are

needed which cannot be fabricated by casting.
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Geopolymer foams can be produced adding preoxides and oils to the slurry; in fact, geopolymer
gelcasting can be combined with a saponification reaction of different oils and fats with the
hydroxides present in the slurry leading to formation of an open pores network [4,5]. Similar foams
have recently been proven as suitable for filtering applications [6].

However, the use of precisely designed, non stochastic printed structures could potentially enhance
the mechanical properties of the porous components, provide a better control of pressure drop and
fluid dynamics inside the part and improve their performances consistently compared to foamed
components. In a very recent publication, Xia and Sanjayan reported on the use of geopolymers
associated with powder-based 3D printing; they were able to print samples with good accuracy, but
densification is still an issue (which is typical of a powder-based approach) and it reflects on poor
mechanical properties[7]. Few 3D printing companies and research groups started experimenting
with large scale additive manufacturing of standard cement and concrete and are trying to progress
to geopolymer based ones, but their focus is almost entirely on working time and mechanical
resistance for the fabrication of simple shape buildings[8,9]. Little work has been so far conducted
on direct ink writing of geopolymers, which would be less time consuming with respect to other
AM technologies, would not produce any waste material and would allow to fabricate more

complex shapes.
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Negative replica of PLA printed structures with geopolymers

Partially published in:
Franchin, G., Colombo, P.: Porous Geopolymer Components through Inverse Replica
of 3D Printed Sacrificial Templates. J. Ceram. Sci. Tech. 2015, 6 (2), 105-112 [10]

The goal of this section was to combine a negative replica technique with geopolymer casting; the
requirements in terms of rheological behavior for the infiltrating slurries were much less stringent in
comparison to the strict control needed for the fabrication of high-quality structures by direct

printing, and allowed to experiment with different compositions and shapes.

Materials and Methods

Slurry preparation

A synthetic metakaolin (Argical 1200S, Imerys S. A., Paris, FR) and class F fly ash (#200 mesh;
Tractebel Energia, Florianopolis, BR) were used as geopolymeric precursors; potassium hydroxide
pellets (KOH, Dindmica Quimica Contemporanea Ltda, Sao Paulo, BR) and potassium silicate
solution (KSIL 0465, Crosfield Italia Srl, Montorio, IT) were used as alkaline activators. Their

composition is reported in Table 2.2.

Table 2.2 — Chemical composition of the raw materials.

Reagent SiO; (Wt%) AlLOs (Wt%) K0 (wt%) Fe0Os (wt%) CaO (wt%) H,0 (wt%o)
Argical 1200 S 55 39 <1 1.8 <0.6 /
Class F fly ash 55.3 19.8 2.3 10.2 13 /
KSIL 0465 22.5-24 / 11-125 / / 64.5 - 66.1

The first step in the preparation of the geopolymer slurry was the preparation of a 15M KOH
solution. Once KOH had dissolved completely in distilled water, a solution of potassium hydroxide
and potassium silicate was prepared in a mixer (500 rpm, 5 min), according to the following weight
ratio: KSIL 0465/KOH (15M) = 1.86. The alkaline solution was prepared 24 hours in advance to let
the silicate dissolve completely [11].

The geopolymer slurry was designed according to the following molar ratios: SiO2/Al,03=4,
K20/Si0,=0.25 and H>0/K>0=15.83.

The metakaolin powder was added at room temperature and stirred at 800 rpm for 30 min, followed
by the addition of the fly ash and stirring at 1000 rpm for other 30 min. An addition of 50 wt% of
fly ash with respect to Argical was used.
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Negative replica of PLA sacrificial templates

Sacrificial templates were designed and printed with the Powerwasp Evo (Wasproject, Massa
Lombarda, IT) FDM printer presented in the previous chapter. A poly(lactic acid) filament (PLA, 3
mm diameter; Wasproject, Massa Lombarda, IT) was used to print the lattices with a layer height of
100 pm and a layer width of 350 um (corresponding to the nozzle diameter).

The chosen geometries were four different templates of 15 x 15 x15 mm?® with open interconnected
channels with 3 x 3 mm? sections or 1.5 x 3 mm? sections. Three sides of each mold had closed
walls in order to avoid leaking of the slurry during infiltration, and the fourth was closed with a lid.
Fig. 2.3 shows the different template designs (left) as well as the inverse lattices (right). The solid

struts in the PLA scaffold would become the macropores in the inverse replica structure.

Fig. 2.3 - 3D rendering of the sacrificial templates. Templates used for the geopolymer impregnation (left) and inverse
lattices (right) [10].

Right after mixing, the slurry was poured into the molds and then left under rotary-pump-vacuum
(~0.1 Pa) for 15 min. The molds were then sealed with cling film and left at room temperature for
48 - 72 hours to allow for the completion of the geopolymerization reaction.
In order to remove the sacrificial PLA templates, the samples were first directly immersed in KOH
15M at 72 °C for 24 hours; the basic solution carried out a nucleophilic attack of the polymer chain
links, leading to their partial hydrolysis and condensation [12]. Samples were then washed with hot
water to extract the PLA,; this step also confirmed the extent of the geopolymerization reaction,
since unreacted material would be sensitive to water and undergo swelling or complete destruction
[1]. Finally, the samples were heat treated at 330°C for 24 hours in a tube furnace under air flux
(heating rate = 1 °C/min).
The coupled chemo-thermal treatment was already reported to remove the PLA completely with no
damage to the geopolymeric structure in the case of geopolymer additivated with PLA fibers [13].
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Characterization

The morphology and microstructure of the samples were investigated using an optical stereoscope
(STEMI 2000-C, Carl Zeiss AG, Oberkochen, DE) and a SEM (ESEM, Quanta 200, FEI, Hillsboro,
OR). X-Ray diffraction analysis (D8 Advance, Bruker Italia Srl, Milano, IT) was performed on
powdered samples with Cu Ka radiation (10-70° 26, 2 s/step).

The true density of the ground geopolymer was measured with a helium pycnometer on finely
crushed powders (Accupyc 1330, Micromeritics, Norcross, GA). The open, closed and total
porosity of the struts was quantified by the Archimedes’ method using water as the infiltrating fluid.
The designed total porosity was calculated as the ratio between the volume occupied by the model
lattice and the volume of the cube encapsulating the object. The total porosity of the lattices was
calculated by weighing the samples on a digital scale and measuring their size using a digital
caliper, taking into account the measured true density. Specific surface area (SSA) data were
collected through N2 adsorption experiments at liquid nitrogen temperature using a Quantachrome
Nova Station A (Quantachrome Instruments, Boynton Beach, FL). All samples were degassed at
250°C prior to the nitrogen adsorption measurements. The Brunauer-Emmett-Teller specific surface
area was determined by the multipoint BET method using the adsorption data in the relative
pressure (P/Po) range of 0.05 —0.3.

Results and Discussion

PLA templates infiltrated with the solidified geopolymer slurry are shown in Fig. 2.4, together with
details of the PLA templates; small discrepancies from the model lattices were due to the limits of
the FDM deposition, which tends to accumulate excess material in small areas and is affected by
gravity when printing overhangs. With the aid of the rotary-pump-vacuum, the slurry penetrated in

all designed macroscopic cavities and no voids or bubbles could be detected.
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Fig. 2.4 -Picture of some PLA templates infiltrated with the geopolymer slurry (a), and stereomicroscope details of the
PLA template ((b): side view; (c): top view) [10].

The PLA removal process combined a chemical and a thermal treatment. A simple direct heat
treatment of the impregnated samples resulted in the destruction of the samples or in severe
cracking of the components: the large mismatch in the thermal expansion of the geopolymer and the
polymeric template led due to the development of high thermal stresses upon heating. The chemical
treatment, on the other hand, was not sufficient for a complete decomposition of the sacrificial
template.

A combination of the two treatments resulted in the geopolymeric lattices shown in Fig. 2.5. The
inverse replica of the printed structures looked very accurate; the structures showed negligible
shrinkage. Occasional cracks could still be observed, suggesting the need to further improving the

removal step of the PLA template.

a) b)

Fig. 2.5 - Inverse replica of the four lattices after complete PLA degradation [10].
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Fig. 2.6 shows close-ups of the top and side of the structure in Fig. 2.5(a). No bubbles were
observed in the geopolymeric struts. The slurry replicated also the roughness corresponding on the
layer-by-layer build up of the PLA template; the detailed and accurate replicas obtained indicated
that the proposed approach based on the FDM of highly interconnected sacrificial templates is

suitable for the fabrication of complex macroporous ceramic parts.

M LA

401 bt

3

Fig. 2.6 - Stereomicroscopic images of a lattice: (a) (1) top view; (I1) side view; detail of top (111) and (1V) side surfaces

showing their morphological characteristics (template-derived roughness) [10].

SEM images of the geopolymer are shown in Fig. 2.7. Residual fly ashes (particularly rich in Fe and
Ti) was embedded in an amorphous/microcrystalline alumino-silicate matrix; several small pores (1
- 10 um) could be detected. They were probably due to the evaporation of the excess water, as it is

unlikely that residual air was present in the slurry after pulling vacuum.
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Fig. 2.7 -SEM images of the microstructure of the geopolymer [10].

Crushed geopolymer powder was investigated by XRD analysis, which reported a mainly
amorphous matrix with quartz and muscovite impurities typical of metakaolin based geopolymers

not treated at high temperature [14].
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Fig. 2.8 -XRD analysis after heat treatment at 330 °C [10].

Geopolymer struts had a bulk density of 1.30 + 0.01 g/cm?® and an apparent one of 2.23 + 0.01
g/cm3; their true density was 2.4367 + 0.0002 g/cm?®. The total porosity of the struts and of the
lattices is reported in Table 2.3. The designed macroporosity was different among the various lattice
models, ranging from 35.2% to 40%. The total porosity of the structures ranged from ~66% to
~71%, indicating that the absolute contribution of the struts porosity to the total porosity was ~30

vol%.
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Table 2.3 - Porosity of lattices and struts.

Lattice structure type a b c d
Measured total porosity (vol%) 66.2+1.0 709+3.1 664+08 70.2%22
Model macroporosity (vol%) 35.2 40 36 40
Struts total porosity (vol%) 46.72 £ 0.42

Struts open porosity (vol%) 41.87 £0.67

While the macroscopic open channels, with a designed size and volume, would enable suitable
permeability for liquid or gas through the porous scaffold, the solid struts would be responsible for
the interaction with the fluid when the component is used for filtration or as a catalytic support. The
porosity of the struts was almost entirely open and interconnected.

The N2 adsorption and desorption curves are reported in Fig. 2.9; the isotherms could be classified
as type IV, according to the International Union of Pure and Applied Chemistry (IUPAC). Both
micropores (diameter < 2 nm, detected by N> adsorption at P/Po < 0.15) and mesopores (diameter =
2 - 50 nm, detected by the hysteresis at higher values of relative pressure) were present. The
inherent chemical micro- and mesoporosity of geopolymers is due to the polycondensation of
alumino-silicates during geopolymerization reaction, which produces water, and on the fact that
their morphology at the nanometric scale is based on the assemblage of small spheroidal particles
[1]. As this inherent porosity developed during the geopolymerization reaction, it was not affected
by the application of vacuum during infiltration. The specific surface area of the samples was
22.991 m?/g, in accordance to values reported in literature for potassium containing geopolymers
based on metakaolin and fly ash [15-20]. Preliminary mechanical testing resulted in an average
compressive strength value of ~8.5 MPa for samples with an architecture (a).
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Fig. 2.9 -Adsorption and desorption isotherms on powders obtained by crushing a geopolymer scaffold [10].

As a proof-of-concept, a geopolymer slurry containing oil and hydrogen peroxide was employed for

the infiltration to generate foamed struts via a peroxide/saponification combined route [4]. Fig. 2.10

shows struts with an additional level of porosity, with partially interconnected pores ranging from

~50 to ~300 pm.

Fig. 2.10 -Image of a sample (with an architecture obtained by infiltration of the structure shown in Fig. 2.3(a)), in

which the slurry contained oil and hydrogen peroxide. (a) general view; (b) detail at higher magnification [10].
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Conclusions

Geopolymer components with controlled porosity were designed and produced by negative replica
of PLA sacrificial templates with different patterns fabricated by FDM. A geopolymer slurry was
used to produce accurate inverse replicas by impregnation in vacuum conditions and subsequent
geopolymerization reaction; the template was successfully removed by a combined chemical and
thermal treatment. The advantages of this process over geopolymer AM were that no careful
optimization of the rheology of the ceramic slurry was necessary, and that drawbacks such as layer-
by-layer inhomogeneous build up could be avoided. Geopolymer features were not affected by the
processing, and the samples possessed highly interconnected macroscopic channels and micro- and
meso-porosity in the struts, making them potentially attractive for filtering or catalyst support

applications.
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DIW with geopolymeric inks

Partially under publication in:
Franchin, G., Scanferla, P., Zeffiro, L., Elsayed, H., Baliello, A., Giacomello, G.,
Pasetto, M., Colombo, P.: Direct Ink Writing with Geopolymeric Inks. J. Eur.
Ceram. Soc. 2017 (accepted 19/01/2017)

The goal of this section was to develop geopolymeric inks for DIW. It was a particularly
challenging  task, because the inks were subjected to ongoing  (poly-
condensation/geopolymerization) reactions which continuously modified their rheological
properties over time. Time has been involved as the 4™ dimension in so-called 4D printing
technologies with the aim of producing objects able to change their configuration or function
depending on external stimuli [21-23]; geopolymeric slurries could be good candidates as smart

materials for 4D printing once their reaction over time could be effectively controlled.

Materials and methods

Ink preparation

Four geopolymer mixtures were investigated, all comprising: metakaolin (Argical 1200S, Imerys
S.A., Paris, FR) as source of alumino-silicate building blocks; a soluble sodium silicate solution
(SS2942, Ingessil S.r.l., Montorio, IT); sodium hydroxide NaOH (lka Werke GmbH & Co. KG,
Staufen im Breisgau, DE); distilled water. The composition of the metakaolin and of the sodium

silicate solution are summarized in Table 2.4.

Table 2.4 - Composition of the metakaolin and of the silicate solution in use

Reagent SiO2 (Wt%) Al20s3 (Wt%) Na20 (wt%) H20 (wt%o)
Argical 1200 S 55 39 <1 /
SS 2942 28.35 / 9.77 61.88

First, a solution of sodium silicate, sodium hydroxide and water was prepared with the following
molar ratios: Na2O/SiO2 = 0.709, H20O/Na2O = 13. The solution was prepared at least 24 hours in
advance and was stored at 4 °C; its composition in summarized in Table 2.5.

All ink formulations had the following molar ratios: Na>O/SiO2 = 0.263; SiO2/Al,03 = 3.8;
Na>O/Al>O3 = 1. Concerning the content of water, the first ink had a molar ratio Ho.O/Na,O = 13.78.
The second ink was derived from the first one with the addition of 7 wt% of poly(acylic acid)

sodium salt with an average molecular weight of 5100 g/mol (PAA, Sigma-Aldrich, St. Louis, MO)
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as a rheology modifier. PAA is frequently used as a thickening agent in aqueous based systems as it
creates an entanglement of polymer chains imparting a shear thinning behavior to the ink. The third
ink possessed a decreased water content, with a molar ratio H.O/Na,O = 13.

The fourth ink derived from the third one with the addition of 5 wt% of poly(ethylenglycole) PEG
with an average molecular weight of 1000 g/mol (Sigma-Aldrich, St. Louis, MO) with the same role
as that of PAA. The four inks were labeled: GP 13.78, GP 13.78 PAA. GP 13 and GP 13 PAA
respectively, and their formulation is summarized in Table 2.6. The density of the inks was
calculated using the rule of mixture from the theoretical density of the individual raw materials.

For samples GP 13.78 PAA and GP 13 PEG, the additives were added to this solution under
mechanical stirring at 500 rpm for 5 minutes at room temperature. Metakaolin powder was then
added to the solution under mechanical stirring at 1000 rpm for 10 minutes at room temperature.

Table 2.5 - Chemical composition of the alkaline solution.
SS2942 (g) NaOH (g) H20 (g)

Alkaline solution 400 56.64 53.56

Table 2.6 - Formulation of the different inks.

Argical Alkaline

H.0O PAA PEG Density (g/cm?
1200S (g) solution () 20(9) ©) ©) Y (@ )

GP 13.78 32.26 50 1.84 / / 1.75
GP 13.78 PAA  32.26 50 1.84 5.89 / 1.53
GP 13 32.26 50 / / / 1.78
GP 13 PEG 32.26 50 / / 411 1.73

Rheological characterization
A rotational rheometer (MCR 302, Anton Paar, Graz, A) equipped with a 50 mm diameter plate-
plate geometry was used, with a set temperature of 20°C and a gap of 1 mm. Since the rheological
behavior is crucial for the DIW process, several experiments were conducted in order to fully
characterize our mixtures. Specifically,
1) Steady rate sweep: shear rate increasing from 0.01 to 100 1/s;
2) Dynamic strain sweep: deformation varying from 0.001% to 100% or 200% with a
frequency of 1 Hz;
3) Dynamic frequency sweep: frequency varying from 0.1 to 100 Hz with a deformation of
1%j;
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4) Viscosity recovery, in two steps: first, a shear rate of 1 s for 60 s was applied, followed by
the application of a controlled shear stress of 15 Pa for 120 s in order to measure the
recovery of viscosity.

The shear rate needed to be high enough to overcome the initial yield stress of the ink; in the
second stage, the shear stress needed to be lower than the yield stress to allow recovery.
Values were chosen according to the results of the first two tests.

5) Storage (G’) and loss (G”) moduli recovery, in two steps: in the first step, a strain of 10%
with a frequency of 1 Hz was applied for 1 min; after that, a strain of 0.1% with a frequency
of 1 Hz was applied and the recovery of G’ and G over time was measured.

6) Working time: constant deformation of 0.01% with a frequency of 0.1 Hz over 1 hr.

The measurements were repeated at different time intervals in order to investigate the effect of the

ongoing poly-condensation (geopolymerization) reactions on the ink properties.

Direct Ink Writing

After mixing, the ink was transferred into a plastic syringe, which served as a cartridge for direct
ink writing. Each syringe can contain up to 30 mm? of ink. The cartridges were mounted on two
different DIW systems: a cartesian one (Powerwasp Evo, Wasproject, Massa Lombarda, IT)
equipped with a mechanical piston, and a Delta one (Delta Wasp 2040 Turbo, Wasproject, Massa
Lombarda, IT) equipped with a pressurized vessel and an infinite screw for paste extrusion. Both
devices were described in Chapter 1; no difference was detected between samples printed with one
or the other.

The ink was extruded at room temperature through the tip of a tapered capillary nozzle (Nordson
Italia S.p.a., Segrate, IT) to form a geopolymeric filament that was deposited onto a flexible
polyimide substrate. The substrate was generally kept in air, but could also be immersed in a
hydrophobic liquid (typically oil) to limit drying and clogging issues. Printing was carried out at
ambient temperature.

The extrusion occurred at a predetermined flow rate and deposition speed. After patterning one
layer, the nozzle was incrementally raised in the z-direction to generate the next layer. This process
was repeated until the desired structure was formed. 3D periodic lattices composed of a simple
tetragonal geometry, for example, could be assembled by patterning an array of parallel filaments in
the x-y plane such that their orientation was orthogonal to the layers immediately above and below
a given layer. Alternatively, the nozzle could be gradually raised in the z-direction as the print
progresses to build objects in a spiral fashion. Solidification via geopolymerization occured either at

room temperature or by heating the printed component at relatively low temperatures (< 60°C).
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The samples produced for this work were printed through a nozzle with a diameter of 840 um; the
layer height was set at 600 um to provide a small overlap between the layers and therefore better
adhesion.

Different geometries were printed: from single wall vase-like structures for proof of concept and
process validation through tetragonal lattices for characterization, to more complex porous

structures for filtration purposes.

Physical and mechanical characterization

The morphology of the scaffolds was investigated by an optical stereoscope (STEMI 2000-C, Carl
Zeiss AG, Oberkochen, DE). The designed porosity of the CAD file was calculated as the ratio
between the volume occupied by the struts (modeled as dense elliptical cylinders) and the volume
of the rectangular prism encapsulating the object. The porosity of the struts was evaluated by image
analysis of SEM images using Fiji software[24]. The true density of powdered geopolymers after
reaction was measured by means of a helium pycnometer (Micromeritics AccuPyc 1330, Norcross,
GA). The total porosity of the lattices was therefore calculated as the ratio between their bulk and
true density.

The compressive strength of the samples was measured with a Instron 1121 UTM (Instron Danvers,
MA) with a cross head speed of 1 mm/min; at least five samples were tested for each geometry.
After trimming of the edges, samples had a size of 20 x 20 x 7.2 mm?3, corresponding to 12

superimposed layers.

Results and discussion

Rheological properties of the inks

Geopolymeric network formation via polycondensation of silicate and aluminate groups proceeds
through the formation of oligomers, which in the initial stages of reaction are likely to behave as a
weak gel structure.

A previous study on metakaolin-based geopolymer mixtures compared them with suspensions of
plate-like clay particles in aqueous solutions, demonstrating that they possessed a weak shear
thinning behavior with an initial yield stress [25].

The shear thinning character decreased with increasing solid content and could also reach
Newtonian and shear thickening behavior. A higher amount of solid also increased the initial yield
stress and the apparent viscosity of the mixtures.

A Bingham pseudoplastic behavior, i.e. shear thinning with initial yield stress, was also found in fly

ash based geopolymer slurries [26].
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The first objective of this rheological characterization was therefore to validate such hypothesis; if
needed, the Bingham shear thinning behavior could be either forced or enhanced by the addition of
organic polymers as rheology modifiers.

Modeling the extrusion process as the flow of a viscous fluid through a tube, the shear rate applied
to the ink can be estimated by Eq (1.4); in the experiments here presented, the estimated shear rate
was between 50 and 100 1/s.

Fig. 2.11(a, b) shows the flow and viscosity curves of the four inks, plotting the shear stress t (Pa)
and the viscosity 1 (Pa-s) against the shear rate y’ (1/s). All tests were performed 2 min after the end
of the mixing stage. Unfortunately the inks, GP 13 PEG in particular, lacked in adhesion to the
rheometer plates and tended to be expelled from the side even at very low shear rates (1-2 1/s);
therefore, just short segments of the flow and viscosity curves could be measured which did not
represent the printing window, but were significant in determining the behavior of the inks.

Shear thinning behavior was confirmed for pure geopolymer mixtures GP 13.78 and GP 13, as an
initial decrease in the viscosity values was detected at low shear rates; nevertheless, at shear rates of
~10 1/s their viscosities had already reached a plateau of ~20 Pass and ~30 Pass respectively. The
rapid destruction of freshly formed alumino-silicate bonds due to the increasing stress is likely
responsible of such behavior. Sample GP 13.78 PAA had higher yield stress and viscosity values;
the slope of the flow curve decreased with the increasing shear rate also at higher values, testifying
a more significant shear thinning behavior. Sample GP 13 PEG possessed an even higher yield

stress and viscosity in comparison to the previous one, possibly also due to its lower water content.
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Fig. 2.11 — Steady rate sweep test performed on the four inks: (a) flow curves and (b) viscosity curves, 2 min after

mixing.
Dynamic oscillation tests allowed to assess whether the inks had a transition to low rigidity systems

at higher shear stress values. Measuring in oscillatory mode allowed to partially overcome the
adhesion issues previously mentioned.
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Fig. 2.12(a) shows a log—log plot of the storage moduli G’ (Pa) and loss moduli G” (Pa) of the inks
after 5 min from the mixing stage as a function of the strain y (%). All materials followed a similar
trend:

1) atlow to intermediate strain, both G’ and G” increased with the strain, with G’ > G”;

2) at high strain, both G’ and G” decreased rapidly and intersected; to this stage corresponded a

variation in slope for the shear stress (see Fig. 2.12(b)).

3) after that, their values stabilized again.
This behavior could be classified as type IV in the LAOS system, and could be explained if a
reversible gel nature was assumed: the geopolymer network in formation was responsible of the
elastic component, but the microstructural arrangement of the material could still be gradually
destroyed by stresses above the yield stress, allowing the flow. Since these curves did not have a
clear transition point, the values of yield stress were determined at the intersection between the G’
and G" curves. This method resulted in lower values for Ty compared to different criteria applied in
literature (i.e. that ty corresponded to the t value for which G’ = 0.9 G’¢qg), thus being more
conservative [27].
For pure geopolymer inks GP 13.78 and GP 13, G’ and G” showed rather low values and there was
just a slight difference between them; the yield stress set to low values as well. The lower amount of
water in the second ink caused a slight translation of G’, G” and 1 to higher values. In GP 13.78
PAA and GP 13 PEG inks, the Bingham shear thinning behavior was purposely enhanced to
produce inks more suitable for DIW and able to retain the shape of the filament once extruded, even
in case of suspended parts. G’ and G” differentiated more and showed higher values in the first
segment, and so did the yield stress. The highest value reached by G’ as well as the yield stress for
each ink are reported in Table 2.7.

Table 2.7 - Maximum G' values and yield stress values from the dynamic strain sweep test performed on the four inks.

GP 13.78 GP 13.78 PAA GP 13 GP 13 PEG
7, (Pa) 15 20 25 80
G’max (Pa) 500 10800 1500 67200
G’smay (Pa) 390 341 397 385
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Fig. 2.12 - Dynamic strain sweep test performed on the four inks, 5 min after mixing: (a) G' and G" moduli and (b)

shear stress are plotted over strain.

The condition on G’ which allowed minimal deflection, formulated by Smay et al. and reported in
Eq. (1.1), was calculated for the four inks; note that in this case the printing process was performed
in air instead of oil bath. The diameter of the filament was set at 800 um and the spanning length at
2.4 mm (the biggest spacing that was used to fabricate samples for mechanical testing); values are
reported in Table 2.7.
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Based on the results, all inks could potentially be employed for DIW of geopolymeric lattices with
such unsupported features; however, the two pure geopolymeric inks GP 13.78 and GP 13 are close
to their limit; a low content of additive increased the gap dramatically and would allow for much

bigger unsupported struts
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Fig. 2.13 - Dynamic frequency sweep test performed on the four inks.

It has to be mentioned that the strain sweep test alone cannot guarantee that the inks possess the
structure of a (reversible) gel material; therefore, in order to further validate our theory and acquire
more information, frequency sweep tests were conducted. Fig. 2.13 reports the values for G’ and G”
for the four inks after 5 min from the mixing stage; if we compare the resulting curve with typical
results for polymers and gels, we observe that in the frequency range all inks seemed to be beyond
the crossover point, with G” and G’ increasing slightly over a wide frequency range [28]. This could
be caused by a weakly crosslinked structure such as that occurring in a soft gel or a weakly bonded
dispersion, but also by a wide molecular weight distribution of the uncross-linked geopolymer
chains. In any case, the two tests together confirmed the typical gel behavior for the geopolymer
inks. Note that inks GP 13.78, GP 13 and GP 13.78 PAA were all beyond the transition region, in
the so called glassy region. For ink GP 13.78 PAA, the transition region could be detected at ~0.3
Hz. Ink GP 13 PEG, on the other hand, was in the rubbery plateau with G’ > G” up to ~20 Hz; this
made it so far the most indicated material for extrusion processes such as DIW [28].
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The most important feature of an ideal ink for direct ink writing is the ability to retain the shape

after each filament is deposited, which corresponds to a quick viscosity recovery with no shear

stress applied.
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Fig. 2.14 — (a) Viscosity recovery test performed on Gp 13.78, GP 13 and GP 13.78 PAA inks; (b) Midspan deflection
calculated for GP 13.78 PAA ink for a 2.4 mm spanning length.

Fig. 2.14(a) shows the result of the viscosity recovery test conducted on three out of the four inks;

due to the aforementioned adhesion issues, it was not possible to apply a shear rate high enough to

break the gel network in GP 13 PEG.
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Pure geopolymeric inks GP 13.78 and GP 13 showed a viscosity increase after the first step, but the
viscosity recovery required a long time (20 — 30 s for an increase of one order of magnitude) and
did not reach sufficient values.

Although the viscosity of GP 13.78 PAA started from a higher value (~one order of magnitude), its
recovery in the second step was way faster. The viscosity increased by two orders of magnitude in
the first ~10 s, reaching a plateau value. This result confirms that the slurry had an appropriate
rheology for DIW, as the increase of viscosity (increase in rigidity of the system) occurs in a very
short period of time, therefore reducing the deformation of the printed, unsupported structures of the
scaffold.

The deflection profile in the middle of the filament was calculated according to Schlordt et al.
model (see Eq. (1.2)) and is reported in Fig. 2.14(b) [29]. The shape of the curve resembled that of
the recovery test. This finding indicated that the filaments deformed in the first few seconds
immediately after coming out of the extrusion nozzle, but the viscosity of the inks quickly increased
and therefore also the deformation tended to reach a plateau value, because further deformation was
completely hindered by the increase of viscosity. For a spanning distance of 2.4 mm, the final
calculated deflection was ~0.19 mm, which confirms that the desired geometry can be printed
accurately using this ink.

The midspan deflection for the same spanning distance, calculated for GP 13 and GP 13.78, was of
~9 mm); this value could not be real (as the spanning height of the structures was > 1 mm), but
confirmed that a structure printed with these inks would collapse and not retain its shape.

In order to evaluate GP 13 PEG behavior, similar tests were conducted in oscillatory mode, thus
recording G’ and G” instead of viscosity. The sudden change in the applied strain led to highly
scattered data; therefore, fitted trends are reported in Fig. 2.15).
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Fig. 2.15 - G' and G" recovery test performed on the four inks.

The inks behavior resembled what observed for the viscosity recovery: pure geopolymer inks GP
13.78 and GP 13 showed only a moderate recovery of G’ and G” moduli and required a long time.
GP 13.78 PAA started from higher values of G’ and G (also in accordance with frequency sweep
curves), yet still compatible with the extrusion process; once the shear stress was not applied
anymore, G’ increased by one order of magnitude in the first 15 s. It was not possible to completely
break the GP 13 PEG gel phase in the initial stage (and again it was not possible to apply a higher
strain due to the poor adhesion to the plates). However, G’ increased significantly, from ~900 Pa to
~5000 Pa in the first 20 s of the second phase; G’ also overcame G” in the second stage, whereas
for the other inks it remained lower or at the same value. This finding suggested that the latter ink
possessed higher elasticity after extrusion and therefore more keen on retaining the shape with
minimal deflection. Comparing these trends with the viscosity recovery ones, a very low midspan
deflection could be expected from ink GP 13 PEG, even if its calculus was not possible. The two
tests seemed to suggest a higher recovery for inks with higher water content, a phenomenon not yet

understood.
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Fig. 2.16 - G" and G" moduli behavior over time in the four inks.

Finally, the progression of the geopolymerization over time was investigated together with its effect
on the rheological properties of the inks (Fig. 2.16). The measurements were perturbed by external
movements happening around the instrument as they required a relatively long time and were
conducted with a very low strain.

The higher amount of water present in ink GP 13.78 was responsible for a slight decrease of the G’
and G” curves with respect to those for sample GP 13; the curve trends, however, were equivalent.
Ink GP 13.78 PAA possessed higher G’ and G” values from the start, but the presence of the
additive seemed to decrease its reactivity; in fact, G’ and G” values grew at a slower rate. The
retarding effect of the additives on the inks was confirmed and extremely significant in ink GP 13
PEG; G’ and G” modules started from higher values but grew at a much slower rate, to the point
that they superimposed the values for sample GP 13.78 PAA by the end of the test. Possible
explanations of the retarding effect of the additives on the geopolymerization could be their steric
hindering effect; their hydrophilic character and ability to absorb water, which could lead to a
shielding of the —OH groups in the metakaolin, and impede water and ion diffusion necessary for its
depolymerization.

The wider plateau detected in the latter case made again GP 13 PEG the best option for printing for
longer times without having to significantly vary the process parameters.

GP 13 PEG was therefore chosen as printing ink and employed for the fabrication of geopolymeric

components — both dense parts and lattices.

102



Experimentally, it was found that the ink could be printed for ~1.5 to 2 hours after mixing before it
became too viscous. This limit obviously depended from the equipment in use (for which no
viscosity threshold was provided by the company). However, it was observed that extruding the ink
at an advanced stage of reaction would result in a clumpy, disrupted filament which would not
further react. The same behavior was observed by mechanically mixing geopolymeric slurries at
different times, and suggested that breaking the geopolymeric network in advanced stage of

formation would not be reversible.

Production and characterization of porous lattices
After optimization of the models, based on suitable a computer-aided design (CAD) software, the
selected ink (GP 13 PEG) was used to fabricate objects and lattices with unsupported features; a

feed rate of ~10 mm/s was set and the flow rate was adjusted accordingly.

Fig. 2.17 - Printing process and printed single wall vase.

Fig. 2.17 shows the printing process and some examples of the printed structures. To validate the
ability of the ink in terms of shape retention, a graded lattice with increasing spacing between
subsequent struts was designed (see Fig. 2.18); the unsupported length increased from 1.5 mm to 4

mm with a 0.5 mm step.
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The filaments showed very limited sagging and deformation, and the side pores remained open even
with a spanning length of 4 mm, which confirmed that the rheological properties of the ink were
suitable for printing such porous geometry.

Image analysis on geopolymerized structures gave an average strut diameter of 0.738 + 0.024 mm.
For a designed spacing of 2 mm, the distance between the center of two struts was of 1.802 + 0.031
mm. Comparing these values with the nozzle diameter and the designed spacing resulted in a linear
shrinkage of ~10%. The filaments sagged by 0.050 + 0.015 mm, which corresponds to less than 7%
of their measured diameter, and this result can be considered very successful.

Note that the filaments retained a circular section and the overlap between the filaments, resulting
from the set layer height, was of 0.143 + 0.028 mm, corresponding to ~20% of the filament
diameter. The purpose of it was to provide a stronger adhesion between the layers, which appeared
optimal.

No cracks or surface defects were visible in the samples. The pores visible in the struts were
probably due to water and PEG evacuation during the consolidation of the geopolymer or to air

entrapped during the preparation of the ink.

|
| -
- - . 0.5 mm
I 1 mm %

Fig. 2.18 - . Lattice with a gradient in spacing: (a) overview, (b) top view (mark is 1 mm), (c) and (d) side views (marks

are 0.5 mm).

Lattices for mechanical testing were produced with different filament spacing, to evaluate the effect

of total porosity on the compressive strength.
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All of them were designed as tetragonal lattices with orthogonal layers of 0.8 mm wide parallel
struts. The spanning distance between the struts was set at 1.2 mm, 1.6 mm and 2.4 mm,
corresponding to a designed porosity of 46.59%, 59.16% and 71.73% respectively. The different
structures are shown in Fig. 2.19(a). The total porosity of the lattices and their compressive strength
is summarized in Table 2.8 and plotted in Fig. 2.19(b).

Table 2.8 - Porosity and compressive strength of different types of lattices

Designed porosity (vol%) Total porosity (vol%) Compressive strength (MPa)

1.2 mm 46.59 49.81 +1.98 115+19
1.6 mm 59.16 59.38 + 1.56 47+15
2.4 mm 71.73 71.27+0.75 20+0.5

Compressive Strength (MPa)
/

45 50 55 60 65 70 75
Total Porosity (%)

Fig. 2.19 - (a) Lattices with (1) 1.6 mm, (I1) 1.2 mm and (I11) 2.4 mm spanning distance; (b) compressive strength vs
porosity plot for the three types of lattices.

The measured porosity was consistent or just slightly higher (for lattices with 0.8 mm spanning
distance) than the designed one. The differences were due to two contrasting contributions: the
slight overlap between the layers on one side and the porosity present in the struts on the other side.
As expected, there was a clear correlation between the porosity of the printed lattices and their
mechanical properties.
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Lattices with ~49.8 vol% porosity possessed a compressive strength of ~11.5 MPa, which decreased
to ~4.7 MPa for ~59.4 vol% and to ~2.0 MPa for ~71.3 vol%. Data were fitted according to
Ryshkewitch exponential model [30]:

o=A-eBP (2.1)
where ¢ (MPa) is the compressive strength, p (vol%) is the total porosity of the samples and A, B
are experimental parameters and were found to be A = 710.52 MPa and B = 0.084 with a
correlation factor R? = 0.991. There seemed to be a good accordance between data and fitting.
There is no reference in literature of geopolymeric lattices with similar porosity for a comparison.
Geopolymeric foams produced by combined saponification/peroxide technique had a compressive
strength of 2.38 + 0.47 MPa at 70.3 £ 1.3 vol% total porosity, similar to what obtained for lattices
with a spanning distance of 2.4 mm [5]; varying the amount of oil and peroxide, a compressive
strength of 8.83 + 2.38 MPa at 72.6 £ vol% total porosity and up to 25.96 £ 5.12 MPa at 62.0 + 0.5
vol% total porosity were achieved in the same work. Although these values are much higher than
what achieved by the printed lattices, it should also be noted that they refer to pores 10 to 50 times

smaller.

Case study

Although the focus of this work was on one specific geopolymer formulation, other proofs of
concept are here reported which can testify the versatility and the opportunities afforded by the
combination of material and process.

One of the key features of geopolymer materials is their environmental sustainability, as they can be
produced starting from waste materials, i.e. fly ashes and slags from the foundry industries.

An ink based on class F fly ashes (#200 mesh; Tractebel Energia, Florianapolis, BR) with average
composition reported in Table 2.2 was developed. The negative charge of the aluminate groups can
be effectively balanced by potassium ions, some amount of which is already present as K-O in the
fly ashes; therefore, sodium silicate and hydroxide were replaced by potassium silicate (KSIL 0465,
Crosfield Italia Srl, Montorio, IT) and hydroxide (Ika Werke GmbH & Co. KG, Staufen im
Breisgau, DE) respectively. The formulation employed previously for the negative replica of 3D
printed PLA lattices was adapted [10]; Na lignosulfonate (Sigma-Aldrich, St. Louis, MO) was used
as retarder with a concentration of 0.6 wt% and PAA was used as gelling agent with a concentration
of 6 wt%.
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Fig. 2.20 - GP lattice from fly ashes and K.

A different printing medium was investigated, i.e. sunflower oil instead of air; the oil provided more
support to the spanning structures and therefore limited sagging. Lattices printed with the same
nozzle and 2 mm spacing were successfully printed (see Fig. 2.20). The choice of printing in oil had
the double goal of providing slower water evaporation and support to the spanning struts, and
producing more porous, lighter components; in fact, the oil reacted with KOH via the saponification

route employed for foam fabrication [4].
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Conclusions

Geopolymer inks with optimized rheological properties for DIW were successfully developed;
several inks with different water content and different kind and amount of additives were compared
and the best formulation was selected, i.e. GP 13 PEG. The ink possessed a Bingham shear thinning
behavior which enabled the extrusion as well as the retention of the produced shape even in the case
of unsupported struts.

Highly porous ceramic components (porosity up to ~71 vol%) with features of ~0.8 mm and
unsupported parts with very limited sagging (less than 7% of the struts diameter) were produced
and characterized; their mechanical properties were investigated and correlated with their porosity.
Finally, our approach was successfully extended to other formulations, such as fly ash and
potassium based geopolymer slurries. Tailoring of the porosity was also possible by taking
advantage of saponification in oil. Such ceramic lattices could be suitable for many applications,
including air and water filtration, lightweight structures and so on.

Future work would be focused on solving the issues which currently limit the industrialization of
the process, i.e. the limited working time window, the use of highly alkaline solutions, the strong
dependence of the inks from the environmental conditions: in fact, temperature and humidity have a

strong influence on the ink rheology and reactivity.
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3. Glass

Partially published in:
Klein, J., Stern, M., Franchin, G., Kayser, M., Inamura, C., Dave, S., Weaver, J. C.,
Houk, P., Colombo, P., Yang, M., and Oxman, N.: Additive Manufacturing of Optically
Transparent Glass. 3D Printing and Additive Manufacturing 2015, 2 (3), 92-105 [1]

Silica-soda-lime glass represents ~90% of manufactured glass, as it is used for windowpanes,
bottles and containers for food and beverages and other commodity items. It is particularly valuable
due to its affordability, chemical stability, reasonable hardness, and obviously transparency.
Manufacturing of soda-lime glass and silicate glass in general is rather traditional: flat glass panels
are formed by the Pilkington float glass process; while container glass for bottles and jars is formed
by blowing and pressing techniques. Other, more complex parts, can be fabricated by glass
molding, and artistic glass remains mostly hand-blown.

The extrusion of molten glass is applied in the artistic milieu as a traditional glass manufacturing
practice, and glass artisans are able to produce glass canes or stringers through manual glass
extrusion, ranging in diameter from fractions of a millimeter to several millimeters.[2] Large scale
manufacturing processes have also been developed for glass extrusion. The application of pressure
to force glass flow through a dye extends the glass working range to higher viscosities, and enables
the production of rods and tubes with complex sections but still simple shapes [3].

To date, research on AM of glass has been overall limited. The most common approach was binder
jetting applied to glass powders, which overcame their high melting temperatures but led to
components with very limited strength; moreover, they were opaque due to the light scattering from
glass powders caused by incomplete densification by viscous sintering [4-6]. DIW was also
investigated for the manufacturing of glass components, with particular interest in Bioglass®
formulations for bone tissue engineering. As the green body embedding glass particles underwent

sintering, however, it encountered the same limitations of binder jetted glass parts [7-9].
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Fig. 3.1 - Attempts of AM with glass: powder-bed based approaches by (a) Klein, S. et al. and (b) ExOne; (c) wire fed
SLM [5,6,10].

Even Selective Laser Melting (SLM) was not able to overcome this issue: products remained
opaque and possessed poor mechanical properties [11]. In a more recent work, the researchers
substituted the powder with a glass wire which is fed into a laser heated melt pool with a wire
feeder [10]. Starting with a fully dense feedstock was shown to minimize the formation of trapped
bubbles and pores and therefore to facilitate the fabrication of transparent components. Building of
rectangular walls with a flat top profile and transparency equal to furnace cast pieces (after
polishing) was reported, but the process still lacked in control and repeatability.

Very recently, Corning Inc. filed a patent for the production of transparent glass parts combining
powder raw material (in a powder bed, slurry or paste form) and vacuum aided sintering of the
green bodies [12]; examples of glass components fabricated according to this process have not yet
been shown.

The goal of this chapter was to demonstrate, and report on an extrusion-based AM process using
molten glass in order to produce optically transparent components. As no FDM or DIW device
existed which was able to process glass at the high temperatures needed, a novel, fully functional
3D printer was designed and fabricated.
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Materials and methods

Glass 3D Printer (G3DP)
The concept, the design and the construction of the glass 3D printer were carried out in house. The

final assembly and its schematics are shown in Fig. 3.2.

System Section a

Fig. 3.2 - (a) Schematics of the printer (section) [1]; (b) Glass 3D Printer (G3DP; credits: Inamura, C.).
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Each component of the system was designed as a modular unit, to allow quick and specific
development of different features. The primary component of the system was a vertical assembly of
the following three temperature control systems; a crucible kiln, a nozzle kiln, and an annealing
kiln.

All kilns were made of refractory ceramics (alumina-silica fiberboard or refractory bricks) and
provided resistive heating thanks to FeCrAl elements. Temperatures in each zone were monitored
through thermocouples placed inside each kiln. The crucible kiln was responsible for glass melting
and fining; glass was contained in a refractory crucible placed inside the crucible kiln. The crucible
included a bottom hole where the nozzle was inserted; this was machined from alumina bisque rods
and enabled the direct deposition of glass with precise control on layer height without introducing
defects in the printed part. The nozzle kiln provided control over the flow of glass. Molten glass
was deposited directly into the annealing kiln, which maintained the temperature above the glass
transition temperature (Tg) during the process and performed the subsequent annealing cycle on the
printed part. The annealing build chamber had fiberboard doors to provide access to the nozzle (for
manual start and stop of the glass flow) and to the printed object, and a transparent ceramic
(Neoceram®) window to monitor the print job. The three kilns assembly was supported by an
external frame structure made of aluminum extrusions and steel plates.

A three axes linear provided motion control through a motion gantry system comprised of a stepper
motor and a lead screw in each axis. X-Y control was achieved by driving the crucible kiln and
nozzle kiln assembly on a mobile carriage; the Z motor mounted at the base of the frame controlled
the mobile build platform inside the stationary annealing kiln.

CAD objects were defined in Rhinoceros 5.0 environment and described as a non-uniform rational
basis spline (nurbs) surfaces. The surfaces were sliced into layers using a custom C# script in
Grasshopper Build 0.9.76.0. The script drew a continuous helix around the model structure
accommodating for the specific filament diameter of extruded glass. Layer height, curve
discretization and printing rate could be modified; users could also define specific velocities for
each point. The toolpath was then represented in Cartesian coordinates in the form of G-code and
imported into the open source printing software Repetier-Host V1.0.6. Repetier firmware, adapted

for accelerations, velocities and size of the build platform, was used to direct the printer.
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Materials and process characterization

As the input glass source, commercial soda-lime glass nuggets (System 96® Studio Nuggets™,
Spectrum® Glass Company, Inc., Woodinville, WA) were placed in the crucible kiln. The crucible
kiln could contain ~2kg of molten glass, which was frequently replenished during a print job to
ensure that a roughly constant level of molten glass was maintained through the process. The glass
composition was analyzed at Corning Inc. (Corning, NY) by means of X-ray Fluorescence (XRD).
Corning also provided a value for the glass density. The glass transition temperature and its CTE
were measured by means of a dilatometer (DSC 404, Netzsch Gerdtebau GmbH, Selb, DE) with a
heating rate of 10 °C/min.

Glass dynamic viscosity n strongly depends on temperature; its dependence can be modeled using
the VVogel-Fulcher-Tammann (VFT) equation [13-15]:

logn(T) =A+ (3.1)

T —T,
Where 1 [Pa‘s] is the dynamic viscosity of the glass, T [°C] is its temperature, and A, B and To are
experimental values depending on the glass composition. Viscosity values were measured at
different temperatures at Corning Inc. (Corning, NY) with proprietary equipment and fitted using
the VFT equation to estimate A, B and To.

Two types of glass frits were used to explore the incorporation of color into the printed objects,
Reichenbach R-19 Gold Topaz, FO frit (size < 1 mm), and R-11 Heliotrope, F2 frit (size 2-4 mm)
(Farbglasshutte Reichenbach GmbH, Reichenbach, DE).

The temperature distribution in the kiln cartridge was simulated using Solidworks® Flow
Simulation Computational Fluid Dynamics (CFD) software. The crucible and nozzle were modeled
as a three parts assembly: the crucible, the nozzle body and the nozzle tip (which was not heated
and sticked out into the annealing chamber). The properties of a software-defined 96% alumina
material were assigned to all parts. In a first approach (reported in the published work [1]) the
system was simplified by setting the crucible and the nozzle body as volumetric heating elements.
In the more refined iteration reported here, the heating was provided by the cylindrical enclosures in
direct contact with the glass containers, resembling the crucible kiln (at 1040°C) and the nozzle kiln
(at 1010°C). The ambient temperature was set at 480°C to simulate the printing chamber. Heat
conduction followed the discrete transfer model, and the default outer wall thermal condition was
driven by the heat transfer coefficient. The fluid properties were modeled based on the density and
predicted viscosity with respect to temperature, and standard float silica soda lime glass was used as
reference for the heat transfer coefficient and thermal conductivity. The crucible was considered to
be completely filled with fluid, and the flow was driven by gravity.
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Infrared images were acquired from the build chamber window during a printing process using a
FLIR T335 equipped with a T197000 high temperature option, and analyzed using FLIR Tools
software (FLIR® Systems, Inc., Cambridge, MA).

Parts fabrication and characterization

Glass nuggets were heated in the crucible to 1165 °C for 4 hours; the glass was then fined for
additional 2 hours at the same temperature to eliminate bubbles. During this phase, the nozzle was
kept at a lower temperature (T ~800 °C) to prevent glass flow. Alternatively, to accelerate the
process, already molten glass from a furnace was directly loaded to the crucible. Next, the crucible
and nozzle temperatures were set to 1040 °C and 1010 °C respectively, while the temperature of the
annealing kiln was set to 480 °C. Once the set temperature was reached, glass started flowing due to
gravity; however, the flow could be terminated at the end of each print by cooling the nozzle tip
with compressed air, and reinitiated at the beginning of the following print by heating the nozzle tip
with a propane torch. Once the printing process was completed, the crucible and nozzle were
drained by increasing their temperature up to 1165 °C. The annealing cycle, as summarized in Table
3.1, was then carried out in the annealing Kiln. For increased part production, objects were removed
from the build chamber and placed in an external annealing kiln kept at 480 °C until the end of the
printing session. Then, they were annealed following the same cycle. Post processing of the object

for display and characterization included cutting, grinding and polishing.

Table 3.1 - Annealing cycle.
Cooling rate (°C/h) T interval (°C) Dwelling time (h)

- 480 1
25 480-400 -
50 400-150 -
50 150-80 -

120 80-20 -

Samples were imaged by means of micro Computer Tomography (microCT; XRA-002 X-Tek
MicroCT, XTek Inc., Cincinnati, OH) system, and the 3D reconstruction was carried out using CT-
Pro (Nikon Metrology Inc., Brighton, MI); generated surface renderings were performed using the
open source image processing package Fiji [16]; Rhinoceros 5.0 was used to evaluate the objects’
deviation from the CAD file.
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Samples for characterization were obtained by printing and then cutting down rectangular prisms
with a diamond saw. The cut surfaces were diamond ground and polished with cerium oxide. The
samples were then sputter-coated with gold and imaged by means of scanning electron microscopy
(Tescan Vega SEM, Tescan Orsay Holding, A.S., Brno-Kohoutovice, CZ and FESEM Zeiss Ultra
55, Carl Zeiss AG, Oberkochen, DE).

The samples were observed under a polariscope with tint plate (Model 243 67, PTC® Instruments,
Los Angeles, CA) to determine residual stress patterns developed during glass cooling.

The flexural behavior of the glass bars was investigated using an Instron 8841 and an Instron 5500R
(IMinois Tool Works Inc., Glenview, IL) equipped with a 3 points bending fixture. Tests were
performed at a cross-head speed of 0.05 to 0.12 mm/min. A compliant layer (Scotch® Permanent
Outdoor Mounting Tape, 3M, Saint Paul, MN) was used between the bottom fixtures and the
sample surfaces in some orientations. Results are reported descriptively due to the limited number

of samples examined.

Results and discussion
Materials and process characterization

Glass composition and properties are reported in Table 3.2 and Table 3.3.

Table 3.2 - Chemical composition (wt%) of the glass in use.
SiO2 NazO CaO K20 AlOz ZnO BaO B203 Sb203 Other
70 1623 543 053 18 101 24 199 024 >0.1

Table 3.3 - Physical properties and characteristic points of the glass in use.

Density CTE Strain Ty Annealing Softening Working
(g/cm®)  (1/K) point (°C) (°C) point (°C) point (°C) point (°C)
236 11x10° 490 508 515 678 966

Experimental values of viscosity with respect to temperature are reported in Fig. 3.3; they led to the
definition of the following values for A, B and To in the VFT equation:

3962.7
- _ A 3.2
logn(T) 2'47+T—241.5 (3.2)

The equation enabled the prediction of glass viscosity at each temperature and thus the estimation
of thermal response of glass and process tailoring. The fitting was very accurate with a correlation
coefficient R = 0.99997.

119



14 -
13
12
114
10
9]
g ]
7]
5
5]
4.
3]
2]
1]

strain point

transition temperature - EXperlm'enta]
annealing point —— VFT fitting

softening point

10

Log n (Pa‘s)

rorking point

T T T T T I T I N I T T T T T I T I N I N 1
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Temperature (°C)

Fig. 3.3 - Glass viscosity with respect to temperature: experimental values and VFT fitting.

Based on viscosity data, an operating temperature of ~1000 °C was selected, slightly above the
glass working point (1 ~10° Pa-s). The slightly higher temperatures set for the crucible and nozzle
accounted for heat losses due to frequent refilling and to the exposed nozzle tip respectively.

The annealing chamber was set slightly below the glass annealing temperature (Ta ~515 °C) to
account for its thermal inertia.

The CFD model (Fig. 3.4(a)) reported temperatures of ~948 °C for the nozzle’s outer surface and
~965 °C for the glass at the nozzle exit. The differences from the first model iteration lied both in
the more accurate model and in the adoption of a different nozzle geometry.

The glass temperature value measured from the infrared images (Fig. 3.4(b)) was slightly lower
than that estimated by the model, in the range of 890 — 920 °C.

Such difference was probably due to some simplifying assumptions made during the simulation, i.e.
the crucible and nozzle kilns as uniform heating sources in direct contact with the crucible and
nozzle assembly. It is also worth noting that a precise temperature measurement at the nozzle exit
was not possible due to the setup and to the printer configuration, and that the temperature decrease
in the extruded glass was extremely relevant. Moreover, the glass temperature at the nozzle exit was

close to the IR camera threshold value, making the measurement not highly accurate.
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Fig. 3.4 - (a) CFD model of the crucible-nozzle assembly showing temperature simulation and (b) IR image of the

printing process (credits: Whitcher, F.).

What was clear from the image is that temperature decreased drastically in the printed object as new
layers were deposited, creating a gradient of more than 300°C between the most recent 5 layers.
This led to a viscosity increase of five orders of magnitude, which was crucial to the stability of the
object during printing. Note that the whole object remained in the 500 — 570 °C temperature range,
which corresponded to the annealing temperature of the glass; therefore, no cracks or significant
deformations occured during printing.

The flow rate of glass through the nozzle was a determining factor for process calibration, helping
to avoid undesired accumulation or lack of material on the printed object. The glass flow was
modeled as the laminar flow of a viscous fluid through a tube [17]; such assumption was largely
justified by the fact that in the process conditions the Reynolds number, a dimensionless parameter
used to predict flow patterns, was ~2.1-10, indicating a linear flow with predominance of viscous
forces over inertial ones. The volume flow rate Q [m®/s] through a cylindrical tube is given by the
Hagel-Poiseuille law [17]:

mr*

—AP— Ah 3.3
Q_F_<877_L>'(pg ) (3.3)
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Where AP [Pa] is the pressure drop at the bottom of the tube and R = %n:j [Pa/(m®/s)] is the

resistance to flow. R is determined by two factors: geometry of the tube (primarily its radius) and
glass viscosity.

The nozzle was designed through several iterations in order to be optimized with respect to two
factors: glass flow and adhesion of glass to its tip (favored by low tapering angles). Based on the
understanding that the final smallest diameter drives the overall flow resistance, the depth of the
nozzle at its orifice (i.e. the length of the channel with the smallest dimension through which the
glass flows) was minimized; the portion of the nozzle tip sticking out of the nozzle kiln was kept as
small as possible to minimize thermal losses. The features of the final nozzle and assembly are
reported in Fig. 3.4(a) and Table 3.4.

Table 3.4 - Geometry of the crucible and nozzle assembly and corresponding resistance to the glass flow.

r (mm) L (mm) R (Pa-s/mq) R (%)
Crucible 60 80 1.61 x 107 0.1
Nozzle body 11.75 74.5 1.02 x 10%° 54.9
Nozzle tip 5 2 8.34 x 10° 45.0
Total 156.5 1.85 x 1010 100.0

Glass exiting the nozzle at ~965 °C had a dynamic viscosity n ~1020 Pa-s. Since the process was
gravity driven, the pressure drop was a function of the molten glass level inside the crucible. At the
beginning of a new printing job, the crucible was filled up to a height L ~80 mm, resulting in a
pressure drop AP ~3.6 kPa.

The resistance to the flow was provided by the whole crucible and nozzle assembly (differently
from what previously reported [1], where only the final part of the nozzle was considered); leading
to an estimated volume flow rate of Q ~200 mm?/s. Dividing by the orifice area, a linear flow rate
of ¥ ~2.5 mm/s was calculated. As the glass level in the crucible decreased, Q decreased linearly;
consistency during printing was achieved by frequently refilling the crucible to the initial height.
The printing process was tailored according to the temperature and resultant viscosity and flow rate.
The layer height was set at 4.5 mm in order to provide a wide contact area between the layers;
therefore, the resulting cross section of the deposited filament resembled an ellipse.

The nozzle enabled direct deposition of material according to its position along the z axis, rather
than in reference to the height of the previous layer; therefore, any variation in flow rate affected the

printed wall width rather than its height.
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Different printing rates were tested while keeping the temperatures and the layer height constant.
Driving the extruder at a slightly greater rate that the natural flow resulted in thinner layers and
helped achieve a more homogeneous filament, since the pulling prevented the buildup of glass
excess at the nozzle. Printing rates in the range of 5.8 — 6.3 mm/s were finally adopted. In order to
achieve effective adhesion to the building platform, the first layer’s printing rate was decreased by
25%, enabling the glass to settle on the platform.
The resulting layer width was predicted by modeling the filament cross section as an ellipse, with a
smaller axis 2a = 4.5 mm corresponding to the fixed layer height. The layer width is given by:

Q = mab - feed rate (3.4)
Where mab is the cross section area, and a and b are the ellipse semi-axes. This resulted in an
estimated layer width of 2b ~9 mm.
Printing parameters are reported in Table 3.5.

Table 3.5 - Printing parameters.

Pressure Q f Printing rate Layer height Estimated
(Pa) (mm?3/s)  (mm/s) (mm/s) (mm) layer width (mm)
3623 195 2.5 6.1 4.5 9

Geometric primitives printed for evaluation purposes rapidly evolved into a range of shapes and
cross sections embodying overhangs and other morphological features. Some exploratory designs
are shown in Fig. 3.5, together with their design parameters reported in Table 3.6.

Table 3.6 - Design parameters of the 3D printed objects in Fig. 3.5.

A B C D E F
Feed rate (mm/s) 4.5 5.8 6.1 6.1 6.1 6.3
Minimum radius (mm) 16 30 22 28 21 8
Maximum draft angle (°) 20 0 28 29 28 32
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Fig. 3.5 - Some 3D printed objects exploring different design parameters: (A, B) focus on layer width; (C) smaller radii,
higher drafting; (D) changes in concavity/convexity in plane; (E) changes in concavity/convexity out of plane; (F)
smallest radii and highest draft angles. The layer height of 4.5 mm can be used as reference for dimensions (credits:

Inamura, C.) [1].

A range of different shapes were printed with the aim of identifying the capabilities and limitations
of the system and of quantitatively characterizing the most effective parameters to build successful
parts. In the optimal printing conditions, parts with draft angles up to 40° and turning radii down to
14 mm were printed. Changes of convexity within the same layer were also found to be a constraint
and resulted in deviation from the CAD model. Distortions were likely caused by accumulation of
glass at the nozzle face and by some misaligned pull force due to surface tension between the glass
on the nozzle face and the just deposited layer. Geometries - where the change in convexity occurs
not within a single layer, but over the entire height of the part - were created to avoid such issues.
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Characterization of the printed objects
The accuracy and precision of the printing process were estimated by comparing a 3D
reconstruction of a printed cylinder with its source file (Fig. 3.6). The cylindrical prism design had a

smooth surface with a wall width of 9 mm and a constant outer diameter of 85 mm.

CT Reconstruction Maximum deviation from the centerline: 0.42mm

I
Observed Observed

A 10mm b————

Fig. 3.6 - Micro CT reconstruction of a glass cylinder compared to its source file: (a) 3D reconstruction and (b) section

[1].

The actual cylinder, as expected, was comprised of distinct layer as a result of the extrusion-based
manufacturing process. The measured layer height was 4.5 mm as per G-code, and remained
consistent through the analyzed section. The wall width was slightly but consistently overestimated
in the CAD file: the average measured layer width was 7.95 + 0.19 mm.

This variation was a function of both head pressure based on glass level and nozzle orifice
manufacturing tolerances. The deposition of the glass layers, however, appeared highly precise: the
deviation of the filament centers from the centerline was 0.18 + 0.13 mm over the analyzed section
(or ca. 2.25% of the total wall width).

The maximum deviation observed was 0.42 mm. Therefore; at this stage of development 0.5 mm
could be considered a conservative value for the dimensional tolerance of printed glass objects.

SEM images of wall sections (Fig. 3.7) demonstrated a high homogeneity through the layers and
suggested strong adhesion between them.
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Fig. 3.7 - (a) SEM image of a cut and polished sample (credits: Weaver, J. C.); (b) SEM of the interface between two
layers [1].

Preliminary mechanical testing was performed in order to evaluate the adhesion between the layers
(generally critical in a 3D printing process). It was observed that, although the interface between
layers acted as a stress concentrator, the crack did not occur at the interface but penetrated the layer
(see Fig. 3.8), a sign that the printed glass part could be considered as a monolith. Homogeneous
stress distribution with negligible stress concentration along the layers was confirmed also by

means of polariscopy.

45mm |

[

Fig. 3.8 — (a) cut and polished sample under polarized light; (b) 3 points bending test (credits: Hounsell, K.); (c) the

sample after fracture [1].

Another evidence of the high quality of the interface was provided by the very little image

distortion occurring in z direction, as visible in Fig. 3.9(a).
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Light refraction and scattering caused by the layered surface texture, on the other end, offered new
perspectives on light control and additional optical properties (see Fig. 3.9(b)), that could be
exploited for examples for the creation of objects, such as lamp shades, displaying particular visual

effects.

20mm

Fig. 3.9 - Optical properties and caustic patterns of printed parts. (A) Top view of a 70mm tall cylinder showing a high

level of transparency; (B) caustic patterns created by illumination from a suspended overhead LED (credits: Ryan, A.)

[1].
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Case studies

Fig. 3.10 - Example of a color printed object; layer height of 4.5 mm can be used as reference for dimensions (credits:

Imanura, C.).

A preliminary test with colored glass frits demonstrated that it is possible to print objects containing
multiple colors (Fig. 3.10). The frits were individually added to the crucible partially filled with
molten glass; due to their relatively low melting point and mass, they melted within minutes and
became homogeneous within the glass bath. It appears that the printing process was not noticeably
affected by the addition of the colored frits; additional evaluation is, of course, necessary to
determine the feasibility and repeatability of these effects, currently under way at the Mediated
Matter group.
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Fig. 3.11 — (a) Deposition of molten glass from an offset. (b) low advection speed: translated coiling patterns; (c)higher

advection speed: from alternating loops (top) to W patterns (bottom). (d) multiple layer deposition (credits: Brun, P.-T.)
[18].

Deposition of molten glass from an offset was also explored with different relative speeds of nozzle
and substrate. The formation of different patterns including meanders, W patterns, alternating loops
and translated coiling was observed by varying the advection speed of nozzle relative to the
impinging speed of the falling glass (Fig. 3.11) [19]. Those features, arising from a fluidic
instability, have been described and predicted by P.-T. Brun (MIT Math Department) through a
minimal geometrical model [18]. They may be used as building blocks for the fabrication of larger
objects combining the digital precision of the printer at a given scale and the formation of patterns
at smaller scale.

Similarly, the creation of delicate suspended features with large overhangs was observed (Fig.
3.12), attributed to a variation of the glass flow rate due to the decreasing glass level in the crucible.
Accurate control of feed rate and acceleration may allow to emulate this phenomenon in a
controlled manner, thereby achieving designed interstitial spaces between printed layers. This
capability may provide for the production of lighter architectural components that transition
between structural typologies and also for additional functionalities such as transport and filtering

of fluid media.
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Fig. 3.12 - (a) top view and (b) side view of a glass component showing suspended struts with large overhangs (credits:
Lizardo, D.).

Conclusions and Future Work

This work comprised the development of a novel extrusion-based AM approach for the production
of objects starting from molten glass. The system processed glass from the molten state to annealed
components of complex, digitally designed forms. Process optimization involved glass viscosity
measurements and modeling as well as control over parameters such as pressure head, temperatures
in the different equipment zones, and printing rate. The printer’s capabilities were characterized in
fabricating objects possessing draft angles and tight radii. Proofs of concepts were presented for the
integration of colors, the control on viscous flow instability and the creation of suspended struts.
Mastering these phenomena would lead to tailored optical properties as well as to new
functionalities.

Preliminary characterization of the produced parts showed that it was possible to print with high
precision and accuracy, and that a strong adhesion between layers existed and resulted in high
transparency and low image distortion through the layers, for the first time in the history of glass
AM.

Future developments of this process would include the fabrication of a higher performance system
with the capability of printing increasingly complex objects, with finer resolution and additional
functionalities. Improvements could comprise a more accurate temperature control and faster
heating-cooling ramps, optimization of the nozzle tip, the addition of a piston and of an automated
feeding system [20]. Higher structural and environmental performance for the printed parts could be
achieved through geometric complexity and topological optimization; the fabrication of bespoke
glass objects would provide the opportunity for developing complex scaffolds, fluidics and custom

made products for specific applications.
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Summary and conclusions

The previous chapters demonstrated the feasibility of AM routes for ceramic materials embracing
polymer related technologies to provide an alternative to the ceramic powder-binder approaches.
Chapter 1 focused on the use of a preceramic polymer as a non sacrificial, reactive binder to
develop inks for stereolithography (SL) and direct ink writing (DIW).

First, SL of a pure preceramic polymer was demonstrated; a commercially available ceramic
precursor was chemically modified in order to introduce photo-polymerizable ends. Cellular
geometries with strut size down to ~200 um were fabricated and converted to dense, crack-free
SiIOC micro-components with optimal surface quality through pyrolysis at 1000 °C. No shape
limitations (i.e. overhangs, undercuts, cavities) were experienced, but porous structures or small
dense parts are the best options in order to avoid residual pores and cracks caused by the polymer
decomposition during pyrolysis. The micro-components possessed a compressive strength in
accordance with that of conventionally produced components.

The same preceramic polymer was used as a basis for DIW inks. In the first of these investigations,
the polymer was additivated with active and inert fillers to produce complex biosilicate scaffolds for
tissue engineering. The preceramic polymer, together with the addition of fumed silica, had the
double role of source of silica and rheology modifier. The preceramic polymer acted as a polymeric
binder and increased the viscosity of the ink, while the fumed silica additive induced a “gel-like”
behavior by forming a network of silica colloidal agglomerates. Scaffolds with a rod diameter of
350 um and a spanning distance of 1 mm were effectively produced and converted to the desired
hardystonite phase upon pyrolysis in air, while a heat treatment in nitrogen produced (also
bioactive) wollastonite polymorphs. The produced scaffolds had mechanical properties adequate for
non load-bearing bioengineering applications.

A second preceramic polymer-based ink for DIW was developed for the production of ceramic
matrix composites (CMCs); the preceramic polymer developed the ceramic matrix (SiOC) upon
pyrolysis in inert atmosphere, whereas reinforcement was given by chopped carbon fibers.
Formulations with a volume fraction of fibers above 30 vol% were suitable for the extrusion of fine
filaments (< 1 mm diameter). The shear stresses generated at the nozzle tip seemed to orient the
fibers in the extrusion direction; the process could possibly fabricate single material objects with
gradually changing mechanical and functional properties.

The addition of SiC powder as passive filler allowed to produce components with a limited amount
of cracks. A proper rheological characterization and optimization is still needed, but complex

structures with porosity of ~75% and compressive strength of ~4 MPa were printed.
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Chapter 2 presented the developments of the AM of geopolymers, aluminosilicate slurries which set
at room (or relatively low) temperature through a polymer-like polycondensation reaction.
Geopolymer components with controlled porosity were designed and produced by negative replica
of PLA sacrificial templates fabricated by FDM. A geopolymer slurry was used to produce accurate
inverse replicas by impregnation in vacuum conditions and subsequent geopolymerization; the
template was successfully removed by a combined chemical and thermal treatment. Samples
possessed highly interconnected macroscopic channels and micro- and meso-porosity in the struts.
Several geopolymer inks were then developed for DIW; different water content and different kind
and amount of additives were compared in order to optimize the rheological properties of the inks.
The ink possessed a Bingham shear thinning behavior which enabled the extrusion as well as the
retention of the produced shape even in the case of unsupported struts. Highly porous ceramic
components (porosity up to ~71 vol%) with features of ~0.8 mm and unsupported parts with very
limited sagging (less than 7% of the struts diameter) were produced and characterized; their
mechanical properties were investigated and correlated with their porosity.

Chapter 3 reported the development of a novel extrusion-based AM approach for the production of
objects starting from molten glass. The system processed glass from the molten state to annealed
components of complex, digitally designed forms. Process optimization involved glass viscosity
measurements and modeling as well as control over parameters such as pressure head, temperatures
in the different equipment zones, and printing rate. Objects possessing draft angles and tight radii
were fabricated. Within the design space it was possible to print with high precision and accuracy;
parts showed a strong adhesion between layers, and high transparency through the layers.

Proofs of concepts were presented for the integration of colors, the control on viscous flow
instability and the creation of suspended struts. Mastering these phenomena could lead to geometric
complexity and tailored functional properties.

Table 1.1 reports an overview of the materials and processes employed in this work with focus on
their features, advantages and limitations. The chart can be read in two directions: horizontally,

from a technology perspective, and vertically, for a focus on materials.
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Table Il.I — Overview chart of the material and processes employed in this work.

PRECERAMIC
POLYMERS

High ceramic yield
(binder is also ceramic
former)

Sintering required

GEOPOLYMERS

Inorganic, reactive
slurry: no binder
removal nor sintering
required

Limited working time

GLASS

NEGATIVE REPLICA

Printing process parameters
depending on what employed for
the template fabrication (here:
FDM) and not on the replica
process

Limitations in strut size (here: ~1
mm) and porosity in order to
provide adequate infiltration

Shrinkage: negligible
Porosity: 65-70%

Porous struts (+ material
intrinsic porosity)
Chemo-thermal treatment
required for template
removal

SL

Layer resolution: z =25 pm
Printing volume: 76x43x150
mm?

Technology cost and
availability: >200 000 €,
commercially available
Process rate: up to 100
slices/hour (for commercial
resins)

Chemical approach: photo-
curable end groups
attached to the silicone
resin with low mass loss
Smallest feature
dimension: ~200 pm
Shrinkage: ~25%
Porosity: >90%

Dense struts

Complex feedstock
adaptation and limited
material library

Limited versatility

DIW

Layer resolution: z =50 um
Printing volume: 200 mm
(diameter) x 400 mm (height)
Technology cost and
availability: <5 000 €,
commercially available but
under refinement

Process rate: 5-50 mm/s
Rheology optimization is
mandatory

Smallest feature
dimension:

~400 pm

Shrinkage: ~10%
Porosity: >75%

Porous struts

low shrinkage and mass
loss

Material versatility (filler
addition leading to
complex phase
development)

Fiber alignment in CMCs

Smallest feature
dimension:

~800 um

Shrinkage: ~10%
Porosity: ~70%

Porous struts (+ material
intrinsic porosity)
Process could be scaled
up

G3DP

(FDM)
Layer resolution: z ~5 mm
Printing volume: 250x250x300
mm?3
Technology cost and
availability: not for sale,
research project
Process rate: ~10 mm/s
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Dense struts
Commercially
available feedstock
Fusion-based
process: no binder or
sintering required
Annealing process
performed by the
printer
Transparency
Process could be
scaled up



The choice of the technology depends on the material properties and on the geometrical features.
Negative replica is likely the most versatile approach, as it does not need to adapt and optimize the
desired ceramic material for an additive manufacturing process; a variety of stable, homogeneously
dispersed ceramic slurries already exists for conventional casting processing and such know-how
can effectively be transferred to the infiltration of printed sacrificial templates. Layer-by-layer
inhomogeneous build up is also not an issue. On the other end, the negative replica approach is
limited in the maximum porosity and in the minimum thickness of the struts: a high polymer
content could in fact damage the structure upon removal, and small pores could not guarantee an
effective impregnation.

SL was efficiently applied to preceramic polymers and is generally suitable for reproducing
complex truss structures with a fine level of details; by not employing a sacrificial binder, the
structural integrity of the printed parts is easier to preserve during pyrolysis. The overall shrinkage
is generally lower compared to that of ceramic powder suspensions, thanks to the high ceramic
yield of the resin; finally, it is possible to produce dense struts.

On the other hand, a chemical modification of the precursor involved is time consuming and not
always possible, and the selection of an appropriate solvent is also not trivial. To date, material
candidates should possess organic groups to which photocurable ends can be chemically attached.
Further work could investigate the use of photocurable and not photocurable preceramic polymer
blends to enlarge the material window. Another limitation in the material choice is given by the
strict optical requirements (i.e. sufficient light transmittance): high absorbing fillers such as SiC
powder cannot be embedded in the matrix.

From this perspective, DIW and extrusion-based approaches in general are more versatile and can
be applied to a wide range of materials; the experiments conducted took pace from the existing
literature and developed a comprehensive library of rheological tests and procedures to design a
slurry with optimized properties. Such approaches were applied to various material families
showing high potential to generate fine lattices with both porous and dense struts. Limiting aspects
of DIW are: the lack of support for overhangs and suspended struts, and an inadequate pressure
control that does not allow to pause and restart the material flow from a different location. On the
other hand, there are less constraints on the addition of fillers and reinforcement, making such
technology the most promising for the fabrication of ceramic matrix composites. The capability of
orient directional fillers in the printing direction is of great interest for the production of anisotropic
structures with higher toughness and resistance in specific directions/sections; such approach could
be also use to orient grain growth upon sintering. If a concentration gradient of fillers could be

achieved in the slurry, components with graded properties could also be produced.
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FDM was employed in this work in a rather unconventional way, both for the material feedstock
(glass nuggets molten into a crucible) and for the high temperatures employed; for these reasons, it
IS more precise to refer to it as a different technology, here named G3DP. The limitations of this
approach in the ceramic world are the same of conventional processes: it is practically impossible
and energy consuming to get to temperatures high enough to process ceramic materials in the
molten state. Therefore, the technology is limited to glass materials, which require lower
temperatures and whose continuous transition from a liquid to a metastable glass state can be
exploited for process design and optimization. To date, this is the only technology which possibly
allows to additively manufacture glass objects which resemble the visual and mechanical
performance of glass constructs that are conventionally obtained.

For what concerns the material space, different material families were explored with the common
aim of moving away from the use of a sacrificial binder.

Preceramic polymers form a big family of materials able to convert into multiple silicate phases;
due to their polymeric nature, they can be shaped using various AM technologies. In this work, SL
and DIW were explored, but no limitations with respect to negative replica and FDM are foreseen.
Other examples of PDCs from AM were also reported (see Chapter 1). Their high
thermomechanical properties, microstructural stability and unique functionalities (i.e. electronic
conduction for SICN- or C clusters) make them great alternative for traditional and technical
ceramics. However, issues remain in the fabrication of dense, bulk components: above certain
thickness, the pyrolysis process often generates cracks due to shrinkage and to the polymer
decomposition. In this work, such phenomenon was always eliminated by the addition of fillers,
which is not always desired or possible. The printed ceramic lattices could be suitable for many
applications: biological investigation could validate hardystonite scafflods for bone growth
promotion; lattices with high specific surface area (SSA) could also be effectively employed as
catalyst carriers. The use of functional fillers could produce complex geometries with added
functionalities, such as electric conduction.

Geopolymers highest potential lies in their room temperature consolidation: they do not need any
heating treatment, neither on the feedstocks nor on the printed components. The low energy
consumption and CO> emissions associated with their production make a green, sustainable
alternative to traditional materials such as cement. Such features have opened the way to large scale
AM for the building industry. They can be easily reinforced with various particles and fibers in

order to improve their mechanical properties.
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Exploration of their filtration properties is suggested by their intrinsic porosity, which can be
enhanced by fabricating highly porous structures as well as by foaming; it could be validated by
permeability and adsorption tests. Their potential applications therefore spread from the micro- to
the macroscale.

Glass is the most commonly available material on this list, and yet the one which faces the biggest
challenges when it comes to AM. To date, sintering from glass powder, either by heat treatment or
by SLS, was not able to produce strong, transparent components. The need of relatively high
temperatures raises its production cost and limits its applicability. The fabrication of bespoke glass
objects would provide the opportunity for developing custom made products for specific
applications such as lab ware; on a bigger scale, printed components could be employed for the
construction of structural architectural facades. By achieving higher resolution, complex systems
for (micro)fluidics could be produced. Highly porous bioglass scaffolds with higher mechanical
properties could find application as biomedical devices for tissue regeneration.

Despite of being still at a research stage, the explored approaches and materials showed potential
for the production of complex glass and ceramic components and cellular architectures with

applications ranging across scales.
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