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Abstract

Additive manufacturing (AM) has been recognized as a significant manufacturing method
since it was developed in early 1980s. It is a technology usually based on 3D model files (CAD
model) and layer by layer fabrication. Many AM technologies have been developed for
manufacturing different range of materials such as metals and polymers while only a few of

them are suitable for producing ceramic objects.

Robocasting (also called direct ink writing) is a ceramic AM technology which was developed
to produce complex ceramic parts. The technology is based on extrusion of a paste that has to
exhibit a shear thinning behaviour. However, one of the remaining challenges is the fabrication

of parts with complex hierarchical structures or combining different materials.

In this thesis, porous ceramics with porosity from 10 % to 60 % and average pore size from 3
um to 8 um were produced by robocasting emulsion-based inks. Ceramic matrix composites
with continuous steel fibres were fabricated successfully by extruding filaments with a novel
core/shell structure. The composites reinforced with the steel fibres have an increasing of
toughness without sacrificing the strength of the products. Density, strength and toughness of

the products were measured to analyse their reliability.
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Introduction

Additive manufacturing (AM) is a technology which builds a three-dimensional structure layer
by layer. Due to the differences with other conventional manufacturing technologies that often
use moulds or machining to build parts, AM has received interest from industry and academia
and has been used in a wide range of fields. The possible advantages of AM over conventional
processing technologies include complex shapes, less energy waste, possibility of mould free

fabrication and rapid prototyping.[1, 2]

Most AM technologies focus on manufacturing metallic[3] or polymeric[2] materials while
only a few of them focus on producing ceramic products. Some of these technologies fabricate
ceramic parts directly such as Selective Laser Sintering/Selective Laser Melting (SLS/SLM)[4-
6] and Laser Engineered Net Shaping (LENS)[7]. Some technologies create a green body first
which is followed by drying (sometimes) and sintering to form a dense part. Robocasting is
such a kind of technology which creates the green body layer by layer by extruding a ceramic

paste.[8, 9]

Researchers have done a lot work on producing objects, including dense parts and woodpile
structures by robocasting different ceramic materials.[10-16] Some microporous ceramics were
also produced successfully by using emulsion-based[17, 18] or foam-based inks[17, 19].
However, to produce porous structures with specific predesigned pore parameters is still
difficult. Besides, almost all researchers use homogeneous inks to produce ceramic parts. In
some case platelets or short fibres are added to the ink to introduce some reinforcements.[20]
To produce more complex structures like ceramic matrices with long continuous fibres by

robocasting remains an open challenge.

In this thesis, chapter one is a literature review which gives an overall review of the AM
technologies for ceramics, especially robocasting. This chapter also reviews the work done on
printing porous ceramics and composites. Chapter two gives the aims and objects of this thesis.
Chapter three is the methods section describing the experimental details. Chapter four
concentrates on the rheology of emulsions for robocasting, the emulsions are used to fabricate
porous ceramics with designed microstructures. Chapter five describes the robocasting of

ceramic parts reinforced with continuous metallic fibres using robocasting. The mechanical
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properties of the materials are related to their structure. Finally, chapter six provides a summary

of the main conclusions and some ideas for future research.

The porous ceramics fabricated by robocasting can be used as filters or thermal insulators. The
composites with core/shell structures have an increasing of toughness which can be used for

aerospace or healthcare applications.
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Chapter 1: Literature Review
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1.1Additive Manufacturing of Ceramics

ISO/ASTM 52903 defines additive manufacturing (AM) as ‘process of joining materials to
make parts from three-dimensional model data, usually layer upon layer, as opposed to
subtractive manufacturing and formative manufacturing methodologies’.[21] Additive
manufacturing was developed in the early 1980s and has received increasing attention from
industry, academia and the public since then.[1, 2] AM can be used in a wide range of fields
due to its advantages over traditional manufacturing methods such as the capability of building
complex shaped objects and the shortening production cycles. AM technologies for printing
polymeric[2] and metallic[3] materials have developed faster than those designed for ceramics.
This is partly due to the high melting points of ceramic powders and their lower thermal

conductivity which are problems when using direct sintering and melting technologies.[22]

There are several technologies that can be used for the additive manufacturing of ceramics.
Normally, there are two principles to classify these technologies into different categories. One
is dividing them into single-step processes and multi-step processes. The only two single-step
processes are direct energy deposition (DED) and single-step powder bed fusion while other
technologies are all multi-step processes.[23] Another way is separating them into powder-bed
based processes and bed-less processes. Figure 1 shows the categorization of ceramic AM

technologies using this criterion.
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Ceramic AM technologies
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BJ — Binder jetting SLA — Stereolithography

SLS — Selective Laser Sintering IJP —Ink jet printing

SLM — Selective Laser Melting DED — Direct Energy Deposition

LSD — Layerwise Slurry Deposition RC — Robocasting

LOM —Laminated Object Modelling FDC — Fused Deposition of Ceramics

Figure 1. Categorization of ceramic additive manufacturing technologies (based on Feilden’s

PhD thesis). Adapted with the permission from[20]

Each technology has its own advantages and disadvantages. Similar as FDC, robocasting
fabricates a green body in a manner of layer-upon-layer stacking. However, robocasting relies
on the shear thinning behaviour of the pastes, rather than the solidification, to maintain the
shape of the products after being printed on the substrate. Robocasting can build up products
with relatively dense parts while this is hard for some other technologies such as SLS/SLM,
LOM and IJP. Robocasting can produce parts faster than other technologies in some cases as
large nozzle (>1 mm) can be used in this technology. Another advantage of robocasting is that
it can be used to print products with different materials while other technologies are mainly
based on a single material. The main limitation of robocasting is printing spanning and
overhanging features while some other technologies can overcome this such as SLS/SLM,

LOM and BJ.[20]
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1.2 Introduction to Robocasting

Robocasting (also called Direct Ink Writing) is a promising technology developed by Cesarano
in 1997 to print complex ceramic shapes.[8, 9] It is a freeform fabrication technique based on
the layer-wise deposition of ceramic pastes(also called inks). Similar to fused deposition
modelling (FDM)[3], an ink loaded in a syringe is continuously extruded through a fine nozzle
on a substrate layer by layer in a controlled environment (controlled temperature and humidity)
to produce a periodic lattice or a monolithic body which is subsequently dried and sintered.[10]
The FDM technology for producing 3D plastic structures uses a heater at the nozzle to keep a
thermoplastic material at a temperature just above its melting point so that it can go through
the nozzle smoothly. FDM have also been used to fabricate ceramics by introducing the
ceramics powders into the thermoplastic polymer. After printing the polymer is burned out to
leave the sintered ceramic part. Robocasting uses shear thinning pastes as the printing inks so

that it in most cases does not need a heater at the nozzle.

1.2.1 Factors for Robocasting

Successful robocasting of ceramics requires the control of some factors.

Firstly, the solid loading of the ink is typically from 20 vol% to 60 vol% with the ceramic
particle size ranging between 0.1 and 100 um. The ink acts like a Newtonian fluid if the solid
loading is too low, while for an ink with high solid loading, it is difficult to get the right
rheology to make the ink flow through a nozzle at a reasonable pressure.[11] Generally, a high
solid loading is desired as the higher the solid content, the higher the density of the final part

and the smaller the dimensional changes (shrinkage) during sintering.

The rheology of the ink is another significant factor. Rheology is the study of the flow

properties of liquids or soft solids which exhibit a viscoelastic response to an applied force.

The basic rheological property of a fluid should be the viscosity u which defines as:

w=y (1)

where 7 is the applied shear stress and y is the shear rate. Thus, the viscosity describes the

resistance of a fluid to flow: a higher viscosity means the fluid needs more force to flow at a

given shear rate.
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The rheology of the robocasting inks is usually described using the Herschel-Bulkley model:
T=1, +Ky" 2)

where 7 is the shear stress, 7, is the yield stress, K is the viscosity parameter, y is the shear

rate and »n is the shear thinning coefficient.[11, 24] The fluids that can be described by the

model is shown in Table 1.

Table 1. Categories of fluids that can be described by Herschel-Bulkley model. Reproduced with

permission from|[20]

7, =0 7, >0
0<n<1 Power Law Fluid Herschel-Bulkley Fluid
(Shear thinning) (Shear thinning)
n=1 Newtonian Fluid Bingham Plastic
n>1 Power Law Fluid Herschel-Bulkley Fluid
(Shear thickening) (Shear thickening)

An ideal printable ink should have a high solid loading to decrease shape deformation during
drying and sintering. It should be shear thinning (0<n<1) so that it can be extruded smoothly
through the nozzle and maintain its shape under its own weight after being printed. In addition,
the ink should have a moderate yield stress (100-2000 Pa) which is described as 7,, in equation
1, and high elastic modulus (G’>10 kPa). These are suggested value of 7, and G’ but the actual
printability of the inks is also determined by the nozzle sizes and the robocaster parameters.

Figure 2 gives a plot of G’ and yield stress of a range of printable inks used in Feilden’s

thesis.[20]

If the yield stress is too low, the ink will flow like a liquid under small forces which means the
part cannot maintain its shape, it will deform under its own weight or the capillary forces in
which case the surface tension will deform the part.[25] If the yield stress is too high, the ink
will not be extruded through a nozzle under a reasonable pressure. A high elastic modulus
ensures that in wood pile structures or overhangs, the beams do not sag and maintain the shape

after being printed.[12]
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Figure 2. Yield stress vs. Storage modulus for different pastes. Reproduced with permission

from[20]

The nozzle size determines the diameter of the printed filament which is typically between 100
to 1000 pum. Deposition with a finer nozzle can be used to build structures with a higher

precision, while the use of large nozzles can increase the processing rate.

The printing speed of the filament is also important. Generally, a faster printing speed decreases
the production time. However, it also reduces the accuracy of the path especially at corners
when changing the printing direction. Normally, the suitable printing speed which gives a

stable flow varies from 2 mm/s to 20 mm/s for most of the inks.[11]

The drying kinetics of the inks after being printed is of great importance. If the inks dry too
fast during printing just after they leave the nozzle, the new printed layers will not be located
above the drier layers below at the designed position which causes misalignment. In general,
if the inks dry too fast after being printed, the printed objects may warp (due to inhomogeneous
drying shown in Figure 3) or crack.[20] While if drying is too slow, the lower layers may sag
under the weight of the upper ones and drying prior to sintering will take quite a long time
which is undesirable for mass production. In addition, the drying shrinkage of the inks should
be taken into consideration so that the final products have the desired sizes and structures. The
drying kinetics is normally controlled by controlling the ink composition as well as the printing

and drying environment including temperature and humidity.[20]
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Figure 3. A warped SiC bar due to drying too fast. Reproduced with permission from[20]

1.2.2 Process of Robocasting

Before printing, fine powders such as alumina powders are mixed with solutions to form the
shear thinning inks which are loaded into syringes ready for printing. Then, a digital 3D model
is designed with the assistance of a software and the model is sliced into layers with a similar
thickness to the nozzle diameter. A robocaster is used to extrude a continuous filament or ink
on a flat and smooth substrate at a controlled speed in a controlled environment (temperature
and humidity) from the syringe and form the 3D object layer by layer (Figure 4 A). Servo
motors are used to control the path of nozzles with a high accuracy. The green body is typically
very fragile and soft after being printed so drying, de-binding and sintering usually follow the
printing step to give the object desired mechanical properties (Figure 4 B).

Figure 4. A) Extruding inks from a syringe, B) Sintered ceramics manufactured by

Robocasting. Adapted with permission from[11]
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1.2.3 Advantages and Limitations of Robocasting

Robocasting is a technology that can fabricate complex structures with a wide range of
materials once these materials can be made into shear thinning inks. In addition, the inks can
be extruded at room temperature which means saving a great deal of energy during
manufacturing. Hence, robocasting is a promising technology for manufacturing ceramics with
a significant flexibility to design the structures. Dense ceramics can be printed directly by
stacking the printed filaments. Ceramics with macroporous structures can be printed by
designing the tool paths of the nozzles[11] and microporous ceramics can be manufactured by

using emulsified inks[17] or foam gels[19].

One of the main limitations of robocasting is the surface finish, in particular the step edges of
the printed parts. The size of a step edge is determined by the diameter of the printed filament
which is typically 100-1000 pm, while in other AM methods such as stereolithography (SLA)
it can be as fine as 20 pum.[11] Another disadvantage of robocasting is that it is not suitable to
deal with overhangs unless using some sacrificial structures.[13] In addition, very large parts
are unable to be printed due to the limitation of the nozzle size which needs plenty of time to
build large parts and the drying kinetics which may cause deformation and collapse during

printing.

1.2.4 The Wide Range Applications of Robocasting

The ceramic structures produced by robocasting have been used in a wide range of applications,
from photonic crystals[26] to bone engineering scaffolds[18]. The applications of robocasting
are not limited to ceramic products. Structural metals can be manufactured by extruding
metallic oxide inks into the scaffolds and sintering them in vacuum to reduce them into
metals.[27] Metallic powders can also be made into pastes to be printed directly.[28] Polymers
and sol-gel inks can also be printed into complex structures by using much finer nozzles with
a diameter less than 2 pum.[14] Graphene has been successfully printed by robocasting as
well.[15] This makes it possible to manufacture composite products with ceramics and other

materials.

1.2.5 Inks for Robocasting
Robocasting was initially developed to fabricate structural ceramics with colloidal slurries.[8]
Since then, different kinds of inks have been used for robocasting such as dense hydrogel inks

and colloidal inks, emulsified or foamed inks with high porosity.
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1.2.5.1 Hydrogel Inks

Hydrogel-based inks are prepared by dispersing fine particles in a hydrogel that provides the
viscoelastic response required for robocasting. Several kinds of solutions have been used to
prepare hydrogel inks for their shear thinning behaviour after being mixed with ceramic

powders.

In Feilden’s work, alumina powders and silicon carbide powders were mixed with Pluronic F-
127 ® solutions to form the printing gels. The solid loading of the ink can reach up to 43
vol%.[11]

With polyethylene oxide and polypropylene oxide in a ratio of 2: 1(PEO-PPO-PEO), a Pluronic
F-127 ® solution has a temperature responsive behaviour. The structure of a Pluronic F-127 ®
molecule is shown in Figure 5 A. When dissolved in aqueous solutions, these copolymers have
a thermal reversible behaviour. They exist as molecules when the temperature or the Pluronic
concentration is low. However, by increasing the temperature or Pluronic concentration,
thermodynamically stable micelles are formed which results in an increasing of viscosity. The
PPO content affects the critical micellization temperature: a higher PPO content makes the
micellization temperature lower. As the temperature increases, the polarity of ethylene oxide
(EO) and propylene oxide (PO) segments are decreased which leads to the micellization
process.[29] As a result, the concentrated Pluronic F-127 ® aqueous solution has a liquid-like
behaviour at low temperature (near 0 °C) while a gel-like behaviour at high (normally around
20 °C). This characteristic makes it an ideal solution to prepare hydrogels for robocasting. The
most suitable concentration for a Pluronic solution here was ranging from 20 to 25 wt% with a
micellization temperature around 20 °C. A high concentration decreases the solid loading
capacity of the solution and a low concentration gives insufficient stiffness and strength to the
gels so that the inks cannot maintain their shape after being printed. The rheology of the inks
can be varied by playing the Pluronic and particle concentrations in the ink and further
manipulated by controlling the environment temperature and humidity during printing. In
Feilden’s work, the temperature and humidity were controlled within an enclosure. The heater
was set to 23 °C and a humidifier was used to give the environment a humidity which was

measured from 65 to 85 %.[11]
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Figure 5. A) The chemical formulation of a Pluronic F-127® molecule; B) Viscosity of a 25 wt%
Pluronic solution at a shear rate of 1 s as a function of temperature, there is a sharp increasing

of viscosity between 20 °C to 25 °C. Adapted with permission from[11]

T. Schlordt’s research group mixed alumina powders with CH3;COONH4 (NH4Ac) solutions
and used NIl4 polymethacrylate as the dispersant to form hydrogel inks for robocasting. This
system can achieve a solid loading as high as 52 vol%. During the printing, the temperature
and humidity of the fabrication chamber were kept at 20 °C and 22 %, respectively. The
rheology of the inks was mainly controlled by changing the content of the NH4Ac coagulant.[12]

These hydrogel inks can be used to printing structural dense scaffolds or macroporous cellular

structures such as woodpile frameworks.

1.2.5.2 Colloidal Inks

Colloidal inks are prepared by manipulating the influence of the interparticle (or surface) force
on the suspension behaviour to create a gel. In order to get a gel, attractive interactions achieved
by controlling the interparticle forces in the suspension and a concentration of particles above

the gel point are required.[30]
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Lewis’s group used silica spheres coated with poly(ethylenimine) (PEI) as the matrix powders.
The colloidal inks were prepared by directly suspending the powders in deionized water and
the rheology was controlled simply by changing the pH of the suspension. The pH of the
suspension was adjusted near the point-of-zero charge to make the suspension strong enough
for printing. A strong flocculated particle network which has strong attractive interaction is

achieved at this pH (Figure 6).[16]
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Figure 6. a) Fluid-to-gel transition; b) Plot of zeta potential as a function of pH for PEI-coated
and un-coated silica microspheres suspended in water; c) The different shear elastic modulus of
a weak gel (pH 9.5) and a strong gel (pH 9.75) as a function of shear stress. Adapted with

permission from|[16]
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Graphene which is normally used in 2D printable electronics[31] has been successfully 3D
printed by robocasting. This colloidal ink was prepared by adding a branched copolymer
surfactant (BCS) which acts as the dispersant and the surfactant into a graphene oxide (GO)
solution containing 0.2 wt% GO sheets. At basic conditions (pH>6.46), BCS provides
electrostatic and steric stabilization to the GO suspensions which gives the suspensions a high
fluidity, while at acid conditions, multiple hydrogen bonds and con-covalent bonds are formed
to increase the storage modulus and loss modulus of the suspensions. A gluconic-d-lactone
(GoL) which hydrolyses to gluconic acid in water was added into the suspensions to drop the
pH gradually. The rheology of the inks was controlled by changing the concentration of the
BCS solutions and the amount of GOL.[15]

1.2.5.3 Emulsified Inks and foam gels

1.2.5.3.1 Introduction to emulsions

An emulsion is a mixture of two or more liquids that are normally immiscible. Generally, the
droplets in an emulsion system are recognized as the dispersed phase and the other part is the
continuous phase. In oil in water emulsions, surfactants which contain hydrophobic groups
(tails) and hydrophilic groups (heads) are always added into the liquids to lower the interfacial
tension between different phases, hence the dispersed phase is stabilized in the continuous
phase (Figure 7 A, B). However, due to droplet coalescence, the emulsions get de-stabilized,

so the system is not suitable for long time storage.

A Pickering emulsion is an emulsion system stabilized with fine particles. By adding particles
which are absorbed on the continuous-dispersed phases interfaces, the system can be further
stabilized because they prevent droplet coalescence (Figure 7 C, D). The attachment of the
particles at the oil/water interfaces is determined by the balance among the oil/particle (Yop),
water/particle (ywp), oil/water (yow) interface tensions, as shown in Figure 7 E. In the case that
water is the continuous phase, the contact angle of the particles in the water phase (8) should
below 90°.[32]An ideal contact angle which is also called Brewster angle is 53° for this

emulsion system.[31]
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Figure 7. A, B) An emulsion system; C, D) The interface between continuous phase and

dispersed phase in a Pickering emulsion; E) Interfacial tension balance between different
interfaces (yw, is the water/particle interfacial tension, y,, is the oil/particle interfacial tension
and v, is the water/oil interfacial tension). The ideal contact angle (0) is 53° for emulsification

with Pickering approach.[31]

Emulsification is achieved by high speed stirring which breaks the dispersed phase into small
droplets. Emulsified inks are studied for manufacturing porous ceramics recently as the
porosity, pore size can be controlled during emulsification. Different research groups have

different routes to produce emulsions which are discussed in following sections.

1.2.5.3.2 Emulsions and foam gels for gel-casting ceramics

Emulsions and foam gels have been studied to fabricate ceramic products by gel-casting.

In Bakumov’s research, poly(allylhydridocarbosilane) and poly(methylsilsesquioxane) were
used as the dispersed phases. Sodium dodecylsulfate, dodecyl trimethy-lammoniumbromide
and poly(ethylene-glycol)-block—poly(propylene-glycol)-block—poly(ethylene-glycol) (PEO—
PPO-PEO) were used as the surfactants to form the emulsified Si/C/O ceramic products.
However, this approach can only be used to manufacture bulk ceramic products in moulds. The
emulsification needs to be conducted between 60 and 80 °C and the emulsions were poured
into an autoclave, then sealed, heated, kept at 150 °C overnight for crosslinking and finally
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sintered. These emulsions cannot be made into shear thinning pastes at room temperature,

hence this route is only suitable for gel-casting but not suitable for robocasting.[33]

There is another approach to prepare porous emulsified gels which is described in Garcia-
Tufion’s recent research.[34] A branched copolymer surfactant (BCS) which acts as the

surfactant and the dispersant was used here. The BCS was original developed by Weaver et al.

[35-37] .

BCS is an amphiphilic pH-responsive polymer which can be used as the dispersant and the
surfactant at the same time. It is normally used to produce stable and functional suspensions

and emulsions.

The structure of BCS and how the BCS works in an emulsion are shown in Figure 8. The
components of a BCS molecule are methacrylic acid (MAA), poly(ethyleneglycol)
methacrylate (PEGMA), ethyleneglycol dimethacrylate (EGDMA) and 1-dodacanethiol
(DDT). In addition, a small amount of 2, 2-azobisisobutyronitrile (AIBN) is used to initiate the
polymerization during the synthesis of BCS. MAA, PEGMA and EGDMA form multiple
hydrogen and non-covalent bonds in acidic solutions (pH<pKa, where pKa=6.46[15]), while
they can be electrostatic stable under basic conditions (pH>pKa). This is the cause of pH-
responsive behaviour of the BCS solutions. The addition of DDT gives the structure
hydrophobic chain ends that connected to the dispersed phase in the emulsion. The highly-
branched structure ensures that each BCS molecule has sufficient points to attach to the droplet
surface of the emulsion as well as the ceramic particle surface thus gives the emulsion a high
stability. The pH-responsive behaviour of the BCS solutions and the high stability of the

emulsion give a possibility for the emulsion to be robocasted.
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Figure 8. A) Structure of a BCS molecule and the attachment of BCS molecules on a ceramic
particle; B) The aggreation of BCS attached particles in the emulsion water/oil interface.

Adapted with permission from|[34]
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Alumina powders were mixed with BCS solutions at pH=8 with the volume percentage of solid
ranging from 20 vol% to 40 vol% to form suspensions. Subsequently, the suspensions were
ball milled for at least 24 hours. After being ball milled, the suspensions were conditioned by
adding 2.5 wt% 1-octanol and stirring for 2 hours in an ice bath. The suspensions were then
mixed with 50-60 vol% decane which acts as the dispersed phase and emulsified at stirring

speeds ranging from 3000 rpm to 24000 rpm by using a homogenizer.

Initially, these emulsified slurries exhibit low viscosity (below 0.2 Pa.s)and can be aggregated
by adding a pH trigger called gluconic-6-lactone (GOL) combining with gently shaking. GSL
dissolves in water and then hydrolyses into gluconic acid to reduces the pH in a gradual manner

so that there is time to disperse it before it starts acting (Reaction shown in Figure 9).

HO
O OH OH ﬁ
OH 0 +H.O0— |-<c:>—g2 é H cl—TH—c—OH
OH (lJH OH
OH

Figure 9. Dissolution and hydrolyzation of GOL molecules in water.

The amount of added GOL ranged from 2 to 10 wt/vol% (weight/volume percentage) depending
on the suspension solid loadings. For suspensions with the same solid loading, the more GoL
was added the faster the aggregation. The pore size and total porosity were controlled
successfully in this research. The suspensions with high solid loadings emulsified at low speeds
(3000-6000 rpm) formed materials with closed cells, large pore sizes (Dso=30 pm) and
relatively low porosities (50-60 %), while the suspensions with low solid loadings emulsified
at high speeds (6000-24000 rpm) formed structures with open cells, small pore sizes (Ds50=9-
15 um) and relatively high porosities (70-90 %)(Figure 10).
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Figure 10. Relationship of solid loading, emulsification speed, porosity, pore size and cell type.

Adapted with permission from|[34]

Foam gels are also used by researchers to produce ceramics. In Muth’s research, alumina
powders were mixed with deionized water at pH<3 (adjusted with HCI) to form the suspension.
Sodium X-sulfonate (X varies from 5 to 7) was added into the suspensions to hydrophobize the
alumina particles. A four-bladed impeller and an overhead mixer were used to entrain the air
into the suspensions at stirring speeds ranging from 400 to 1500 rpm. The sizes of the bubbles
in the foam were controlled by using Sodium X-sulfonate with different X values and the
stirring speeds of the mixer. The rheology of the foam gels was controlled by adjusting the pH

of the suspensions.[19]

Generally, emulsified suspensions and foam gels have similar forming mechanisms and
structures, emulsified suspensions have oil-water interfaces (two liquid phases), whereas foams
have liquid-gas interfaces. Ideally, foam gels can achieve a porosity of 99.99 % if all the
particles absorb onto the surface but emulsions cannot reach such high porosities. The
disadvantage of the foam gels is that they are unstable because coarsening or drainage usually

happens within 24 h.[19]

1.2.5.3.3 Emulsions for robocasting
Most emulsions and foam gels do not have the proper rheology for robocasting, they cannot

maintain their shape after being extruded out on a substrate because of their low viscosity (<1
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Pa.s) and low storage modulus (~1 Pa).[34] Hence researchers have tried to modify the

rheology of the emulsions to make them suitable for robocasting.

Sears’ group prepared emulsions which can be used for 3D printing. In their research, the
emulsions were prepared with a hydrophobic photopolymer, surfactants and water. The
viscosity of the printed parts increased immediately after the emulsified inks were extruded
with an ultraviolet cure-on-dispense technique. A low viscosity component, poly(propylene
glycol) dimethacrylate (PPGDMA) and a high viscosity component diurethane dimethacrylate
(DUDMA) were used to control the rheology of the inks.[38]

Sears’ work is relatively complex because the need to cure the polymer during printing. To
simplify the process of robocasting, alumina suspensions modified with poly(vinyl alcohol)
(PVA) were mixed with decane to form the emulsions by Minas et al. The solid loading of the
initial suspension can reach up to 58 vol% and the porosity of the final emulsions is as high as

77 %. The emulsified inks are shear thinning and the printed ceramics have high strength.[17]

According to Garcia-Tufion’s research[34], it is easy to control the pore size and porosity of
emulsions prepared with BCS solutions. However, these emulsions were cast in a mould in
their work. If these emulsions have suitable rheology for printing, porous ceramics with desired
microstructures can be easily manufactured by robocasting. There is some preliminary work
done by Gil Machado which shows that this is possible. He used BCS to functionalise calcium
phosphate with specific Ca/P ratio (Pure HA, pure B-TCP and HA/B-TCP 50/50 in weight)
with the BCS concentration of 2 wt%, amount of GOL between 0.5 and 2 wt/vol%, solid content
of 43 vol%. In Machado’s work, he used bioceramic materials (B-TCP and HA), while a
systematic study of the parameters to control the printability of BCS emulsions is still needed
as well as proving that the system can be used with technical structural ceramics such as

ALO3.[39]

1.2.6 Rheology of the Inks

In contrast to other AM technologies in which the building of structures relies on solidification
of the materials, robocasting manufactures layer-wise objects based on rheology of the inks.
As mentioned in 1.2.1, the rheology is the most important factor of the inks used for robocasting.

Based on the Herschel-Bulkley model (7 = 7, + Ky™[11, 24]), a printable ink should exhibit
a significant yield stress (7,,>100Pa) and be shear thinning (0<n<1) at stresses above the yield

stress, i.e. the apparent viscosity of a shear thinning ink decreases as the shear rate increases.
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According to Herschel-Bulkley model, the viscosity parameter (K) and the shear thinning
coefficient (n) can be calculated once the yield stress (7,) and the shear stress (7) at a shear

rate (y)are known. This can be achieved by using the flow ramp data alongside the modified

Herschel-Bulkley model;
In(tr —1,) = InK + nin(y) 3)

thus, the shear thinning coefficient can be described as the slope of the ln(r — Ty) vs. In(y)

plot. The K can be calculated by using the modified equation:
T—1, = Ky" 4)

when shear rate (y) is 1 s, the value of K is equal to the value of shear stress at 1 s' minus

yield stress.

In most case, an accurate fitting can be achieved by using the power law model (t = Ky™). A
viscosity plot is made [log u (Pa.s) vs. log 7 (s)] to determine the flow index after the point

of yield. The data used in this model are at the mid-shear rate in the shear thinning region.[40]

The rheology of an ink is measured using a rheometer. Normally, a flow ramp test measures
the viscosity of the ink and the shear stress used to make the ink flow as a function of the shear
rate. The flow ramp measurement can be used to calculate the yield stress (7,,), the viscosity
parameter (K) and the shear thinning coefficient (n). Another significant measurement is
oscillation amplitude sweep test which is used to determine the equilibrium storage modulus
(Geq’) and the flow point (75, the crossover point of storage modulus and loss modulus, or
sometimes some people also call it yield stress) of the ink. It measures the storage modulus (G’)

and loss modulus (G’’) as a function of oscillation stress.

The characterization of the modulus of robocasting inks is usually done in shear (Figure 11 A).
The modulus for an extension experiment (Figure 11 B) is similar but the modulus is about
three times as that for a shear experiment because during extension the material deforms in
three directions. When the material is undergoing shear, the stress-strain curve normally has a
linear elastic region followed by a non-linear strain-stress zone (Figure 12 A). If the material
is not broken, when the strain is released, the stress in the material goes back to zero. However,
it does not simply follow the loading curve back, typically the unloading curve is lower (Figure

12 B).
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The slope of the shear stress- shear strain loading curve is called the storage modulus, G’. And
at the linear elastic region, the storage modulus can also be recognised as the equilibrium
storage modulus or elastic modulus of the material. The G’ is related to the energy needed to
distort the material.[41] Thus, in a viscoelastic behaviour, the G’ describes the elastic behaviour

of the material (or the solid-state like behaviour).[42]

Loss modulus, G’ is related to the energy loss (difference between the loading and unloading
curves) during the loading-unloading cycles (through internal friction when flowing). But why
there is a loss of energy? The physical crosslinks (such as chemical bonds) as well as the
encountered chains which forms occlusions during the shear experiment give the material the
resistance to further deformation. When the strain is released, the material goes back to its
original shape but the chains do not have to go back to their original conformations as they
may move back to their start position following a lower-energy pathway which caused a loss
of energy.[41] Thus, in a viscoelastic behaviour, the G’ describes the viscous behaviour of the

material (or the liquid-state like behaviour). [42]

— B

- = T 7
I I _’ /I pull let go
— | W

dy |
- ]
dxl [,‘ I,J . I_‘.l

Figure 11. A)top: scheme of a shear experiment; bottom: individual layers of a material during

a shear experiment; B) scheme of a extension experiment. Adapted with permission from[41]
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Figure 12. A) Stress-strain curve of a shear experiment; B) Loading-unloading curves of a shear

experiment. Adapt with permission from[41]

A complex shear modulus G* is always used to describe the entire viscoelastic behaviour of a

material.[42] The relationship among G*, G’ and G’ using the phase-shift angle J are given
with the equation
G*=G '+iG"’ )

Where G'=G*cosd, G’’=G*sind, and o is the phase angle (Figure 13). When 0=0°, i.e., the
strain and stress are in phase, the material is elastic (solid-like), while if 6=90°, the strain and
stress are fully out of phase, the material is viscous (liquid-like). When 0°<9<90°, the material

exhibits a viscoelastic behaviour.[30]
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Figure 13. The relationship among G*, G’ and G’’ using the phase-shift angle 5.
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A frequency (w) sweep in the linear viscoelastic regime (low shear rate and shear stress) can
gives the structural information of the material (Figure 14). If the G’>>G’ over the entire
frequency sweep, G’~m?, G*’~m as ®—0, the material has a liquid-like response. If the G’>G’;
G’ and G’ varies as @ where 0.3<j<0.7 (two parallel lines), the material has a gel-like response.
If the G’>G”’ but G’ is independent of ® as w—0, the material has a solid-like behaviour

(Figure14).[30]
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Figure 14. The oscillation behaviour as a function of frequency for A) Liquid; B) Gel; C) Solid

response. Adapted with permission from[30]

In an oscillation amplitude sweep test, at a low oscillation stress, the ink exhibits a linear
viscoelastic response (G’>G’’) and the elastic modulus of the ink equals to the storage modulus.
As the oscillation stress increasing, G’ falls faster than G”” until G’= G”’, indicating the ink
starts to have a liquid like behaviour. The oscillation stress at the modulus crossover point (flow
point) is a bit smaller than the yield stress. The yield stress is the stress when the ink starts to

deform plastically, while the flow point is the stress when the ink starts to behave as a liquid.[43]

The rheological parameters of different kind ink systems for robocasting are summarized in
Table 2.
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Table 2. Rheology of different ink from literature.

Researcher Solid loading (in Shear thinning Viscosity Yield stress Equilibrium
[Reference] continuous phase coefficient (n) parameter (Ty) storage modulus
for emulsions) (K) (Geq")
Hydrogel Feilden[11, 30-43 vol% 0.2-0.3 100-1100 500-800 Pa 40-100 kPa
inks 20] Pa.s”
Schlordt[12] 52 vol% 225-600 Pa 191-300 kPa
Yetna[28] 45 vol% 600 Pa 50-200 kPa
Glymond[44] 45~50 vol% 200-300 Pa 40-100 kPa
Colloidal Lewis[16] 46 vol% 100 Pa 100-1000 kPa
inks
Smay[13] 47 vol% 0.72 101 Pa.s" 25 Pa 150 kPa
Emulsion Sommer[45] 50 vol% 700 Pa 10 kPa
or foam
. Minas[17] 30-50 vol% 58-660 Pa 1.6-17 kPa
inks
Muth[19] 20-60 vol% 30-100 Pa 4-80 kPa

Although solid contents as high as possible are desired, in hydrogel and colloidal inks the solid
loading is usually limited at around 50 vol%. Emulsion or foam inks do not have the
requirement as the hydrogel or colloidal inks do but the solid loading in the continuous phase
still has a limitation of 50 to 60 vol%. Not a lot information about the shear thinning coefficients
and viscosity parameters has been reported. According to the data reported by Feilden and
Smay, the shear thinning coefficient of hydrogel inks is lower than that of colloidal inks, while
the viscosity parameter of hydrogel inks is relatively higher than that of colloidal inks. The
yield stress depends on the solid loading of the inks, but other parameters such as the copolymer
solution concentration[12, 20] may also influence it. Hydrogel inks and emulsion/foam inks
have similar yield stress by a given solid loading (~600 Pa at ~50 vol%), while colloidal inks
have a much lower yield stress at the same solid loading (~100 at 50 vol%). The hydrogel inks
and colloidal inks have similar equilibrium storage modulus (100-1000 kPa) but

emulsion/foam inks have a lower equilibrium storage modulus (10-100 kPa).

A printable ink should have suitable rheological properties with a high storage modulus (G’>10
kPa), a moderate yield stress (7,>100 Pa) and a proper shear thinning coefficient (0<n<1).[12]
The key factors that influence the rheology of inks depend on their forming mechanisms. For

hydrogel inks, the solid volume percentage, the concentration of the solution and the amount
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of the dispersant used are important.[11] For colloidal inks, the solid loading, the amount of
binder and the pH of the gels can influence the rheology.[16] For emulsified inks and foam
gels, the solid loading of suspensions, the volume percentage of the dispersed phase, the
amount of the surfactant used and the stirring speed during foaming or emulsification (that

determines droplet or bubble size) are the main factors.[17, 19]

51



1.3 Porous Ceramics

1.3.1 Introduction to porous ceramics

Traditionally, pores were undesirable in ceramic materials because they adversely affect the
mechanical properties of the products. Pores in ceramics act as stress concentrators which
decrease tensile strength and cause catastrophic failure.[46] However, the amount of
applications that require porous ceramics has increased since the end of the 20" century
because of their unique properties. Examples of sectors where they are used are refractories
and thermal insulation[47], filters for metal manufacturing[48] and diesel engines[49], catalyst
supports[50], seals in aero-engines[51], sound proofing[52], electrodes in fuel cells[53] and
implants for bone regrowth[54]. The increasing number of the applications is due to their
properties which mainly depend on their structure, including volume fraction, size, distribution
and tortuosity of the pores. In order to achieve desired structures, different manufacturing
routes have been developed.[32, 55, 56] However, none of these techniques today is capable
of delivering fully designed porous structures in which the engineer has a wide freedom in

specifying the pore parameters.

Much effort has gone into controlling the fabrication of porous ceramic with mostly
homogeneous porous structures and developing new manufacturing routes. For example, freeze
casting which is based on the crystal growth of ice during freezing is used to fabricate laminar
porous ceramics. The thin gaps inside the ice crystals are filled with ceramic powders and
lamellar ceramics with very thin layers and pores are formed by removing the ice.[57-59]
Porous ceramics have been fabricated using different materials. Alumina is the most common
material due to its high strength and thermal resistance. Other ceramics include silicon carbide
which exhibits high thermal stability and mechanical strength is an excellent material for the
fabrication of light and strong porous structures.[60] The properties of porous ceramics are
mainly based on their microstructures. Porosity, pore size, pore distribution and the type of the
pores are significant factors that determine the applications of porous ceramics. A higher
porosity means a lower density with a lower strength. Porous ceramics with different pore
distribution can be used for different applications. Closed-cell ceramics tend to have high
thermal capacities for thermal insulators, while open-cell ceramics are suitable for catalyst

supports and filters.[56]

1.3.2 Manufacturing Routes of Porous Ceramics
Several routes have been developed for manufacturing porous ceramics with different

structures. The most straightforward process is to sinter the a mixture of powders which can
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undergo reactions during sintering to create porous structures[61] or partially sinter initial
porous green bodies[62]. Other conventional routes can be classified into three main categories
which are shown in Figure 15. Replica techniques are used to manufacture open-cell ceramics
with low stiffness by using synthetic or natural templates. Direct foaming by agitation or
evolution of gas is used to prepare ceramics with less open structures than those fabricated by
replication techniques. Another approach which relies on sacrificial templates can give either
open or close structures depending on the quantity and structure of the template used. A porous
ceramic manufactured by a sacrificial template method displays a negative of the initial
template, while a porous ceramic fabricated by a replica technique obtains the positive.[32, 55]
However, none of these routes is flexible to manufacture porous ceramics with fully designed
structures under a high degree of freedom to control the pore parameters. Hence, researchers

are trying to develop new processes to manufacture porous ceramics, such as additive

manufacturing.
Drying,
template T
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Repli 1 '
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Figure 15. Conventional routes for manufacturing porous ceramic: a) Replica technique; b)
Sacrificial template technique; c) Direct foaming technique. Reproduced with permission

from|[32]
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There are few papers that report printing microporous ceramics by using emulsions/foams. In
most of the papers, researchers used robocasting (direct ink writing) to do the printing process.
The emulsions/foams are soft materials and robocasting is the most suitable technology for 3D
printing objects using soft materials as other additive manufacturing technologies may destroy
the microstructure of the emulsions/foams. To print emulsions, an oil/water emulsion system
has always been used to prepare the inks.[17, 45] For foam, air/water foams are the most

commonly used.[17, 63]

Products with designed porosity can be achieved by robocasting. By using emulsions or foams
as the inks for robocasting, the porosity of printed filaments can reach up to 70 vol%. A

structure with macropores such as a grid can further increase the porosity to above 90 vol%.[17]
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1.4 Core/shell structures

Most researchers use robocasting to print monolithic green bodies and periodic patterns (e.g.
woodpile structures). The inks used exhibit a smooth flow during printing. However,
monolithic inks have limitations regarding the fabrication and application of the technology
and the final products. Therefore, it is a good idea to find a way to print more complex

structures (e.g. composites) to broaden the use of the technology.

1.4.1 Composites produced by robocasting

Several researchers have worked on printing ceramic-polymer and fibre reinforced composites
by robocasting. Some of the processes take advantage of the alignment of microscopic platelets
and short fibres during extrusion to manipulate the final structure of the material. During
Feilden’s PhD research[20], ceramic-polymer composites were fabricated by using robocasting
to build green bodies with AlO3 powders and aligned alumina platelets. These green bodies
are subsequently infiltrated with epoxy (Figure 16 A). The toughness of these products
increases significantly. Feilden tried to fabricate carbon fibre reinforced polymer matrix
composites (PMCs) and carbon fibre reinforced ceramic matrix composites (CMCs) as well
(Figure 16 B, C). The PMCs were produced by printing green bodies consisting of aligned
carbon fibres which were infiltrated with polymer after drying and burning out the organic
binders used to formulate the inks. The CMCs were produced by printing pastes consisting of

carbon fibres and ceramic powders directly.
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100 um

Figure 16. A) SEM image of a crack in Al,O3 platelet-polymer composite; B) Fracture surface of
the PMC composite; C) Fracture surface of a green SiC — Cf part. Adapted with permission
from|[20]

The carbon fibres used in Feilden’s work were Polyacrylonitrile (PAN)-derived short carbon
fibres with a diameter of 7 pum. These fibres were chopped and milled to make sure they can
go through the nozzle successfully. Highly aligned carbon fibre PMCs with attractive
mechanical properties were printed. However, there were some issues with the fibre
distribution: there were some fibre free regions. The trials of CMCs with carbon fibres were
not so successful because of the delicacy of the carbon fibres. The high sintering temperature
caused chemical reactions and physical damage to the fibres and the difference of the thermal

expansion between the fibre and the matrix destroyed the composites during cooling.[20]

Other researchers also used short carbon fibres to reinforce ceramic and polymeric matrices.
Table 3 compares the mechanical properties of different materials reported in the literature. In
most of these works, the addition of short carbon fibres decreases the strength of the matrix but
also gives an increasing of fracture toughness (Kic). All these researchers used short carbon
fibres except Hitchen who used longer carbon fibres. They all used epoxy as the polymer matrix

except Tekinalp[64] used acrylonitrile—butadiene—styrene as the polymer matrix.
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Table 3. Comparison of short carbon fibre reinforced composites. Reproduced with permission

from[20]
Researcher Strength (MPa) Kic (MPa.m®?) Fibre Content (vol%)
Hitchen 1994[65] 127 52 14.4
Zhang 2004[66] 112 15
Zhang 2007[67] 108 15
Compton 2014[68] 75 17.4
Dong 2014[69] 130 0.9 3
Tekinalp 2014[64] 70 40
Feilden 2017[20] 211 3.5 20

1.4.2 Co-extrusion technology

Most of the fibre reinforced ceramic matrix composites fabricated by robocasting used short
fibres to enable them to go through the nozzle. Producing CMCs with long continuous fibres
is still a challenge. In this work, printing filaments with a novel core/shell structure are used to
fabricate ceramic matrix composites reinforced with long fibres. The filaments use one kind of
ink in the centre and another kind as the shell. The idea of using the core/shell structure comes

from research related to the 3D printing of hollow ceramics.

Robocasting of hollow filaments has been developed to give the products unique structures
which expand the usage of these ceramics. This hollow structure can be achieved by extruding
the ink through a tip with a block at the centre which gives the printed filament a hollow
channel.[70, 71] Another method uses a sacrificial core in the centre of the printed filament

and produces the channel by removing the core after the green body is printed.[72]

1.4.2.1 Blocked Nozzle Method (for hollow filaments only)

A nozzle with a block at the centre is used so that the filament extruded out from the syringe
has a hollow channel. Schlordt successfully printed alumina hollow scaffolds in an oil bath in
2013 (Figure 17 A).[70] Bioceramics with hollow structures, which can be used for
regeneration of bone defects, were printed in air by Luo’s group in 2015 by using a block at

the nozzle centre (Figure 17 B).[71]
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Figure 17. A) Hollow filaments printed in an oil bath, B) Process of co-axis printing of

bioceramics. Adapted with permission from|[70, 71]

1.4.2.2 Co-extrusion Method

Co-extrusion was initially a manufacturing method for plastics.[73] The co-extrusion of
ceramics was used to manufacture alumina hollow filaments with microporous shells by
Moon’s group in 2015. They used sacrificial camphene cores to fabricate the hollow channels
and mixed alumina and camphene to form the shells with micropores. After the green bodies
were printed, the camphene was removed by freeze drying and the final alumina scaffolds were
sintered at 1600 °C.[72] This method uses a sacrificial material instead of blocking the tips to

produce the channels (Figure 18).
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Figure 18. Example of the use of co-extrusion method to print filaments with hollow cores.

Adapted with permission from|[72]

1.4.2.3 Multicore/shell structure

Jennifer Lewis’s group found a way to print multicore/shell structures. They used special
designed nozzles for multilayers and achieved structures with both high stiffness and toughness
(Figure 19).[74] This method can also be used for printing ceramic products although it is a bit
complex because it uses three concentric tips and requires three different syringes to store the

inks.

Flexible
epoxy
Silicone
Brittle
epoxy

Figure 19. Method for multicore/shell structure. Adapted with permission from|[74]

1.4.2.4 Core/shell structure with short carbon fibre reinforcement

Xia has also managed to fabricate Cf(short carbon fibres)/SiC core/shell composite by DIW.[75]
In this research, a frozen cylinder shaped carbon fibre ink was used as the core and SiC ink
was used as the shell, the frozen Cf ink was directly push inside the SiC ink to form the

core/shell structure and these two inks were co-extruded by DIW (Figure 20).
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Figure 20. Schematic of preparing core/shell parts. Adapted with permission from|[75]

1.4.2.5 Limitations of the co-extrusion technologies

In conclusion, the technologies reviewed above used two co-extrusion methods. One is using
a frozen core and another is using a nozzle that has concentric cylinders. However, there are
some limitations of these methods. The first one is the diameter of the core. It is difficult to
freeze very thin sticks suitable for co-extrusion or fabricate nozzles with very thin concentric
rings. For the frozen core method, another limitation is the difficulties in engineering the
interface between the core and the shell. For the nozzle with concentric cylinders, it is difficult
to increase the numbers of cores in one single filament. Usually, it can only print a filament

with one core.

Another limitation for the co-extrusion methods is in the materials used for robocasting. Most
of the work focuses on the hollow core[70, 71] or polymer core[73, 74] systems but not much
on ceramic-ceramic or metal-ceramic systems. The only ceramic-ceramic system reported used

short carbon fibres and the improvement of the mechanical properties was not so significant.[75]
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1.5 Summary

There are several AM technologies that can be used to fabricate ceramic products among which
robocasting is one of the distinct technologies that fabricate ceramic products by extruding
shear thinning pastes layer by layer to build the 3D objects. The significant factors that affect
the printability of the pastes include the solid loading, rheology of the pastes, the nozzle type,
the printing speed and the drying kinetics.

Different kinds of pastes have been used for robocasting. Hydrogel inks[11] and colloidal
inks[13] have been used to print monolithic ceramic parts, while emulsion-based[45] inks and

foam gels[63] have been developed to print porous ceramic parts.

Porous ceramics can be fabricated by several approaches. Robocasting may be the more
suitable than other AM technologies to print porous ceramic with emulsion-based inks and
foam gels. As the emulsions/foams are soft materials while other additive manufacturing

technologies may destroy the microstructure of the emulsions/foams during printing.

In order to broaden the application of robocasting, core/shell structural products have been
fabricated successfully by co-extrusion approaches. The co-extruded core/shell structure is a
specific structure that can only be fabricated by robocasting. Other AM technologies normally
build monolithic ceramic parts while the printing of core/shell structure needs at least two

different kinds of inks.
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Chapter 2: Aims and Objects

Robocasting has been used to fabricate more complex structures with more architectural
control than simple grids or bars with homogeneous microstructures [8-11, 14-16]. However,
the degree of structural control is still limited, in particular when it comes to print composites
combining different materials. The main aim of this work is to develop approaches to increase
the complexity of robocasted structures and to enable further microstructural control. The main

specific objectives to achieve this goal are:

- To print ceramics with designed porous structures by using emulsified inks. Printable
emulsions using BCS are developed. The rheology of the emulsions (that defines their
printability) as well as the porosity and pore size of the final ceramic are related to the
emulsion composition (including the BCS concentration, GoL content, oil content and

solid loading of the continuous phase) and the stirring speed during emulsification.

- To develop a new approach to create printing filaments with a core/shell structure. This
structure is obtained by co-extruding filaments based on thermally reversible hydrogels
(using Pluronic F-127 ®). This approach is demonstrated by printing composites:
ceramic matrix reinforced with long/continuous metallic fibres. The core/shell method
is also used to engineer an interphase between fibre and matrix in composites using an

ink cartridge with a cross section of three concentric rings.

In all cases the structural and mechanical characterization is used to understand the relationship
between processing conditions (ink formulation and printing conditions), structure and

mechanical response of the materials.
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Chapter 3: Methods
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3.1. Sample preparation

3.1.1 Emulsion based inks

3.1.1.1 synthesis of Branched Copolymer Surfactant (BCS)

3.1.1.1.1 Materials

Poly(ethylene glycol) methyl ether methacrylate (PEG, average Mn=950 g mol™!), methacrylic
acid (MA, 99 %) and Azobis(isobutyronitrile) (AIBN, 98 %) were purchased from Sigma
Aldrich. Ethylene glycol dimethacrylate (EGDMA, 98 %), 1-dodecanethiol (DDT, 98 %) and
Rhodamine B were purchased from Alfa Aesar. Ethanol and diethyl ether were of standard

laboratory grade. All the materials were used as received.

3.1.1.1.2 Process

The synthesis of BCS with a composition of PEGs/MAys-EGDMA1o-DDT1o followed the
processes described by Weaver and Woodward[35-37] via thiol-regulated free radical
polymerization (Figure 21). A mixture of PEG (5.7 g, 6 mM), MA (10.000 g, 116 mM),
EGDMA (2.428 g, 12 mM) and DDT (2.478 g, 12 mM) was charged in a 250 mL round bottom
flask and degassed with N> for 20 min. Ethanol (200 ml) was degassed separately for 20 min
and subsequently added into the flask. AIBN (0.200 g) was added into the solution to initiate
the polymerization. The flask was then placed into an oil bath at 70 °C and left stirring for 48
h. The remaining ethanol was removed by distilling and the polymer was washed with cold
diethyl ether. Finally, the polymer was dried in vacuum overnight. Rhodamine B (<1 mg) was

added into the flask before the reaction to synthesis the rhodamine doped BCS powders.[15]

3
HS AIBN, ethanol M
5 95 + 10 +10 —_— 5 8 0 1
+ M‘ Naig), T0°C, 48h
o] Q 0 {0} o] Q
/Z HD zj Z | {
Val . Yl
polymer
polymer

PEG MA EGDMA DDT PEGs/MAss-EGDMA 14-DDT o (BCS)

Figure 21. Synthesis of BCS via thiol-regulated free radical polymerization.
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3.1.1.2 Ink preparation

BCS solutions with compositions from 1 wt% to 4 wt% were prepared by mixing BCS powders
with distilled water. The BCS molecules aggregate in the solution when the pH of the solution
is lower than pKa (6.46[15]) while a clear solution is achieved by increasing the pH to 8
(adjusted using a NaOH solution) (Figure 22). Alumina powders (SMAG6, Baikalox, Ds¢=0.20
pm, meshed with a 100 um sieve) were directly mixed with BCS solutions to form the
suspensions with solid loadings ranging from 30 vol% to 50 vol%. The suspensions were then
added into plastic bottles and ball milled with alumina milling balls for over 24 h. The
suspensions were conditioned by adding 2.5 wt% of 1-octanol (99.5 %, Fluka Analytical) and

stirred under a light vacuum to eliminate bubbles.

pH=8 pH<5

Figure 22. A BCS molecule, an oil droplet, a ceramic particle (top); Change of aggregation with
pH. In this schematic, all BCS molecules are absorbed on the ceramic particles and there is no

free BCS in the oil-water emulsion system (bottom).
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Afterwards, the suspensions were mixed with n-decane (99 %, Sigma Aldrich) at different
volume ratios. Emulsification was carried out by using a homogenizer (IKA T25 Digital Ultra
Turrax, UK) at stirring speeds from 3000 rpm to 13000 rpm for 3 min. For a high solid loading
suspension (40 vol%-50 vol%), a low stirring speed (3000 rpm-8000 rpm) was enough to
produce a stable emulsion, while for a suspension with a low solid loading (30 vol%-40 vol%),
a high stirring speed (8000 rpm-13000 rpm) was required to break the droplets into smaller
ones to make the system stable. The emulsified suspensions were of low viscosity which make
them flow well. In order to make the emulsions printable, a pH trigger acid, gluconic-d-lactone
(GoL, 99 %, Alfa Aesar), was added just before transferring the emulsions into 3 ml syringes

(Nordson EFD) to decrease the pH to form a shear thinning emulsified gel.[15]

3.1.2 Pluronic based inks

3.1.2.1 Materials

Pluronic F-127 ® powders were purchased from Sigma Aldrich. Alumina powders bought
from Baikowski (Baikalox B-Series, SMA6, Ds5o=0.2 um) were sieved with a 100um mesh
using a vibratory sieve to break large aggregates (d>0.5 mm) which result in poorly printed
paste and blocked tips. 430L stainless steel powders (Cr: 16-18) with average particle size of
~5 um were purchased from US Research Nanomaterials. Iron oxide powders (30 pm, 98 %),
iron powders (5 um, 99 %) and fine synthetic graphite powders (APS 7-11 um, 99 %) were
purchased from Alfa Aesar. 430L stainless steel, iron oxide and iron were chosen because they
have a melting point between 1450 and 1550 °C which is similar as the sintering temperature
of Al2O3 ceramics. Dolapix CA was purchased from Zschimmer & Schwarz in Germany. All
these materials were used as received. The particle size and shape of these powders was

assessed using scanning electron microscopy SEM (JSM 6010 LA, JEOL, USA) (Figure 23).
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20 pm

Figure 23. SEM images of A) Al,O3; B) Steel; C) Graphite; D) Iron particles.

3.1.2.2 Ink preparation

Pluronic F-127 ® contains polyethylene oxide (PEO) and polypropylene oxide (PPO) roughly
in a 2:1 ratio. When mixed with water, the polypropylene oxide groups in Pluronic F-127®
have hydrophobic or hydrophilic behaviour depending on temperature and water content
(hydrophobic at higher temperature and lower water content while hydrophilic at lower
temperature and higher water content). This thermally reversible behaviour of water based
Pluronic® solution makes it possible for the inks to flow at a low temperature (around 0 °C)
and to form printable shear thinning pastes at a high temperature (around 25 °C) (As shown in

Figure 5 B).

Pluronic F-127® solutions with concentrations ranging from 15 wt% to 40 wt% were made by
stirring flasks of deionised water mixed with the proper amount of Pluronic at 4 °C. The
solutions were left in a fridge at 4 °C for 24 hours to dissolve the powders and release the
bubbles until they become clear and homogeneous. These Pluronic® stocks were prepared to
measure their rheological response as a function of temperature. The goal is to find out a
suitable concentration for robocasting. According to the temperature-viscosity curves of these
Pluronic® stocks, the 25 wt% solution, with a liquid-gel transition temperature between 20 to

25 °C, was chosen.
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Fine pre-weighted powders were mixed with 25 wt% Pluronic® solution and dispersed by
adding 0.5 wt% of Dolapix CA in a 150 ml Poly tetra fluoroethylene (PTFE) container (Thinky,
USA). Subsequently, the ink was mixed using a planetary centrifugal mixer (Thinky ARE-250,
USA, Figure 24 A) at 2000 rpm for 2 min. Prior to mixing the suspensions were cooled to ~0 °C
in an ice bath. After cooling down to 0 °C, the ink became a flowing liquid and a stirring spatula
was used to break the powder agglomerates stuck on the inner walls of the container. It is
necessary to remove these stuck agglomerates because they decrease the solid loading of the
paste and could block the printing nozzle if they are incorporated into the final ink. This process
was repeated several times (normally 4 to 6 times depending on the solid loading and the total
volume of paste) until the powders and the solution were fully mixed. The ink was then
defoamed at room temperature at 2200 rpm for 5 min to remove bubbles (particles and solution
may segregate if defoamed in liquid state). The defoamed inks were then stored in the container
and sealed with films. The inks can be stored at room temperature for a period up to 2 months
without water segreation, paste condensation, drying or cracking. The solid contents of inks
used to print the final core/shell structures are 35 vol% ALOs, 35 vol% (Al203)0.9-Co.1 (in

volume) and 30 vol% steel.

Figure 24 B shows how a bottle of paste for robocasting looks like before, during (1-2 times of

mixing) and after (4-6 times of mixing) using the mixer.

Figure 24. A) A Thinky ARE-250 mixer, courtesy of Intertronics Ltd; B) Hydrogel paste before,

during and after mixing; C) syringes and supplements for robocasting.
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Pastes stored in PTFE containers were transferred to 10 ml syringes (Nordson EFD, Figure 24
C) for robocasting. A paste with high flowability at low temperature can be dropped into the
syringe with a pipette through the top mouth of the syringe or be sucked up into the syringe
directly. Care should be taken to avoid trapping air bubbles during transfer. However, for a
paste of a high viscosity, it is impossible to drop or suck it into the syringe. The container was
firstly placed in an ice bath to decrease the viscosity of the paste. Afterwards, the paste was
scooped out of the container using a flat spatula and spread into a 10 ml syringe through the
top mouth carefully to ensure that there are no trapped air bubbles. Air bubbles were trapped
around the top mouth when placing the piston into the syringe. Hence, a female-female luer-
lock connector was used to extrude the paste from the pre-loaded syringe to another empty

syringe.

3.1.3 Core/shell structure

Different kinds of core/shell structures were fabricated by loading inks in syringes as shown in
Figure 25. First the 10 ml syringe (diameter of 15.6 mm) is immersed in an ice bath and filled
with alumina ink at 0 °C. At this temperature the ink behaves as a liquid. Then, one large
cylinder spacer or multiple small cylinder spacers (depending on the number of cores per
cartridge) are placed inside the syringe. The diameters of the spacers are 4.5 or 8 mm.
Subsequently, the syringe is placed in a hot bath (70 °C) to gel the Al,Os ink and the spacers
are removed leaving one or several cylindrical holes that are filled with a flowing steel ink kept
at 0 °C. Afterwards, the syringe is placed again in the hot bath to gel the core. In order to create
an interphase between the steel core and the ceramic shell the process is done in three steps: 1)
an alumina ink is introduced in the syringe, a large cylindrical spacer is placed and the ink is
gelled, i1) an Al,O3/C ink is introduced in the cylindrical hole and a smaller cylindrical spacer
is paced in the middle, this ink is subsequently gelled and the spacer is removed leaving a hole;

ii1) the steel ink is introduced in the cylindrical hole and subsequently gelled.
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Figure 25. Process of preparing printing cartridges with core/shell structure.
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3.2. Manufacturing Processes

3.2.1 Printing

The path of the raster pattern and the printing orientation were defined using G-code (coded by
A3200 Motion Composer, Aerotech, UK) which is visible with the RoboCAD software. Simple
structures such as bars and grids were designed and drawn by RoboCAD. A STL tool in this
software was used to build up more complex geometries like dog-bones. This tool sliced STL
models downloaded from Internet or created by Solidworks into layer wise continuous
filaments with a thickness close to tip diameter. The printing speed, road width, structure

dimensions were pre-set and can be adjusted in the software.

Nozzles with different kinds of shapes and diameters can be used for robocasting. For example,
Nordson offers conical plastic and straight steel nozzles (Figure 26) with diameters ranging
from 0.1 to 1.56 mm. Less pressure is needed when using a conical nozzle compared to a
straight nozzle, but a straight nozzle gives higher accuracy. Also, the metal nozzle is more
durable as it will wear less as the ceramic inks flow through it (ceramic particles can grind

down plastic).

A robocaster (3D inks LLC, USA) was used to print the green bodies on flat and smooth
substrates (polished poly tetra fluoroethylene or flat steel plate) (Figure 27). The robocaster is
equipped with three independent plungers powdered by servo motors which give a nominal
precision of 1 um. Before starting printing, the syringe was equipped with a nozzle and placed
in a holder which can be fixed on the robocaster. Next the syringe was moved down slowly
until the tip of the nozzle just touched the substrate. Then the nozzle was moved up by a
distance equivalent to the diameter of the printed line (the nozzle internal diameter) to allow
for the paste to come out and touch the substrate surface. After the nozzle was set up properly,
the plunger was lowered in a controlled manner (using RoboCAD or A3200 Motion Composer)
until it contacted and pressed the piston to extrude the paste out of the syringe on the substrate
layer by layer. Conical plastic nozzles (Nordson, USA) with a diameter of 410 um were used
here to give homogeneous extrusion during the printing. A 30 mm ‘lead-in’ path was used
before printing each part to make sure that the ink was flowing steadily at constant plunger

displacement speeds when the part was printed.

Printing parameters and environment are important. The robocaster uses three motors to control
the nozzle movement and its speed in the X, Y and Z directions. Additional motors are used to

control the plungers’ position and speed. The main printing parameters are printing speed,
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raster pattern (road width and structure dimensions), nozzle type and size. The printing speed
(nozzle speed in the x-y directions) varies from 2 mm/s to 20 mm/s depending on the nozzle
type, the viscosity of the paste and the structure of the parts. The printing speed and the raster
pattern were pre-set by RoboCAD. The robocaster was placed in an enclosed cabinet to control
the environment. The printing temperature in the cabinet was regulated using a heater set and
maintained at 23 °C. The humidity was usually kept between 65 % and 85 % with a humidifier

(measured using a humidity measuring instrument).

[

Figure 26. The schematics and images of plastic conical nozzle and the steel straight nozzle.
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Figure 27. A picture of a robocaster in an enclosed cabinet.
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As shown in Figure 28, different kinds of samples were printed by robocasting. For emulsions,
long bars were printed for mechanical tests. The printed lines were aligned along the length of
the bars. The dimensions of the printed green bodies were 35%3x3 mm. As for core/shell
samples, bars, dog-bone samples, and grids with different dimensions were printed. The
dimensions of the bars were 35x3x%3 mm. The length of the dog-bone samples was 30 mm with
a 6x2x2 mm neck. The grids were of 10x10%2 mm with a 0.6 mm road width (i.e. distance
between two nearby filaments on the same plane) and 45° rotation. All the dimensions
mentioned here correspond to the green bodies. The corresponding linear dimensions of the
sintered samples were 70-80 % of the green bodies because of shrinkage during drying and

sintering.
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Figure 28. Printing orientation of A) Emulsion and hydrogel bars; B) hydrogel dog-bones; C)
Hydrogel grids (3D models at right bottom corner).

3.2.2 Post-processing

The printed ceramic green bodies were dried in a controlled environment at room temperature
(20 to 25 °C) and 60 to 70 % humidity (in an enclosed box with several drops of water)
overnight to avoid bending and cracking. After that, the dried green bodies were removed from
the substrate carefully. A very thin layer of butter was placed on the substrate such that the
printed parts will not stick to it and can be easily removed after drying. Because the parts do

not stick to the substrate, butter also enables homogenous shrinkage preventing cracking and
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warping. Dried bars and dog-bone green bodies were cold isostatic pressed (CIP, Stansted Fluid

Power LTD, UK) at 300 MPa to enhance densification and close large defects.

A chamber lift furnace was used to sinter emulsion-based printed ceramics, the ceramic green
bodies were de-bound at 500 °C for 2 hours to burn out the remaining BCS and then heated up
to 1550 °C followed by a 2-hour dwell. A vacuum furnace (pressure 107 torr) with a W heating
element was used to sinter the core/shell ceramics. First, the dried green bodies were de-bound
in vacuum at 600 °C for 2 hours to burn out the Pluronic. Next, they were sintered at 1400 °C
for 2 hours. The heating up rate was 5 °C/min for all heating process and there was no

temperature control during cooling (power off for cooling).
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3.3. Characterization
3.3.1 Rheology

3.3.1.1 Introduction to rheology and use of the rheometer

The rheology is the study of the flow properties of liquids or soft solids which exhibit a
viscoplastic response to an applied force. For a shear thinning paste made with ceramic
particles and a polymer solution, when there is no applied force, the particles and polymers in
the paste are randomly arranged and the connecting bonds (e.g. hydrogen bonds) give the paste
a high viscosity. However, when the paste starts to move, the particles and the polymers start
to flow in a fixed direction and the bonds start to break which decreases the viscosity of the
paste. The storage modulus (G’) relates to the energy stored in the material under an applied
force and the loss modulus (G’’) to the energy lost under an applied force. The G’ is equal to
Elastic modulus when there is no applied force. When G’ is higher than G, the material has

solid like behaviour while when G’ is lower than G’’, the material has liquid like behaviour.

A rheometer is used to measure the rheology of pastes. It measures the viscosity, storage

modulus or loss modulus under different shear rate, applied force or temperature.

There are several set-ups to measure the rheology of robocasting pastes. Most researchers use
parallel or cone-plate geometries (Figure 29 A, B).[68, 76] Other techniques have also been
used to study the viscosity of pastes such as concentric cylinder[13] and capillary rheometers
(Figure 29 C, D)[77]. The parallel or cone-plate geometries were chosen mostly because these
set-ups require a very small amount of paste, the test times are relatively short and they can be

used for high viscosity pastes.

A B

Figure 29. The schematics of A) parallel geometry; B) cone-plate geometry; C) concentric

cylinder; D) capillary rheometer.
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3.3.1.2 Rheology measurement

A Discovery HR-1 hybrid rheometer (TA instrument, UK) was used here to measure the
rheology of the inks (Figure 30 A). A 40 mm parallel plate steel geometry was chosen to do
the measurement (Figure 30 B). There are also some other geometries such as an 8§ mm parallel
plate steel geometry which is suitable for highly viscous materials (like rubbers) and a 60 mm
cone geometry which is designed for fluids with low viscosity (like milk). The testing gap was
set as 1000 um and a solvent trap was used to prevent the inks from drying. Around 2 ml of
pastes were placed at the center of the bottom part of the rheometer by a pipette (fluid) or a
spatula (gel). Then, the plates were moved to compress the sample leaving a 1000 um gap that
is fully filled by the paste without any trapped bubbles. The excess paste was trimmed carefully

by spatula as this excess may influence the accuracy of the results.

Figure 30. A) A Discovery HR-1 hybrid rheometer, courtesy of TA Instrument®; B) a picture of

40 mm parallel steel geometry, courtesy of TA Instrument®.

For Pluronic based inks, the temperature ramp tests were conducted from 0 °C to 40 °C (-5 °C
to 20 °C for the 40 wt% Pluronic solution) at a shear rate of 1 s™\. The flow ramp tests were set
at 20 °C at shear rates ranging from 0.01 s™! to 100 s™'. Oscillation amplitude sweep tests were

carried out at 1 Hz with oscillation stresses ranging from 1 Pa to 1000 Pa.

For emulsified inks, in addition to the measurements above, time sweep tests of emulsions were
measured immediately after adding the GOL into the emulsions with a frequency of 1 Hz and a

strain of 5x107 rad. Oscillation tests were carried out by five steps:
-fixed oscillation at 0.5 Hz and 0.5 % strain for 200 s,

-frequency sweep at 0.5 % strain from 0.5 Hz to 50 Hz,
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-fixed oscillation at 0.5 Hz and 0.5 % strain for 200 s,
-amplitude sweep at 0.5 Hz from 0.5 % to 30 % strain,
-fixed oscillation at 0.5 Hz and 0.5 % strain for 200 s.

The fixed oscillation steps indicate the static conditions of the emulsions, the frequency sweep
shows the G* and G’ changing with the increasing of frequency and the amplitude sweep

shows the G’ and G”’ changing with the increasing of strain.

The hysteresis of the emulsified slurries is measured with shear rates increasing from 0.01 s™!
to 30 s, 3 min setting and decreasing from 30 s™! to 0.01 s!. Similar methodology has been

used to characterize comparable systems by Garcia-Tufion et al.[78]

3.3.2 Droplet size of emulsions

The droplet size and distribution in the emulsified suspensions were assessed using optical
microscopy. Rhodamine B (<1 mg), a fluorescent molecule was added into the reaction flask
before the reaction to synthesize the rhodamine doped BCS powders with the aim to visualize
the ceramic particles (with BCS attached) that stick to the oil/water interface in the
suspensions.[15] A drop of rhodamine-doped suspension was dropped on the surface of a glass
slide by pipette, and then compressed by another glass slide for optical microscopy. The final
gap between the glass slides is ~ 150 um. The images of the emulsified suspensions were taken
using an optical microscopy (AxioScope. Al ZEISS) with an immersion ocular (N-Achroplan
100%/1.25 Oil iris), fluorescence free immersion oil and rhodamine fluorescence filter (FL

Filter Set 43 CY 3 Shift free) (Figure 31).

Figure 31. The image of an emulsified suspension. The spheres are oil droplets dispersed in
water. The BCS-functionalized particles segregate to the water-oil interface and are made

visible due to the rhodamine.
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3.3.3 Measurement of porosity and density
The porosities and densities of the sintered samples were measured by the Archimedes method.
First, a dry sample was weighed in air (weight is m1). Then the sample was immersed in water

and weighed (weight is my). The real density of the sample p,..,; Was calculated using equation:

mq
= —— 6
Preail mi—m, Pwater ( )

The porosity P of the samples was calculated using equation:

P — 1 _ Preal (7)

Ptheoretical

where the p,.,; is the calculated density and the Ppeoreticar 1S the theoretical density.

The average pore size and pore distribution of emulsion-based ceramics and the volume
fraction of steel fibres in the core/shell samples were quantified using Image J to analyse SEM
images of polished samples taken using a JSM 6010 LA (JEOL, USA) microscope at 20kV
acceleration voltage. The samples were mounted in epoxy grinded and polished down to 1 pm
diamond. A gold coating was applied on the sample surface before imaging by secondary

electrons.

In order to get the average pore size and pore distribution of an emulsion-based sample as
shown in Figure 32, some adjustments need to be done. First, set the correct scale. Then,
‘Finding Edges’ and ‘Smoothing’ for 5 times were done on the original image (from Figure 32
A to Figure 32 B). Next, the threshold was done on the image using ‘Huang Default’ from 0 to
60 (Figure 32 C). Finally, ‘Analyse Size’ was 5 to infinity mm?, ‘Circularity’ was 0.15 to 1.00.

The average pore size can be achieved by knowing the average area of the pores (Figure 32 D).
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Figure 32. Image J analyse of the pore size and distribution of an emulsion-based sample. A)
Original SEM image; B) The image after finding edges and smoothing; C) The image after

threshold; D) The image after size analysing.

In order to obtain the pictures shown in Figure 33 to calculate the volume fraction of the steel
fibres in the core/shell samples, a colour threshold was used with the ‘Hue’ from 0 to 255, the
‘Saturation’ from 0 to 255 and the ‘Brightness’ from 95 to 255. The thresholding method was
default, threshold colour was red and the colour space was HSB. After the scale was set

correctly, the ‘Analyse Size’(mm?) was 50 to infinity and the ‘Circularity’ was 0.10 to 1.00.

Assuming the steel/alumina ratio is constant in different cross-sections of the bar. The steel

volume fraction should be equal to the area fraction gained by Image J.
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200 pm

Figure 33. Image J analyse of the volume fraction of the steel in the core/shell structure. A)

Original SEM image; B) The image after threshold; C) The image after size analysing.

Each sample has been analysed using ImagelJ at three different positions to get the average size
for the emulsions or average core area for the core/shell composites. For emulsion-based
samples and core/shell samples, the threshold parameters need to be adjusted for each single
SEM image for the Image J software to identify the ceramic/pore interface or core/shell

interface.
3.3.4 Mechanical testing of emulsion-based samples

Three-point bending tests were done on the printed emulsion-based samples. A Zwick
universal testing machine (Zwick/Roell Z2.5) was used to measure the strength of the

samples according to the equation:

3FL
o-f = 2bd?2 (8)

where o5 is flexural stress, F is the applied force, L is the support span, b is the width of test
bar and d is the thickness of the test bar. The stress where the sample starts to fail is recognized
as the strength. The dimension of the samples was 25x%2.5%2.5 mm. The span was 20 mm and

the displacement speed was 0.1 mm/s.

3.3.5 Mechanical characterization of core/shell samples

3.3.5.1 Mechanical measurements
The following tests were performed and the stress where the sample starts to fail is recognized

as the strength for the bending, compressing and tensile tests.

- Four-point bending. The strength of the samples was measured using four-point bending tests
on printed bars (Figure 34 A, Figure 36 B). The dimensions of the bar-shaped samples were
25%2.5%2.5 mm with four side surfaces polished down to 1 um diamond. The support span of

four-point bending tests was 20 mm and loading span was 10 mm. The displacement rate was
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0.2 mm/min. The stress and strain of the four-point bending test were calculated using the

equations:
_ 3F(L-Lp)
O-f - 2bd? (9)
48Dd
1112 (10)

where L is the support span, L; is the loading span, F is the applied force, b is the width, d is
the thickness and D is the displacement.

- Three-point bending tests on Single-Edge Notched Bend (SENB) samples. Tests on notched
samples (Figure 34 B, Figure 35 B) were performed under different conditions (using the
universal test machine [Instron 8562, US] and in-situ bending tests [MT300 Tensile Tester,
DEBEN, UK]) to measure toughness and calculate strength. The notches were made in two
steps. First, a 0.84 mm thickness diamond wafer blade was used to cut a large notch with a
depth of about 1/3 of the sample thickness in a bar-shaped sample. Then, a razor blade and
Ium diamond suspension were used to sharpen the notch by reciprocating cutting. A force
between 2 N to 10 N was applied during notching to ensure that the razor blade is in contact
with the sample (The force needs to be added gradually to avoid breaking the sample at the
notch). It took around one hour to make a notch on one sample. For the tests done using the
universal test machine, the span of three-point bending tests was 15 mm and the displacement
rate was 5 um/min. A Linear Variable Differential Transformer (LVDT) was used here to
monitor the minor deformation of the samples during bending. For the in-situ bending test, the

span was 21 mm and the displacement rate was 0.1 mm/min.

The stress and strain of the three-point bending test were calculated using equations:

3FL

O-f = 2bd? (8)
6Dd
=z (1)

where L is the span, F is the applied force, b is the width, d is the thickness and D is the

displacement.

-Compression tests of grids (Figure 36 A). Compression test on printed grids were done in a
universal test machine (Zwick/Roell Z2.5). Grids with a size of 8x6x1.5 mm were placed

between two parallel plates to measure the applied force during compression at a loading rate
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of Imm/min. The top and bottom surface of the grids were polished to make sure they are

parallel to each other (Figure 37).

The compressive stress of the samples was calculated using equation

0o =+ (12)

where F is the applied force and A, is the surface area of the top/bottom

-In situ bending and tensile tests in the scanning electron microscope. For the in-situ
experiments, a microtest stage (Figure 34 C, MT300 Tensile Tester, DEBEN, UK) was used to
do bending or tensile tests inside a Zeiss Sigma 300 (Germany) SEM. In-situ three-point
bending tests in the scanning electron microscope were done on single extruded filaments
(Figure 35 A) with a diameter ~ 300 um and SENB samples using a span of 21 mm and a
displacement rate of lmm/min. The single filaments were too thin to do any polishing or

notching without damaging them, so they were used as sintered. The stress oy was calculated
by equation

FL

O—f = 7R3

(13)
where F is the applied force, L is the support span, R is the radius of the filament.

In-situ tensile tests in the SEM were done on dog-bone shaped samples (Figure 36 C, D).
Tensile tests were performed on dog-bone shaped samples with a length of 25 mm and a neck
of 5x1.2x1.2 mm with both sides polished to 1 pm diamond. The displacement rate for all in-

situ tests was 0.1 mm/min. The tensile stress of the samples was calculated using equation:

op = — (14)

So
where F is the applied force and Sy is the area of the rectangular cross section.

- Indentation hardness. An Indentec 6040LKV was used to measure the Vickers hardness of

the samples. The loading force was 5 kg.

After all the tests, the fracture and polished surfaces where characterized using optical

microscopy (Olympus BX51, Japan) and SEM (JSM 6010LA, JEOL, Japan).
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Figure 34. A) Four-point bending; B) Three-point bending on a SENB sample (LVDT); C)

microtest stage and tools for in-situ tests.

Figure 35. A) A single filament on the microtest stage; B) A SENB sample; C) A dog-bone

shaped sample on the microtest stage.
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Figure 37. Compression test on a grid.
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3.3.5.2 Microstructural and Compositional Analysis

3.3.5.2.1 X-ray Diffraction (XRD)

Several technologies such as infrared spectra and Raman spectra analysis[79] can be used to
analyse the molecular or atomic structure of crystalline materials. X-ray diffraction is the first
technology to study materials microstructure and it is one of the most effective, most widely
used technologies. A beam of X-rays generated in a cathode ray tube are collimated and
directed towards the sample. Materials with an organised microstructure (atomic arrangement)
diffract the X-ray beams and the reflected X-rays are detected by a detector. When incident
rays scattered by the arranged atoms, the scattered rays are in phase (mutually reinforcing each

other) and a diffracted beam is formed.[80]

Figure 38 gives the details of a Bragg diffraction. A and C are two atoms that in the planes with
a distance of d. Two incident rays (ray-1 and ray-2) with similar wavelength are scattered by
A and C separately with scattering angle as 6. Thus, the travel distance of ray-2 is about

BC+CD longer than that of ray-1. As
BC =CD =dsinf (15)

the additional travel distance of ray-2 is 2dsinf. The two rays are in phase when the scattering

conditions satisfy Bragg’s Law
nA = 2dsinf (16)

Where 4 is the wavelength of the incident X-ray, n is a positive integer, d is the interplane

distance in the crystalline structure and 6 is the scattering angle[39].

Figure 38. Bragg diffraction of two incident x-ray beams with identical wave length and phase

onto a crystalline solid. Adapted with permission from|[39]
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During the X-ray Diffraction measurement, the sample is scanned through a specific scattered
range of 20 angles and all the possible diffraction directions of the crystalline structure should
be detected. By comparing the measured X-ray diffraction pattern with the characteristic
patterns stored in pattern database, the material’s crystal structure and composition can be

identified.

In this work, X-ray diffractometer (D2 Phaser X-ray diffractometer BRUKER AXS, Germany)
was used to identify the different phases in the materials. Sintered samples were ground into
powders with an agate mortar before the analysis. The scanning angle (20) ranged between 6°
to 90°, the scanning speed was 4 °/min and the step size was 0.043°. The XRD patterns of the
measured samples were compared with reference patterns to identify the phases present and

the steel, Al2O3 and graphite reacted or not during the sintering process.

3.3.5.2.2 Scanning Electron Microscopy (SEM) and SEM- Energy Dispersive Spectrometer
(EDS)

Scanning electron microscopy (SEM) is a non-destructive technique that gives details of the
microstructure of a specimen. Optical microscopy uses visible light (wavelength ranging from
380 nm to750 nm) as the light source, while SEM uses electrons as the source and has a higher
resolution than the optical microscopy. The resolution of the SEM can be influenced by several
factors including the size of the beam (given by the apertures), the interaction volume which
depends on the material and acceleration voltage, charging of the samples and the focusing

ability.

By using condenser lenses to focus the electron beam on the sample surface and scanning the
surface in a raster pattern, a high resolution, as low as 1 nm, can be achieved. The electron

beam's position is combined with the detected signal to create the image of the surface.

During scanning using a high energetic electron beam on the sample’s surface, the interaction

between the electrons and the sample atoms generates signals containing varying information.

Figure 39 shows the signals generated from the interaction between the electrons and specimen.
Signal from secondary electrons is the most widely used signal in SEM. The secondary
electrons are emitted by atoms near the specimen surface once the atoms’ electrons are excited
by the scanning electron beam and thus have enough energy to escape from the surface of the
material. The images gained from secondary electron are more surface sensitive and have
higher resolution. Another common signal which is also been usually used is from

backscattered electrons (BSE). The backscattered electrons escape from the region deeper than
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the secondary electrons, thus gives a worse resolution of the surface topography than the
secondary electrons. However, backscattered electrons are the electrons scattered back when
they interact with the nuclei. Hence, they are sensitive to the atomic mass of the nuclei they
scatter from. As a result, in a backscattered electron image, heavier elements are brighter than
lighter elements as the heavier elements can backscatter more efficiently. Inelastic interactions
may also create Auger electrons and X-rays. Vacancies of the surface atoms created by emitted
secondary electrons must be re-filled with electrons. The energy is discharged from the atoms
with the form of electromagnetic radiation (X-ray) or another electron with lower energy
(Auger electron). This kind of signal can be used to determine the composition of the sample

material.[39]

Electron beam

sample
surface

Auger electrons— >

Secondary
electrons

Backscattered
electrons

Characteristic X-rays 3
\ -
T Continuum X-rays

Fluorescent X-rays

Figure 39. Signals generated from the interaction between the focused electron beam and the

specimen. Adapted with permission from[39]

SEM-EDS is an additional function of the SEM which can be used to do analysis of the element
type and content in a micro-area of the specimen. It detects the characteristic X-rays produced
form the interaction between the electron beam and the specimen (Figure 39). As different
elements have characteristic X-rays with different energy, the information of the element can

be identified by measuring the energy of the characteristic X-ray.

SEM using secondary electrons is used to gain the images of the surface of the samples to study
the microstructure of the samples. SEM-EDS map measurement was done on the samples’
polished cross sections as well to view the elements distribution in the samples (Figure 40).

The samples were mounted in epoxy grinded and polished down to 1 um diamond. A JSM
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6010 LA (JEOL, USA) microscope was used to do the measurement. The scanning was
conducted using secondary electron at 20 kV. The SEM-EDS Map analysis is done using

512x%384 Pixels and 5 sweep times with a dwell time of 1 ms.

C———————1 100 pm  SEl

—————— 100m AlK C——————1 100 um Fe K

C———————— 71100 pm CrKk C—————— 100 pm OK

Figure 40. SEM-EDS Map images of a two cores core/shell composite (steel core, alumina shell).
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Chapter 4: Rheology of emulsion-based inks for

robocasting
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4.1. Robocasting of Porous Ceramics

One of the areas where robocasting is finding application is in the fabrication of porous
structures. Porous ceramics have a wide range of applications such as thermal insulation[47],
catalyst supports[50], tissue engineering scaffolds[54],etc. These applications rely on their
unique properties which mainly depend on their structures. Different manufacturing routes
have been developed to achieve the desired structures.[32, 55, 56] However, it is still a
challenge for engineers to fabricate materials with specific pore parameters with a large degree

of freedom.

One way to overcome this limitation in the printing of microporous ceramics is the use of inks
based on emulsions and foams.[17, 19, 38, 45] By using emulsion-based inks, it is possible to
control simultaneously the macroscopic shape and the porosity of the object from the macro to

the micro level. This opens new opportunities for microstructural control.

The most influential factor for successful robocasting is the rheology of the ink. A suitable ink
should be shear thinning so that it can be extruded smoothly through the nozzle and maintain
the shape of the printed part. In the case of emulsion-based inks, the emulsion should also
remain stable during extrusion in order to avoid droplet coalescence. In this work, we study the
factors that control the rheology of ceramic inks based on oil in water emulsions stabilized
using particles functionalized with branch copolymer surfactants (BCS). In previous works our
group has shown that BCS can be used to create responsive particle suspensions and emulsions
that could be amenable for the wet processing of ceramics.[34, 81] The effect of solid and oil
content and droplet size on the viscosity, shear rate, shear stress, storage modulus (G’) and loss
modulus (G””) of the emulsions are discussed in order to formulate guidelines for the design of
printable inks. The structures and mechanical properties of the final products are characterized

and related to the processing conditions.
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4.2 Sample components
Samples with different decane content, solid loading, BCS concentration, GOL. amount and

stirring speed were prepared for testing. The compositions are listed in Table 4.

Table 4. Compositions of the emulsified samples.

Sample | Decane(vol%) |  Solid loading in BCS (wt%) | GOL(wt/vol%) | Stirring speed(rpm)
water phase (vol%)
1 50 40 2 2 8000
2 50 40 2 1 8000
3 50 40 2 4 8000
4 50 40 1 2 8000
5 50 40 4 2 8000
6 50 30 2 2 8000
7 50 50 2 2 8000
8 30 40 2 2 8000
9 70 40 2 2 8000
10 50 40 2 2 3000
11 50 40 2 2 13000

Sample 1, 2 and 3 (Defined as group 1) give a comparison among samples added different
amount of GOL. Sample 1, 4 and 5 (Defined as group 2) compares the emulsions prepared with
different BCS concentration. Sample 1, 6 and 7 (Defined as group 3) are the emulsions with
different solid loading while sample 1, 8 and 9 (Defined as group 4) are the emulsions with
different decane content. Sample 1, 10 and 11 (Defined as group 5) are emulsions with same

component but emulsified under different stirring speed.
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4.3. Results and discussion
4.3.1 Rheology of emulsified slurries

4.3.1.1 Time sweep measurement

1004 4 —40-2-2 emulsion &' 190000 3 —— 40-1-2 emulison G'
—_—0-2-2 armulsion G 40-1-2 emulaion G
= 000
o
= 1000 A L
w )
= =
2 =
E E 10080 o
] 100 4 ]
o a
3 Fl 100
£ g
2 i
1049
1 T T 1 1 T T T 1
100 204 o] 400 - n) Q 100 200 ey &0 0
Time (&) Time (8}
1000 » 1000
——40-2-1 emulsion G’ :
— 2 EIGION G — 3022 HI'I'II..I|E-!:II'I G
- = — 30-2-2 emulsion G"
[ o
= 1m0
3 g
— 100 =
g 2
" @ 10
m
L s
1] F
F &
- 5
L] in 1
1 T = = |" T 1 [ER| T T T T T T 1
1] 100 00 oy 400 500 Ly 2 400 &0 830 1000 1200 1400

Tima (5} Time (5]

Figure 41. Time sweep of emulsions at 1Hz and 5x107 rad after addition of GSL. G’ is storage
modulus and G’ is loss modulus. When G’ is larger than G”’, the emulsion acts like a gel while
if G”’ is larger than G’, the suspension has a liquid-like behaviour. All these samples were

emulsified under a stirring speed of 8000 rpm.

We define the gelling time as the time required for the emulsion to transition between a liquid
(storage modulus, G’, lower than loss modulus, G*’) to a solid (G’>G’’) behaviour. In order to
study the influence of solid loading, BCS concentration and amount of GOL on the gelling time,
the gelling time of emulsions with different compositions are measured using a time sweep
(Figure 41). The term 40-2-2 in the graphs means the solid loading of the emulsion(vol%), the
concentration of the BCS solution(wt%) and the amount of GOL added in the
emulsion(wt/vol%). The gelling time increases with decreasing of BCS concentration or
decreasing of GoL content. The effect of GOL seems to be more pronounced but in both cases

the differences are small in the range of concentrations used in this work. The solid content has
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a more marked effect. Samples with higher solid loading gel faster than those with lower solid

loading. For most of the slurries, gelling only takes few minutes.

4.3.1.2 Temperature ramp measurement

10000
: —40-2-2 emulsified slurry
] ——40-2-1 emulsified slurry
i ——40-1-2 emulsified slurry
i ——30-2-2 emulsified slurry
1000
i 3
£ ]
b ] —_——
8
3 -
s —_—
100 4 T
10 T T T T T T T 1
15 20 25 30 35

Temperature(°C)

Figure 42. Temperature ramp of 40-2-2, 40-2-1, 40-1-2, 30-2-2 emulsified slurries (stirred under
8000 rpm).

Temperature ramp measurements were carried out at a shear rate of 1 s and the temperature
varied between 15 to 35 °C. It is obvious that, in this range, the temperature has no influence

on the rheology of the slurry (Figure 42).

4.3.1.3 Flow ramp and oscillation amplitude measurement

The factors which may affect the rheology of the slurries are the amount of GoL, the solid
loading of the suspension, the decane content, the concentration of the BCS solution and the
emulsification speed. Samples with different components were prepared and measured to
analyse systematically how these factors influence the viscosity, yield point (defined as the
stress when the storage modulus is equal to 95 % of equilibrium storage modulus), yield stress,
flow point (defined as the cross over stress between storage and loss modulus) and equilibrium

storage modulus of the slurries.
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Figure 43. Variation of viscosity with shear rate for a 40-2-2 emulsified slurry. The approximate

shear rates during printing are indicated in the graph.
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Figure 44. Oscillation amplitude sweep of a 40-2-2 emulsion to obtain flow point, yield point and

equilibrium storage modulus.
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The maximum shear rate in the paste during printing, ¥;,4., can approximated as:

. 4Q
Ymax = (17)

mir3

where Q is the volumic flow rate, calculated as Q = Sr2, S is the printing speed and r is the
nozzle radius.[25, 82] The equation is for a cylindrical (straight) nozzle but the nozzle used in
this work is conical nozzle which have more complex solutions. The simple equation is used
here to have an estimation of the maximum shear rate. The printing speed is around 6 mm/s
and the nozzle diameter used here is 410 um, the calculated shear rate is ~35 s™'. To compare
the different emulsions, the apparent viscosities of the slurries were calculated at a shear rate
of 35 s! from the flow ramp measurement (Figure 43). From the oscillation amplitude sweep
graph (Figure 44), yield point, flow point and equilibrium storage modulus of an ink can be

gathered.

The yield stress of different samples can be obtained using shear stress vs. shear rate graphs,
which is shown in Figure 45, when shear rate is close to 0 s™!, the applied stress required to

initiate flow is the yield stress (static yield stress).
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Figure 45. Shear rate and applied stress of emulsion samples.
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Figure 46. A) Viscosity at printing speed, B) equilibrium storage modulus, C) flow point and
yield stress [The solid symbols are flow points gained from modulus cross point (Figure 44) and
the open symbols are yield stress gained from shear stress vs. shear rate graphs (Figure 45)] and

D) yield point of emulsions with different compositions.
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As shown in Figure 46, all the factors influence the rheology of the emulsified slurries but some
have a larger effect than others. The yield stress measured from shear stress vs. shear rate graphs
is a bit higher than the flow point measured from modulus cross point. However, some authors
call the flow point to yield stress as both are usually very similar and related to the stress need
to make the ink flow.[20] The yield points are lower than the flow points and yield stress

obviously (open symbols are higher than solid symbols for the same emulsions).

A flow transition index (FTI) gives an idea of the breaking behaviour of the pastes. FTI is a
dimensionless index that can be calculated as flow point/yield point.[40] The calculated FTI
for the emulsions are shown in Figure 47. The values of FTI for robocasting pastes are normally
less than 20.[40] In this work, most of the emulsions have FTI values below 10 which means
they are proper for robocasting, while sample 2 has a FTI value of ~40, indicating the network

in this emulsion not as strong as other emulsions and this emulsion is not suitable for

robocasting.
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Figure 47. FTI of emulsions with different compositions.

The viscosity, equilibrium storage modulus, flow point, yield stress, yield point and FTI of the

emulsion samples are summarised in Table 5.
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Table 5. Rheological properties of emulsion samples.

Sample Viscosity Equilibrium Flow point | Yield stress | Yield point | FTI
at35s! | storage modulus

1 13 Pa.s 5x10* Pa 300 Pa 380 Pa 60 Pa 5
2 2 Pas 0.01x10* Pa 20 Pa 25Pa 0.5 Pa 40
3 30 Pa.s 7x10* Pa 350 Pa 450 Pa 65 Pa 5.4
4 18 Pa.s 6.5x10* Pa 310 Pa 330 Pa 60 Pa 5.2
5 40 Pa.s 9x10* Pa 700 Pa 900 Pa 100 Pa 7
6 8 Pa.s 4.5x10* Pa 170 Pa 200 Pa 45 Pa 3.8
7 58 Pa.s 11x10* Pa 700 Pa 1100 Pa 90 Pa 7.7
8 15 Pa.s 4.5x10% Pa 280 Pa 300 Pa 50 Pa 5.6
9 23 Pa.s 11x10* Pa 380 Pa 450 Pa 75 Pa 5.1
10 10 Pa.s 4x10* Pa 350 Pa 400 Pa 45 Pa 7.7
11 20 Pa.s 6x10* Pa 500 Pa 600 Pa 80 Pa 6.2
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Figure 48. Viscosity, yield stress, yield point, flow point and equilibrium storage modulus of

samples with different GOL concentration.
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Figure 48 shows the influence of GOL concentration on the rheology, the measured samples
have the same composition except the added GoL concentration (sample 1, 2 and 3). The data
suggest that there is a minimum GOL concentration (above 1 wt/vol%) required to make the
emulsion printable. The slurry with GSL concentration of 1 wt/vol% has a very low viscosity,
yield stress, yield point, flow point and equilibrium storage modulus which is not suitable for
printing. GOL decreases the pH of the emulsion in two steps, first it dissolves and then is
hydrolysed into gluconic acid. When the pH is below the pKa of BCS (6.46), hydrogen bonds
among the BCS molecules starts to establish. The amount of GSL should be enough (>1
wt/vol%) to promote bonding between BCS molecules and in the range from 1 wt/vol% to 4
wt/vol%, the more GOL added, the higher viscosity, yield stress, yield point, flow point and

equilibrium storage modulus the slurry has.
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samples with different BCS concentration.
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The effect of the BCS concentration is a bit more complex which is shown in Figure 49 (sample
1, 4 and 5). According to Garcia- Tufion’s study of Al,O3-BCS suspensions using the same
alumina powders,[34] when the BCS concentration is lower than 2wt%, less than a monolayer
of BCS molecules adsorb on the ceramics particles while if the BCS concentration is above 2
wt%, BCS multilayers will form and BCS may remain dissolved in the liquid. The results
suggest that this excess BCS will increase the viscosity of the emulsion and the degree of
interconnection increasing stiffness and yield stress. So, there is not much difference for
samples prepared with BCS concentration below 2 wt%, but the samples prepared with BCS
concentration of 4 wt% have much higher viscosity, yield stress, yield point, flow point and

equilibrium storage modulus.
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As it has been observed in other robocasting inks, increasing the solid loading in the water
phase close to the packing limit has a large effect on the rheological properties which increasing
viscosity, yield stress, yield point, flow point and equilibrium storage modulus (Figure 50)
(sample 1, 6 and 7). There is a packing limit (theoretical maximum solid volume fraction) for

the pastes which can be described using model:

— _ %P \-Ku
=== (18)

where 7, is the relative viscosity, ¢ is the volume fraction, ¢, is the theoretical maximum
volume fraction and Ky is a hydrodynamic particle shape factor. The maximum volume
fraction of solid is determined by the pastes system ranging from 0.07 to 0.65. [8, 20, 83] The
calculated ¢, is ~0.6 and Ky is ~6.3 (Figure 51). In addition to viscosity, the other
properties (yield stress, flow point and storage modulus) have similar curves with the solid

volume fraction and the maximum volume fraction is ~0.6 as well.
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Figure 51. Plot of relative viscosity as a function of solid volume fraction.
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Figure 52 shows the effect of oil content (sample 1, 8 and 9). The increasing of oil content
increases the equilibrium storage modulus of the samples. The viscosity, yield stress, yield
point and flow point start to increase when the oil content goes around 70 vol% which indicates
the packing fraction for oil droplets is ~ 80 vol%. The packing fraction of oil droplets is higher
than that for rigid particles as they can distort a bit and the size distribution is probably wider

which favours packing. The yield point does not depend much on the particle contents or oil
content as it mostly relates to the point in which plastic deformation starts (equilibrium storage

modulus) and does not relate to flow. Equation 13 is used here as well to calculate the maximum

oil volume fraction. The calculated Ky is ~4.9 and ¢,, is ~0.8 (Figure 53).

200000 A
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Figure 53. Plot of relative viscosity as a function of decane volume fraction.

Because the small number of experimental points, the fitting of the Ky and ¢,, for solid and
oil is an approximation. The oil packs better probably because these is a wider droplet sizes

distribution than the ceramic particle size distribution and oil droplets are perhaps deformable

to some extent.
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As can be seen in Figure 54 (sample 1, 10 and 11), a higher emulsification speed gives a higher
viscosity, yield stress, yield point, flow point and equilibrium storage modulus of the emulsions.
This is because the higher emulsification speed gives smaller droplets and therefore the
increase of interfacial area between the water and oil that gives more interconnection among
water, oil and particles. Another additional issue is the droplet size distribution. The more
homogeneous droplet size distribution, the worse packing and therefore the lower packing limit.
A good packing requires a wide particle distribution for smaller particles/droplets to fit between

the larger ones.

Table 6. Rheological properties of emulsions/foams from different reports.

Researcher [Ref.] | Solid loading (in suspension) | Flow Points | Storage Modulus (G”)
This work 30-50 vol% (50 vol% 150-700 Pa 30-90 kPa
unprintable)
Sommer[45] 5 vol% 700 Pa 10 kPa
Minas[17] 30-50 vol% 58-660 Pa 1.6-100 kPa
Muth (Foam)[19] 20-60 vol% 30-100 Pa 4-80 kPa

Table 6 gives a comparison between the rheology of the emulsions in this work and the
rheology of emulsions/foams reported in other papers. The solid volume fraction is similar
which has a limitation ~50 vol% except the foam gel reported by Muth which has a solid
loading as high as 60 vol%. The flow point of the emulsions is also similar but the foam gel
has a lower flow point. The storage modulus is various in different reports. The storage
modulus is related to the particle network. In Sommer’s report, the silica solid content is only
~10 wt% (~5 vol%) which is maybe the cause of low storage modulus. The variation of storage
modulus in Minas’ and Muth’s report as well as the modulus in this work is large because the
approaches used to create the particle networks results in different strength of the particle-
particle interactions and therefore in different strength of the networks. Minas used different
amount of PVA, Muth adjusted the pH of the emulsions which changes the particle network
behaviour. In this work, the storage modulus is adjusted by changing the BCS concentration,

GOL amount, solid loading, oil content and emulsification speed (droplet size).
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4.3.1.4 Rheology of samples with different oil content or stirring speed

4.3.1.4.1 Evolution of viscoelastic fingerprints

In order to learn more about the stability of the inks, their response to varying conditions was
assessed using a sequence of five oscillatory steps while monitoring the viscoelastic properties
(G, G). Another batch of samples are used here. All these samples are prepared with 40 vol%

AlL>Os suspensions in water, 2 wt% BCS solutions and 2 wt/vol% GJL. The differences are the

oil content and the stirring speed during emulsification (Figure 55).
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Figure 55. Oscillation sweeps for emulsified slurries.
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All the slurries are stable under fixed sweep at 0.5 Hz and 0.5 % strain. Both the storage
modulus and loss modulus increase slightly with increasing frequency (two parallel lines with
the storage modulus above the loss modulus, which indicate the slurries have a gel-like
response [30]). Both the storage modulus and loss modulus decrease with strain increasing
while storage modulus decreases faster than loss modulus which means there is a point above

which the loss modulus is larger than storage modulus.

There is not a significant variation in the storage and loss modulus between the first fixed step
and the second one. However, they are significantly lower in the third fixed step, amplitude
sweep, probably due to the coalescence of bubbles that partially “breaks” the emulsion during
the amplitude sweep. The results show that a change in the frequency does not break the
emulsion: the modulus recovers to the same value. Robocasting use a low printing speed (low
strain rates from 25 to 70 s™') to produce green bodies that are not likely to cause droplet

coalescence, thus the emulsions are suitable for robocasting.
During the frequency sweep, a fitting can be done using the model:

G =Aw" (19)

where G is the storage modulus or loss modulus, 4 is a constant,  is the frequency and 7 is a

power-law exponent which can be used to describe the behaviour of the pastes.[30]

A degree of recovery is calculated using (storage modulus in the last step)/(storage modulus in

the first step). The results of degree of recovery and calculated »n are shown in Table 7.

Table 7. Degree of recovery of different emulsified slurries.

Sample Degree of recovery n
50 vol% decane at 3000 rpm 75 % ng=0.17£0.02, ng-=0.13+0.02
50 vol% decane at 8000 rpm 71 % ng=0.18+0.03, ng-=0.14+0.02
50 vol% decane at 13000 rpm 65 % n6=0.19+0.03, ng=0.16+£0.02
30 vol% decane at 8000 rpm 77 % ng=0.21%£0.02, ng=0.20+0.01
70 vol% decane at 8000 rpm 15 % n6=0.04+0.02, ng-=0.02+0.01
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Most of the emulsions has a degree of recovery over 60 % except the emulsions with 70 vol%
oil which has a much less degree of recovery that means this emulsion has significant oil

coalescence during the measurement.

According to Lewis’s report, typical gels should have a n between 0.3 and 0.7 and a lower n
means a more solid like behaviour. The power-law exponent » ranges from 0.15 to 0.25 for
most of the samples which are reasonable except the sample prepared with 70 vol% decane
which has a n ~0.05 which means a more solid like behaviour maybe because the oil content is
close to the packing limit (80 vol%) and the droplets are jammed. In addition, for 70 vol%
decane paste, the storage modulus and loss modulus are more likely flat instead of increasing

with increase of frequency which maybe due to the oil coalescence.
4.3.1.4.2 Hysteresis

Viscosity was measured using a shear rate cycle to assess if there was a measurable hysteresis
(Figure 56). In all the emulsions the hysteresis is negligible suggesting that in the range of shear

rates used in the measurement the emulsions are stable and so will be the inks during printing.
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Figure 56. Hysteresis viscosity measurement of emulsions.
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The hysteresis stress measurement of the samples is shown in Figure 57. All the samples have

a time-dependent shear thinning property.\
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agreed with the results also shown in Figure 45).
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The yield stress can be measured using viscosity vs. shear rate plot as well which is shown in

Figure 58. The yield stress is the stress when the viscosity has a sharp decrease.[84]
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Figure 58. Viscosity vs. Shear rate of hysteresis measurement.
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As expected, there is a difference between the yield stresses gained from increasing and
decreasing of shear rate. We define the yield stress gained from shear rate increasing process

as static yield stress ajftat and the yield stress gained from shear rate decreasing process as

dynamic yield stress af,) Y™ The yield stresses got form two described methods are similar. The

aj,gtat , the af,) Y™ and the flow point of these samples are list in Table 8.
Table 8. af,t“t , agy ™ and flow points of the selected emulsion samples.
Sample ID ;1% (Pa) o'}?y ™ (Pa) Flow point (Pa)
1(50 vol% decane at 8000 rpm) 400 150 300
8(30 vol% decane at 8000 rpm) 300 <130 280
9(70 vol% decane at 8000 rpm) 390 200 380
10(50 vol% decane at 3000 430 150 350
rpm)
11(50 vol% decane at 600 400 500
13000rpm)

The static yield stress is normally higher than the dynamic yield stress because when the paste
transfers from a solid state to a liquid state, the paste needs some extra stress to break the bonds
among molecules to make it start to shear. As described in M’Barki’s report, this measurement
simulates the shear history of an ink during the printing. First, a stress is applied until the ink

is extruded through the nozzle under a shear stress (ajmt). Once the ink is printed on the

substrate, the stress relaxes to 0'3[,) Y™ [25] Also, the static yield stress measured by shear stress

vs. shear rate is normally a bit higher than the flow point measured by modulus crossover point.

4.3.2 Size of oil phase in emulsions and microstructure of printed emulsion samples
Rhodamine B were used to detect the oil droplets sizes and distribution in emulsions under
optical microscopy. The oil phase and continuous phase in all the emulsion systems and the

average emulsion droplet sizes are summarized in Figure 59.
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Figure 59. Microstructure and average size of bubbles in emulsions and pores of printed
emulsion samples (sample 7 and 9 were not printable; sample 1, 2 and 3 start from the same

suspension before adding GoL).

As shown in Figure 59, the microstructures of the sintered samples are mostly determined by
the size and dispersion of the decane droplet in the emulsions (depending on the component of
emulsions and the process of making emulsions). The average oil droplet size in an emulsion
is normally slightly larger than the pore size of the sintered sample due to the shrinkage during
drying and sintering. However, some sintered samples have few large pores which are
significantly larger than the oil droplets in the emulsions due to droplet coalescence (e.g.
Sample 2). Because of the set of thresholds for the Image J analysis, some smaller or larger

pores may miss on the pictures. This may bias the calculated average pore sizes.

4.3.3 Printability of the emulsion-based inks

The printability of inks was mainly described by a range of yield stress and storage modulus.
In Minas’s research about the printing of emulsions, a printable ink should exhibit a yield stress
over 200 Pa and a storage modulus over 2 kPa.[17] There are other criteria that can be used to

show the printability of the inks.
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4.3.3.1 Largest span that can be printed using the emulsion inks

For a printed spanning structure, a minimum storage G’ is required which is expressed as:
G' = 14pg(2)*D (20)

where p is the density of the ink, L is the spanning distance and D is the diameter of the printed
filament (nozzle size ~0.41x107 m). This equation is the requirement to ensure that a woodpile
structure or any similar structure that has a filament span hanging like a bridge can be

printed.[13, 85] So the largest span of a ink with a known storage modulus can be calculated

4| GID3
<t 1)

Table 9 shows the density and the largest span of different samples in which the density of the

ink p;ni is calculated using equation

Pink = Pdecane * Vfaecane + Pwater * Viwater + Pai,o; * VfAleg (22)

where Paecane> Pwater and Py, o, are the density of pure decane (0.73 g/cm®), water (1 g/cm?)
an ALOs3 (3.97 g/em®), Vfiecanes Vfwater and Vfai,o, are the volume fraction of decane,

water and Al>O3 in the emulsions. The calculated span is of the order of 3 to 4 mm which

allows grids with decent span size to be printed.

Table 9. The density and largest span of different emulsion samples.

Sample ID Equilibrium storage Density (kg/m?) Largest span (m)
modulus (Pa)
1 5x10* 1459 3.71x107
3 7x10* 1459 3.94x107
4 6.5x10* 1459 3.87x107
5 9x10* 1459 4.20x107
6 5x10* 1310.5 3.72x107
8 4.5x10* 1750.6 3.37x107
10 3x10* 1459 3.19x107
11 6.5x10* 1459 3.87x107
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4.3.3.2 Criterion for a minimum yield stress, a maximum height of the emulsion inks
As described in Chan’s reports, the minimum yield stress for a printable ink in his reports(flow

points in this work as the value is the cross over point between modulus) 7y, is related to the

gravity, suspension surface tension and printed part’s height which is written as:[85]
Trp 2 YD + pgh (23)

where vy is the suspension’s surface tension, D is the nozzle diameter (0.41x10 m), p is the
density of the ink, g is the gravitational acceleration (9.8 m/s?), h is the printed part’s height
(3x10° m). However, the surface tension of the suspension was not measured in this work.
Here, a first approximation is made using surface tension of water (72 dyn/cm~72x10~ N/m)
instead of that of the suspension. This equation shows that a printed bar or any part should be
strong enough (the yield stress or flow point is high enough) so it will not distort neither by the
force of gravity under its own weight (tend to make the part slump) or by the capillary forces
(tend to make the part become a sphere to reduce the surface and therefore the surface energy

of the system).

The maximum printable height h,,,, can also be calculated using the estimation:[25]

D
o,

hmax = Z p (24)

where p is the density of the ink, g is the gravitational acceleration.

Two dimensionless numbers Z and Z, can be used to describe the printability of the

pastes.[25]

D
a,”"

= m (253)

[x)

D
a,”"

g, = y};_l (25.b)

where vy is the suspension’s surface tension, D is the nozzle diameter, p is the density of the ink,
g is the gravitational acceleration, h is the printed part’s height. An approximation is made here

as well for the surface tension of the samples using surface tension of water.

There are two forces that try to distort the printed parts. One is the gravity and the other one is
the capillary forces that try to minimize the total surface. The two dimensionless numbers =

and Z, tell the relationship between the strength of the printed parts and these forces.
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The results of minimum flow point, Apqy, £ and Z,, are shown in Table 10.

Table 10. Minimum Tgp,, Rpyqy, £ and £, of different emulsified slurries.

Composition Variable Minimum Romax = =,
Trp (Pa) (mm)
Decane: 50 vol% GOL: 1 223 0.7 0.04 0.06
Solid: 40 vol% wt/vol%
2 223 12.6 0.81 1.03
BCS: 2 wt%
o 4 223 16.1 1.03 1.31
Stirring: 8000 rpm
GoL: 2wt/vol% BCS: 1 223 11.9 0.76 0.98
Decane: 50 vol% wt%
2 223 12.6 0.81 1.03
Solid: 40 vol%
o 4 223 35.0 2.24 2.85
Stirring: 8000 rpm
GoOL: 2wt/vol% Solid: 30 219 7.8 0.51 0.57
Decane: 50 vol% vol%
BCS: 2 wt% 40 223 12.6 0.81 1.03
Stirring: 8000 rpm
GOL: 2wt/vol% Decane: 30 231 9.3 0.69 0.91
Solid: 40 vol% vol%
BCS: 2 wt% 50 223 12.6 0.81 1.03
Stirring: 8000 rpm
GoL: 2wt/vol% Speed: 3000 223 10.5 0.67 0.85
Decane: 50 vol% rpm
8000 223 12.6 0.81 1.03
Solid: 40 vol%
13000 223 21.0 1.35 1.71
BCS: 2 wt%
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The calculated minimum flow point for most of the slurries is 223 Pa (219 Pa for sample 6 and
231 for sample 8). Most of the printable emulsions in this work have the flow point that obey
this criterion. The maximum height for these pastes ranging from 7.8 to 35 mm except sample
2 which is only 0.7 mm. This means the slump occurs when the second layer is printed for

sample 2.

Most of the slurries have a value of Z over 0.5 and the &', is slightly larger than Z. When
comparing these data with those in M’Barki’s report using a similar nozzle size of 500 pm,
sample 2 is in the slumping area, sample 6 has some shape deformation (about 20 %) and other

samples are in the printable area.[25]

4.3.3.3 Criterion about the relationship between storage modulus and flow point
According to Chan’s report, slumping is avoided when the storage modulus and flow point
exceed a critical value and the relationship between the storage modulus and flow point to

predict the slumping of the emulsions is:

G =L (26)

Tfp

where C; is a constant (5x10° in Chan’s research[85]). Figure 60 shows the storage modulus
and flow points of all the emulsion samples in this work as well as other printable inks that
reported in other papers to see if these inks follow Chan’s criteria. Most of the inks follow the
criteria except two reported by Minas[17] and Muth[19] which are slight below the C; curve.
Sample 2 in this work which is unprintable is at the left bottom corner that is far away from the

Ci line.
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Figure 60. Storage modulus vs. Flow point of differentsch inks.

4.3.3.4 Shear stress profile of the inks in the nozzle during printing
During the extrusion of the inks through nozzles, a shear stress profile characterises the flow

of the inks which can be described using equation

_ rAP
=7

27

where 7, is the radial shear stress, 7 is the radial position within the nozzle, AP is the pressure
gradient, / is the nozzle length.[13, 39] Figure 61 shows the shear stress profile of the inks
passing through a 410 um cylindrical nozzle at a printing speed of 6 mm/s. As the nozzle used
here is conical nozzle instead of straight steel nozzle, the nozzle length used in the calculation
is 0.1 mm which is not a precise value but can give an indication of using straight nozzles to
give an idea of the problems and values in this system. The shear rate of the inks near the nozzle

wall at 6 mm/s through the 410 pm nozzle is calculated using equation 12 as 35 s™'.
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Figure 61. Shear stress profile of emulsion samples extruded through a 410 pm nozzle.

Because of the exist of shear stress gradient, oil droplets occasionally drip down during printing
which means droplet coalescence occurs and these oil droplets do not remain in the bulk of the
emulsified slurries. Figure 62 shows mechanism of shear stress induced loss of organisation of
the emulsions during printing (in a straight nozzle as well). When the emulsion starts to flow,
the shear stress in the nozzle has a gradient that at the nozzle centre, the shear rate is 0 (r=0 pm,
7,=0 Pa) and at the wall of the nozzle, the shear rate is the maximum (=205 pm, 7,=T,max).
During the printing, the inks near the nozzle wall have more applied shear stress which disrupts
the oil droplets and eventually results in oil droplet coalescence. When the emulsion ink is
extruded out, the large oil droplets come from droplet coalescence are not stabilised by the

emulsion network and could lead to large pores on the sample surface (defects).
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Figure 62. The loss of organisation of emulsions during printing. (a) Initial emulsion structure
in the nozzle when the emulsion starts to flow. (b) Oil droplet disruption due to the high shear
stress near the nozzle wall. (¢) Oil droplet structure breakdown causes oil droplet coalescence.
(d) The formation of large oil droplets on the surface of extruded filaments. Reproduced with

permission from[39]

4.3.4 Printed Samples with Different emulsion-based inks
Examples of printed bars using different emulsions are shown in Figure 63. Samples 7 and 9
could not be printed due to their high viscosity and yield stress that demanded very large
pressures for extrusion. On the other side of the spectrum, sample 2 did not hold its shape after
printing, probably due to its low flow point when compared with the surface tension[25]. In
this case the capillary forces can deform the printed bar and cause the emulsion to spread on
the substrate. This is in agreement with the calculations summarized in Table 10 and the low
value of £ and Z, for this emulsion. All the other emulsions can be used to print bars that

retain their shapes.
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Figure 63. Sintered printed emulsion samples.

4.3.5 Microstructure and Strength of the printed samples

The density, porosity and calculated strength of printed samples are summarized in Table 11.
Three specimens of each sample are tested except sample 2 which only have one specimen
tested. The results show that, as expected, decreasing the solid loading in water decreases the
final density. A higher solid loading gives a higher density of the emulsion and finally leads to
a higher sample density. In contrast, a higher decane content reduces the emulsion density and
results in a lower final sample density. A higher stirring speed creates smaller decane droplets
in the emulsion which stabilises the emulsion and reduces the formation and loss of decane
droplets during printing and hence gives the samples a lower density. Despite the fact that
Sample 2 did not retain its shape, the printed parts were cut into a small bar to provide values

for comparison.
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Table 11. Density and Porosity of emulsion samples. Although standard sample 2 bars cannot be

printed, a small bar was cut from the extruded paste for the measurement.

Sample ID 1 2 3 4 5 6 8 10 11

Density 2.44 1.68 2.15 2.04 1.79 1.61 3.09 3.55 2.26

3
@em) 1 1607 +0.16 | £0.03 | £0.11 | £0.06 | £0.04 | *£0.05 | =0.09

Porosity 38.5 57.7 | 458 | 48.6 54.9 594 | 222 10.6 43.1

o
%) +1.8 +4.1 +08 | £28 | £1.5 | £1.0 +1.3 +1.5

Strength 93.8 | 54.1 924 | 919 83.7 | 685 | 1744 | 1874 | 74.1

(MPa) +34.7 +84 | 04 | £8.9 | £14.9 | £25.1 | £59.3 | £10.6

As expected, the samples exhibit a gradual brittle failure in the bending tests as can usually be
observed in porous ceramics (Figure 64). Drops in the stress/strain curve are due to fracture of
isolated ceramic walls while the rest of the sample can still hold load. The strengths (obtained
from the first major fracture in the displacement- stress curve) decreases with the increase of

the porosity (Figure 65).
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Figure 64. Stress applied on the representative specimen during three-point bending test.
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Figure 65. Porosity vs. bending strength of the sintered emulsion samples.

A power fitting of the relationship between the strength ¢ and the relative density p,, can

be done using the model:
0 =A%*pre" (28)

Figure 66 shows the results of fitting of the emulsion samples. The fitting has a n ~1.5 which

is in consistent with what is reported in Gibson’s report for ceramic foams.[86]
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Figure 66. Relative density vs. bending strength of the sintered emulsion samples.
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The strength of the sintered samples in this work is compared with the other reported
emulsion/foam samples in Table 12 and Figure 67. As can been seen in Figure 67, the porous
ceramics prepared using alumina emulsion in this work have similar strength as other reported

ceramics no matter which type of fabrication technology used.

Table 12. Strength of porous ceramics (mostly robocasting and gel-casting with

emulsions/foams) from different reports.

Researcher [Ref.] Strength (MPa)
This work 70-200 (Robocasting, alumina emulsions, 3-point bending, 10-
60 % porosity)
Minas[17] 1-100 (Robocasting, alumina emulsions and foams, compressive

strength, 50-90 % porosity)

Garcia-Tunon[34] 40-80 (Gel-casting, alumina emulsions, 3-point bending, 50 %
porosity)
Costa Machado[18] 10-20 (Robocasting, B-TCP /HA emulsions, compressive

strength, 60-80 % porosity)

Zhang|[87] 1-30 (Robocasting, boehmite foams, compressive strength, 75-
95 % porosity)

Ostrowski[88] 30-200 (Free sintered and hot pressed, porous alumina ceramic,

4-point bending, 20-40 % porosity)

Mao[89] 10-50 (Gel-casting, alumina foams, flexural strength, 65-85 %
porosity)
Chakravarty [90] 20-400 (Spark plasma sintering, porous alumina ceramic, biaxial

bending test, 20-60 % porosity)

Ferraro[91] 35 (Gel-casting, SiC emulsions, 4-point bending, 55 % porosity)
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Figure 67. Comparison of strength of porous alumina ceramics.
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4.4. Conclusion

The functionalization of ceramic particles with a pH responsive block copolymer surfactant
can be used to formulate inks with the viscoelastic response required for the additive
manufacturing of microporous alumina ceramics using robotic assisted deposition. In particular
they exhibit a shear thinning behaviour and, for the printable emulsions, the yield stresses and
storage modulus are large enough to overcome the gravitational and capillary forces and avoid
deformation of the printed parts. The emulsions are stable and there is only limited droplet

coalescence during printing.

The rheological properties of the emulsion-based inks for robocasting are affected by the solid
loading of the suspension, the volume percentage of oil phase, the concentration of the BCS
solution, the amount of pH trigger and the stirring speed during the emulsification. In general,
the viscosity, yield stress and the equilibrium storage modulus of the emulsified inks increase

with the increase of all these factors.

The average micropore size (between 4 and 9 um according to Figure 59) in the final sintered
ceramics can be manipulated by changing the solid loading or stirring speed. The total porosity
can be varied by changing the amount of the oil phase and the stirring speed during
emulsification. The BCS concentration and GSL added in the emulsions are used to adjust their
rheology and make them suitable for robocasting. By combining all these factors, a desirable
microstructure of the ceramic can be achieved. The printed porous ceramics have porosities
from 10 to 60 % with a decreasing bending strength from 200 MPa to 80 MPa which is similar

as other reported alumina porous ceramics fabricated using different techniques.

Robocasting has been proved to print porous ceramic parts with designed porous structure. In
order to fabricate products with more complex structure, a core/shell structure may be

robocasted using different inks.
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Chapter 5: Core/shell structural ceramic composites
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5.1 Introduction

It is a general knowledge that ceramics have high stiffness and low toughness as well.
Robocasting is a promising technology to fabricate ceramic parts with complex shapes.
However, work focuses mostly on printing monolithic ceramics which gives no improvement
to the fracture resistance of the final products. The objective of this section is to fabricate
metal/ceramic composites in which a ceramic matrix is reinforced by continuous metallic fibres.
To reach this goal, filaments with a novel core/shell structure were prepared by co-extruding
an Al,Os and a stainless-steel ink through a single nozzle using a robocaster. The interface
between the core and the shell can also be manipulated by extruding a more complex filament
with a thin layer between them. In this case we have chosen an ink containing a mixture of
graphite and AL,Os to create a porous, weak interface between the Al>O3 matrix and the steel

fibre.

Several researches have built core/shell structures, some of them used polymeric materials with
complex, concentric extrusion nozzles[74], and some of them use short fibres as
reinforcement[75]. However, long fibres are preferred to provide toughness as long fibres give
more fracture resistance than short ones as they can enhance the contributions of bridging of
fibre pull-out.[92] The approach described here provides a simple way to fabricate long
continuous fibres inside the ceramic matrix by using inks based on thermally reversible
hydrogels to build printing cartridges with a core -hell structure. These cartridges can be
extruded through a thin nozzle to print macroscopic parts while retaining their core-shell

structure.

The rheology of the printing pastes is one of the most important factors for successful
robocasting. The rheology of different inks was studied to make it possible to co-extrude them
simultaneously. The microstructure and phases presented in the material where analysed using
X-ray diffraction (XRD) as well as optical microscopy and SEM-EDS. In particular, these
techniques were used to assess the shape and continuity of the steel fibres as well as to
characterize the steel-alumina interface in order to identify possible reactions between the
different materials during sintering. The mechanical properties of sintered dense samples and
grids were determined to understand how the steel fibres reinforce the ceramic products and to
identify the key factors which may affect the properties. Hardness, tensile (in situ in the SEM
using dog-bone samples) as well as three-point and four-point bending tests (ex situ and in situ
in the SEM) were performed in dense samples and the strength of grids was tested in

compression.
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5.2 Results
5.2.1 Rheology Property of the hydrogel inks

5.2.1.1 Effect of Pluronic concentration on liquid-gel temperature transition

Temperature ramp tests were done on Pluronic solutions with concentrations from 15 wt% to
40 wt% to find suitable Pluronic concentrations for robocasting. According to Figure 68, the
15 wt% Pluronic solution does not exhibit a liquid-gel transformation between 0 °C to 40 °C.
For other Pluronic solutions, the liquid-gel transformation temperature decreases with
increasing Pluronic concentration. The proper concentration range for robocasting is from 20
wt% to 30 wt% which shows liquid-gel transformation temperatures ranging from 15 °C to 25 °C

which are suitably close to the room temperature.
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Figure 68. Temperature ramp of solutions with different Pluronic concentration.

5.2.1.2 Effect of alumina concentration on liquid-gel temperature transition

Temperature ramp tests were also done on inks with a constant Pluronic concentration (25 wt%)
but with different solid loadings (Al2O3 from 25 vol% to 40 vol%) to quantify the influence of
the solid loading on the viscosity and liquid-gel transformation temperature (Figure 69). The
graph shows that the solid content has an effect on viscosity (higher solid content, higher

viscosity) but not a big effect on liquid-gel transformation temperature (~20 °C for all inks).
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Figure 69. Temperature ramp of pastes prepared with a 25wt% Pluronic solution but different

solid loadings.

5.2.1.3 Properties of different inks

5.2.1.3.1 Properties of alumina inks
The rheology properties of Al2O3 inks with different solid concentration (prepared with 25 wt%

Pluronic solution) is shown in Figure 70 and Figure 71.
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Figure 70. Flow ramp of inks with Al,Os concentration from 30 vol% to 45 vol%. (Colour band

is the viscosity and shear rate during printing and Pluronic concentration is 25 wt% here)

Modulus (Pa)

IR B IR 2 IR 2R 2% SR
10000 m eV
E o X
ig ¢ v ¢ g 9 ¢ ¢ 9|7
la 8 = 4 & & & 8 &8 |7
|
L " G'of 30 vol% ALO, al”
o G"of 30 vol% ALO, g o A
® G'of35vol% Al O, o
100 < . N
: O G"of 35 vol% ALO, &
A G'of 40 vol% Al O, A
A G"of 40 vol% ALO
10 273
: v G'of45vol% ALO, ”
v G"of 45 vol% ALO, .
1 N— e ,
10 100 1000

Oscillation stress (Pa)

Figure 71. Oscillation amplitude sweep of inks with Al O3 concentration from 30 vol% to 45

vol% (The lines indicate the flow point of the 30 vol%, 35 vol%, 40 vol%, 45 vol% from left to

right respectively).

147



The increasing of solid loading increases the viscosity, flow point and equilibrium storage
modulus of the inks. Figure 72 gives the relationship between the viscosity and solid content

at a fixed shear rate (~35 s!). The viscosity seems to grow linear with the solid concentration.

The relationship appears linear instead of following KD model (Equation 13) because the range
is relatively short (30-45 vol%). In Feilden’s report the dependence for a similar ink

composition is linear in this range of concentrations as well.[20]
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Figure 72. Relationship between viscosity and solid concentration at a shear rate of 35 s\,

Figure 73 gives an example of calculating the viscosity parameter (K) and shear thinning
coefficient (n). As the yield stress ,, is similar as the flow point 7, a first estimation is done
by replacing the yield stress with the flow point in Herschel-Bulkley model. This is a plot of
ln(‘r — Tfp) vs. In(y) of 35 vol% AlOs ink. The slope for this particular case is 0.20 which
means that this is the value of # for this ink. The intercept is 6.16 which is equal to In(K), so

the K for this ink is 473.4 Pa.s". The calculated n and K for inks with different solid loading is
shown in Figure 74 and Figure 75.
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Figure 73. Example of calculation of » and K using 35 vol% Al;O; ink.
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Figure 74. n of inks with different solid loading.
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Figure 75. K of inks with different solid loading.

The n for these inks has a range from 0.2 to 0.4 and the n seems be high for low solid
concentration and then remains constant. The value of K has a linear increasing with the

increasing of solid loading which means the increasing of viscosity.

5.2.1.3.2 Properties of C-alumina inks

Figures 76, 77 and 78 give the rheology property of C-Al>,Os ink used as the interface ink. This
kind of ink has a similar rheology property as the 35 vol% Al>O3 ink. This ink has a shear
thinning behaviour with K= 469 Pa.s", n=0.2, yield point=150 Pa, flow point=450 Pa,

equilibrium storage modulus=24000 Pa and viscosity at 35 s"'=60 Pa.
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Figure 76. Flow ramp of 35 vol% C-AlLO; ink.
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Figure 77. Oscillation amplitude sweep of 35 vol% C-ALOs ink.
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Figure 78. In(t — 14,) vs. In(y) of 35 vol% C-ALO; ink.

5.2.1.3.3 Properties of iron oxide inks

Iron oxide inks prepared with 25 wt% Pluronic solution with a solid concentration of 25 and
35 vol% were firstly used as the core ink for core/shell structures. The aim was to use it as a
precursor for iron (after reduction during sintering in vacuum or reducing H> environment).
The rheology of Fe>Os3 inks is summarized in Figures 79, 80 and 81. The 25 vol% Fe;O3 ink
has K= 97 Pa.ss", n=0.29, yield point=20 Pa, flow point=100 Pa, equilibrium storage
modulus=11000 Pa and viscosity at 35 s'=10 Pa which is quite different from the rheology of
35 vol% AL O3 ink. Although the rheology property of the 35 vol% Fe>O3 ink matches with the
rheology of 35 vol% Al,O3 ink (K= 780 Pa.s", n=0.22, yield point=80 Pa, flow point=400 Pa,
equilibrium storage modulus=25000 Pa and viscosity at 35 s'=100 Pa), the reduction of the
Fe>Os; was not a success. As shown in Figure 82, the Fe;O3 parts seems be not fully reduced

into iron (no metallic cores) thus cannot form long iron fibres in the structure.
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Figure 81. In(7 — 15p) vs. In(¥) of 35 vol% Fe;O; ink.

Figure 82. Optical microscopy of cross section of composite samples printed core/shell
Fe;03/Al,0; filaments (Sintered in vacuum at 1550 °C and the dark holes indicate the Fe,O3

cores).
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5.2.1.3.4 Properties of iron and steel inks

After the failure of iron oxide inks, inks prepared using iron powders and stainless-steel
powders were chosen as the core inks. The rheology of the iron and steel inks is summarized
in Figures 83, 84 and 85. However, the samples prepared with iron inks got oxidised during
drying in air. Finally, the core/shell structural composites used steel inks as the core inks. There
is a problem with the 35 vol% steel ink that although it is printable, it does not flow even if put
it in an ice bath to keep it at 0 °C, so it cannot fill the core during manufacturing the core/shell
syringes. Hence, the co-extrusion process used 30 vol% steel ink as the core ink. These three
inks are all shear thinning with K= 106 Pa.s", n=0.35, yield point=120 Pa, flow point=450 Pa,
equilibrium storage modulus=20000 Pa and viscosity at 35 s™'=50 Pa for 30 vol% steel ink; K=
392 Pa.s", n=0.44, yield point=200 Pa, flow point=600 Pa, equilibrium storage modulus=30000
Pa and viscosity at 35 s'=60 Pa for 35 vol% steel ink; K= 279 Pa.s", n=0.44, yield point=100
Pa, flow point=350 Pa, equilibrium storage modulus=24000 Pa and viscosity at 35 s'=55 Pa

for 35 vol% iron ink.
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Figure 83. Flow ramp of different steel and iron ink.
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5.2.1.3.5 Property of three inks for co-extrusion

5.2.1.3.5.1 Flow ramp

A printable ink should be shear thinning which has a decrease of viscosity with an increase of
shear rate. Figure 86 shows the shear thinning behaviour of three different inks used for
core/shell structure. These three inks have similar viscosity at a same shear rate which makes

it possible for them to be co-extruded.
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Figure 86. Flow ramp of three different inks
5.2.1.3.5.2 Oscillation amplitude sweep

The oscillation amplitude sweep test gives a visible change of the storage modulus (G’) and
loss modulus(G’”) with the change of the oscillation stress which is shown in Figure 87. When
the applied stress is low, G’ is higher than G*> which means the ink has a solid like behaviour
while when the applied stress is high enough, G’ is higher than G’, the ink response is liquid-
like. The cross point of the G’ curve and the G’ curve indicates the flow point of the ink. The
three inks used here have similar flow point ~400 Pa (so as the yield stress) and yield point

~200 Pa which gives it possibility to co-extrude them.
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Figure 87. Oscillation amplitude sweep of different inks

5.2.2 Structural characterization

5.2.2.1 Shrinkage of the printed samples

The printed samples are shown in Figure 36. Assuming that the shrinkage was isotropic, the
longitudinal shrinkage of the samples is calculated using the bar shaped samples (Figure 36 B).
These samples are designed as 35x%3x3 mm during printing. The shrinkage of the samples
during drying and sintering was measured. The original printed samples have an average length
of 35 mm. Dried bars which are then dealt with CIP have an average length of 30.5 mm after
CIP and the average length of the sintered bars is 26.5 mm. Thus, the calculated average drying
shrinkage of the samples is 12.86 % and the average sintering shrinkage of the samples is 24.29 %

(assuming that shrinkage is homogeneous).

5.2.2.2 SEM analysis

Figure 88 shows the fracture surfaces and polished cross sections of sintered AlbO3 and
composites printed with core/shell steel/Al,O3 filaments. Cross sections of bars printed with
one core filaments that have undergone cold isostatic pressing are compared to those that have

not been pressed. The main observations in Figure 88 are:

-There is a clear distortion of the metallic cores in the sintered samples. These cores become

“flatter.”
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-The dimensions of the flattened cores are of the order of 20050 mm.

-The interface between the steel fibres and the alumina matrix is sharp (no reaction products or

porosity are visible in the polished cross sections) but rough at the microscopic level.
-There is significant plastic deformation of the metallic fibres in the fracture surfaces.
-Large pores remain in the sample that did not undergo CIP.

-The C-Alumina ink successfully created a porous interface between the steel and the dense

alumina matrix with a thickness of around 50 mm.
-In the 2-core system one of the metallic fibres always seem to be much wider than the other.

-In the 3-core system some of the fibres may be merging.
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Figure 88. Unpolished and polished cross section of pure AlO3z bars and core/shell bars.
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Because the fibres are not circular in the bar shaped samples. Grid samples are prepared and

the SEM graphs of the polished cross section of the grids are shown in Figure 89.

Figure 89. Polished cross section of grid samples: A) Al,O3; B) 1-core; C) 2-core; D) 3-core; E)

C-interface.

As can be observed in Figure 89, all the sintered filaments have a diameter ~250 mm. The
diameter of the steel fibres is of order of 100 mm for 1-core samples while for 2-core samples,
one of the fibres is much thicker than the other (one is ~50 mm and another is ~20 mm). The
shape of the steel fibres in 3-core sample is much less defined and there seems to be some
merging. Similar as for the dense bars, the C-Al>Os interfacial layer results in a porous interface

~50 mm thick. Comparing with the SEM figures of 1-core, 2-core and C-interface bars, the
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cross sections of 1-core, 2-core and C-interface grids show that the steel fibres are rounder than

those in the bar shaped samples.

5.2.2.3 Volume fraction of steel in the core/shell structure

The volume fraction of stainless steel in the samples were obtained by comparing the area of
the Al,Os and steel in the polished surface SEM figures using ImagelJ (Figure 90). The value
of the area (%) is recognised as the volume fraction of the steel in the samples. The volume

fraction oscillates between 7 % for the porous interface sample and 15-22 % for the others.

Sample Original image Threshold image Area (%)
1-core
200 pm
2-core
3-core (\g
2y ‘;’:A;ea ™
»j21 566
C- o~
L &
interface R N
D( %Area
6.903
Nl W o
=7 L0 (e~ S

Figure 90. Image J analyse of the volume fraction of the steel in the core/shell structure
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5.2.2.4 Density and porosity

A theoretical Al>O3 and steel volume fraction is calculated using the dimensions of the syringe
(diameter of 15.6 mm) and spacers (diameter of 4.5 and 8 mm) during the preparation of the
printing cartridges. First, a theoretical steel volume fraction (V7 )meoretical Of printed samples is
calculated as:

nnr?vg
(TRZ—nmr2)V 4 +nmr2Vs

(st)theoretical = (29)

where n is the number of cores, r is the radius of the spacer, R is the radius of the syringe, V;
is the volume fraction of steel in the ink (0.3) and V), is the volume fraction of alumina in the

ink (0.35). Then the theoretical A1>O3 volume fraction (Vf’)theoretical can be calculated using:

(VfA)theoretical =1- (st)theoretical (30)

The real Al,O3 volume fraction (VfA)real is calculated using the real steel volume fraction
(V@ )rear gained from the ImageJ analysis shown in Figure 90 (assuming the alumina matrix is

dense):
(VfA)real =1- (st)real (31)

The real density p,.q; of these samples were measured by the Archimedes method (Equation

6). The piheoreticar Of @ dense core/shell sample was calculated using the equation:

A
Ptheoretical = psteel(st)theoretical + Pai,o4 (Vf )theoretical (32)

where pyy,0, 18 the density of pure Al2O3 (3.97 g/em?), psreer is the density of pure steel (7.75
g/em?).

The core size differentiation during printing and sintering can be described by a relationship

between theoretical and real steel volume fraction:

Ratio = (st)theoretical/(VfS)real (33)

The AlLO3 and steel theoretical and real volume fraction, density, porosity and the ratio of
theoretical and real steel volume fraction of different samples were listed in Table 13. The

porosity of the samples is calculated using equation 7.

163



Table 13. Al,Os and steel volume fraction, density, ratio and porosity of different samples.

Sample Preat(@/em’) | peneoreticar | (Virewr | (V7 )theoreticar| Ratio | Porosity
(g/cm?)
ALO; 3.67+0.05 3.97 - - - 7.6 %
I-core 4.48+0.07 4.85 0.199+0.015 0.234 1.176 7.6 %
2-core 4.27+0.06 4.52 0.142+0.012 0.146 1.028 5.5%
3-core 4.63+0.07 4.81 0.216£0.017 0.222 1.027 3.7%
C-interface 3.76+0.05 4.24 0.069+0.008 0.072 1.043 11.3%

The porosity of the samples is about 4 to 8 % except for the C-Interface sample which has a

higher porosity (~11 %) due to the porous interface. The Ratios of core-shell samples are close

to 1 which means these samples do not have large core size differentiation.

5.2.2.5 Analysis of interface between the fibre and the alumina about the possible reactions

5.2.2.5.1 X-ray diffraction (XRD)

X-ray diffraction was done on powders obtained from the sintered samples after grinding with

an agate mortar. The Al2O3 matrix was ground into fine powder but most of the steel fibres

deform plastically and do not break (Figure 91).

Figure 91. Photographs of A) ground 1 core sample; B) the steel fibres which can be separated

using a magnet.
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The measured XRD patterns are shown in Figure 92.
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Figure 92. XRD pattern of A) AlO3 matrix; B) Steel fibres; C) samples with different

components.
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5.2.2.5.2 SEM-EDS map results
The SEM-EDS map tests were done on the core/shell samples. The results are shown from

Figure 93 to Figure 97.

120 pm SEI C——1 20 pm Al K

Eﬂ'l.il'l'l . . l{ L 120 pm Fe K

Zﬂ'l.ll'l'l . rK 120 pm CK

Figure 93. SEM-EDS map results of an Al,O3 grid sample (bottom part is epoxy resin).
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Figure 94. SEM-EDS map results of a 1-core grid sample.
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Figure 95. SEM-EDS map results of a 2-core grid sample.
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Figure 96. SEM-EDS map results of a 3-core grid sample.
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| 100 pm OK | 1 100 pm Fe K
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Figure 97. SEM-EDS map results of a C-interface grid sample.

It can be observed from the figures that there are no reactions at the interface, there is no mixing
of the steel and alumina inks during extrusion, and the interfaces are rough at the microscopic

scale.

The carbon shown in Figure 93 is because of the embedding (Epoxy resin). The carbon shown

in Figure 94 to 96 may be some carbon residue from the Pluronic due to the firing in vacuum.
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The carbon ring shown in Figure 97 may be the additional carbon residue from the graphite in

the porous region after firing in vacuum.

5.2.3 Mechanical testing

Three specimens of each single filament sample were used to do the in-situ 3-point bending
test. Each grid sample was undertaken compression test using 3 specimens. Each unnotched
core/shell sample (polished or not polished) was undertaken 4-point bending test using 5
specimens. Three specimens of each notched sample were used to do the conventional 3-point
bending test while another three specimens were used to do the in-situ 3-point bending test.
Due to the hardness of preparing dog-bone shaped samples. Only one specimen of each dog-

bone sample was used to do the tensile test.

5.2.3.1 Single fibre mechanical testing

In-situ three-point bending tests were done on single filament samples. The stress oy was

calculated by equation

- fr (13)

O—f - 7R3

where F is the applied force, L is the support span, R is the radius of the filament.
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Figure 98. A-B) a 1-core single filament before and after bending test; C) Displacement-Stress
curve of the 1-core single filament during bending; D-E) a 2-core single filament before and
after bending test; F) Displacement-Stress curve of the 2-core single filament during bending;
G-H) a 3-core single filament before and after bending test; I) Displacement-Stress curve of the
3-core single filament during bending; J-K) a C-interface single filament before and after
bending test; L) Displacement-Stress curve of the C-interface single filament during bending;
M-N) an AlLLOs; single filament before and after bending test; O) Displacement-Stress curve of
the AL,Os single filament during bending.
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Figure 98 shows the behaviour of the single filament before and after the bending test as well
as the displacement-stress curve. The steel fibres inside core/shell single filaments deform but
do not fracture, preventing the filaments from breaking into two separate parts when the
ceramic shell breaks. The average strength of the samples gained from the displacement-stress
curves is list in Table 14. 1-core and 2-core single filaments are stronger than pure Al>O3 single

filaments, while 3-core and C-interface single filaments are weaker.

Table 14. Average strength of different single filaments

Sample Average strength (MPa)

Al0O3 400+150

1-Core 850+350

2-Core 700£200

3-Core 300£100
C-Interface 300+100

5.2.3.2 Strength and fracture of grids
Grids were prepared for compression tests. Figure 99 gives a comparison between brittle
samples (Al>03) and tough samples (1-core). The stress-deformation curve is shown in Figure

100. The compressive stress o,was calculated by equation

O, = — (12)

Figure 99. A) Compression test of an Al,Os grid (breaking with steps); B) Compression test of a

1-core steel/Al;O; grid (steel filaments hold the grid together by bending).
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Figure 100. Deformation-stress curves of grids with different components.

The introduction of steel cores strengthens the samples. The Al,O3 ceramic gird breaks with
steps that correspond to the individual brittle fracture of single struts. The grids made with steel
cores fail by buckling of the struts and they are able to hold a residual load after failure (with
the exception of the one with porous C interface). Within the number of samples tested, the

results suggest that samples with 2 and 3 cores are stronger.

5.2.3.3 Strength of polished and un-polished bars

5.2.3.3.1 Four-point bending test of bar shaped samples

Strengths of bars with polished and unpolished tensile faces were measured by 4-point bending
test (Figure 34 A). The support span was 20 mm, the loading span was 10 mm, the test speed

was 0.2 mm/min. The equation for the flexural stress of and the strain & here are

_ 3F(L-Lp)

%= ©)
48Dd
T 1112 (10)
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where L is the support span, L; is the loading span, F is the applied force, b is the width and
d is the thickness. Figure 101 is the strain-stress curves of different polished and unpolished
samples. The Al,O3 bar and the C Interface bar show brittle behaviour while other samples

have a gradual failure that may indicate a relatively high toughness.
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Figure 101. Strain-stress of A) polished and B) unpolished samples.
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Figure 102. Strengths of different samples.

Figure 102 shows the average strengths of polished and unpolished samples. There is no
statistically significant difference of the strengths between samples. The samples have average
strengths ranging from 150 MPa to 350 MPa and all the samples have an overlap of the
strengths considering the error bars. The polished samples are stronger than unpolished ones

as there are few defects on the sample tensile surfaces after being polished.

5.2.3.3.2 Three-point bending test of SENB samples
The three-point bending tests were done on SENB samples with a support span of 15mm and
a test speed of 5 um/min. A Linear Variable Differential Transformer (LVDT) was used here

to accurately measure displacement during the tests (Figure 34 B).

Continuous tests were done to compare the behaviours of different samples during bending.
Because the samples are SENB samples instead of bars, the stress calculated here is not the
real stress during bending but gives a reference value of the pressure applied on the sample

during bending test. The equation 8 is used here to calculate the stress oy:

3FL
O-f = 2bd2 (8)
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where F is the applied force, L is the support span, b is the width, d is the thickness of the

rectangular cross section.

Figure 103 A shows the relationship between the force and the displacement measured by

LVDT and Figure 103 B gives the stress-strain curve of the samples. The strain ¢ is calculated

using the equation

6Dd
=% (an

Where D is the displacement, d is the sample thickness and L is the support span.
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Figure 103. A) continuous Displacement-force curves of SENB samples; B) Continuous Strain-

stress curves of SENB samples.
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Similar to four point bending, the Al,O3 sample and the C Interface sample are brittle during

bending while other samples show non-fragile behaviour.

In-situ three-point bending tests were also done under SEM using SENB samples. The test

speed was set at 0.1 mm/min (Figure 104).
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Figure 104. A) SEM graphs of a 1 core SENB bar under in-situ bending test; B) Displacement-
stress curve of the 1 core sample during the bending

The tests illustrate how the steel fibres work during bending. First, the matrix cracks but these

cracks may be bridged by the metallic fibres as the stress go on increasing after the first crack.
When the force increases, the crack grows and the steel fibres start to deform plastically. Finally,

the steel fibres break as well.
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5.2.3.4 In-situ Tensile test of dog-bone samples

i

In-situ tensile test of 1 core dog-bane sample
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Figure 105. A) Before cracking; B) after cracking; C) Displacement-Stress curve of a 1 core
dog-bone sample; D) Displacement-Stress curve of an Al;O3 dog-bone sample; E) Displacement-

Stress curve of a C-Interface dog-bone sample.

In-situ tensile test were conducted using dog-bone samples (Al,O3, 1-core and C-interface).
Both Al>,Os and C-Interface samples were brittle and they break suddenly after the tensile stress

reaches to the highest point. For the 1-core sample (Figure 105 A, B and C), first, there is a
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drop in load as a crack form in the matrix but the sample still did not break in two. Instead, the
stress decreased a bit after cracking but it went on to increase as the displacement increased.

Finally, the part breaks like a brittle sample. The tensile stress g,was calculated by equation

F
o =1 (14)

where F is the applied force and Sy is the area of the rectangular cross section. The tensile

strength of alumina and core/shell composites are shown in Table 15.

Table 15. Tensile strength of dog-bone samples.

Sample Tensile strength

Alumina 25 MPa
1-core sample 22 MPa
C-Inter sample 75 MPa

5.2.3.5 Fracture toughness (Kic)

The fracture toughness(K;c) of the SENB samples were also calculated using equation[93]

(34)

e R
w w

where P is the applied load, S is the span, B is the width of the specimen, W is the thickness of

the specimen, a is the crack length. The applied loads used to calculate the Kic are the forces

in Figure 103 A at which the slope of the displacement force curve stops being linear. It can be

observed that adding of the steel long fibres in the alumina matrix increases the fracture

toughness of the materials (Figure 106).
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Figure 106. Kic of different SENB samples

5.2.3.6 Work of fracture

Fracture energy, also known as work of fracture yy,or was caluclated by the equation
w
Ywor = 5,— (35)

where W is the total energy input of the fracture process, Acs is the area of the fracture surface.

The energy input is calculated by the equation
W = [ Pd§ (36)

where P is the applied load and the do is the change of the displacement of the sample (Figure
107). The value of the W is the area below the load-displacement curve.[94]
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i 1 Displacement & load curve of 1 core sample
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Figure 107. The displacement-load curve which gives the energy input during fracture process

of a 1-core bar sample.

Works of fracture of the SENB samples were calculated by equations 34 & 35. The results are
shown in Figure 108. In principle, the work of fracture can not be measured on brittle samples
(Al203 and C Interface). For these samples, the area under the displacement-load curves is an
upper limit for the work of fracture (the real work of fracture should be lower than the area).[95]
1-core and 3-core samples have similar works of fracture around 1500 J/m? while samples with

2 cores have lower work of fracture about 800 J/m?.
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Figure 108. Work of fracture of different SENB samples.

For comparison, we have calculated works of fracture in unnotched polished and unpolished
samples (Figure 109). The upper limit of work of fracture for Al,O3 samples and the C Interface
samples is around 500 J/m?. 2-core samples have an average work of fracture about 800 J/m?.
1-core and 3-core samples have similar work of fracture around 1200 J/m? among which the

highest one reaches to 2000 J/m?.
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Figure 109. Work of fracture of different samples.

5.2.3.7 Cyclic three-point bending tests

Cyclic three-point bending tests were done on SENB samples as well (except Al,O3 samples
which are brittle). This kind of test was operated by loading-unloading cycles during the
bending period. Figure 110 gives an example of how the stress-displacement (measured with a

LVDT) curves and strain-stress curves look like during the cyclic tests.
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Figure 110. A) Cyclic Displacement-force curves of SENB samples; B) Cyclic Strain-stress

curves of SENB samples

The slopes of stress-strain curves were calculated to estimate the elastic-plastic behaviour of
the samples during bending. The C-Interface samples broke directly so the cyclic test could not

be performed with these samples.

The slopes of the samples are shown in Figure 111 for displacement-force curves and strain-
stress curves separately. From these figures, the slope decreases noticeably with the increasing

number of cycles. The slope of loading is a bit larger than unloading during the same cycle.
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5.3 Discussion

5.3.1 Factors that affect the liquid-gel transition

Figure 112 summarizes the liquid-gel transition temperature of solutions with different
Pluronic concentration. The copolymers (PEO-PPO-PEO) exist as molecules when the
temperature or the Pluronic concentration is low which makes the solution a liquid-like
behaviour. However, a liquid-gel transition occurs when the temperature or Pluronic
concentration keep increasing and thermodynamically stable micelles are formed which results
in an increase viscosity. The polarity of ethylene oxide (EO) and propylene oxide (PO)
segments decreases with the increasing of temperature which leads to the micellization process.
Hence, the PPO content affects the critical micellization temperature: a higher PPO content

makes the micellization temperature lower.[29]

Figure 68 shows that the solid loading of the paste does not influence significantly the liquid-
gel transformation temperature (The liquid-gel transformation occurs from 17 to 23 °C). In
hydrogel pastes prepared with Pluronic solutions, the majority of the strength come from the
hydrogel, not the ceramic particles. [20] The copolymers simply act as carriers of ceramic
particles so the liquid-gel transition temperature is mainly determined by the Pluronic
concentration and the solid loading does not has obvious effects on the liquid-gel temperature.

However, increasing of the solid loading increases the viscosity of the pastes as expected.
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Figure 112. Liquid-gel transition temperature of solutions with different Pluronic concentration

(the empirical liner fitting is valid from 20 to 40 wt%).
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5.3.2 Rheological property of different inks.
Table 16 summarizes the rheological properties of the hydrogel inks used in this work. The

maximum span that can be printed in a grid without deformation is calculated using the storage

modulus as described in equation 16 (L < 3/G'D3/1.4pg). The maximum height that can be

printed with these inks is calculated using equation 19 (hy,q, = el / pg)- All these inks can

y

be printed individually. The shear thinning coefficient (n) is between 0.2 and 0.45, viscosity
parameter (K) is from 100 to 1350 Pa.s" which is mainly depended on the solid loading. These
inks have a flow point ranging from 350 (250 for pure Pluronic solution, 100 for 25 vol% Fe>O3
ink) to 1000 Pa and the equilibrium storage modulus is from 17000 (13000 Pa for pure Pluronic
solution, 11000 Pa for 25 vol% Fe>O3 ink) to 30000 Pa.

One important point is that the steel inks are stable. Despite the high density of the steel and
the relatively large particle size, these inks do not sediment. This may be an advantage of the
hydrogel inks vs. colloidal inks as the particles are immersed in a hydrogel but the colloidal
inks are based on the interactions of the particles in water where some degree of sedimentation

can occur.

Comparing with other inks for robocasting shown in Table 2, the inks used here has a similar
n and K as hydrogel inks reported by Feilden[20], but the n is much smaller and K is much
higher than that of the colloidal ink (using lead zirconate titanate) reported by Smay[13]. The
flow point of the hydrogel inks in this work is similar as other reported hydrogel inks but the
equilibrium storage modulus is somewhat smaller maybe because of the usage of Dolapix as
dispersant that will reduce particle aggregation. The printing viscosities of these inks are

similar as those reported for other robocasting inks.[11-13, 16, 17, 19, 20, 28, 44, 45]
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Table 16. Rheology of hydrogels used in this work (25 wt% Pluronic at 25 °C).

Powder Solid Shear thinning | Viscosity Flow Equilibrium Viscosity Maximum Maximum
loading | coefficient (n) | parameter point storage at 35 57! span in a grid height
(K) (Trp) Modulus (G’eq)
no[20] 0 0.22 550 Pa.s® | 250 Pa 1.3x10% Pa 5 Pas 2.84 mm 25.5 mm
ALO3 30 0.37 147 Pa.s® 350 Pa 1.7x10* Pa 20 Pa.s 2.59 mm 18.9 mm
35 0.2 473 Pa.s” 450 Pa 2x10% Pa 40 Pa.s 2.65 mm 22.5 mm
40 0.24 898 Pa.s" 700 Pa 2.3x10% Pa 100 Pa.s 2.70 mm 32.6 mm
45 0.2 1350 Pa.s® | 1000 Pa 3x10*Pa 120 Pa.s 2.83 mm 43.7 mm
C-ALOs 35 0.2 469 Pa.s" 450 Pa 2.4x10% Pa 600 Pa.s 2.80 mm 23.2 mm
Fe203 25 0.29 97 Pa.s" 100 Pa 1.1x10* Pa 10 Pas 2.28 mm 4.9 mm
35 0.22 780 Pa.s" 400 Pa 2.5x10% Pa 100 Pa.s 2.67 mm 16.4 mm
Iron 35 0.44 279 Pas" 350 Pa 2.4x10% Pa 550 Pa.s 2.44 mm 10.6 mm
Steel 30 0.35 106 Pa.s® 450 Pa 2x10* Pa 50 Pa.s 2.40 mm 15.2 mm
35 0.44 392 Pa.s" 600 Pa 3x10* Pa 60 Pa.s 2.59 mm 18.2 mm

As the Pluronic concentration used for all inks is the same (25 wt%), the Pluronic is mostly

used to dictate the transition temperature.

As expected, the solid loading has strong influence on the rheology. Take the alumina inks with
different solid loading for an example, the viscosity, flow point and equilibrium storage
modulus increase with the increasing of alumina concentration. For the alumina inks, the shear
thinning coefficient is more or less constant (~0.2) except for the ink with lower solid content.
One possible reason is that when the solid concentration starts to go down, the suspension
becomes more ‘Newtonian’. As steel and iron powders are rounder than alumina powders and
round shape could facilitate flow[78], the steel and iron inks have higher »n than alumina inks

(more Newtonian).

5.3.3 Printability of the hydrogel inks
The printability of the inks is analysed using Chan’s criterion (G’ = Cy/tfp, Ci is a constant
~5%10°) using the relationship between storage modulus and yield stress.[85] Figure 113 shows

the plot of all the hydrogel inks in this work. Most inks follow this criterion which means these
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inks are printable in principle. The pure 25 wt% Pluronic solution and 25 vol% Fe>O3 ink do

not follow the criterion which means that it may not be able to be printed.
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Figure 113. Storage modulus vs. Flow point of different hydrogel inks.

5.3.4 The shear stress profile of the inks across the nozzle during printing

The shear stress profile of different inks described using equation 22 is shown in Figure 114.

The nozzle diameter used here is 410 um and the printing speed is 6 mm/s, thus the shear rate

is 35 57! according to equation. As the nozzle used here is conical one instead of straight one,

an indication of using straight nozzles (0.1 mm) is applied here. As the inks for core/shell co-

extruding have similar viscosity, flow point and storage modulus, the inks in one syringe can

be recognised as a homogeneous ink. The core part (-100 um<r<100 pum) is fully inside low

shear stress region (<200 Pa) which indicates the core ink does not have significant deformation

during printing.
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Figure 114. Shear stress profile of hydrogel inks extruded through a 410 pm nozzle.

5.3.5 Rheology of inks not suitable for co-extruding
When the rheology of the inks not match, the inks are not suitable for co-extruding. The ink

with lower viscosity, yield stress, storage modulus would be extruded out first.

The rheology of two un-matched Pluronic based inks (40 vol% AlOs and 25 vol% Fe2O3
dispersed with 2 wt% Dolapix) is shown in Figure 115. These two inks have different viscosity
at a same shear rate and the Fe,Os ink has a lower flow point (90 Pa) than the AI>O3 ink (400
Pa).
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Figure 115. (A) Flow ramp and (B) Oscillation amplitude ramp of 40 vol% Al,O3 and 25 vol%
Fe;0s3 inks (two lines indicate the flow points of 25 vol% Fe;O3 and 40 vol% Al,Os, respectively).

The core/shell ink loaded in the syringe and the cross section of the printed sample are shown
in Figure 116. There is a perfect core/shell cross section before printing (Figure 116 A) but the
cross section of the printed sample shows how the arrangements has been lost (Figure 116 B).
The Fe203 ink with more flowability is extruded out first while the Al2O3 ink cannot be co-

extruded to create a continuous fibre with a regular arrangement.
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Figure 116. A) A syringe with a perfect Al.O3/Fe;O; core/shell loading; B) The cross section of
the printed Al O3/Fe;O3 core/shell sample

When the rheology of the inks matches, their flow is homogeneous through the nozzles, thus
there is no significant deformation during the movement from the syringes to the nozzles and

the final co-extrusion on the substrate.

5.3.6 Structure characterization of the core/shell samples

5.3.6.1 Microstructure

As shown in Figures 88 and 89, in the grids the cross section of the steel fibre is relatively
isotropic (circular) but in the bars there is significant distortion. This is probably due to the
pressure on the extruded line against the base during printing. In addition, the CIP process may
create additional distortion. However, CIP gives a significant densification to the samples and
closes large defects (Figure 88). Before pressing large pores can remain between printed lines
due to limited packing and deformation against the printed part. From the cross-section surface
of the core-shell samples, the steel fibres can be easily distinguished. Plastic deformation of
the steel fibres during bending can also be observed on the fracture surfaces. The formation of
a porous interphase between the steel and the alumina can be clearly observed. The porosity is

generated due to C burning out during sintering.

In the grids most of the steel core parts roughly keep their circular shape except the 3-core
sample (Figure 89 D). Pressure given by the nearby filaments during printing of grids is much
lower than that for the bars and therefore there is less deformation. In the case of the samples
with three cores it is possible that the separation between cores is too small and they enter in
contact partially during printing. As for the dense bars the use of a C-Al2Os interlayer resulted
in the formation of a porous interphase (~50 mm thick) between the steel and the alumina
(Figure 89 E).
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5.3.6.2 Steel volume fraction, density and porosity

The real steel volume fraction is slightly lower than the calculated theoretical volume fraction
using dimensions of the spacers and the syringe. This is in anticipation as the method using
Image J to calculate the volume fraction does not take the microporosity in the alumina matrix
into consideration, so the real volume fraction = area of steel/ (area of alumina + area of pores

in alumina). After the drying and sintering, the steel fibres are denser than Al>O3 matrix.

The remaining porosity in the samples ranges between 5 to 8 %. This value is relatively high.
However, it is consistent with the sintering temperature. The samples were sintered at 1400 °C
which is 100-150 °C lower than typically used with this type of alumina. This temperature was
selected to avoid melting of the steel (430L stainless steel has a melting point between 1425 to
1450 °C). As a result, the Al0O3; matrix were not fully sintered. For the C-interface samples,
the higher porosity results from the burnt out of the graphite during sintering that generated a
porous Al,Os-Steel interphase as intended. When the sintering temperature is higher than the
melting point of the steel, some of the melted steel may come to the sample’s surface form its
core position and form steel drops on the sample surface (Figure 117). This is probably due to
poor wetting of the steel on alumina. The contact angle of Fe-Cr liquids with similar Cr content
as 430L steel on alumina is very high (above 140°)[96]. This is the reason why the steel should
not be melted as shown in figure because the high contact angle make it sweat away from

alumina.

Figure 117. Photograph of a 1-core sample sintered at 1550 °C with steel drops on the sample

surface.
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5.3.6.3 Analysis of interface reactions

According to the XRD and the SEM-EDS analysis, the steel did not react with the Al,O3 or the
graphite during sintering. No additional phases could be detected using any of the techniques.
The reference pattern for steel used here is 434L steel instead of 430L steel because there is no
reference pattern for 430L in the database. The only difference between these two steels is that
434L steel has over 1 % Mn while 430L steel does not. The steel peaks in the XRD analysis of
the C-interface sample pattern are harder to identify because of the lower volume fraction of

the steel in this sample (lower than 10 vol%).

Under the conditions used in this work, no reaction is expected between Fe and Al,O3[97] or
between Cr and Al,O3[98]. In addition, as shown in an Ellingham diagram in Figure 118[99],
neither iron nor chromium are expected to reduce Al>Os. Regarding the reactions with graphite,
it seems that the amount of graphite is small and it is probably eliminated from the sample

before any carbides can form.
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5.3.7 Mechanical tests

5.3.7.1 Thermal residual stress in the samples

When the samples cool down from the sintering temperature, thermal residual stresses develop
because of the difference of the coefficient of thermal expansion between the fibres and the
matrix. This is an important factor that may influence the mechanical properties of the fibre
reinforced composites. The structure of core/shell cylinders can be simplified as shown in
Figure 119. This structure can be used to develop a simple analytic model to calculate the
thermal residual stress in the fibres and the matrix.[100, 101] This calculation is under the
limitations that it is a purely elastic calculation and the properties of the materials are constant

in the whole range of temperature.

L

Figure 119. A concentric cylinder with core/shell structure and stress on a piece of the structure.

Reproduced with permission from[100]

First, the Hooke’s equations are the constitutive equations which show the stress, strain and

temperature changes in the materials:

or—v(og+0z)

& =——F — T & AT (37 a)
&g = —GG_V(GT-'-GZ) + (ZQAT (37 b)
£, = 7z v(0r+0) a,AT (37 ¢)

E
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where ¢, istheradial strain, &g isthe tangential strain, &, isthe axial strain, g, is the radial
stress, agy 1s the tangential stress, o, is the axial stress, v is the Poisson’s ratio of the material,
E is the elastic modulus of the material, «, is the radial coefficient of thermal expansion, ay
is the tangential coefficient of thermal expansion, a, is the axial coefficient of thermal
expansion and AT is the temperature difference during cooling (-1400 °C in this work). The
equations can be rewritten into the stress mode when the material has an isotropic thermal

expansion which means a,=ag=a,=a:

or = (A4 2G)e, + Aeg + Ae, — (31 + 2G)aAT (38 a)
0p = (A4 2G)eg + Ae, + Ae, — (31 + 2G)aAT (38 b)
0, = (A+2G)e, + A&, + Aeg — (31 + 2G)aAT (38 ¢)
where

- (v+1)E(Z—2v) (393)
G = 2(1'1”) (39 b)

Given a radial displacement of u, the strain can be described as:
r=g (40)
e =2 (40 b)
g, = constant (40 ¢)

As the shearing stress of cylindrical symmetry must be 0, the stress should follow the

equilibrium equation:

for 4 Lormce) — g @1)

dr r

the second-order differential equation in terms of u and r is:

d?u 1,du u
T Qg m=0 42)
gives a solution of u as:
C2
u=C0Cr+ - (43)
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where C; and C; are constants determined by boundary conditions:
1) 6., =0 at r=R,

2) Opf =0py at 1T =Ry

3) & =¢&m at 1T =Ry

4) egr = €gm at T =Ry

5) O XVt o, X(1—=V)=0

where 0y, is the radial stress of matrix, o,f is the radial stress of fibre, g,,, is the axial
stress of matrix, g, is the axial stress of fibre, &, is the axial strain of matrix, &,¢ is the
axial strain of fibre, €g,,, is the tangential strain of matrix, €gf is the tangential strain of fibre,

R,, is the radius of matrix, Ry is the radius of fibre, V is the volume fraction of fibres.

The final expressions for stresses in the fibre and the matrix can be solved as:

Orf = (Tlf + TZf)(am — (Xf)AT (44 a)
Ogf = Opf (44 b)
0,5 = (T + Ty)(am — ap)6AT (44 ¢)
and
Orm = (Tum + Tom) (am — a5)8,AT (45 a)
Oom = (Tym + Tom) (am - af)deAT (45b)
Ozm = (Ty + T2) (@ — ap)AT (45¢)
where
RZ
5=(1-"5h (46 2)
f
Rf
6, =(1-— — (46 b)
R2
6g = (1+ r—’zn) (46 ¢)
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and

where the additional parameters are defined as:

M

Eraivy
(5 +Ep)
T =—A—— (47 a)
= 5T
=37 (47 b)
AT v
Tim =52+ A—f (47 c)
A,T; 1
Tom =22+ (47 d)
Tif =06Tim (47 e)
2ve6 2vpy
R (48 a)
_Q-vps  1-vm (1+vm)R% (48 b)
Ef Em EmR,%
A = —(Vf,;:m) (48 ¢)
A
hy=§ -2 L (48 d)

The elastic modulus, Poisson ratio and coefficient of thermal expansion of Al.O3 and steel are

shown in Table 17 and the calculated stresses for the 1-core sample witha AT of -1400 °C are

shown in Table 18. For 1-core sample, as the alumina shell is ~5 % porosity, the Elastic

modulus used here (330 GPa) is ~95 % of the reported value (350 GPa[102]) which is for a

dense alumina.[103]

Table 17. Elastic modulus, Poisson ratio and coefficient of thermal expansion of Al,O3 and steel.

Material | Elastic modulus (GPa) | Poisson ratio | Thermal expansion coefficient (1/°C)
ALO; 330 0.2 7.2x10°®
Steel 200 0.3 15x10°®
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Table 18. Thermal residual stresses in the core/shell samples

Sample Radial stress of Radial stress Tangential stress Tangential Axial stress of | Axial stress of
matrix of fibre of matrix stress of fibre matrix (0, fibre (o,
(arma GPa) (arfa GPa) (GGmaGPa) (Uﬂfs GPa) GPa) GPa)
1-core 1252 1.69 1252 1.69 -0.56 2.94
0.32( 2 1) —0.32( 2 +1)

The radial stress and tangential stress of matrix is related to the position inside the sample (7).
The 7 is from 50 to 125 um (radius of the sintered core and sintered shell of 1-core sample) for
a 1-core sample. The radial stress of matrix at the interface (50 um) is 1.69 GPa. The tangential
stresses of matrix at the interface (50 um) is -2.32 GPa. The negative value for the tangential
and axial stress of matrix indicates that the stress inside the matrix is in the opposite direction

as that inside the fibres.

However, this is just an elastic calculation. This calculation is suggested to overestimate

stresses by a couple of factors:

-The properties of the steel are not constant on the range of temperatures. The Young’s modulus
of steels go down very fast with temperature.[104, 105] The thermal expansion coefficient

increases with the increasing of temperature.[106]

-According to the calculations and Tresca criterium, the difference between two of the principal
stresses (axial stress minus radial stress or tangential stress which is ~1 GPa here) is higher
than the shear yield stress which can be taken as half of the yield stress in tension. So there is

a limit of how much residual stress you can have with metallic fibres (or matrix).

Two assumptions are made here. One is that the R is the radius of a single filament without
considering interaction between the stress fields around different fibres. Another one is that the

fibres are cylindrical.

From the results of the thermal residual stress in the composites, several conclusions can be

made:

-Fibres will be in tension and matrix has tensile radial stress but compressive tangential and

axial stresses.

-The stresses are going to be significant so they can explain some of the trends observed in the

strength measurements.
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5.3.7.2 Three-point bending test of single filaments

Although the displacement-stress curve shows a brittle-like behaviour after the crack occurs
for all the single filaments, the steel fibres hold the filament to prevent it from totally breaking
away (Figure 98). The reason for the sharp decrease of the stress is because during this test the
filament loses contact with the pins after breaking which gives no force to the pins any more.
The strength calculated here is about 4 times of that calculated by using bar samples maybe
due to the less defects in the smaller single filament samples. However, the 3-core single
filament has a much lower strength as we expected. The possible reason is that some of the
steel fibres are not inside the composite structure but on the surface, which can be seen in

Figure 98 G-H. That creates large defects on the surface leading to a decrease in the strength.

5.3.7.3 Compressive measurement of grids

As can be seen in Figure 99 A and Figure 100, the Al2O; sample and C-Interface sample have
brittle compressive behaviour. The compressive stress drops down to 0 MPa once they are
broken while for other core/shell samples, the steel fibres in the structures buckle but can still
partially support the structure after the cracking of the ceramic shell which results in a plateau
of the stress after the drop of the stress. This result is consistent with the behaviour of different
single filaments. The compressive strengths of the core/shell samples range from 60 to 100

MPa.

Some papers have reported the compressive strength of robocasted grids. Miranda printed
HA/B-TCP grids with a filament diameter ~250 um and a road width ~400 um (in plane line
spacing from centre to centre). The compressive strength of HA samples is ~50 MPa and of -
TCP is ~15 MPa. Miranda compressed the grids in z-direction of printing which means that the
individual struts failed because they are compressed or bent whereas in this work, the grids are

compressed in x-y orientation where the struts are buckled during compression.[107]

By comparing the compressive strength of the samples in this work and in Miranda’s paper,
the compressive strength depends on the test orientation, the ceramic materials and the structure

of the grids.

5.3.7.4 Mechanical property of bar shaped samples

5.3.7.4.1 Strength of different bar shaped samples

The bending strength of the bars can be seen in Figure 101, 102 and 103. There is no significant
difference among the bar shaped samples. The bending strength of the Al,O3 sample is ~200

MPa which is lower than strengths often reported for conventional Al>O3 ceramic (~250-350
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MPa)[108]. This is probably due to the limited densification that results from the relatively low
sintering temperature. Although the C-Interface sample has steel fibres in the structure, the low
steel volume fraction and high porosity (>10 %) results in a low strength and a brittle facture
behaviour. The core/shell samples without interface have higher steel volume fraction and

therefore they exhibit a gradual fracture (stable crack growth shown in Figure 104).

During the tensile test of 1-core dog-bone sample, it seems the steel fibres give some
reinforcement to avoid the sample from breaking into two parts (Figure 105 A, B). There is a
drop in load due to fracture of the matrix but the fibres are able to hold the structure together
and the load increases again as the displacement increases until the final fracture. However, the
test speed here was 0.1 mm/min which maybe a bit fast. The reinforcement behaviour maybe

more obvious if the test speed could be slower.

The critical defect size a of purely brittle ceramic materials can be analysed using the

Griffith/Irwin failure criterion between fracture toughness (Kic) and the strength (o):
K,c = Yo(ma)'/? (49)

Where Y is a geometric factor (~1).[109] Taking the alumina samples as an example, the
strengths for the single filament is 400 MPa, for the bar is 200 MPa and for the dog bone is 25
MPa, the calculated defect sizes are 10, 50 and 3000 um respectively (Kic=2.5 MPa.m'?).
Because of the low sintering temperature (1400 °C), the samples are not fully dense, thus there
should be some micro pores in the structures. The calculated defect sizes agree with the fact

especially for the bending test samples (single filaments and bars).

However, the defect size of dog-bone sample is too big (~mm). According to Weibull, the
strength is expected to go down with volume/surface tested (depending if the critical flaw is in
the volume or the surface). The larger the volume of the sample, the more likely a critical flaw
will be found. When the strength is controlled by volume flaws, the relationship between

strength and volume tested can be written as:

Vl/m
1

01 = Uszl/m (50)

where o is the strength, V' is the volume of the sample and mis the Weibull modulus. However,
even considering that the volume/surface is much bigger in tension, the strengths are too low
and the critical defects are too big. One possibility is that the alignment is not good and there
is some degree of bending. Another reason is that these are a bit more complex samples to print

and some big defects (~mm) are already present (Figure 120).
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Figure 120. Polished surface of an alumina dog-bone sample.

The bending strengths of the single filaments are already higher probably due to the small
defect size. In the bars, failure will start in the ceramic matrix in the tensile face. The presence
of the steel fibres may have two effects, there will be residual compressive stresses in the matrix
that work against the applied tensile stresses and in addition there may be less volume defects

as the steel densifies well during sintering.

During the tensile test of the bars, the SEM (Figure 105 A, B) shows that the alumina matrix
cracks but the fibres are still holding the samples so the strength should be something of the
order of fxor where f is the volume fraction of fibres from 0.1 to 0.25. Also, the stress-strain
curve (Figure 105 C) agrees in that this is what is happening. The fracture surfaces of the
samples (Figure 88) show that there is practically no fibre delamination. Assuming the fibres
ultimate strengths of the order of 500 MPa, then the strengths should be of the order of 50-100
MPa. This is a bit higher than the calculated values as there are large defects in the samples

and there are relatively large tensile residual stresses in the fibres.

Regarding the tensile test shown in Figure 105 C, the shape of the curve is what can be expected
following the Aveston-Cooper-Kelly model.[110]. In an ideal ceramic composite with
reinforcing metallic fibres a small dip or plateau can be expected in the tensile stress-strain

curves when the matrix breaks (Figure 121). A bigger dip is observed in the tests of the dog-
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bone samples but this is probably due to the way the sample is held (not griped but resting on
the pins). This means when the matrix breaks there may be a bit of rearrangement. This result
shows that it is possible to combine additive manufacturing and the core-shell filaments

developed here to fabricate fibre-reinforced composites with an ideal behaviour.
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Figure 121. The stress-strain curve of a cement reinforced with long steel fibres. Reproduced

with permission from[110]

5.3.7.4.2 Fracture behaviour of the bar shaped samples

The calculated fracture toughness (Kic) of SENB samples are shown in Figure 106. The value
of Kjc is in proportion with the steel content (3-core >1-core>2-core>C-Interface>Al,03). The
works of fracture (yyor) describe the required amount of energy to break off a sample. As
shown in Figure 108, the calculated works of fracture are consistent with the fracture toughness.
Table 19 shows a comparison of Kic, yyor and strength between the samples in this work and

other reported ceramic-metal composites.
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Table 19. Fracture toughness, works of fracture and strengths of different composites.

Researcher [Ref. ] Material e Ywor Strength
(MPa.m'?) | (KJ/m?) | (MPa)
This work Steel in ALO3 (10~25 vol%) 3.8~5.5 1~2 200-450
Hoffman[111] Al'in Al,O3 (13 vol%) 4~7 100~140 160
Pemberton[112] Steel in ALO3 (5~15 vol%) - 2~25 -
Ferraro[113] Al-4Mg in AL,O3 (65~80 vol%) | 14.5~15.5 3~6 400-600

So, the variation of the Kjc in this work is not large with all the samples have a Kjc close to the
alumina value. Since the crack of the core/shell samples starts in the matrix, it is difficult to
measure exactly in the curve when the crack starts. In addition, the small increase in the
measured Kjc may be caused by the residual compressive stresses in the matrix. The fracture
toughness of ceramic matrices reinforced with metallic fibres/laminates vary in different
reports as people used different metal, different reinforcement type (fibres or laminates) and
different metal volume fraction. Hoffman [111] used aluminium fibres in the alumina matrix
(13 vol%) and the Kic is similar to the one of the matrix as well. Ferraro [113] used freeze
drying to produce the composites with metal/ceramic laminates. The samples in his work have
a metal volume fraction over 65 vol% which give the composites a relative high fracture
toughness. Pemberton’s matrix [112] is not fully sintered alumina but something like a cement
as the matrix is only consolidate at 450 °C. For that reason, their works of fracture are a bit
higher than the core/shell composites in this work because the weak matrix make the

contribution from delamination significant.

The work of fracture of pure alumina ceramic cannot be measured using the area under
displacement-load curve as the fracture is brittle and therefore the area overestimates the work
of fracture. However, because it is brittle, an estimate on the work of fracture can be get by

calculating Gc critical strain energy release rate that is

Gec = KICZ/E (51)

Where Kjc is the critical stress concentration and £ is Young’s modulus. In this case, Kic is 3
MPa.m!? and E is 350 GPa[102], the Gc is around 25 J/m?. By adding the fibres, the work of

fracture is increased by an order of magnitude (Figure 122).
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Figure 122. Work of fracture of the samples with different experimental fibre concentration.

5.3.7.4.3 Predicted work of fracture calculated using work of deformation

Assuming the work of fracture of the matrix is negligible, the degree of delamination is very
limited and therefore the contribution of delamination is very small. The work of fracture is
determined by the deformation and rupture of the steel fibres. In the absences of substantial
delamination, the expected work of fracture, yy s, could be calculated using Clyne’s model

VfoRWf

Ex

Ywor = (52)

where V; is the volume fraction of the fibre, s; is the fibre deformation aspect ratio, R is the
radius of the fibre, W; is the work of deformation of the fibre and ¢, is the fibre strain to
failure.[112] The model assumes that the main contribution to the work of fracture is the
deformation of the metallic fibres. The work of deformation and fibre strain to failure of 430
stainless steel can be approximated from the stress-strain curve shown in Figure 123 which is
~120 MPa (MJ/m?) and ~0.25 at 23 °C.[114] The fibre deformation aspect ratio is ~1 as there
is almost no delamination in the system and the length of fibre protruding/deformation is very

small according to the SEM pictures. The fibre radius can be assumed as 50 um for 1-core
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samples and 25 um for 2-core, 3-core and C-Interface samples. The predicted work of fracture

of the core/shell samples are shown in Table 20.
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Figure 123. Strain-stress curves of 430 stainless steel at different temperature. Adapted with

permission from|[114]

Table 20. Predicted work of fracture of different samples

Sample Predicted work of fracture Experimental work of
(KJ/m?) fracture (KJ/m?)
1-core 4.8 1.2
2-core 1.8 0.7
3-core 2.6 1.4
C-Inter 0.8 0.2

The predicted value of work of fracture is a bit larger than the measured value. One possibility
is that the fibres are flat instead of typical circular which may decrease the work of fracture of
the composites. Another possibility is that the fibre work of deformation is calculated from a
graph for bulk steel not from the actual fibre. The fibre deformation aspect ratio is also an

approximation taken from the images of fracture surfaces.

This model tells that the more steel in the composites the more work of deformation and

therefore the higher work of fracture can be observed.
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5.3.7.5 Variation of strength with fibre content

5.3.7.5.1 Flexural strength

The flexural strength vs. fibre content is shown in Figure 124. Although there is no significant
difference of the strength shown in Figure 102, there may be some relationships between the
strength and the fibre content. When the volume fraction of fibres is lower than a minimum
volume fraction (~ 0.1 according to Figure 124), the fibres do not give obvious influence on
the flexural strength of the composites. However, when the fibre volume fraction is larger than
the minimum volume fraction, the increasing of fibre content results in a slight increase of
flexural strength. The possible reason may be less porosity of steel fibres or more residual

compressive stresses in the matrix.
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Figure 124. Flexural strength vs. experimental fibre content of the core/shell samples (An

average value of polished and unpolished samples is used here as they are similar).

5.3.7.5.2 Tensile strength

The tensile strength of an Al2O3; dog-bone sample is shown in Figure 105 D. The tensile
strength of the sample is 25 MPa which is much lower than reported tensile strength for dense
thin flat alumina ceramic (~150 MPa)[115]. The tensile strength of 1-core sample is only 22
MPa as shown in Figure 105 C. However, the C-Interface sample seems to have a much higher

tensile strength ~ 75 MPa (Figure 105 E) maybe because of the lower residual stress. The
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relationship of the tensile strength and the fibre concentration cannot be obtained here.
However only few samples were tested (one of each type) and there is probably a relatively
large variability of tensile strengths and defects sizes in the 3D printed dog bones. The strength
for the pure alumina suggests a relatively large defect size (consistent to some extent with the

SEM images, Figure 120).

The tensile strength of 430L stainless steel is reported as 480 MPa.[116, 117] As the matrix
breaks first and the fibre hold the sample together (only one crack is observed before breaking
in this test). If the fibres are the ones holding the load, a simple rule for tensile strength (o,.) of

this fibre composite can be written as:
g, = O'fo (53)

where of is the tensile strength of fibre and vf is the volume fraction of fibre.[118] However,
the predicted tensile strength is larger than the measured strength (~100 MPa for a steel strength
of 480 MPa and steel volume fraction of 0.2). One possible reason is that the sintered fibre may
be weaker than the bulk steel as reported. [116, 117] Another one is that there are tensile

stresses in the fibres.

Equation 53 is valid when the matrix fails first and there is enough fibre concentration so that
the fibres are able to hold the sample after the matrix fails. This seems to agree with the shape
of the stress-displacement curve (Figure 105 C) and the in-situ observations in the SEM (Figure
105 A and B). However, it does not agree with the fact that the sample with the C-interface
(that have less steel) is stronger or the observation that the strength of the alumina sample is
very similar to the strength of the sample with fibres (1-core). As only very few samples have
been tested, the results are preliminary. The strengths may be influenced by an inhomogeneous
defect distribution from sample to sample and the effects of residual stresses are not considered.
More testing will be needed to fully assess the validity of equation 53 to describe the tensile

response of the composites.

5.3.8 Cyclic three-point bending tests

As can be observed in Figure 111, the decrease of the loading-unloading slopes during cyclic
tests with the increasing number of cycles is related to increasing plastic deformation during
bending. As the plastic deformation of fibres increases, the compliance of the sample increases
and therefore the slope of the loading-unloading curves (basically the stiffness, the inverse of

the compliance) decreases (even if the crack lengths do not increase). The 1-core and 3-core
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samples have higher slope decreases than the 2-core samples. This will implicate higher degree
of plasticity that correlates well with their higher works of fracture. The main reason is that 1-
core and 3-core samples have higher fibre volume fraction (~22 vol%) than 2-core samples (15

vol%).

5.3.9 Hardness test of the core/shell composites

Some indentation imprints of Vickers hardness test of the core/shell samples are shown in
Figure 125. The Al>Os part has a hardness ~1100 HV which is lower than the typical hardness
(1500 HV) of a dense Al,O3 ceramic object (Figure 125 A). One possibility is that the stress
field of the indentation extends beyond the indenter mark and therefore steel is probed as well.
On the other hand, the steel part has a hardness ~300 HV which is higher than the typical
hardness (200 HV) of a pure steel (Figure 125 B). A possible reason is that the steel part is
smaller than the size of the indentation so the measured hardness is the hardness of a mixture
of AbO3 ceramic and steel fiber. The cracks coming from the tips of the diamond shaped
indentation are stopped when they extend to the edge of the steel parts what qualitatively
confirms the good adhesion between steel and the matrix observed during the fracture tests

(Figure 125 C).
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Figure 125. A) Indentation on the Al,O; part; B) Indentation on the steel part; C) Indentations

on the cross section.

5.3.10 The influence of the fibre shape on the mechanical properties of the products

As the steel fibres are not typically cylinder, the mechanical properties of the products may be
affected by the fibre shape. Since the cores are all squeezed in the same direction, the
deformation of the fibres may result in an increase in the anisotropy. This means the response
after loading in the direction perpendicular to the fibres will not be exactly the same. Also, the
sharp corners of the steel fibres could be the points for stress concentration that can be
recognized as the defects in the structure which can have a detrimental effect on the mechanical

properties. In addition, the shape will also influence the distribution of the thermal stress.
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5.4 Conclusion

A model system is used to demonstrate that thermally reversible hydrogels (using Pluronic)
can be used as inks to print filaments with core/shell structures containing one or multiple cores
into three-dimensional composite objects. The approach also allows the addition of interlayers

between the core and the shell.

The conditions for co-extrusion are demonstrated. Matching the yield stress and viscosity of
the core and shell inks is required. These rheological properties are adjusted using inks based

on the thermally reversible hydrogels with different solid concentrations.

The approach is demonstrated in a model system consisting of a ceramic matrix (ALO;)
reinforced with metallic (steel) long fibres. These composites exhibit an ideal behaviour close
to what can be expected from the Aveston, Cooper and Kelly’s model.[110] The mechanical

properties of the composites relate to the volume fraction of steel in the system (vol% of fibres).

In this particular composite, the strength of the matrix can be retained and even improved and
the work of fracture is increased by two orders of magnitude which is mainly due to the plastic

deformation of the steel fibres.

The interphase between the matrix and the fibre can be manipulated using this method.
However, in the Al,O3/Steel composite, a weak interphase does not have a significant effect on
the mechanical properties. The main reason may be the low steel concentration for this type of

composite (below 10 vol%) which reduces the contribution of the fibre plastic deformation.
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6. Conclusion and Future work
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6.1 Conclusion

Approaches are developed in this work to enable further microstructural control of porous
ceramics and build complex robocasted structural ceramic composites. The approach strategy
is based on inks either responsive to pH or to temperature. Two specific systems are used to

demonstrate the strategy:

-The microporosity (the porosity at the 1-10 um level) is controlled using pH responsive

emulsions.

-Multimaterial ceramic matrix composites with continuous metallic fibres are fabricated using
thermally reversible hydrogels to create core/shell cartridges and combining co-extrusion with

co-sintering.

First, a kind of emulsion-based ink was used to produce porous ceramic with controlled pore
parameters successfully by robocasting. The rheology of the ink is studied by adjusting several
factors during the emulsion preparation. These factors, including the solid loading of the
suspension, the volume percentage of the oil phase, the concentration of the BCS solution, the
amount of GOL and the stirring speed of the emulsification, were manipulated to fabricate

porous ceramics with desired microstructures.

Then, a novel structure - core/shell - was utilized in this work to produce metal/ceramic
composites by robocasting. In this structure, continuous long steel fibres were used to give
reinforcement to the ceramic matrix. With the aim of understanding how the steel fibres affect
the mechanical properties, samples with different number of steel fibres in one filament and
samples with different shapes were produced. The continuous steel fibres in the alumina matrix

increase the toughness of the matrix without sacrificing the strength of the final product.
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6.2 Future Work

There are three main challenges remaining for future work.

6.2.1 Light materials

As the metal/ceramic core/shell ceramic matrix composite is fabricated successfully by
robocasting. The core/shell structure may also be used to produce porous/dense (or
dense/porous) ceramic parts which is shown in Figure 126. The porous cores or shells could be
produced using emulsion-based inks and the dense parts could be fabricated using suspension
prepared with BCS (no oil added, no emulsification) or Pluronic-based inks. The rheology of
these two inks should match each other in order to be able to be co-extruded. In preliminary
porous/dense ceramic structures, a water droplet can flow through the porous channel gradually

(Figure 127).

-
10um L

Figure 126. SEM graphs of A) polished cross section of a porous/dense core/shell bar; B)
polished cross section of a porous/dense core/shell grid; C) the interface between the porous

core and dense shell of a polished grid.
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Figure 127. Optical microscopy graph of the cross section of a porous/dense core/shell bar with
some water permeating through the porous channels (the arrows indicate the position of water

droplets).

Further optimization can be done on the porous/dense structure to fabricate ceramic filaments
or bars with better circular cores. As the pore parameters can be adjusted by using different
emulsified inks, the permeability could be adjusted as well. As the ceramic parts have some
porous structure, the density of the ceramic is lower than pure dense ceramic. The mechanical
property of the bars and grids can be measured to see if these products still have high stiffness

with lighter weights compared with dense ceramic products.

6.2.2 Core/shell ceramic/ceramic

Since the metal/ceramic system is demonstrated, the ceramic/ceramic system may also be a
possibility. For example, ZrO> which is also a frequently used ceramic material can be used to
combine with AlbO3 to form this system. Pluronic can be used to prepared thermally reversible
hydrogels. The most important thing is that the rheology of the inks should match each other.
As these two materials will undergo co-extrusion and co-sintering, the difference of thermal
expansion coefficient should be taken into consideration. Also, which material should play the

role as the core part should be considered.
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6.2.3 Interfacial engineering

Graphene inks have been tried to function as the interfacial phase. The ink is prepared by
adding Pluronic powders into graphene oxide solutions to make it thermally reversible. (20 wt%
Pluronic and 17.98 mg/ml graphene oxide) However, the viscosity of this ink is relatively
higher than the steel and the Al>Os inks unless the graphene oxide concentration is decreased
to a relatively low level. Figure 128 shows the cross section of a core/shell bar shaped sample
with graphene interface. However, there are no concentric rings that can be viewed on the cross
section of the graphene interface sample. This kind of ink may need more work. For example,
find another solution to decrease the viscosity of the ink or try to prepare inks with lower

graphene oxide concentration.

Figure 128. Cross section of a core/shell sample with graphene interface.

In addition, other approaches can be used to create weak interfaces beside carbon (e.g. monazite

in oxide-oxide composites).[119]
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