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ABSTRACT

RHEOLOGICAL CONTROL OF REACTIVE AND NONREACTIVE
PARTICLES

LYN ZEMBEREKCI

Materials Science and Nano Engineering, MSc. Thesis, 2020

Thesis Advisor: Assoc. Prof. Dr. Ozge Akbulut

Keywords:
Rheology, Dispersion, Cement, Coagulation, Nano Particles, Linear

Copolymers

Controlling the shear response of colloidal systems is critical in the ceramics
industry as it affects the final properties of the product. In this thesis, reactive
cementitious particles and nonreactive ceramic particles were studied and
characterized by a colloidal science point of view. In the first part, the formulation
of an extrudable, lightweight, high-strength cement-based material that utilizes
industrial waste products was achieved. A random grafted copolymer that capitalizes
electrostatic repulsion and steric hindrance was the key to control the flow of the
particles. In the optimized mixture, high performance was maintained in terms of the
compressive strength at 80 MPa and the dry hardened density at 1900 kg/cm?.
According to the American Concrete Institute, this formulation is classified as high-
strength (>55 MPa) and lightweight (320-1920 kg/m?®). In the second part, the green
machinability of yttria-stabilized zirconia was attained by employing a linear random
copolymer. The copolymer was designed to coagulate the system by polymer-
polymer bridging and facilitated an innovative ceramic gelcasting approach. The
optimized system resulted in a shrinkage of 22.8%, a flexural strength of 149 MPa,
and a density of 5.93 g/cm®. Compared to the values given in the literature; the
shrinkage is 20-30%, the flexural strength is 150 MPa, and the theoretical density is
6.07 g/cm?.
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OZET

REAKTIF VE REAKTIF OLMAYAN PARTIKULLERIN REOLOIJI
KONTROLU

LYN ZEMBEREKC]

Malzeme Bilimi ve Nano Miihendislik, Yiiksek Lisans Tezi, 2020

Tez Danigsmani: Assoc. Prof. Dr. Ozge Akbulut

Anahtar Kelimeler:

Reoloji, Cimento, Kogaiilasyon, Nano Partikiiller, Kopolimer

Seramik endiistrisinde kolloidal sistemlerin kayma tepkisi {riiniin nihai
ozelliklerini etkilediginden otiirii kritik bir onem tasimaktadir. Bu tez ¢alismasinda,
reaktif cimento esasli partikiiller ve reaktif olmayan seramik partikiiller incelenmistir ve
kolloidal bilimi bakis agisiyla karakterize edilmistir. Caligmanin ilk kisminda, endiistriyel
atik trtinlerinden elde edilen, ekstriide edilebilir, hafif agregali ve yiiksek dayanimli
¢imento esasli malzeme formiilasyonu elde edilmistir. Elektrostatik itme ve sterik engel
ozelliklerinden faydalanan rastgele graftlanmis kopolimer, partikiillerin akigini kontrol
etmek i¢in kilit nokta olmustur. Optimize edilmis karisimda, 80 MPa basing dayinimi ve
1900 kg/cm?® kuru-sertlesmis yogunluk cercevesinde yiiksek performans korunmustur.
Amerikan Beton Enstitlisii’'ne gore bu formiilasyon, yiiksek dayanimli (>55 MPa) ve
hafif agregali (320-1920 kg/m?) olarak siniflandirilmistir. Calismanin ikinci kisminda,
rastgele dogrusal bir kopolimer kullanarak itriya ile stabilize edilmis zirkonyanin yas
islenebilirligi elde edilmistir. Bu kopolimer, sisteme polimer-polimer kopriileme ile
koagiilasyon yapmasi i¢in tasarlanmistir ve inovatif bir seramik jel kaplama yaklasimina
olanak tanimisir. Optimize edilmis sistem %22.8’lik bliziilme, 149 MPa’lik egilme
dayanimi ve 5.93 g/cm?’liik yogunluk degeri gdstermistir. Literatiirde verilen degerler ile
karsilastirildiginda; biiziilme %20-30, egilme dayanimi 150 MPa ve yogunluk 6.07 g/cm?
olarak goriilmektedir.
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CHAPTER 1

INTRODUCTION

1.1. Thesis Overview

I have divided my thesis into three main chapters; the first chapter introduces and
links the following chapters together and at the same time serves as an introduction to
rheology, specifically concepts pertaining to the presented work.

The second chapter is entirely focused on the formulation of robust extrudable
cement-based systems using three main cementitious particles: white cement, silica fume,
and fly-ash cenospheres particles. It is also indicative of taking a rheology-based
approach to design a formulation for a specific application, in this case, extrusion of
cement-based materials. This chapter is collateral to my group’s previous research on
grafted copolymers additives. The purpose of that was to cater to niche cementitious
systems as opposed to the commercially available additives that work only with ordinary
Portland cement. The research in this thesis was carried out to further study the
compatibility of the grafted copolymers with more cement-based particles.

The third chapter is devoted to the green machinability of nano yttria-stabilized
zirconia that was made possible by employing a linear copolymer. I delve into the design
of the copolymer, which behaves as a coagulant (flocculant) of nano yttria-stabilized
zirconia. | start the discussion by introducing a set of polymers and discussing the
underlying polymer chemistry. Then, I relate the polymer chemistry to the behavior of
ceramic particles. The connection was made clear by recording a set of different
rheological behaviors with every copolymer at different percentages. The results of both

of the chapters will be submitted to befitting peer-reviewed journals.



1.2. Thesis Objective

The objective of my thesis is to study the rheological behavior of different particles;
reactive, such as cementitious particles, and nonreactive, such as ceramic particles, in
relation to colloidal science. At the same time, the purpose was to modify that behavior
through an application-based approach by introducing a specifically-designed polymer
to the particle systems. Furthermore, testing the materials at every step of the design was
crucial to comply with the standards and prove the reliability and reproducibility of the

results as well as their comparability to the existing research on the topics.

1.3. Introduction to Rheology

Rheology is the science that studies the flow of materials, originating from the
Greek word “rhein” meaning “to flow” [1]. Different materials display this rheological
behavior differently; for instance, highly viscous materials exhibit a stronger resistance
to shear stress/rate than fluid materials. While it is a phenomenon that can be assessed
macroscopically, this rheological response is directly related to the type of interaction
between the particles on the microstructural level [2]. Recently, material systems have
been optimized for different applications using a rheology-based approach to design
stable formulations. These systems include but not limited to; additive manufacturing,
conventional ceramic processing, modified ceramic processing such as direct coagulation
casting and gelation, conventional concrete casting, and modified concrete casting such
as self-consolidating concrete [3-7].

A particle-system (suspension) is formed by loading particles into a liquid where
they stay suspended or sedimented or coagulated based on the interparticle forces in the
system. If they have strong attractive Van der Waals interparticle forces and/or high
surface area, then, they agglomerate or precipitate, thereby, increasing the viscosity of
the suspension [8]. While in certain instances agglomeration is desirable to achieve a
coagulating or gelling effect, it can also result in an unstable suspension. Instability is
characterized by the separation of the phases, i.e. liquid-solid phase separation, often
utilized in water treatment applications [9]. One way to track the rheological response of

a material is by understanding the dispersion of particles in the suspension, which



depends on the loading, the surface properties of particles, and particle-medium
interactions [2, 8]. This chapter explores the theory of understanding the dispersion of
particles and the mechanisms employed to modify them by modifying their rheology.
Furthermore, the chapter underlines the different rheological behaviors of materials and
their importance in engineering applications; the next chapters put the theory into the

experiment.

1.4.  Stability of Colloids and the DLVO Theory

The stability of colloidal particles suspended in a solvent is crucial to avoid
undesired agglomeration or sedimentation of particles [10]. Additionally, the higher the
stability of the suspension, the higher the solid concentration could be to remain in the
flowable state [2, 8]. Orderly structured and highly loaded colloids are necessary for ink
formation for additive manufacturing and injection molding applications. The reason is
that the obtained experimental density of such inks would be the closest to its theoretical
value [4, 5].

Assuming the particles in a suspension are hard spheres and are moving in a
Brownian (random) motion. Starting with examining the particles in a medium without
any additives, there will be two cases for the initial stability of the suspensions: 1) if they
have intrinsically high surface potential, the suspension would be stable due to the
predominant electrostatic repulsion. And 2) if the particles are partially/weakly ionic, the
van der Waals attraction will be predominant, which exists due to the dipole-dipole
interaction between the particles, thus leading to agglomeration as they stick together.

Furthermore, if chemical additives such as dispersants, polyelectrolytes, and salts,
frequently used for stabilization, are added to the suspension, the resulting phenomena
can be described by the DLVO theory! [11]. To elaborate on this theory, we take an
example of a partially negatively charged particle, as illustrated in Figure 1. Upon the
addition of a positive ion in the solution, these ions adsorb and strongly bond to the
surface of the particle forming what is called a stern layer. This strong positivity will

attract some negative charges that surround the Stern layer and form the diffuse layer.

! Named after Derjaguin, Landau, Verwey, and Overbeek



However, the diffuse layer is still predominately positive, which is clear by the drop in
the potential energy shown in Figure 1. Together, the Stern and the diffuse layers are
referred to as the double layer on a colloidal particle. Thus, a potential exists between the
boundaries of these two layers, known as the Stern potential. Another potential known as
the Zeta potential is created at the slipping plane that exists between the diffuse layer and
the medium. The interaction among the double layers of the particles that are approaching
each other in the solution determines the stability. In this case, the DLVO theory shows
that the total potential energy is equal to the sum of the van der Waals attraction and the
double layer repulsion as, V; =V, + Vi. The repulsion is taken as positive and the
attraction as negative, if, Vi > 0, Vi is predominant and the colloid is stable. If V < 0,
V, is predominant, the colloid is unstable, and that causes particles to agglomerate.
Similarly, if the diffuse layer is large, then, the double layer repulsion and the zeta
potential will be higher. Therefore, the zeta potential is an accurate indicator of colloid
stability and is often experimentally measured [12]. Concerning rheology, the described
particle-particle interaction, based on their surface features, reins the behavior, and
directly affects the viscosity [2]. Stable suspensions with high zeta potential values have

lower viscosity values as oppose to unstable agglomerated ones [13].
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Figure 1 Illustration of the electric double layer, Stern potential, diffuse
potential, and Zeta potential

1.5. Rheological Behaviors of Non-Newtonian Liquids

Non-Newtonian fluids do not exhibit a linear relationship between shear rate and
shear stress [1, 14]. Viscosity, which is the slope of the shear stress vs. shear rate graph,
is not constant thereof. Many materials that do not have liquid-like consistency fall under
this category. Some examples are; concrete, pastes, reinforced polymer melts [15-19].

Two of the most common non-Newtonian behaviors are shear thinning and shear
thickening, which are nonlinear viscoelastic flow behaviors [1, 14, 20]. The viscosity
decreases with the shear rate in shear-thinning materials, whereas it increases as a
function of shear rate in shear thickening materials. The response that the material
exhibits can be either intrinsic or can be modified between these two behaviors depending

on many factors such as the particle size, surface properties, and suspension stability. The



structural rearrangement of shear-thinning is ordered by the breaking of the weak bonds
in particle clusters at high shear rates. In shear thickening, the structure is disordered
when individual particles form colonies, which is governed by hydrodynamic lubrication
[20].

Another important concept is the thixotropy. It is defined as the continuous
decrease of viscosity with time when shear is increased, which is reversible upon the
arrest or decrease of shear. This phenomenon implies time and shear history dependency,
as if the microstructure of the material has a “memory” that can be recovered, creating a

hysteresis loop thereof [21].
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CHAPTER 2

FORMULATION OF PRINTABLE HIGH-STRENGTH LIGHTWEIGHT

CEMENT-BASED MATERIALS

2.1. Introduction

One of the Additive Manufacturing (AM) techniques, known as the layer-by-layer
deposition, in cement-based systems has pioneered numerous studies to investigate the
fresh properties of cementitious materials [1-8]. Using a printer on construction sites
boosts the process efficiency by minimizing the overall cost and duration of a project, as
well as the risk of on-site fatal accidents of laborers [9]. Concerning various architectural
demands, having control over the deposited material —without the need to use expensive
formwork— enables the deposition of complex geometrical designs [6, 10].
Furthermore, the automated nature of the process enables the use of cement-based
materials in spatial applications [11].

Similar to the successful AM models followed for various materials in disciplines
outside of the construction field, not only the specifications of the printer (model, motor
capacity, nozzle size) are considered to be the governing parameters, but also the material
formulation [12—14]. Current formulations of ordinary Portland cement (OPC), silica
fume, quartz, metakaolin, kaolin, and limestone filler with 1-3% of additives are used
and optimized to obtain stable and buildable cement-based filaments [15]. However,
these formulations principally targeted OPC-based cementitious systems due to the lack
of commercially available rheology-modifying additives (RMA) or high range water
reducers (HRWR) for other types of cement-based materials. As 3D-printing applications
heavily depend on the rheology of the medium, the lack of an RMA compatible with the
particles means not reaping the benefits of the properties of the material coming from 1)
other types of cement such as white cement and ii) an increase in the content percentage

of waste materials [16—-18]. Consequently, systems containing only OPC and a low



percentage of other cementitious materials resulted in high strength, low density, or high
thermal resistance but lacked the inclusivity of all of the three features together [19].

Therefore, to prepare a formulation that results in all of the three features, there is
a need for an RMA that can cater to controlling all of the added particles [20, 21]. In this
thesis, an AMPS-modified poly(carboxylate ether)-based RMA was produced and tested
with white cement and two new types of recycled waste materials, silica fume, and
cenosphere particles. This grafted polymer was found to be compatible with other
cementitious particles, including OPC, limestone, clay, and gypsum [22]. To achieve the
desired thixotropic behavior of the cement paste, two mechanisms were introduced in the
system: electrostatic repulsion and steric hindrance. Such an active control of the
rheology of the fresh state enabled the system to be extrudable and buildable. Moreover,
it facilitated the use of fewer amounts of water, which contributed to higher early-strength
values of the mixture in its hardened state.

To successfully extrude stable cementitious filaments, we studied the electrokinetic
behavior of the particles and the rheological behavior of the paste in its fresh state. To
ensure high-performance requirements, we measured the compressive strength and the
dry hardened density of the mortar and performed a thermal analysis on a matrix of
mixtures in their hardened state. Our best-performing mixture results in a high-strength
of 80 MPa reachable after 28 days, an 11% reduction in the dry hardened density, and a
thermal resistance (insulation) of 0.63 mK/W. According to ACI, this formulation is
classified as high performance (>55 MPa) and lightweight (320-1920 kg/m?).

Overall, we explored the influence of using the designed RMA on the properties of
high-performance cement-based materials by 1) proposing the use of white cement for its
rapid high-strength gain and ii) replacing relatively high percentages of the cement
content by silica fume and cenosphere particles. These waste materials were selected as
the former contributes to the compressive strength and the latter results in an increase in
the thermal resistivity and a decrease in the overall weight of the hardened product.
Finally, this work acknowledges that the properties of the selected cementitious
materials, as well as the additives, govern the behavior of extrudable formulations and

can significantly enhance or diminish the quality of the final deposited layers.



2.2. Materials & Sample Preparation

2.2.1. Materials

To prepare the RMA as a polymer solution, the following chemicals, whose molar
masses are given in Table 2.2.1, were used. Acrylic Acid (AA, 99%), 2-Acrylamido-2-
Methylpropane Sulfonic Acid (AMPS, 99%), Potassium Persulfate (KPS, > 99%), and
Hydrochloric Acid (HCI, 37%) were acquired from Sigma Aldrich. Polyethylene Glycol
(PEG), Sodium Hydroxide (NaOH, > 97%), and Maleic Anhydride (MA, 99%), were

purchased from Merck. Deionized water was used throughout all of the experiments.

Table 2.2.1 Molar masses of the chemicals used in the polymer synthesis (g/mol):

AMPS 207.0
AA 72.06
PEG 1000

NaOH 40.00
MA 98.06
KPS 270.3

Throughout all the testing of the cement-based mixtures, the samples were
prepared using the following materials: white cement that complies with BS EN 197-
1:2012 from Cimsa, a local cement producer in Turkey [23]. Cenosphere particles (Ceno)
LS300 were sent by New York University Abu Dhabi, United Emirates. Silica fume (SF)
was purchased from DOSTKIMYA, Turkey. CEN standard sand was purchased from
UTEST in Turkey.
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Table 2.2.2. Cementitious particles properties

Material Cement SF Ceno Sand
Density

3.06 0.25-0.35 0.32-0.44 2.64
(g/ecm?)
The diameter
of the particle 1 <103 103-1.00 0.08-2.00
(mm)
BET surface

1.65 15-28 2.50-4.57 -

area (m?%/g)

2.2.2. Synthesis of the Grafted Copolymer (RMA)

The RMA is designed as a grafted AMPS-PCE copolymer wherein the monomers
are AMPS, AA, and PEG. Thus, to obtain an aqueous solution containing 12—15 wt. %
solid content of the grafted copolymer, the procedure was carried out according to Salami
and Plank [24]. This model was chosen as it has been successfully proven to be effective
in terms of dispersing cementitious and ceramics particles by Akhlaghi et al. [22, 25].
Firstly, to enable the polymerization of PEG with AA, PEG was esterified with MA
according to the esterification procedure described by Lu et al [26]. Thus, the esterified
product, PEGMA was used thereafter, without further purifications. The free-radical
polymerization process began with preparing (any multiple of) a 110 ml solution in which
PEGMA, AMPS, and AA were dissolved according to the desired molar feed ratios.
Table 2.2.3 shows the ratios that were selected for the rheological testing; the pH level of
all the solutions was kept at 8 using aqueous solutions of NaOH and HCI [22]. Following
the pH adjustment, the solution was charged into two-neck or three-neck flasks that have
a capacity of 300-500 ml, which were then connected to the reflux condensers. While
waiting for the temperature to reach 50 °C, nitrogen gas was purged to remove any free
oxygen for 30 min. Meanwhile, two doses of the initiator of 0.25 g KPS in 10 ml aqueous
solution each (for a 110 ml solution) were prepared. At 50 °C, the first dose of the initiator
was added, and the temperature was then raised to 60 °C for 50 minutes. At 60 °C, the
second dose was added for 75 minutes and then the temperature was increased to 80 °C
for 5 hours. At the end, the reaction is turned off and cooled down to room temperature

(22 °C). The final product of any of the grafted copolymer solutions was either left as an
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aqueous solution? or precipitated to obtain a solid form of the polymer. The precipitation
process was done in alcohol and the precipitates were left to dry at 50 °C overnight under

a vacuum.

Table 2.2.3. The molar feed ratio of the grafted copolymer

Grafted Copolymer Molar feed ratio
acronym (AMPS/AA/PEGMA)

A25-P0.33 25:25:0.33
A25-P0.11 25:25:0.11
A25-P1 25:25:1
A25-P1.66 25:25:1.66
A25-P2 25:25:2
A25-P5 25:25:5

2.2.3. Samples Mixture Proportions

The overall materials proportions are presented in Table 2.2.4. For rheology
measurements, cement paste samples were prepared with water-to-binder (w/b) ratios of
0.26 and 0.38, an amount of 50 g of cementitious materials was sufficient for these
experiments. For the rest of the tests that were carried out on the cement-based mixtures,
mortar’ samples were prepared with a water-to-binder ratio of 0.38 and 400 g of
cementitious materials were used. Additionally, to investigate the performance of
utilizing the recycled materials —SF and FACs, a control mixture of only cement, sand,
and w/b of 0.38 was prepared. The w/b was fixed at 0.38 because it is the minimum value
required to achieve full cement hydration. Any value less than 0.38 would require extra

curing processes of the hardened product to gain adequate compressive strength [27].

2 When the grafted copolymer solution was used in further testing, the extra water was subtracted and the
added amount was calculated based on the solid content of the solution, which was measured using the moisture
analyzer by Shimadzu, uniBloc MOC63u.

3 Mortar = cement paste + sand
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Table 2.2.4. Cement-based mixtures proportions

FAC 0%, 10%, 15%, 20%, 25%, 30% & 50%
SF 8%

Cement (100-FAC-SF) %

Cement to sand 1:2.25

w/b 0.26, 0.38

RMA 1.5%

2.2.4. Samples Mixture Procedure
Inspired by the ASTM standards (ASTM C 305 — 06) and EN standards (BS EN
196-1) for mechanical mixing of hydraulic cement pastes and mortars, a modified
mixture procedure was optimized [28, 29]. For the cement paste, Heidolph RZR 2102
with a 4-bladed propeller mixer was utilized with the succeeding steps:
1. The cementitious materials were mixed until homogenized while dry for 10 seconds.
2. The powder was added to the water and mixed at slow speed (140 + 5 rad/min) for
30 seconds.
3. The mixture was paused for 10 seconds and the sides were scraped down.
4. Lastly, it was mixed at high speed (280 % 5 rad/min) for 90 seconds.
For the mortar, Hobart mixer was used with the succeeding steps:

1. The cementitious materials were mixed until homogenized while dry for 20 seconds.
The powder was added to the water and mixed at slow speed (65 rpm) for 30 seconds.
The sides were scraped down to remove any excess powder and the sand was added.

Again, the mixture was mixed at slow speed (65 rpm) for 30 seconds.

A

Again, the sides were scraped down to make sure the mix was homogeneous, and no
excess powder is left.

6. Lastly, it was mixed at high speed (125 rpm) for 90 seconds.
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2.2.5. Samples Molding and Curing

The molding and curing conditions were set up according to EN 196-1; nine
40mm X 40mm X 40mm cubic molds were used [29]. The molds were oiled and filled
in 3 layers and the mortar was tampered 25 times at every layer. The surface was
smoothed off and covered with a damp cloth and a plastic membrane to lock the surface
moisture for the first 24 hours. After one day from the initial time of molding, the mortar
cubes were de-molded and placed in a water tank at a sufficient submerging depth. The
tank was filled with deionized water that was kept at a temperature range of 23-26 °C (£
1 °C due to the ambient conditions of the laboratory), until the testing day for compressive
strength and dry hardened density—7 days and 28 days later. To conduct the thermal
analysis on the mortar cubes, the same molding and curing procedure is followed except
that the size of the cubes was 50x50x50 mm? because testing on larger samples results

In more accurate measurements [30].

2.3. Experiments & Testing

2.3.1. Electrokinetic Characterization

The white cement, cenosphere and silica fume suspensions were prepared with w/b
=40 and 0-1.5 wt. % RMA. This high w/b ratio was selected to remove the background
noise in zeta potential measurements, whereas both a high and a low w/b ratio are
comparable (refs from CAC paper). The suspension was then diluted with deionized
water at 1/5 vol/vol to keep the conductivity of the medium at 18 mS/cm [31]. The
suspensions were mixed magnetically for 10 min, sonicated for 3 min, and mixed
magnetically for 3 min again. Then, to study the electrokinetic behavior of these samples,
their zeta potential and its values in the presence of various amounts of the added RMA
was tracked by employing the device called Zetasizer nanoseries, Malvern Instruments
with a red laser of 633 nm. The device reported the results of 6 measurements that were
run at least 12 cycles each at 25 £ 1 °C. Each measurement was taken based on the
Smoluchowski approximation, in which the electrophoretic mobility of particles is

determined [32].
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2.3.2. Rheological Characterization of the Cement Paste

Following the mixture procedure for the cement paste, while it is still in its fresh
state, its flowability was assessed using the rheometer Anton-Paar MCR302. This device
operates at 25 = 1 °C and is equipped with a parallel plate of 25 mm in diameter. The gap
size between the plate and the sample was set to 1 mm for all measurements. Loaded
immediately upon starting, initially, the device measures the viscosity of the sample with
a constant shear rate of 100 s!' for 20 seconds. Then it is measured by gradually
decreasing the shear rate until 1 s! for 13 seconds followed by more measurements with
increased shear rate from 1 s to 100 s™' again for 13 seconds. The acquired data is then
plotted on a viscosity (Pa.s) versus the increasing and decreasing shear rate (s ) graph

to investigate the shear-thinning behavior of the mixtures with the additive.

2.3.3. Characterization of Fresh Properties

To assess the dispersibility of the RMA on the cement paste the conventional mini-
slump test developed by Khayat and Yahaya was performed [33]. The Neat cement paste
and FAC20 paste samples were prepared at w/b = 0.38 with varying added weight
percentage of the additive and mixed as described in 2.2.4. A cone with 60 mm height,
20 mm top diameter, 40 mm bottom diameter was utilized during the test. The cone was
placed on a sheet of plexiglass at a leveled surface at 22 + 2 °C and filled with the paste.
Immediately after that, the cone is lifted, and the spread of the paste is recorded in two
perpendicular directions. The average of the two spread diameters was then reported as
the final result. For further investigation of the mortar samples, which included sand as
another particle in the cementitious system, the same test was performed again. The
mixture was placed inside the cone following BS EN 1015-3, in 3 portions each tampered
25 times [34]. In this case, instead of the slump diameter, the slump loss with respect to

the flipped cone height was recorded.
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2.3.4. Characterization of Hardened Properties of the Mortar

2.3.4.1.Compressive strength

Six out of the nine cubes that were removed from the water tank after 7 days and
28 days were tested for their compressive strength. According to EN 196-1:1995, the
compressive strength was recorded using a Cement-Mortar compression machine 250
kN, Cyber-plus evolution MATEST (Model: E159-01N) with two squared grips to match
the size of the cubes [29]. The machine applies stress at 2.400 MPa/sec with a starting
load of 5 kN and a maximum load of 250 kN. It then automatically displays the individual
ultimate stress of the cubes by dividing the maximum force they can withstand with the
cross-sectional area, which is constant for all of them and is equal to 1600 mm?. Then the
average value of the stresses was calculated and reported as the final result of the

compressive strength for each mixture.

2.3.4.2.Dry Hardened Density

Following BS EN 1005-10:1999, the other 3 cubes were dried in a BINDER-Series
VD (Model: VD 115) oven at 105 °C [35]. After letting the cubes dry overnight, their dry
mass was measured the next day multiple times until two consecutive measurements —
measured two hours apart— do not differ by more than 0.2%. Then, by dividing the dry
mass Mg 4y to the volume of the cube Vg, which is equivalent to the volume of one cubic

mold, the density was calculated as pf@ and reported in kg/m?.

2.3.5. Thermal Analysis of the Mortar

Complying with the EN standards BS EN 12664:2001, the cubes were tested under
dry conditions —28 days later after curing plus 1 day of drying off the moisture, which
was done according to the procedure described in BS EN 1015-10 [35, 36]. Also, with
the respect to the models proposed by the standards, the instrument Hot Disk TPS 2500
S was employed to perform the thermal analysis on these mortar cubes [37]. The way this
device operates is that a sensor, which is made of a spiral of electrically conducting
material (nickel foil), is sandwiched between two thin sheets of an insulating material
such as Kapton or mica. The sensor is then put between two identical samples —in this
case, mortar cubes of 50x50x50 mm?3. After adjusting the samples in the desired

condition, in this case, dry conditions at both T =25 °C and T = 45 °C, an electrical
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current is run to increase the temperature of the sensor. At the same time, the analyzer
instrument (TPS2500) monitors the increase in resistance as a function of time following
the transient plane method. Each experiment was run 5 times and recorded, then the

average value of the thermal conductivity was reported.

2.4. Results & Discussion

2.4.1. Colloidal Study of the Particles with the Grafted Copolymer

2.4.1.1.Rheology-controlling mechanism

The chemical structure of the synthesized grafted copolymers is depicted in Figure
2. The backbone of the polymer is made up of AMPS and AA, and the side chain of the
polymer is PEGMA. The polymer overall has a negative charge; AMPS primarily
contributes to the negativity as it belongs to the sulfonate group which has 3 oxygens.
AA only partially contributes to the negativity with its OH— end functional, however,

PEGMA does not contribute to the charge as it is neutral.

OH OH
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Figure 2 Chemical structure of the grafted copolymers
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As demonstrated in Figure 3, when the grafted copolymer is added to the cement
suspension, it is attracted to the positively charged cement particles and thus the negative
backbone adsorbs onto the particle. The so coated particles will repel each other by what
is called electrostatic repulsion [38]. Concurrently, the PEGMA side chain extends in the
aqueous medium due to its hydrophilic features, thus, creating an extra buffering layer

between the particles, this mechanism is referred to as steric hindrance [39].

Figure 3 Electrostatic repulsion and steric hindrance mechanism of the grafted
copolymer with the cement particles below 1.5 wt. %
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2.4.1.2.Electrokinetics and adsorption behavior of the RMA with particles

Owing to the negativity of the monomers AMPS and AA, the predominant charge
of the grafted copolymer was negative [22]. Thus, to further evaluate the rheology-
modifying ability of the negatively charged additive P1 with each of the particles, their

zeta potential (ZP) at different dosages was tracked, as shown in Figure 1.
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Figure 4 Zeta potential of cement, cenosphere, and silica fume in the presence
of various percentages of P1

The neat ZP of white cement was close to zero, and the particle was assumed to
have a positive surface charge. With increased wt. % of the added copolymer, the ZP of
the white cement suspension was brought to —20 mV, which corresponds to the minimum
ZP absolute value required to reach a stable suspension. The neat ZP of FACs started at
—20 mV, thus the particles had a negative surface charge. When the copolymer adsorbed
onto the FACs particles, it maximized the negativity of the suspension, reaching -60 mV
at 1.5 wt. %, which is indicative of a highly stable colloid. The neat ZP value of silica
fume was -21 mV and it stayed constant in the presence of the polymer. This indicated
that there was no chemical bonding, through functional groups, between the particles and
the additive [22, 25]. This electrokinetic study signifies that the working mechanism of
the grafted copolymer (section 2.4.1.1), increased the stability of the suspended particles,

mainly FACs and white cement, at 1.5 wt. %, which in turn decreased the agglomeration.
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2.4.2. Rheological Characterization of the Cement Paste

To understand the influence of the RMA on the rheological behavior of the neat
white cement paste, two samples control and with added RMA were compared at
increasing and decreasing shear rates. Viscosity wise, Figure 5 depicts the modified
fluidizing behavior of the cement paste that is gained upon the addition of the RMA,
which can be attributed to the rheology-controlling mechanism explained in section
2.4.1.1. The minimum RMA value of 0.5 wt. % was sufficient to achieve a fluidizing

effect in the paste, further addition of the additive flowed similarly.
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Figure 5 Viscosity as a function of the shear rate of the white cement paste in
the presence of different amounts of P1, displaying thixotropic behavior

Shear stress-wise, Figure 6 confirms the fluidizing nature of the pastes in the
presence of the RMA as the response the material displays is like a Newtonian fluid.
Newtonian fluids are characterized by having no yield stress; therefore, the shear stress
curve intercepts the x-axis at the origin. The curves containing any percentage of the
RMA start from zero. In contrast to the neat sample that exhibited a non-Newtonian
response, especially for a shear rate in the range of 0—40. The yield stress, in this case, is

non-zero since the curve starts at approximately 25 Pa.
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Figure 6 Shear Stress as a function of the shear rate of the white cement paste
in the presence of different amounts of P1, displaying thixotropic behavior

The introduction of the RMA to the system was anticipated to result in an ordered
distribution of the particles as well as decreased agglomeration. Therefore, to evaluate
the behavior of the RMA at 1.5 wt. % and confirm its compatibility with all the particles,
the viscosities were measured for each 50 wt. % suspension separately and compared
with the neat samples (Figure 7). At shear rate 1 s™!, the RMA decreased the viscosity of
the silica fume suspension by 90%. While the viscosity of the FAC suspension was
increased by 85%, this increase can be due to its high concentration. Moreover, the
addition of the RMA decreased the white cement paste viscosity was about 97%. At shear
rate 105!, all the suspensions converged to the same viscosity value around 1 Pa.s, in the
presence of 1.5 wt. % RMA. However, the behavior over the entire range of each of the
particles was different. Silica fume displayed a shear-thinning behavior, FAC and white

cement displayed a rather Newtonian fluid behavior.
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Figure 7 Effect of 1.5 wt. % RMA on each of the particles separately on
suspensions with 50 wt. % particle-loadings

To optimize the additive in terms of the molar feed ratio of the monomer PEG1000
that comprises the side chain, we traced its effect on shear viscosity in the range of 0.11—
5 molar feed ratio of PEG/(AMPS + AA). Being the only varying monomer, the names
are indicative of this molar feed ratio. Notwithstanding the effect of water, we kept the
w/b ratio at 0.26 and chose a mid-value of SCMs amount of 28% for this analysis. As for
the characteristics of the backbone, the molar feed ratio of the monomers AMPS/AA to
each other was constant at 1, based on the positive results obtained in our previous work
[22]. All the curves in Figure 8 demonstrate a decreasing trend with the increased shear
rate; therefore, the overall behavior of the paste was shear thinning. Moreover, the
viscosity at each shear rate of the pastes decreased up to molar feed ratio 1 and increased
again beyond that with additives P2 and PS5, indicating that P1 is the optimum additive.
This behavior can be explained by the steric hindrance action among the particles that is
induced by the PEG1000 side chain, which is attributed to its hydrophilicity, when the
side chain got larger with higher molar feed ratios, the chains can intertwine causing an

increase in the viscosity thereof [39, 40].
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Figure 8 Effect of the side chain density on the rheology of FAC-20 paste at
w/b =0.26 in the presence of 1.5 wt. % of each of the grafted copolymers

Moreover, to investigate the performance of the additive with different FACs
content in the presence of P1, the viscosity of pastes at a w/b ratio of 0.38 and 8% silica
fume were evaluated. Here, we increased the w/b ratio to account for the true behavior
that the paste will exhibit later upon the addition of the standard sand.

Firstly, compared with the curves in Figure 7, the predominant behavior in Figure
9 was shear thinning. As given in Table 2.2.2, the surface area of the silica fume was
much higher compared with the other particles, which is why it governed the behavior of
the mixture. As shown in Figure 9, the curve FAC-30 reached the minimum viscosity at
lower shear rates indicating an optimum SCMs amount up to 38%, which increased the
workability of the paste. However, beyond that point, more FACs content had an adverse
effect on the workability, as is depicted in the figure, the FAC-50 curve was
approximately 2 orders higher than the FAC-0 and CM pastes. At lower shear rates, we
reasoned that the workability increases because the FAC particles are spherical in shape
and larger in size compared to the cement particle [41]. Nonetheless, after a FACs
replacement of 30%, the decrease in workability can be the consequence of the packing

of the particles at a high concentration [42].
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At higher shear rates, the decay in viscosity in all curves can be linked to the release
of water that occurs among particles in agglomerates. This mechanism is due to the shear-
thinning phenomenon that is facilitated by the breakage of weakly-linked agglomerates
[43—45]. This rheological study shows that the rheology-modifying additive was efficient
in terms of changing the viscosity of the cement pastes containing silica fume and FACs,

as well as increase the workability up to 38% SCMs
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Figure 9 Effect of P1 at 1.5 wt. % on the rheology with varying FACs content
at w/c =0.38
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2.4.3. Characterization of the Fresh Properties

To accompany the rheological characterization with a more conventional test of
flowability, the mini-slump test was performed. The values given in Figure 10 validate
the effectiveness of the RMA even at the low percentage of 0.5 wt. %, due to the
fluidizing ability that is observed in Figure 6 as well. The spread diameter was increased
by about 75% and 70% of the neat and FAC-20 samples, respectively. An RMA amount
of 1.5 wt. % demonstrated the highest spread for both of the paste mixtures at
approximately a 78% increase for the neat cement paste and a 72% increase for the FAC-
20 paste. The difference in the slump flows within the two samples at 0 wt. % RMA can
be attributed to the workability increase that the FAC content provides at 20%, which is
observed in the difference of measured viscosities of the two samples in Figure 7 and
Figure 8. For RMA values of > 0.5 wt. % both of the slumps level off equally, this
demonstrates that when the particles are covered with the copolymer, their flow
characteristics are similar, which is evident in Figure 8 as well. Observably, the paste is

more homogeneous with a 1.5 wt. % compared to 0.5 wt. % as shown in Figure 11.
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Figure 10 Average values of the mini-slump test on cement paste samples in the
presence of different amounts of P1 polymer



e ST g
‘.A-‘.‘:.‘l\‘l_. ALY

Figure 11 Spread of FAC-20 at a) 0.5 wt. %, and b) 1.5 wt. % addition of P1

The impact of standard sand addition into the cement paste was assessed with
another set of measurements utilizing the mini-slump test for the height loss in
comparison to the cone. Table 2.4.1 gives the values for mixtures with different FAC
amounts. The neat sample that did not include any FACs demonstrated a 66.67% loss in
height, as well as a minor spread, rendering the mixture unusable for extrusion. FAC-20
and FAC-30 mixture had, respectively, 1 cm (16.67%) and 0.5 cm (8.33%) loss in height.
During the test, the material came out of the cone easily and this loss can be due to the
release of pressure from the cone onto the material. This behavior showed promising
results for the possibility of extrusion through a nozzle as the material was compact and
did not shear after lifting the cone as illustrated in

Figure 12. In terms of workability requirements of extrudable cement-based
systems, a slump of a value close to zero is indicative of an appropriate response to the
extrusion [12]. On the other hand, the FAC-50 mixture displayed shearing in the material
with respect to the slump, which is undesirable because it represents inhomogeneity and

can lead to segregation and phase separation.

Table 2.4.1 Mini slump test results on mortar samples

Mortar Sample ID Slump Loss (cm) Comment
FAC-0 4 No shear, spread
FAC-20 1 No shear
FAC-30 0.5 No shear
FAC-50 - Significant shear
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Figure 12 Mini slump test on FAC-20 mortar sample with 1 cm loss in height

2.4.4. Characterization of the Hardened Properties of the Mortar

2.4.4.1. Compressive Strength

Figure 13 demonstrates the compressive strength that was conducted and evaluated
at 7-day and 28-day ages. To assess the contribution of silica fume to the compressive
strength of the system, we compared the two values between the control mixture (CM)
and FAC-0. Both of the mixtures did not include any FACs amount, all variables held
constant, the only difference in the formulation was the addition of 8% silica fume. This
ratio was selected since adding higher values was proven to result in a decreased
workability of the fresh mortar [46]. It was also the optimum value to maintain the loss
of strength due to the addition of FACs. At 7-day age, FAC-0 was only 6% higher in
strength, however, the effect of silica fume was more pronounced at 28-day age with a
10% increase —reaching the highest reported value at approximately 110 MPa. This late
effect on strength occurs because silica fume induces a pozzolanic reaction in the system.
Thus, it bonds with the calcium hydroxide (CH) product that results from the initial
cement hydration forming new calcium silicon hydrate (CSH) products, which are
responsible for the strength [47].

To investigate the effect of FACs as SCMs in the system, we studied the
compressive strength of the mortar mixtures with varying contents of 0-50%.
Expectedly, at a 7-day and 28-day age, the addition of more FACs in the system had a
decreasing trend with the compressive strength values. Since FACs particles are hollow,

they barely contribute to the strength, this impact intensified at high replacement
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percentages [48, 49]. At 28-day age, for FAC-10, FAC-15, FAC-20, and FAC-25, the
decrease was constant of about 8% for each 5% replacement, beyond that, at FAC-30,
the decrease was steeper with about 16%. Nevertheless, all the mixtures up to FAC-30 at
28-day age were still classified as high strength (>55 MPa) despite the strength loss [50,
51]. At 7-day age, the decrease at each replacement was rather more random than
constant, which we speculate is due to the delayed effect of silica fume. For FAC-50, the
compressive strength significantly decreased, and the cubes were not physically durable.
This behavior was realized as their failure under loading was due to having disintegrated
rather than cracked and crushed. This type of failure and a large loss in strength is due to
the presence of high FACs amount, and low white cement content. Whereas the silica

fume donated only a small increase in compressive strength at 28-day age.
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Figure 13 Compressive strength of the mortar mixtures after 7 and 28 days of
curing in the presence of 1.5 wt. % RMA
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2.4.4.2. Dry Hardened Density

According to ACI, conventional lightweight concrete has a maximum density of
1920 kg/m? [51]. Typically, lightweight cement-based materials have low compressive
strength. In contrast, high-performance cement-based materials have densities of 2300—
2500 kg/m?3 [52].

As can be seen in Figure 14, the CM and FAC-0 mixtures had approximately the
same value of dry hardened density of a little over 2200 kg/m?>. Thus, there was no direct
impact on the density from silica fume at 8% content. The general trend of dry hardened
density was decreasing at a constant rate with the added amount of FACs. As they are
hollow spherical particles of 300 microns, they had a much lower density of 0.32-0.44
g/cm?. They also occupied more space than the other particles within the volume of the
cube. Certainly, with this reasoning, the lightest set of cubes was FAC-50, with about a
32% drop from the density of both the CM and FAC-0. The mixtures FAC-20 and FAC-
30, (38% resulted in 14% and 18% lower density compared to CM and FAC-0,
respectively. The difference between the values of dry hardened density at 7-day and 28-
day age was negligible.

Another crucial concept in lightweight structural cement-based materials is the
specific strength, which is equivalent to the strength divided by the density [53]. The
specific strength illustrates the trade-off between the strength and lightweight criteria,
which makes it easier for engineers to choose the optimum mixture. Table 2.4.2 presents
the values for each of the mixtures with different FACs amount. The use of SF increases
the specific strength considerably in comparison to all the other values, on the other hand,
the difference between FAC-20 and the CM mixtures was only 10%. Additionally, the
cement-to-sand ratio was selected as 1:2.25 to keep the density minimized. According to
Ban and Ramli who conducted an extensive study on the effect of the amount of added

sand on the compressive strength, this ratio resulted in the highest strength [54].
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Figure 14. Density values with various FACs amount in mortar cubes in the
presence of 1.5 wt. % RMA

Table 2.4.2 Specific strength of the cubes at 28-day age

FACs content Specific Strength (kPa/kg m=)

CM 43.56

0 49.10

10 43.41

15 41.34
20 38.82
25 37.10
30 32.48
50 15.65
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2.4.5. Thermal Analysis of the Mortar

To realize the effect of FACs on the thermal properties of the cubes, the thermal
conductivity was measured. The results are visible in Figure 15. The impact of silica fume
on the thermal conductivity was studied by comparing the CM and FAC-0 mixture. An
8% SF content showed a mild contribution to the thermal insulation by a 1.3% decrease
in thermal conductivity.

Matching our expectations for improved thermal insulation with more FAC
particles in the system as they maximize the air content, the thermal conductivity had a
decreasing trend [55], [56]. At both temperatures, the performance was almost identical
for all the cubes; therefore, the effect of temperature from room temperature up to 45 °C
was neglected. The FAC-50 mixture achieved the lowest thermal conductivity with about
a 62% decrease from CM. As for the FAC-30 mixture, the thermal conductivity was 33%
lower than that of the CM.
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Figure 15 Effect of FACs content on the thermal conductivity of the mortar mixtures at
1.5 wt. % RMA
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2.4.6. Printing Simulation

The intended goal was to have an extrudable cement-based material that can
withstand the loading of the consecutive layers without consolidating or failing, in both
the fresh and hardened states. To meet these criteria, we put the RMA to the test, we used
the FAC-20 mortar mixture that exhibited desirable behavior in 3D-printing in terms of
extrusion and buildability. This mixture had a negligible slump, had a shear-thinning
behavior, displayed an acceptable specific strength and high thermal insulation. A 60 mL
sterilized syringe was used to imitate the extrusion conditions, and the results were
successful. As can be seen in Figure 16, the layers were homogeneous, crack-free, and
did not exhibit macroporosity. Upon stacking multiple layers on top of each other, there

was no visible consolidation, neither immediately nor overtime.

Figure 16 Extrusion of the FAC-20 mixture using a 60-ml medical syringe a)
fresh and b) 365 days later
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2.5. Conclusion & Future Work

The compatibility of the optimized rheology-modifying additive with the reactive
particles facilitated the use of a higher amount of SCMs up to 38% while maintaining a
homogeneous and crack-free mixture. Due to this modified rheology, the high content of
SCMs met both lightweight (1900 kg/m?) and high strength (80 MPa) criteria, as well as
the possibility for extrusion through a nozzle of suitable sizes (> 2 cm).

Future studies shall include testing of this formulation with a large-scale printer to
confirm its usability, lack of consolidation under self-weight, stability, and adequate
printable strength, both the green and hardened strengths. Additionally, the use of
reinforcing fibers can be assessed to increase the tensile strength and allow the

printability of large-scale structures.
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CHAPTER 3

A MODIFIED COPOLYMER COAGULANT FACILITATES GREEN BODY

MACHINABILITY OF CERAMICS

3.1. Introduction

Yttria-stabilized zirconia (YSZ) is a high strength, high stiffness, high thermal
conductivity, high hardness, and wear- and chemical-resistant material [1-3]. YSZ is
frequently used in dental and biomedical applications among other more industrial uses
such as solid oxide fuel cell electrolyte, high thermal applications, and thermocouple
shielding [4—10]. Such applications of YSZ are restricted due to the difficulties in its
precision machining in the sintered state [11]. The rather high hardness of YSZ results in
faster machining tool wear and thus requires complex techniques such as ultrasonic
drilling, high-speed milling process, and laser and thermally-assisted machining [12—16].
Green machining of YSZ has been explored to achieve 1) lower energy consumption, ii)
high material removal rate, iii) applicability of mold-free rapid tooling, iv) freedom of
the type of operation like drilling and lathing, as opposed to only grinding in the sintered
state, v) the near-net-shape forming —close to the size/shape of the final desired product,
and vi) minimized tool wear especially for diamond-coated tools [17-21].

Recent advances in ceramic casting have made it possible to machine ceramics like
alumina and zirconia in their green body state [21, 22]. The modified techniques involved
direct ceramic machining of ceramics objects that were fired to the pre-sintered state
(=1000 °C) or machining of ceramics cast at much lower temperatures (40-80 °C) [23—
26]. Colloidal forming of ceramics by consolidation made it possible to cast highly
homogeneous and high solid-ratio ceramic green bodies at lower temperatures without

the need for cold isostatic pressure [27, 28]. Easier molding and demolding processes
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were additional advantages of colloidal forming. Direct consolidation of ceramics can be
achieved by several different methods including but not limited to: gelcasting, freeze/dry
casting, colloid-based processes such as direct coagulation casting (DCC), protein
coagulation casting (PCC), thixotropic casting, and temperature-induced forming [29—
33]. Different methods rely on different interactions of particles: to form a strong green
body, gelcasting depends on the crosslinking of monomers/ polysaccharides/ starch/
cellulose derivatives [29, 34]. After they are added to the suspension, the crosslinking
takes place with the help of a compatible initiator and heat. Other methods like DCC and
PCC are based on the surface science and flocculation of the suspension. The coagulation
is attained by destroying the electrical double layer of the particles by adjusting the pH
to the isoelectric point by increasing the electrolyte concentration or inducing enzyme
reactions [32, 34, 35]. Nevertheless, these techniques, along with injection molding and
slip casting, still require heat, the use of molds for precise machining after casting, or
high amounts of binders.

On the other hand, flocculation or agglomeration of particles that is achieved by
the addition of polymers is employed in solid-liquid phase separation for applications
pertinent to water treatment [36]. The ease of separation is governed by both the floc
growth and the destabilization of the colloidal suspension [37]. This mechanism leads to
the sedimentation/settlement or floating of the particles within the liquid phase. In this
case, the flocculation of the particles is provided by polymer bridging or patching
mechanisms onto the particles [37, 38].

However, if the added polymer covers the particle and maintains the stabilization
and liquid retention while promoting polymer-polymer bridging, then the separation of
the phases does not occur [40]. Instead, only the floc growth takes place without the
destabilization of the suspension. Observably, the viscosity of the suspension increases,
and its consistency becomes dough-like —pliable and malleable. We found this process
to be based mainly on the compatibility of the designed polymer with the particles, the
weight percentage of the added polymer as a coagulant as well as the liquid retention
capabilities.

To our knowledge, this stable coagulation phenomenon has not been explored yet
in the colloidal consolidation forming of ceramics. In this chapter, we report a novel DCC
technique that employs the polymer-polymer bridging mechanism without inducing
phase destabilization. To achieve that, we synthesized a set of linear copolymers

consisting of, 2-Acrylamido 2-methylporpane sulfonic acid (AMPS) and Acrylic Acid

39



(AA) at different molar ratios. This technique facilitated precise green machining of 40
nm-sized 3 mol % YSZ in its dry state that was carried out entirely at room temperature,
from casting to the finished machined unsintered product. The optimum linear copolymer
was used in minimum amounts as a coagulant in an otherwise neat 65 wt. % YSZ
suspension. It instantly coagulated the suspension and eliminated the need to use a binder,
thus eliminating the binder burnout step during sintering. To study the stability of the
suspensions, we performed electrokinetic characterization: direct light scattering (DLS)
and zeta potential measurement. To observe the floc growth, we carried out rheological
characterization and measured the increase in size by a particle size analyzer. To test the
green machinability, we drilled different sized holes of 0.6-2 mm in samples dried at
room temperature. This work underlines the enhanced fresh properties, malleability, and
ease-of-production of the dense green and sintered bodies, which was made possible by
employing a linear copolymer, at 1%. This additive enabled the instantaneous

coagulation of 65 wt. %, 3 mol % YSZ suspensions by bridging the nanoparticles.

3.2. Materials & Methods

3.2.1. Materials

Spherical 40 nm-sized 3 mol yttria-stabilized zirconia, with a specific surface area
of 10-25 m?%g and density of 5.88-5.91 g/cm® was purchased from US Research
Nanomaterials, Inc. The monomers AA (99%), AMPS (99%) and the chemicals NaOH
(97%), HC1 (37%), and KPS (> 99%) were used to synthesize the polymers, and their
Mw’s are given in Table 2.2.1 under section 2.2.1 in the second chapter. Additionally,
Vinylphosphonic Acid (VPA, 97%) monomer with Mw of 108.03 g/mol was purchased

from Acros Organics, Germany.

3.2.2. Design the Single Additive

3.2.2.1.Synthesis

To synthesize random blocks of linear copolymers of the monomers AA and
AMPS, free-radical polymerization of the monomers was set up [41]. Firstly, the
synthesis conditions were optimized to maximize the possibility of procuring polymers

with Mws in the range of 10-50K g/mol. This was achieved by choosing the initiator
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concentration to be 2 g /50 mL or 4 g/ 100 mL and the total water amount, in which the
monomers are dissolved, to be 175-200 mL. Table 3.2.1 displays the molar feed ratios
of AA/AMPS that are selected for this study. The monomers were dissolved in water first
and their pH was adjusted to 8 using 12M, 2M, 1M, and 0.1 M NaOH and 0.1M HCI.
Then, the solutions were poured into 500 mL 2-neck or 3-neck flasks and connected to
reflex condensers. The temperature was increased to 50 °C and N> gas was purged to
remove free oxygen from the system. Meanwhile, the initiator solution was prepared, and
its pH was also adjusted to 8 to prevent a significant shift in the pH level of the main
solution. The initiator was added at once at T = 50 °C and the temperature was then
increased to T = 80 °C where the synthesis continued for 6 hours. Homopolymer AA and
homopolymer AMPS were synthesized in the same manner. Nevertheless, AA/VPA and
homopolymer VPA were synthesized as follows; the monomer(s) were first dissolved in
50 mL water and stirred for 3 hours, then the pH was adjusted to 8 with about 30 mL of
NaOH. At T=60 °C, 0.3 g/ 10 mL initiator was added, and the temperature was increased

to 80 °C after which the synthesis was carried out for 4 days.

Table 3.2.1 Characteristic properties of the synthesized linear copolymers

Molar Molar feed Number Average
Polymer PDI
Concentration ratio AA/AMPS* Molecular Weight,
acronym (Mw/Mn)>
(AA/AMPS) (AA/AMPS) M (g/mol)’
0.2;0 100 AA100 1 13032 1.54
0.1;0.1 50/50 AMPS50  1/1.28 27512 1.06
0;0.2 100 AMPS100 1 12480 1.59
0.1;0.1 50/50 AMPS50-2 1/1.1 11581 1.34
0.1;0.1 50/50 AMPS50-3 1/0.82 19941 1.23
0.1;0.1 50/50 AMPS50-4 1/0.7 42589 1.07
0;0.2 100 VPA100 1 2511 1.03
0.1;0.1 50/50 VPAS50 1/1.3 87604 2.34
4 Determined by NMR

5 Determined by GPC
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3.2.2.2.Titration

Titration of AA100, AMPS50, and AMPS100 that was carried out with a pH meter,
Ohaus Starter300 is given in Figure 17. The concentration of all the solutions was
Img/ImL where 0.1 M HCI was used to adjust the starting pH to 2, then, 0.1 M NaOH

was added in micrometer increments, 10200 pL, as the titrant.
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Figure 17 Sodium hydroxide titration of the copolymer solutions at 1 mg/ ImL

3.2.2.3.Nuclear Magnetic Resonance (NMR)

All the linear copolymers were precipitated with acetone and dried overnight at 70
°C in a vacuum. 20 mg of each of the solid copolymers were dissolved in D,O for the
proton '"H-NMR test using Varian Unity Inova 500 MHz spectrometer. The molar
concentrations of each copolymer were then calculated based on the integral of the peaks

and their shift
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3.2.2.4.Gel Permeation Chromatography (GPC)

To measure the molecular weights Mn and Mw of the synthesized copolymers,
solid copolymers were dissolved in aqueous solutions of 0.14M NacCl, 0.01 M, NaNOs,
and 0,.01M Na,HPOs. Agilent 1260 Infinity was employed with a flow rate of 0.7

mL/min.

3.2.3. Electrokinetic Characterization

To measure the zeta potential of the neat YSZ and study the effect of the
copolymers on the surface charge of the particles, suspensions with a low concentration
of 0.4 wt. % (4 mg powder in 100 mL DI water) were prepared. Sonication was carried
out for 15 min under a controlled temperature range of 19-21 °C, after that the beakers
were moved to the magnetic stirrers. 0.25 wt. % increments of 10 mg/100 mL copolymer
solutions were added gradually into the YSZ suspensions. The cuvettes were then filled
while making sure no bubbles were formed and immediately inserted into the device,
Zetasizer Nanoseries, Malvern Instrument. All measurements were taken at 25 °C by
applying Smoluchowski approximation. The final reported value is the average of 6
measurements with 12—100 runs each.

To characterize the size of the particles both before and after the addition of each
of the copolymers, Direct Light Scattering (DLS) at a 173° backscatter measurement
angle was operated using the same device. Ultra-low concentrations of 0.0025 wt. % (1
mg powder/ 400 mL DI water) were prepared. These samples were sonicated for 2 hours,
again with a controlled temperature range of 19 °C to 24 °C maximum. After sonication,
the samples were magnetically stirred while the disposable cuvettes were filled, the
measurements were immediately taken after that. The final reported value of six
measurements of the hydrodynamic diameter (Z-average) were obtained at 0, 0.2, 0.5, 1,

1.25, 1.5, 2, 2.5 & 3% of the added copolymer.
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3.2.4. Size Characterization by Particle Size Analyzer

In addition to DLS, the variation in the particle/flocs size of suspensions at a more
concentrated loading was tested via a particle size analyzer (PSA), Mastersizer 3000,
Malvern Instruments. Neat suspensions of 1 wt. % and 30 wt. % were tested to obtain the
floc sizes and were superimposed to report any differences. 1 wt. % of AMPS50 was
selected to show its effect in growing the size of YSZ particle colonies with different
suspension loading. All colloids were sonicated for 1 hour with a controlled temperature
range of 19-24 °C. After sonication, the samples were magnetically stirred until the
measurements were taken. Micro drops from the samples were put into the active stirrer
of the device, Hydro SM, to get an obscuration of a maximum of 20%. Six measurements
that ran for 30 seconds each were recorded and their average was reported in the final

results.

3.2.5. Rheological Characterization

The samples for this test were prepared at 45 wt. % solid particles loading because
it was the closest concentration to the highest loading, which also maintained liquid/fluid
consistency for the entire set of copolymers. To measure the change in viscosities of the
suspensions with different shear rates, the test was carried out using Anton Paar MCR302
rheometer. With a cone and plate geometry, the gap size was fixed at 0.15 mm and the
temperature was fixed at 25 “C during all the measurements. The viscosity was first
measured at a constant shear rate of 100 s! for 20 seconds. Then, it was measured with
decreasing shear rate from 100 s™' to 1 s™! for 23 seconds and increasing shear from 1 s!

to 100 s*! for another 23 seconds.
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3.2.6. Cracking and Malleability in Wet State

The malleability, the drying, and the cracking of the YSZ dough samples were
quantified at 1 wt. % addition of AA100, AMPS100, and AMPS50 by measuring the
variation in the solid content with time. 65 wt. % Y SZ suspensions were first prepared,
and the copolymer was added next to coagulate the particles. After that, small amounts
were taken and shaped into balls by hand and then pushed into a mold to take the shape
of a disk of 5 mm height and 10 mm diameter. Immediately after that, the samples were
pushed out of the mold onto a plexiglass piece. During the preparation of each specimen,
the suspension was covered with parafilm to prevent undesired evaporation of water. The
time was recorded after each specimen was shaped and let dry at room temperature up to
the measurement time. After that, the solid content measurements were taken in intervals
of 0—360 minutes based on this recorded initial time. Solid content device was used to
obtain the results in wt. %, it heated up to 150 °C, and the final reported value was the
moisture content, which was calculated as 100 — solid content. Additionally, pictures of
the wet samples were taken to demonstrate the effect of each copolymer on the

malleability.

3.2.7. Green Body Machinability

The samples were first coagulated by adding 1 wt. % of each of AMPS50, AA100,
AMPS100. The consistency of these samples was dough-like, which made it possible for
it to be easily shaped or pressed into a mold by hand. A set of specimens were handled
in their wet state by penetration with a 6 inches long stainless steel 316 syringe needle
(Sigma Aldrich), as illustrated in Figure A1, a. Another set was formed with molds, or
by hand, and left to dry at room temperature overnight. The dry green bodies were then
drilled with Proxxon Bench Drill TBM 220 at 3500 rpm with different pin sizes of 0.6—
5 mm. A dry rod of 10 cm length and 1 cm diameter was drilled with a TH2866 Legged
Universal Lathe Machine at 480 rpm. Various mold sizes/shapes were designed on

RDworks software and made by peck drilling of acrylic sheets.
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3.2.8. Sintering
For sintering of all the samples, Protherm furnace (1600 °C capacity) was operated

and programmed with the sintering profile that is demonstrated in Figure 18 below [42].
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Figure 18 Sintering profile of the samples from RT to 1450 °C with one dwelling time
interval of 4 hours

3.2.9. Linear Shrinkage
The samples were measured with an electric ruler after drying overnight and before
sintering. Then, they were measured again, in the same direction, after sintering. For all
directions, the shrinkage was calculated by:
Lop—Lsiv

%S = —2
GB

x100

Where %S is the dimensional shrinkage, Lgg is the length of the green body and Lsin is
the length of the sintered body [43].
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3.2.10. Density

The density of the sintered samples was assessed by the Archimedes method. The
sample was measured at 22 °C in air and while submerged underwater [44]. Then the
density was calculated as follows:

_ Mair
pSample_ pwater M Mwet

air —

Where p_ . =0.99777 g/cm® at 22 °C

water

3.2.11. SEM

The sintered samples were polished before taking SEM images. The polishing was
done in stages starting with sandpapers of sizes 600, 1000, 1200, 2500, and 4000, and
later with diamond suspensions of 6 pm, 1 pm, and 0.25 pm. Metkon Gripo V1 Grinder-
Polisher was used with running water for polishing with sandpapers. Gold/platinum,
70/30 wt/wt, the coating was applied on the sample as a thin 10 nm layer for 40 sec, to
prevent charging of the sample inside the SEM chamber. The surface morphology of one
sintered sample was studied by taking an image at a magnification of 50K X, EHT of 1

kV, and a working distance of 4 mm.

3.2.12. Mechanical Strength
To prepare rectangular sintered samples of length, width, and height of 25x2x3

mm?

, sizes were according to the ASTM standards [45]. The same novel shaping
technique was applied. Firstly, the obtained dough was formed by hand and then pushed
into rectangular molds to take the shape of the mold. The molds were initially lubricated
with olive oil; after the material placement, they were left open on both sides to allow for
isotropic shrinkage and prevent buckling of the rod. Zwick/Roell Z100 Universal Testing
Machine was employed for the 3-point bending test to procure the flexural strength of the
sintered samples. The crosshead speed was set to 0.2 mm/min and the test was repeated

3 times and then the average of 3 specimens was taken as the final reported result.
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3.3. Results & Discussion

3.3.1. Electrokinetic Characterization and Coagulation Mechanism

To evaluate the mechanisms that the linear copolymers induce when added to the
YSZ system and to select an optimized copolymer, electrokinetic characterization was
studied. Results were obtained and explained by the change in zeta potential and size of
the YSZ flocs in the system, which demonstrated the relationship between the design of
the copolymer, its added weight percentage, and its effect on the nanoparticles.
Coagulation in the sense of increasing the size of particle colonies, while maintaining
suspension stability and water retention, can be attributed to three main mechanisms, as
depicted in Figure 19: i) Polymer dispersion at low percentages, ii) Copolymer-
copolymer interaction at and around the optimum percentage, iii) Unadsorbed free

copolymer-adsorbed copolymer interaction at higher percentages.

+
coagulant
(copolymer)

Double layer is intact Double layer is collapsed

Figure 19 Coagulation mechanism of YSZ nanoparticles upon the addition of a linear
copolymer: al) stability of the colloidal particles in an aqueous solution before the
addition of the coagulant, bl) Stability after adding the coagulant up to the optimum
amount b2) At and beyond the optimum amount b3) At higher percentages

Starting with a neat YSZ suspension, Figure 19 al, the suspension is stable, which
is also confirmed by the high zeta potential value of +33 mV as per Figure 20. Since the
surface charge of the YSZ particles in an aqueous solution is highly positive, electric

repulsion is predominant via the electric double layer of the particles [46]. The principal
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size of the particles is 40 nm, however, the reported value by DLS in Figure 21 was about
363 nm. This increase can be ascribed to the high activity of nanoparticles and their
tendency to naturally agglomerate. For a maximum loaded suspension, at this level, the
consistency of the material is thick but still liquid-like, thus there is no coagulation. Upon
the addition of 0.2—-0.5 wt. % of AMPS50, 0.75—-1 wt. % of AMPS100, 1-1.25 wt. % of
AA100, and 1.5-1.75 wt. % of VPASO0, the negatively-charged copolymer chains adsorb
onto the positively charged YSZ particles and fully cover their surface. This was
understood from the shift of the zeta potential values from + 33 mV to —20 mV with
AMPS50,-10 mV with AMPS100, and = 0 mV with AA100 and VPAS50 shown in Figure
20. This polymer-particle interaction is depicted in Figure 19 b1, at which, the electric
double layer is still intact. Still, at this level the desired coagulation of the particles is
incomplete, so we observed the behavior at higher percentages. For VPA50 and AA100
when the zeta is about 0 mV, the flocculation of the particles is governed by polymer-
particle bridging, but the destabilization of the system causes poor shaping and water
retention. At 1.25 wt. % addition of any of the copolymers, the coagulation occurs in
maximum-loaded suspensions, Figure 19 b2 illustrates the copolymer-copolymer
bridging at this value. Here, the zeta potential reached the last plateau region for
AMPS50, AMPS100, and AA100, and reached the highest value at —30 mV with
AMPSS50. It is worth noting that AA100 and VPAS0 both display the effect of the bilayer
adsorption at low weight percentages, which is why a plateau, a jump, and another plateau
are seen on the graph. Furthermore, the DLS results exhibit the change in the
hydrodynamic diameter of the particles with increased copolymer content. The curves in
Figure 21 display a decrease in size until an optimum value is achieved, where the
copolymer-copolymer bridging occurs, and a rise beyond that point. Figure 19 b3 depicts
this rise, which is due to the free copolymer that does not get adsorbed onto the fully
covered particles after the optimum value. Compared to the homopolymers and VPASO0,
AMPSS50 exhibited a higher absolute value of zeta potential and the lowest floc size of
about 200 nm — a 40% drop in size from the neat colonies at 1.25 wt. %. The following
sections on the rheology and malleability affirm the superior behavior of AMPS50 as the

optimum copolymer in terms of achieving a stable coagulated suspension.
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Figure 20 Zeta Potential of YSZ nanoparticles in the presence of different weight
percentages of the linear copolymer at native pH
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Figure 21 Size of the YSZ colonies measured by DLS in the presence of different
copolymers at different weight percentages
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3.3.2. Characterization of Size via Particle Size Analyzer

To investigate the size of the particles at higher loadings compared to the loading
of 0.0025 wt. % at which the DLS measurements were taken, we tracked the sizes of 1
wt. % and 30 wt. % loaded suspensions via PSA. It can be observed from Figure 22 where
both of the weight percentages are superimposed that they overlap over many of the
points on the spectrum, where < 50% of the particles were of sizes < 1.5 um and 1.63 um
for 1 wt. % and 30 wt. %, respectively. This behavior confirmed the reproducibility of

the results at higher particle concentrations.

A 1 wt.%
—30 Wt.%

Volume Density (%)

1
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Figure 22 Size of the neat YSZ colonies measured by PSA at native pH
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Moreover, Figure 23 displays the range of the spectra at different loadings,
including DLS, in the presence of 1 wt. % of AMPSS50; we selected this value as it is the
closest to the optimum value of 1.25 wt. % at which the particle-particle interaction is
avoided. The sharpness of the 0.0025 wt. % and 1 wt. % peaks represent the dispersing
and stabilizing effect of the added copolymer. This sharpness, or volume intensity
percent, softens with the 30 wt. % suspension as not only the size of the colonies increases
but also their number. However, the size of the flocs did not shift between the two
loadings. The small peak at about 9 um on the DLS spectrum reveals the flocculation

tendency caused by the addition of AMPS50.
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Figure 23 A comparison of the sizes of the YSZ colonies in the presence of 1 wt. % of
AMPS50 at different loadings measured by DLS and PSA
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3.3.3. Rheological Characterization

To satisfy the coagulation requirement of high viscosity without inducing
destabilization of the particles in the suspension, we studied the rheological response of
45 wt. % YSZ with a set of copolymers at different percentages. In the absence of any
copolymers, the neat suspension has a rather low viscosity of 0.1 Pa.s and is stable as
proven by the neat zeta potential of +33 mV (Figure 20) as well. To synchronize the
optimum values obtained by the electrokinetic characterization and to avoid excessive or
insufficient copolymer addition, first, we tracked the viscosity as a function of shear rate
of 0.5-5 wt. % of AMPS50. As can be seen in Figure 24, the minimum addition of 0.5
wt. % caused the viscosity to increase by approximately one order of magnitude. Beyond
this point, there was another jump in the order of magnitude of viscosity in which the rest

of the polymers flowed similarly up to 3 wt. %.
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Figure 24 The effect of different AMPS50 percentages on 45 wt. % YSZ suspensions
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The addition of 5 wt. % of AMPSS50 slightly decreased the viscosity again, which
can be attributed to the extra uncorrected water coming from the copolymer solution. All
the curves had a decreasing slope with shear rate indicating shear thinning behavior. As
there was not a significant difference in the viscosity, the value of 1 wt. % was
satisfactory in attaining higher viscosity at the lowest amount of the additive. At this
dosage in the presence of various polymers, we tracked the viscosity with a varying shear
rate, as presented in Figure 25. AMPS50 had an intermediate viscosity between
AMPS100 and AA100, which is anticipated as this copolymer will show the combined
effect of the other two. AA100 displayed a much higher viscosity of several orders of
magnitude, however, the reason the viscosity is so high at this dosage is that the zeta
potential was around 0 mV (Figure 20). This meant that this weight percentage causes
“pseudo” coagulation —undesirable flocculation of particles that is due to the

destabilization of the suspension [47].
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Figure 25 The effect of different linear copolymers on 45 wt. % YSZ suspensions at 1
wt. % addition
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This is also evident by the shift in the order of magnitude at a dosage of 1.5 wt. %
(Figure 26), in which the zeta potential was -10 mV. The homopolymer VPA100 did not
have a considerable effect on the viscosity, at neither 1 wt. % nor 1.5 wt. %, this is
because of its low Mw, which is due to the difficulty in polymerization. The increase of
the viscosity by the addition of 1 wt. % of VPAS0 can be partially due to the zeta potential
drop by 33%, while at 1.5 wt. % the sudden increase was due to the pseudo coagulation
effect. The difference in the rate of change between the AA100 and AMPS50 curves in
Figure 26 elucidates a higher plastic viscosity provided by AMPS50 with a smaller slope.
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Figure 26 The effect of different linear copolymers on 45 wt. % YSZ suspensions at 1.5
wt. % addition

The previously discussed copolymer throughout the text had an Mw of 27.5 K
g/mol, which was slightly higher than the homopolymers. Therefore, to assess the Mw
effect on the viscosity of the suspensions and to eliminate the uncertainty that a higher
Mw had a significant impact on the performance of the copolymer, we conducted the test
on AMPS50 copolymers with a range of different molecular weights. Figure 27 distinctly
demonstrates the inapplicability of Mw in terms of modifying the rheological response

at this range of 11.5-42.5 K g/mol.
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Viscosity (Pa.s)

To assess the malleability of the samples with a set of linear copolymers, AA100,

AMPS100, AMPS50, and VPAS50, we traced the cracking formation on wet samples

Figure 28, it can be clearly seen that all the samples had a homogeneous

Figure 28 The wet cracking behavior of coagulated samples with a) AA100, b)
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Figure 27 The effect of different Mws of AMPSS50 on the rheology of 45 wt. % YSZ

suspensions

3.3.4. Malleability and Cracking Behavior

during shaping and handling. The behavior can be characterized by the homogeneity,
ease of shaping, cutting through, smoothening the surface, propagation of the crack, and

the moisture content of the specimen. On the illustration given in

consistency, in that there was no liquid-solid phase separation after the coagulation.

MPS100, ¢) VPASO0, and d) the optimum additive, AMPS50
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AA100 and VPAS50 samples did not respond well to shaping, cutting through the
material caused the cracks to form, and attempting to smoothen the surface caused the
samples to split and break repeatedly with the movement, which is clear for VPA50-
sample. The use of AMPS100 displayed a slightly better behavior in terms of the response
to touching the surface but cracked under a small perpendicular pressure. On the other
hand, the sample containing AMPS50 met the criteria of the characterization in that the
product displayed no cracks despite the movements and forces exerted on it. In Figure
29, we chose AA100 to show that the presence of cracks is intensified after drying
overnight to the point of complete breakage and failure, rendering the sample unsuitable
for sintering. In contrast, the sample prepared with AMPS50 did not crack after drying

overnight nor after sintering under the conditions described in section 3.2.8.

Figure 29 Comparison between the a) dry behavior of the sample containing AA100,
and b) the sintered sample containing AMPS50

Since VPASO0 displayed the worst case of malleability, we eliminated it from the
moisture content measurements. The rest of the polymers were evaluated to study the
water retention in the samples when left to dry at room temperature, the test was done on
65 wt. % suspensions, which is the maximum loading. The rate at which the moisture
content was changing with time was the lowest in AMPS50 governed by the least steep
slope, given in Figure 30. AA100 displayed the most drastic loss in water from the time
of preparation, 45% loss occurred after 6 hours of drying. AMPS50 retained about 23%
more water compared to both AMPS100 and AA100 after 6 hours of drying. At this point,
we have proven that AMPS50 is the best performing linear copolymer as a coagulant in
retaining the moisture, capable of being shaped without displaying cracking behavior

under various movements.
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Figure 30 The moisture content of 65 wt. % YSZ suspensions dried at room
temperature up to taking the measurement, then dried at 150 °C

3.3.5. The machinability in Wet and Dry States

To maintain a homogeneous, highly viscous, crack-free, and malleable YSZ
formulation of 65 wt. % loading, we singled out AMPS50 at 1 wt. % due to its
performance in wet, dry, and sintered states. This malleability was due to the dough-like
consistency of the colloids that immediately occurred when AMPS50 was added to the
system. The ease of forming and molding made it possible to penetrate the material in the
wet state. Figure A1 shows a needle inserted in the dough where the material was sculpted
into a rectangular rod. The induced hole was stable, did not cause the sample to break,
and homogeneously spanned the rod end-to-end. Additionally, this method can be used
for any size of the specimen, validating its reproducibility thereof. However, this
technique is useful for applications that do not require accuracy on a millimeter scale.
For such applications, drilling/machining using a sample holder and a drilling/lathe
machine in the dry state is more precise. Figure A2 elucidates a ball that was shaped by
hand and let to dry, the ball (14.7 mm diameter) was then drilled with a pin of 0.6 mm
size, while dry at 8000 rpm. Sintering did not cause any cracking, which confirms the

lack of it in the dry body as sintering extenuates cracks if they exist. The shrinkage of the
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ball after sintering was about 22%, which was a common shrinkage rate of all the
samples.

Using a lathe machine, we drilled one cylinder-shaped rod in its semi-wet state —
the supporting visual material (video) illustrates the lathing machining. The result is as
seen in Figure 31, showing the rod both before and after sintering. This specific shape is
utilized for thermocouples that have conductive wires that require to be covered with an
insulating material in this case, a ceramic. In contrast to the conventional ceramic
processing methods for producing such tools, this technique is facile, easy-to-reproduce,

and reliable.

Figure 31 The drilled rod in dry green body state a lath machine with a pin of 2 mm
diameter size and 16 cm length a) Top view of the dry body b) and ¢) cross-sectional
view showing the hole size and dimensional stability d) the sintered rod showing
shrinkage and slight deflection
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3.3.6. Shrinkage, Density, and Mechanical Strength

The dimensional shrinkage of the samples was isotropic and was calculated to be
22.8%, which is comparable to the reported values in the literature [26, 48, 49]. Figure
17 demonstrates the size difference between the dry green body and the sintered body
that was made using the same mold with a diameter of 1 cm. While wet, the sample takes
the shape of the mold without any dimensional variation. During drying at room
temperature with about 10% moisture loss, which is after 3 hours from the start according
to Figure 30, the sample starts to exhibit slight drying shrinkage. When left overnight to
dry, the sample shrinks about 8%. The density was found to be 5.92 and 5.93 which are
97.7% of the theoretical density of 3 mol YSZ, and it matches the density reported by the
nanoparticles’ manufacturer. On the other hand, the surface morphology of the sample
showed a few pores, which can be attributed to the way the sample was shaped and

handled. The lines are due to the polishing. The average mechanical strength of the

sintered samples was recorded to be 149 MPa.
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Figure 32 SEM micrograph of the surface morphology of the sintered pellet displayed
on the right of the sample image.
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3.4. Conclusion

The instant coagulation of the YSZ nanoparticles that results in 1) sustained stabilization

of the suspension in its fresh state i1) malleable dough at room temperature 1ii) crack-free

homogeneous highly-viscosity consistency iv) machinable material, both the wet and the

dry green bodies, can only be successfully attained by intricate tailoring of the coagulant

properties to the type of the particle and its surface properties. This work provides an

innovative approach to casting and processing 3 mol % yttria-stabilized zirconia at the

minimum additive amount of 1 wt. %. This particle-specific design, governed by

polymer-polymer bridging, facilitates the decrease of the required additive amount,

which in turn eliminates post-processing steps in ceramic casting.
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APPENDIX
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Figure A1 Wet State Formability a) During forming, b) cross-section of
the hole ¢) Reproducibility of different sizes

Figure A2 Dry Green Body State Machinability a) Right after drilling,
b) Cross-section of the ball and the drilled hole of size 0.6 mm, ¢) the
final sintered ball encircling a wire
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