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ABSTRACT

THE SELF-STANDING, MALLEABLE DOUGHS OF ADVANCED CERAMICS
FACILITATE LOW-NUMBER PRODUCTION AND PROTOTYPING ON A
BENCHTOP

AYSE AY

MATERIALS SCIENCE AND NANOENGINEERING PH.D. THESIS, JUNE 2024

Thesis Supervisor: Assoc. Prof. OZGE AKBULUT

Keywords: colloidal processing, 3D-printing, prototyping, ceramics processing, low-
volume fabrication

Ceramics stand out for their long-term durability, high thermal stability, strength, and
chemical resistance, making them ideal for extreme applications. However, these
desirable properties often pose challenges in the near-net shaping of ceramics. Currently,
there is a lack of cost- and energy-effective processing routes for advanced ceramics that
align with rapid prototyping and low-volume manufacturing setups. There is a pressing
need for alternative methods tailored specifically for ceramics. Recently, we have shown
the preparation of self-standing, malleable doughs of advanced ceramics. These doughs
are generated through the introduction of a single additive in an aqueous suspension and
in under two minutes, they can be shaped by hand or pushed into a mold. The single
additive is a grafted random copolymer that induces polymer bridging among ceramic
particles leading to homogeneous coagulation. After a short period of drying, the green
bodies can be near-net shaped at a benchtop CNC.

The self-standing, malleable doughs represent a significant opportunity in ceramic
processing, they can be machined with forces that are below 10 N and potentially, the
waste and faulty samples can be recycled fully. This enables no material leak, time- and
energy-efficient processing; along with the use of existing setups, the method can
revolutionize low-number manufacturing and prototyping for advanced ceramics.

In this thesis, | expanded the materials portfolio of these doughs from oxides to a multi-
component nitride. In addition, | parameterized the machining of alumina to serve
standardization of this processing technique and paved the way for adaptation of this
technique by the establishments with no or minimum materials domain knowledge.



OZET

TEZGAH USTU, DUSUK MiKTARDA URETIM VE PROTOTIPLEMEY1
KOLAYLASTIRAN ILERI SERAMIK SEKILLENDIRILEBILIR HAMURLARIN
TASARIMI

AYSE AY

MALZEME BILIMI VE NANOMUHENDISLIK DOKTORA TEZI, HAZIRAN 2024

Tez Danigsmani: Dog. Dr. OZGE AKBULUT

Anahtar Kelimeler: kolloidal sistemler, 3 boyutlu yazim, prototipleme, seramik isleme,

disiik-hacimli Gretim

Seramikler, yiiksek termal stabiliteleri, dayanikliliklar1 ve kimyasal direngleriyle 6ne
cikarak zorlu uygulama alanlarinda kullanim igin ideallerdir. Bununla birlikte, bu arzu
edilen ozellikler ¢ogu zaman seramiklerin nete yakin sekillendirilmesini engeller. Su
anda, ileri seramikler i¢in hizli prototipleme ve diigiikk hacimli iiretim sistemleriyle
uyumlu, maliyet ve enerji agisindan verimli isleme yollarinin eksikligi bulunmaktadir.
Seramiklere 0zel olarak uyarlanmis alternatif yontemlere acil bir ihtiya¢ vardir. Son
zamanlarda ileri seramiklerden elle sekillendirilebilir hamurlarin hazirlanisini gosterdik.
Bu hamurlar, sulu bir siispansiyona tek bir katki maddesinin eklenmesiyle tretilmekte,
iki dakikadan kisa bir siirede elle sekillendirilebilmekte veya kaliplanabilmektedir. Tek
katki maddesi, homojen koagiilasyonu saglayarak seramik parcaciklar1 arasinda polimer
koprilenmesini indiikleyen grafth rastgele bir kopolimerdir. Hamurlardan elde edilen
yesil govdeler, kisa bir kurutma siiresinin ardindan tezgah Usti CNC'de nete yakin
sekillendirilebilir.

Elle sekillendirilebilen bu hamurlar seramiklerin islenmesinde oOnemli bir firsat
sunmaktadir; 10 N'nin altindaki kuvvetlerle islenebilmekte ve potansiyel olarak atik ve
hatali numuneler bu sayede tamamen geri dontistiiriilebilmektedir. Bu, malzeme kaybinin
onlenmesini, zaman ve enerji agisindan verimli islemeyi de miimkiin kilmaktadir. Mevcut
kurulumlarin kullanilmasiyla birlikte bu yontem, ileri seramikler icin diisiik hacimli
iiretim ve prototip olusturmada devrim yaratabilir.



Bu tezde, bu hamurlarin malzeme portfoyiinii oksitlerden ¢ok bilesenli nitriir igeren ileri
seramik sistemlerine genislettim. Ayrica aliminanin CNC ile islenmesini, bu teknigin
standardizasyonunu saglayacak sekilde parametrelendirdim ve bu teknigin, malzeme
bilgisi olmayan veya minimum diizeyde olan isletmeler tarafindan uyarlanmasinin 6niini
agtim.

Vi
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Chapter 1

1. INTRODUCTION

In this thesis, near-net shaping of advanced ceramics, as well as the design and
prototyping of agrochemical release systems were reported. The thesis is divided into two
parts, comprising five chapters in total. Part one covers the colloidal processing of two
technical ceramics, namely a modal ceramic, a-alumina, and a multi-component nitride
system, SiAIONs. The second part focuses on the colloidal processing of a commercial-
grade fertilizer. The first chapter provides an introduction and summarizes the main
findings of each chapter in the thesis.

In Chapter 2, a facile, benchtop method for producing self-standing, malleable doughs of
alumina —the most used technical ceramic— for CNC machining was introduced. A single
additive, poly(ethylene glycol)-grafted random copolymer of acrylic acid and N-(3-
(Dimethylamino)propyl)methacrylamide, at 0.75 wt. % relative to a-alumina, was used
to formulate malleable alumina doughs (75.3 wt. %) in under 2 minutes. The optimal
machining parameters for achieving the best surface quality were identified for tools with
two different diameters. Additionally, the recycling potential of a-alumina was
demonstrated, incorporating up to 30 wt. % from intentionally broken parts at the green
state. This cost-effective and accessible methodology not only enhances the precision and
quality of ceramic production but also promotes sustainability by incorporating a
significant recycling component, paving the way for greener ceramic manufacturing
practices.

In Chapter 3, SiAIONs, a multi-component ceramic system, were studied. Their use

frequently requires custom shapes, and they are usually machined at the green state for
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their near-net-shaping. An additive, a copolymer of poly(ethylene glycol)-grafted acrylic
acid and 2-acrylamido-2-methylpropane sulfonic acid, was used to coagulate SIAION
suspensions, forming a malleable dough with 72.7% SiAION content. The mechanical
and microstructural properties of the machined dough were compared with a wear part
made from the same powder but fabricated through uniaxial pressing. The fabrication and
prototyping of complex shapes using conventional machining techniques were
demonstrated.

In the second part, a flexible agrochemical release system that boosts plant growth was
devised through room temperature and solvent-free processing. A core-shell mesh fiber
system through coaxial direct ink writing for the release of fertilizer was fabricated. The
viscosity and the printability of the core ink were tuned by dissolving the fertilizer in an
aqueous hydroxypropyl cellulose and poly(ethylene glycol) solution. As the shell ink, a
polysaccharide-based formulation based on methylcellulose and sodium alginate was
utilized to encapsulate the core ink and prolong the release. The core-shell meshes with
sub-mm diameter fibers inherently granted a high core loading capacity of ~86.8 wt. %.
The efficacy of the 3D-printed controlled release of the fertilizer was tested using a plant
growth assay. The meshes increased wheat shoot growth by ~1.7-fold and ~1.5-fold
compared to the control (no chemical) and traditional (where the fertilizer was applied
directly into soil) application, respectively, in four weeks. In addition, a 30% reduction
in the fertilizer load produced ~1.2-fold growth compared to the traditional application.
This route will enable a zero-waste fabrication of controlled-release systems, offering a
promising solution in terms of both environmental sustainability and efficient multiple-

nutrient delivery.



Chapter 2

2. OPTIMIZING MACHINING PARAMETERS OF A MODAL CERAMIC
SYSTEM ON A BENCHTOP: MALLEABLE ALUMINA DOUGHS FOR
LOW-NUMBER PRODUCTION

This chapter is written based on the article “Benchtop machining of self-standing alumina
doughs for low-number fabrication and prototyping” that was submitted to ACS Applied

Materials & Interfaces in January 2024 and received feedback for revision in March 2024.

2.1.Introduction

Advanced ceramics are known for their high thermal stability, mechanical strength, and
chemical and wear resistance (Ayode Otitoju et al., 2020; Heimann, 2010; Riedel et al.,
2008), making them suitable for demanding applications such as ultra-high-temperature
applications, implants, and ballistic armor (J. Ma et al., 2003; Sigmund et al., 2000).
However, their intrinsic hardness and brittleness pose challenges in shaping them into
complex structures (Dhara & Su, 2005; Mohanty, Rameshbabu, et al., 2013). Computer
numerical control (CNC) machining, commonly used for metals (Childs, 2,000; Juneja,
2003; Pabla & Adithan, 1994), has been adapted for ceramics to achieve intricate designs
(Kastyl et al., 2020), however, it requires significant investment in machinery and skilled
labor. Machining of sintered ceramics involves high forces and energy consumption,
leading to tool wear and frequent replacement of expensive tooling (Chang & Lin, 2012;
Gongalves Junior et al., 2019; Liu et al., 2017; Zhai et al., 2021). Moreover, recycling
faulty products and scrap is also energy-intensive (Wei et al., 2023).

Alternatively, ceramics can be processed in their green state, where the loosely

consolidated structure requires lower forces and results in less tool wear (Dadhich et al.,
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2015; Demarbaix et al., 2020; Seesala & Dhara, 2021). Powder compaction methods such
as hot (HIP) and cold isostatic pressing (CIP) are cost-effective for high-volume
production due to their batch-processing nature, however, they require expensive molds
and equipment (Figure 2.1) (Seesala et al., 2021; Vaben & Stéver, 1997). HIP involves
applying high pressure and temperature (Figure 2.1) to a ceramic material, which
enhances its density and mechanical properties by eliminating internal voids and defects.
This method leads to ceramics with superior strength, toughness, and resistance to wear
and corrosion, making it ideal for high-performance applications. HIP requires expensive
equipment and significant energy consumption due to the high temperatures and pressures
involved, making it costly for small-scale or low-volume production (Atkinson & Davies,
2,000; Bocanegra-Bernal, 2004; Davis, 1991). Additionally, the process duration can be
lengthy, further increasing production costs (Atkinson & Davies, 2,000; Bocanegra-
Bernal, 2004). CIP, on the other hand, applies pressure at room temperature, ensuring
uniform compaction of ceramic powders (Figure 2.1). This process produces green bodies
with consistent density and can be used to create complex shapes that are challenging to
achieve with other methods. CIP, while less energy-intensive, often requires a subsequent
sintering step to achieve the desired material properties, which can introduce additional
time and expense. Despite these benefits, both HIP and CIP have drawbacks in producing
very fine or intricate features due to the inherent nature of the pressing techniques.

To create a machinable green body using a slurry-based approach, ceramic particles are
embedded in a polymeric matrix, which imparts sufficient ductility and resilience during
machining (Prabhakaran et al., 1999; Su et al., 2008). This process often involves using
multiple chemicals including binders and dispersants, which need to be removed later,
with each laboratory and company having its unique formulation (Figure 2.1) (J. Kim et
al., 2022). Gel-casting involves using a monomer solution that polymerizes to form a rigid
gel, providing good shape retention and uniform microstructure. It offers a balance
between cost and precision, suitable for small to medium production volumes. Protein
coagulation casting uses proteins to bind ceramic particles, which then coagulate and
form a solid structure upon heating (Yin et al., 2009). These methods are particularly
useful for creating complex shapes and are relatively cost-effective for small-scale
production. However, they often fall short in achieving the same level of density and
mechanical properties as isostatic pressing. Thus, there is a need for a universally

accepted, readily available, and cost-effective method for consolidating green ceramics.
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Figure 2.1 Schematics of green body preparation methods and hot isostatic pressing

Recently, Akbulut research group has shown the preparation of malleable, self-standing
doughs of yttria-stabilized zirconia (YSZ) (Zemberekci et al., 2021) and magnesia (MgO)
(Ozhan et al., 2023) through the use of a single additive at low amounts (<2 wt. %). These
additives, which are random copolymers with ionic backbones, effectively coagulate
highly concentrated aqueous ceramic suspensions (>60 wt. % particles) through polymer
bridging, resulting in a dough-like consistency. The self-standing dough addresses
multiple issues that current organic matrix-based or powder compaction methods cannot
solve. The dough can be manually shaped or pressed into molds (Figure 2.2) without
requiring a controlled environment or specialized equipment for preparation. Due to
comprising a minimal quantity of a single organic formulation, they are highly
reproducible and thus applicable to standardization. In this thesis, the self-standing dough
formulation is expanded to another oxide, a-alumina (Figure 2.2).

Alumina, the most frequently used advanced ceramic (Ben-Nissan et al., 2008), was used
as a modal ceramic to demonstrate the standardization of CNC machining for low-number
production and prototyping on a benchtop (Figure 2.2). A poly(ethylene glycol) (PEG)-
grafted copolymer of N-(3-(Dimethylamino)propyl)methacrylamide (DMAPMA) and
acrylic acid (AA), at 0.75 wt. % (with respect to the weight of alumina) to homogeneously
coagulate ~75.3 wt. % aqueous alumina suspensions (Figure 2.3) was utilized.
Thereafter, the machining parameters were optimized by varying the cutting tool diameter
(I mm and 2 mm), spindle (5,000-30,000 rpm), and cutting speeds (1,000-1,800



mm/min) and the interaction between the green body and the tool was assessed, as well

as the tool wear.
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Figure 2.2 The fabrication of crucibles from self-standing alumina dough using green
machining

The surface quality after machining was tracked by profilometry, optical microscopy, and
scanning electron microscopy (SEM). Upon sintering, all hand-shaped objects
demonstrated isotropic linear shrinkage of ~19% from the dried state to the sintered state
and reached a density of 3.93+0.29 g/cm® (~99.5% t.d.). The hardness of the sintered
samples was measured as 15.16+1.15 GPa in alignment with other reports (Khan et al.,
2016; Lee et al., 2019). Additionally, a potential recycling route for the green bodies was
introduced by incorporating up to 30 wt. % scrap, which was sourced from intentionally

broken green parts.



Figure 2.3 A malleable, self-standing dough comprising 75.3 wt. % alumina and 0.75 wt.
% copolymer relative to the weight of alumina, its molding, and green machining to
produce a crucible

Self-standing, malleable doughs (Figure 2.3) have the potential to standardize green-state
ceramic machining. This research represents the initial effort to systematically
parameterize the green machining of alumina. This accessible approach can be readily
applied to various ceramics, expanding the materials portfolio for energy-, cost-, and

resource-efficient processing, particularly for low-volume production and prototyping.

2.2.Materials and methods

2.2.1. Materials

Alpha alumina was acquired from US Research Nano Materials, Inc. AA (99%),
DMAPMA (99%), and potassium peroxydisulfate (KPS, >99.0%) were sourced from
Sigma-Aldrich. PEG (MW=1,000 g/mol), hydrochloric acid (HCI, 37%), sodium
hydroxide (NaOH, 97%), and maleic anhydride (MA, 99%) were purchased from Merck.
All chemicals were used without further purification, and solutions were prepared with

deionized (DI) water having a resistivity of 18.2 MQ-cm, with the pH adjusted to 7.



2.2.2. Synthesis of the additive and the preparation of the ceramic suspensions

The procedure to synthesize MA-esterified PEG (MAPEG) was conducted following the
method proposed by Lu et al. (Lu et al., 2010). The resulting MAPEG was used for
polymerization without purification. For the aqueous free-radical polymerization of
DMAPMA, AA, and MAPEG, a mixture containing 0.05 mol of DMAPMA, 0.05 mol of
AA, and 0.02 mol of MAPEG (Mn=~1156 g/mol) was dissolved in 100 mL of DI water.
This solution was transferred to a 250 mL three-neck flask equipped with a reflux
condenser. The flask was purged with nitrogen gas and stirred magnetically as the
temperature was increased to 50 °C. At this point, a 75 mL aqueous solution of KPS
(initiator) was slowly added dropwise over 10 minutes, corresponding to 1 mol% of the
total moles of comonomers (0.12 moles). The temperature was then elevated to 70 °C,
and the reaction was allowed to proceed for 12 hours.

The composition of the copolymer (Figure 2.4, Table 2.1, and Table 2.2) was determined
via nuclear magnetic resonance spectrometry (NMR, Varian Unity Inova 500 MHz,
Agilent Technologies, USA). The polymerization medium was precipitated in acetone,
vacuum dried at 70 °C for 12 hours, and subsequently dissolved in deuterium oxide (D20,
99.90%).

Gel permeation chromatography (GPC) was used to determine the molecular weight
distribution (Mw and Mn) and the polydispersity index of the copolymer (Table 2.2). This
analysis was performed using an Agilent 1260 Infinity system with Waters Ultrahydrogel
250 and 500 columns, coupled with a refractive index detector, operating at a flow rate
of 0.7 mL/min. Before measurement, the copolymer was dissolved in a phosphate buffer

(pH=7.2) at a concentration of 5 mg/mL.
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Figure 2.4 *H NMR spectrum of the DMAPMA/AA/PEG copolymer in deuterium oxide
(D20) (The peak at ~4.65 ppm originates from D.O solvent in the measurement.)

Table 2.1 *H NMR absolute integral values associated with each functional group of the

copolymer
Region Range Functional group Absolute Integral
1 1.93-1.65 -CH2-CH 17.29
2 2.13-2.01 - 15.35
3 2.84-2.64 N(CHs)2 30.55
4 3.21-2.90 N-CH: 23.92
5 3.61-3.46 CH2-CH2-O 12.89
Table 2.2 Properties and characteristics of the copolymer
Molar concentration (DMAPMA:AA:PEG) 0.05:0.05:0.02
Molar feed ratio (DMAPMA:AA:PEG)? 25:25:0.6
DMAPMA/AA? 8.8:10
PEG/DMAPMA+AA? 1.29:100




Molecular weight (Mn) (kg/mol™)P 5.64

PDI (Mw/My)® 1.55

2 Determined by *H-NMR, ® Determined by gel permeation chromatography (GPC)

2.2.3. Electrokinetic studies

A zeta potential analyzer (Malvern Instruments, Ltd., Zetasizer Nano series, UK) with a
633 nm laser and a scattered light detector set at a 173° angle was used to assess the
electrokinetic behavior of alumina nanoparticles. 1 mg, 2 mg, 5 mg, and 10 mg
nanoparticles were separately dispersed in 100 mL of deionized water and ultrasonicated
in a bath sonicator for 5 minutes, and alumina suspensions with a concentration of 0.001
wt. %, 0.002 wt. %, 0.005 wt. %, and 0.01 wt. % were obtained. An aqueous copolymer
solution was added gradually to these suspensions to achieve a copolymer concentration
between 0.25-1.5 wt. %. The suspensions were then ultrasonicated for another 5 minutes
and mechanically stirred for 10 minutes before measurements. Three measurements, each
consisting of at least 15 runs, were performed at 25 °C. The zeta potential and
hydrodynamic radius for each copolymer concentration were determined by averaging
these three measurements and reported along with their standard deviations.

Alumina suspensions were prepared at concentrations of 0.025 wt. %, 1 wt. %, and 30
wt. % without the introduction of copolymers. To analyze floc sizes, 0.75 wt. %
copolymer relative to the weight of alumina particles was introduced to these suspensions.
These suspensions were sonicated for 1 hour within a temperature range of 19-24 °C.
Using the Hydro SM device, micro drops were added until an obscuration level of 20%
was achieved. Six measurements, each lasting 30 seconds, were taken to determine the
volume density percentage and the particle/floc size distribution, utilizing a Mastersizer
3000E (Malvern Instruments, UK).

2.2.4. Preparation of the green bodies

To determine the maximum solid loading resulting in a dough-like consistency, an

aqueous copolymer solution was gradually added to pre-weighted a-alumina. After
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incorporating the copolymer, the mixture was hand-mixed for 2 minutes until it reached
a dough-like consistency. Digital images of the self-standing alumina dough were
captured using a Canon EOS 650D camera (Figure 2.3). Before molding, the particle
loading was evaluated using a solid content analyzer, and a particle loading of ~77.6 wt.
% was achieved with 0.75 wt. % additive. For example, a 100 g dough consisted of 75.3
g of particles, 24.1 g of DI water, and 0.6 g of additive. The volumetric composition of
the dough was 44.9% (v/v) alumina, 0.7% (v/v) additive, and 54.4% (v/v) DI water.
Throughout all compositions, the copolymer amount is expressed relative to the weight

of the alumina particles.

2.2.5. Rheological characterization

An Anton-Paar MCR92 rheometer equipped with a parallel plate geometry of 25 mm with
a fixed gap size of 1 mm was used to characterize the rheological behavior of ceramic
suspensions at room temperature (25 °C). Samples with 67.8, 72.5, 75.3, and 77.1 wt. %
solid loading containing 0.75 wt. % additive were prepared. The shear rate was varied
from 0.1 to 100 s™*. To obtain the storage and loss moduli in dynamic mode, the angular

frequency was kept constant at 10 rad/s, while the strain increased from 0.001 to 100%.

2.2.6. Sintering profile, density measurements, and shrinkage

The sintering of green bodies was conducted in a MoS-B 180/4 chamber furnace
(Protherm, Turkiye). The furnace temperature was gradually increased to 1650 °C at a
rate of 1 °C/min, with a dwelling time of 3 hours.

The density of the sintered bodies was measured using Archimedes’ method, employing
an AND GR-200 analytical scale and a custom setup to measure the mass of the
submerged sample in DI water at 22 °C (pwater=0.99777 g/cm3).

The percentage of shrinkage in cubic alumina samples during drying and sintering was
calculated using linear dimensional measurements. A K-factor was introduced to quantify
the percentage of anisotropic sintering shrinkage using Eq. (2.1)-(2.3) (Heunisch et al.,
2010):
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K,,= 100x(1-¢,/¢,) (2.1)
K= 100x(1-¢ /s, (2.2)
K,,= 100x(1-g,/¢,) (2.3)

Where ¢, €, and ¢, represent shrinkage in the x, y, and z directions, respectively. The

shrinkages were calculated along the X, y, and z directions for five cubical samples, and

the average is reported.

2.2.7. Mechanical characterization

The Vickers hardness (HV) was assessed via an indenter (Emco-Test Priifmaschinen
GmbH, Austria) with a 1 kg load for 15 seconds, following the ASTM-C1327-08
standard, after polishing the samples in an automated polishing machine (TegraPol-25,
Struers). The average of five measurements for each sample was employed to determine
the Vickers hardness by analyzing the radial cracks generated during the indentation test
using Eq. (2.4) (ASTM, 2022):
HV=0.0018544 (P/d%) (2.4)

where P is the load (N), and d is the average length of the two diagonals of the indentation

(mm).

2.2.8. Machining

Green bodies were dried at room temperature (20.4+1 °C) for 24 hours at a relative
humidity of 52%. Machining was performed using a bench-top 3-axis REVO M1A CNC
milling machine (REVO, Turkiye) equipped with 1 mm and 2 mm diameter tungsten
carbide flat-end mill cutting tools (LPKF Laser & Electronics AG, Germany). Tungsten
carbide was chosen for its durability and cost-effectiveness (Johansson et al., 2019;
Micallef et al., 2020; Rizzo et al., 2020), while the flat-end mill geometry was selected to
achieve a smooth surface finish, ensuring precision and dimensional accuracy (Vickers
& Quan, 1989).

A major challenge in green machining is securely mounting the green bodies to the CNC

table (Mohanty, Rameshbabu, et al., 2013). Mechanical clamping methods presented

12



difficulties due to the brittleness and limited mechanical strength of the green compacts,
as excessive clamping pressure could potentially compromise their integrity. Vacuum
clamping was also not a viable option due to the porous nature of the green compacts.
Additionally, the machining process introduced vibrations which can lead to detachment
and breakage of the samples. To address these challenges, a practical solution that
involved drilling holes with dimensions matching those of the samples on a hardwood
panel was employed (Figure 2.11b). The samples were then securely fixed into these
openings using adhesive tape (Aerovac Composites One, USA). This approach ensured
that the ceramic substance was surrounded by the tape and minimized the movement

during the machining process.

2.2.9. Surface characterization

The quality of the machined surface was assessed by optical microscopy (Sanqtid, China)
and surface profilometry (Dektak 6M, USA) before and after sintering. Arithmetic mean
roughness (Ra) was measured by surface profilometry, applying a force of 2 mg, along
and perpendicular direction of machining using a Stylus-type profilometer with a 12.5
pm tip radius. The horizontal distance traveled was set to 3 mm and 6 mm, for 1 mm and
2 mm tools, respectively. The distance traveled for the 2 mm tool was increased
intentionally to cover more area. SEM (Leo Supra 35VP field emission SEM) was used
to evaluate surface morphology at an acceleration voltage of 3 keV without any coating
after sintering.

2.3.Results and discussion

2.3.1. Formulating machinable alumina green bodies

To determine the minimum amount of copolymer required for preparing a dough, the
stability of alumina dispersions was evaluated using zeta potentiometry. The pristine
alumina (without any copolymer introduction) suspension exhibited a zeta potential ({)
of -34 mV at around pH 7 (Figure 2.5). At lower additive concentrations, the copolymer
molecules did not sufficiently cover the particle surfaces, resulting in the formation of a

robust network through inter-particle adsorption of long-chain molecules (Mohanty, Das,
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et al., 2013). When 0.75 wt. % copolymer was added, the suspended powder surfaces
reached the highest surface charge of -43 mV, indicating monolayer coverage of the
polymers (Figure 2.5).

Additionally, the average hydrodynamic diameter (hg) initially decreased with increasing
copolymer concentration but then increased beyond 0.75 wt. %. The smallest hqg was 211
nm, corresponding to the copolymer amount necessary for complete surface coverage of
the particles (Figure 2.5). Beyond this optimal point, excess un-adsorbed polymer
molecules in the aqueous solution compressed the electrical double layers, reducing the
surface charge and zeta potential (Mohanty, Das, et al., 2013). The increase in hg with
polymer dosages exceeding 0.75 wt. % can be attributed to mechanisms such as
polymer—polymer/free-polymer interactions and bridging flocculation (Doroszkowski,
1999; Furusawa et al., 1992; S. Kim et al., 2015; Piculell & Lindman, 1992b; Vincent et

al., 1980).
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Figure 2.5 Zeta potential and hydrodynamic diameter of alumina particles with varying
copolymer content (Line plot used for better data visualization.)

Figure 2.6a illustrates the size (hg) distribution and intensity (%) of a 0.001 wt. % alumina
suspension with varying copolymer concentrations. The primary peaks fall between 0 and

500 nm for all samples. The sample without copolymer (0 wt. %) shows a sharp peak,
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indicating a narrow size distribution of well-dispersed ceramic particles. As the polymer
concentration increases, the peaks shift slightly and broaden, indicating changes in
particle size distribution and potential aggregation. As the polymer concentration
increases from 0.25 wt. % to 1.0 wt. %, the intensity peaks decrease and broaden,
suggesting the start of particle aggregation. Beyond 1.0 wt. %, the peaks broaden further,
and additional peaks appear, reflecting more complex interactions between the copolymer
and alumina particles. Higher polymer concentrations (1.75 wt. % and 2.0 wt. %) show
secondary peaks at larger diameters (around 5000 nm), indicating the formation of larger
aggregates or clusters. Therefore, while small amounts of polymer (up to around 1.0 wt.
%) effectively bind alumina particles and maintain a controlled size distribution,
excessive copolymer addition leads to significant aggregation, forming larger particle
clusters and broadening the size distribution.

In Figure 2.6¢, alumina particles without copolymer showed peaks concentrated around
250 nm at lower solid loadings (0.001 wt. % and 0.002 wt. %). As the solid loading
increased to 0.005 wt. % and 0.01 wt. %, the peaks broadened and shifted to larger sizes
(up to 1,000 nm), indicating significant aggregation at higher solid loadings. This
suggests that particles are well-dispersed at lower solid loadings, whereas higher loadings
result in considerable aggregation. Figure 2.6d demonstrates that adding copolymer to the
ceramic particles at 0.75 wt. % broadens and shifts the intensity peaks compared to those
without polymer. At 0.001 wt. %, the peak remains narrow but shifts slightly to larger
sizes. At higher solid loadings (0.005 wt. % and 0.01 wt. %), the peaks are much broader
and shift to larger sizes, indicating enhanced aggregation due to the copolymer. This
broadening and shift in size distribution with increased solid loading show that
aggregation occurs in both cases, but the effect is more pronounced with the copolymer,
suggesting it promotes aggregation at higher solid loadings.

Additionally, the formation of dough at different solid loadings with increasing additive
content was visually tracked (Figure 2.6b). At 72.5 wt. % solid loading, the suspension
remained sticky regardless of the additive amount. However, at 77.1 wt. % solid loading,
prominent cracks were observed. Non-sticky, malleable dough formulations with no
clumping were achieved with 0.75 wt. % and 1 wt. % additive, with 0.75 wt. % being
selected for further studies due to its optimal performance.
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Figure 2.6 a) Intensity-weighted size distribution of 0.001 wt. % alumina dispersion with
added copolymer, b) photographic matrix showing dough at different compositions, c)
intensity-weighted size distribution of pristine alumina suspensions at 0.001-0.01 wt. %,
d) intensity-weighted size distribution of 0.001-0.01 wt. % alumina dispersion with 0.75
wt. % copolymer added

In an ideal dilute solution, the diffusion coefficient (Dt) measured using DLS remains
constant regardless of solute concentration. As the concentration increases, the solution
deviates from ideal behavior, prompting a first-order expansion. The diffusion interaction
parameter, kp (mL/g), represents the first-order correction to the diffusion coefficient:
D=Dy(1+kpc) (2.5)
Here, kp is determined by measuring the diffusion coefficient across a concentration
range typically between 1 and 10 mg/mL, where the first-order approximation is
applicable. Attractive interactions (kp<O) lead to a decrease in Dt and an increase in
apparent hydrodynamic diameter (hq) in Figure 2.7.
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Figure 2.7 Apparent hydrodynamic diameter as a function of concentration

The dispersing effect of the copolymer was studied by tracking the change in the floc size
in the medium (Figure 2.8). The increase in floc size at different particle concentrations
implies that the copolymer effectively promotes particle bridging. Pristine suspensions
(no copolymer) exhibited a multimodal particle size distribution with an average floc size
of ~1.6 um at particle concentrations of 1 and 30 wt. %. Conversely, introducing the
copolymer resulted in a shift in the average floc size to around 20 um even at a 1 wt. %
particle loading, indicating the initiation of floc formation in the suspension. The efficacy
of the copolymer in flocculating alumina particles was more prominent at higher solid
contents, where flocs with an average size of ~30 um were noticeable at 30 wt. % solid
concentration, accompanied by additional peaks at larger sizes. This change in the floc
size shows that copolymer can effectively facilitate particle bridging, leading to the

formation of dough-like suspensions.
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Figure 2.8 Floc size in a) pristine alumina suspensions and b) alumina suspensions in the
presence of 0.75 wt. % copolymer at different particle concentrations

2.3.2. The flow behavior of alumina suspensions/doughs

For the preparation of the doughs, achieving homogeneous coagulation without any
bleeding is essential. The flow behavior of ceramic suspensions with solid contents of
67.8%, 72.5%, 75.3%, and 77.1% by weight, each containing 0.75% additive by weight,
was analyzed (Figure 2.9a). At shear rates ranging from 0.01 to 100 s™!, all suspensions
demonstrated shear-thinning behavior (Figure 2.9a). This pseudoplastic behavior of
highly-loaded suspensions is due to the formation of an inter-particle network at relatively
lower shear rates (Acosta et al., 2013; Dabak & Yucel, 1987; Tsai & Zammouri, 1988).
As the shear rate gradually increased, this inter-particle network broke down into small,
flowable clusters, leading to a reduction in the viscosity of the suspension. However,
beyond 10 s, the 77.1% wt. % suspension crumbled under the applied shear force and
spread out of the measuring plate. This structural breakdown, especially at higher solid
loadings, is attributed to drying during the measurement. For the 67.8% wt. % suspension,
the viscosity was consistently ten times lower than that of the 75.3 wt. % suspension
across the measurement range, therefore the 67.8 wt. % formulation is referred to as an
ink, which flows upon the application of pressure. In contrast, the 75.3 wt. % alumina-
loaded formulation exhibited a dough-like behavior across shear rates of 0.01 to 100 s™.
Figure 3b displays the viscoelastic properties of 75.3 wt. % suspension with a clear yield
point at 2.8x10* Pa.s. At low strains (<0.01 %), the structure is relatively intact, with the

alumina particles forming a network stabilized by the copolymer, leading to
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predominantly elastic behavior where G' is higher than G", for all suspensions
(Bouhamed et al., 2009). The first crossover point corresponds to the initial yield point,
where the applied strain disrupts the alumina particle network, causing the transition from
the elastic region to the viscous region (G">G"). Further strain causes additional structural
rearrangements, including breaking and reformation of particle-particle and particle-
polymer interactions, leading to multiple crossover points (Zhu & Smay, 2011). These
additional points indicate further transitions where different structural elements or
interactions dominate the behavior, such as the breakdown of larger particle aggregates
or the reorientation of copolymer chains (Kamani et al., 2021; Sheng et al., 2010). The
initial yield point, in Table 2.3, marks the disruption of the alumina particle network under
applied strain, transitioning the behavior from elastic to viscous (G" > G"). With further
strain, additional structural rearrangements occur, involving the breaking and reformation
of particle-particle and particle-polymer interactions, leading to multiple crossover points
(Figure 2.9b). After assessing the flow behavior, 75.3 wt. % solid loading with 0.75 wit.

% additive was singled out for the dough formulation.
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Figure 2.9 a) Viscosity as a function of shear rate and b) oscillatory rheological response
of alumina suspensions with 0.75 wt. % additive at varied solid loadings (67.8—77.1 wt.
%).

Table 2.3 Particle loading of alumina suspensions and their respective yield stresses and
strains

Particle loading (wt. %) Yield stress (Pa) Strain (%)
67.8 4.8x10° 0.04

72.5 6.4x10* 0.02

75.3 2.8x10* 0.03

77.1 2.5x10* 0.1

Figure 2.10 shows molded doughs (e.g., cylinder, cube, and pentagon) that contain ~75.3
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wt. % alumina and 0.75 wt. % additive. Before machining, the average density of green
bodies was calculated as 2.02+0.03 g/cm? by dividing the weight of the samples by their
volume. All hand-shaped objects demonstrated linear shrinkage of ~2.4% from molding
to the dried state.

Figure 2.10 Digital images display molded doughs and their drying shrinkage, with a
scale bar representing 1 cm.

2.3.3. Influence of the machining parameters on surface topography

The surface quality of the green-machined samples at varying spindle speeds in the range
of 5,000 and 30,000 rpm and cutting speeds in the range of 1,000 and 1,800 mm/min were
examined at green, as-sintered, and polished states. The depth of the cut was set to 0.2
mm to minimize the deformation. To evaluate machinability, the moisture content of the
suspensions during 30 hours of drying in ambient conditions (20.4+1 °C, relative
humidity of 52%) was tracked using a solid content analyzer (Shimadzu, uniBloc
MOCG63u) (Figure 2.11a). The moisture content of green bodies before machining was

estimated as 1.4%.
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Figure 2.11 a) Moisture content of the dough with 75.3 wt. % alumina and 0.75 wt. %
additive over time during ambient drying, and b) setup for mounting the sample onto the
holder for CNC machining.

Figure 2.12, where the optimum machining parameter combination for the 1 mm tool is
marked with a star, provides a perspective through a series of raw optical images of the
green bodies, encompassing spindle speeds ranging from 5,000 to 30,000 rpm and cutting
speeds spanning 1,000 to 1,800 mm/min, cut with a 1 mm tool. The optimal parameters
are identified as 20,000 rpm and 1,200 mm/min, resulting in a sintered state roughness of
2 um (Figure 2.14c). The appearance of finer notches on the machined surface was due
to the tool movement, supported by the presence of hills at regular intervals on the surface
profilometry in Figure 2.14a for both green and sintered samples. At lower spindle speeds
(5,000-10,000 rpm), the interaction of the cutting tool with alumina was relatively
inefficient compared to the higher spindle speeds. As the spindle speed increases up to
20,000 rpm, the tool begins to engage with the material more effectively, leading to a
decrease in roughness (Figure 2.14c). The surface profile at 20,000 rpm demonstrated a
more regular and consistent pattern, featuring reduced spikes and minimized differences
between the height of hills and valleys on the surface. First, higher spindle speeds
accelerated the movement of the tool through the material, forming thinner chips, and in
turn, providing a smoother surface. Beyond 20,000 rpm, the increase in spindle speed
disrupted the machining process, and increased spindle speeds resulted in tool wear and
vibrations. Consequently, the machining quality deteriorated, leading to an increase in
surface roughness (Figure 2.14c). The edges of the cutting tool worsened more swiftly,
generating irregularities on the machined surface. The vibrations due to increased spindle
and cutting speed led to poor surface roughness (Ra=8.3 um) at 30,000 rpm. The samples
machined with a 1 mm tool at a spindle speed of 20,000 rpm and a cutting speed of 1,200
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mm/min exhibited more consistent patterns and minimal disparity between the heights of

hills and valleys.

1000 mm/min 1200 mm/min 1500 mm/min 1800 mm/min

5000 rpm

&
=
S
S
S

g

b=
=
=
S
vy

£

—
o
=
S
S
a

£

-
o
S
=
e]
~

-
=
=
S
S
[aa]

Figure 2.12 Optical images of machined green bodies (1 mm tool) before sintering, with
the optimal machining parameters for the 1 mm tool (20,000 rpm, 1,200 mm/min)
indicated by a star. Scale bar represents 2 mm.

Figure 2.13, where the optimum machining parameter is marked with a star, displays a
full outlook of raw optical images of surfaces machined using a 2 mm tool, including
spindle speeds ranging from 10,000 to 30,000 rpm and cutting speeds spanning from
1,000 to 1,800 mm/min. The surface profiles achieved by using optimum machining
parameters for 1 mm and 2 mm tools are provided in Figure 2.14a and b. The surface
roughness obtained using the 2 mm tool was confined to a narrow array of 1-5 um (Figure
2.14d), while the 1 mm tool resulted in a surface roughness with more variation, ranging
from 2 to 8.5 um (Figure 2.14c). Optimum machining parameters were selected as a
spindle speed of 20,000 rpm and cutting speed of 1,200 mm/min for a 1 mm tool (Figure
2.143, ¢) with 2.24 um and 0.30 pm average surface roughness at as-sintered and polished
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state, respectively. The optimum machining parameters for the 2 mm tool are a spindle
speed of 15,000 rpm and a cutting speed of 1,800 mm/min (Figure 2.14b, d) with 1.31
pum and 0.27 um average surface roughness at as-sintered and polished state, respectively.
The surface roughness was found to decrease with increasing tool diameter in alignment
with the previous reports (Demir et al., 2021; Hafidh Obaeed, 2019). This behavior has
been attributed to applying cutting force over a larger area with increasing tool diameter.
However, after post-sintering polishing, the disparity in the surface quality between
different tool diameters was negligible. Consequently, the 2 mm tool for its ability was
selected to facilitate faster machining operations with a material removal rate of 14.81
mg/s in comparison to 7.81 mg/s of the 1 mm tool using a spindle speed of 15,000 rpm
and a cutting speed of 1,800 mm/min.

The surface roughness (perpendicular direction to the machining), affected by sintering-
induced grain growth, exhibited an increase to 1.86+0.89 um when utilizing a 2 mm tool
at varied spindle and cutting speeds (10,000-30,000 rpm, 1,000-1,800 mm/min). In
contrast, the unsintered green bodies displayed a comparatively lower surface roughness
of 0.89+£0.22 um. The effect of sintering on the surface profile was provided in Figure
2.15 for a machined surface at a spindle speed of 20,000 rpm and a cutting speed of 1,200
mm/min with a 1 mm and 2 mm diameter cutting tool. The lowest surface roughness was
achieved at a spindle and cutting speed of 20,000 rpm and 1,200 mm/min for a 1 mm tool

and 15,000 rpm, and 1,800 mm/min for a 2 mm tool.
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Figure 2.13 Optical images of machined green bodies (2 mm tool) before sintering, with
the optimal machining parameters for the 2 mm tool (15,000 rpm, 1,800 mm/min)
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indicated by a star. Scale bar represents 2 mm.
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Figure 2.14 Surface profiles of green bodies machined with: a) 1 mm tool (20,000 rpm,
1,200 mm/min), b) 2 mm tool (15,000 rpm, 1,800 mm/min) using optimized parameters,
and c) average arithmetic surface roughness values cut at the green state with spindle
speeds of 10,000-30,000 rpm and cutting speeds of 1,000-1,800 mm/min using 1 mm
and d) 2 mm tools analyzed at the sintered state. The lowest surface roughness, associated
with optimized machining parameters, is marked with a star.
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Before sintering After sintering

Figure 2.15 Effect of tool diameter on surface roughness, represented by a 3D surface
plot of optical images, samples were green-machined with a 1 mm diameter tool a) at the
green state, b) after sintering; a 2 mm diameter tool c¢) at the green state and d) after
sintering (machining parameters: spindle speed of 20,000 rpm, cutting speed of 1,200
mm/min)

The hills stand for elevated regions on the machined surface where the material was not
effectively removed during the CNC operation, leading to a higher surface profile, and
valleys represent the size of the tool's cutting edge as it engages with the sample. In Figure
2.16a-b, the valleys between the hills were estimated as 653.2+24.3 and 1366.6+7.8 um
long (n=10 measurements) for the regions machined using 1 mm and 2 mm tools,

respectively.
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Figure 2.16 SEM images showing sintered bodies: a) machined with a 1 mm tool, b)
machined with a 2 mm tool, and c) edge formation during machining with a 2 mm tool.
Dotted lines in (a) and (b) indicate hills formed during machining. Scale bars represent
100 pm, magnification 100x.

2.3.4. Showcasing a simple route for a recycling solution

Processing of ceramics generates a significant carbon footprint; for many ceramics, this
footprint arises from the mining and extraction steps (Furberg et al., 2019; Gediga et al.,
2019; Ibafiez-Forés et al., 2011), for alumina, it is acquiring the bauxite ore (Y. Maet al.,
2022). Therefore, the recycling of advanced ceramics is critical to minimize the use of
resources in alignment with the principles of the EU Green Deal (European Commission
Directorate-General For Communication, 2019).

To prepare green bodies with recycled content, recycled alumina was sourced from
intentionally broken parts at the green state, where only pristine unused alumina samples
were crushed in a mortar. These crushed particles were then added to constitute 10, 20,
and 30 wt. % of the total alumina powder composition, labeled as 10 wt. % R, 20 wt. %
R, and 30 wt. % R, respectively. Following the same procedure, the copolymer was added
in equal proportion to the total weight of alumina, including both pristine and recycled

portions. Instead of employing additional processes such as ball milling with solvents or
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binder removal at elevated temperatures, the additive content was increased to simplify
the process, reduce energy consumption, and minimize potential environmental impact.
By avoiding complex and resource-intensive steps, a more efficient and sustainable
method was developed for incorporating recycled alumina into the dough formulation.
Electrokinetic characterization was also performed, upon preparing a 0.001 wt. %
alumina suspension from 100 % recycled alumina at the green state, the zeta potential
was found as -41.6 mV, sustaining the stability of the polymer bridging.

Figure 2.17 visually conveys the varied portions (0-30 wt. %) of recycled alumina,
prompting a thorough investigation into the structural changes with increasing recycled
content. The doughs exhibited a stickier nature with increasing recycled content due to

the increase in the total polymer content from 0.75 wt. % to 0.975 wt. %.

Figure 2.17 Alumina doughs containing a) 0 wt. % (pristine), b) 10 wt. %, c) 20 wt. %,
and d) 30 wt. % recycled content

As the recycled content increases, the Z-average particle size and PDI also increase (Table
2.4). Pristine alumina (0 wt. % recycled content) has the smallest particle size (282 nm)
and the lowest PDI (0.342), signifying a more uniform particle size distribution. As
recycled content is introduced, both the average particle size and PDI increase, reaching
a peak Z-average of 931 nm and a PDI of 0.766 at 30 wt. % recycled content. The 100
wt. % recycled sample shows a reduction in Z-average to 554 nm and a PDI of 0.553,
indicating some variation in particle size and distribution when fully recycled material is

used.

Table 2.4 Z-average and PDI values of 0.001 wt. % alumina suspensions that contain 0,
10, 20, 30, and 100 wt. % recycled alumina

Recycled content Z-average (nm) PDI

Pristine (0 wt. %) 282 0.342

28



10 wt. % 458 0.418

20 wt. % 476 0.546
30 wt. % 931 0.766
100 wt. % 554 0.553

In Figure 2.18, SEM micrograph of the pristine sample (0 wt. % recycled) shows a
relatively uniform microstructure with well-defined, interconnected alumina particles,
minimal porosity, and smooth surfaces. As the recycled alumina content increases to 10
wt. %, the microstructure starts to show irregularities, increased porosity, and minor
agglomeration, indicating the initial impact of incorporating recycled material. At 20 wt.
% recycled alumina, the irregularities become more pronounced with significantly lower
porosity and larger agglomerates, resulting in a more heterogeneous structure. The 30 wt.
% recycled alumina sample displays a highly irregular microstructure with substantial
porosity and particle agglomeration, along with a much rougher and less uniform surface

featuring noticeable defects and discontinuities.
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Figure 2.18 SEM micrographs of samples that contain a) 0 wt. % (pristine), b) 10 wt. %,
c) 20 wt. %, and d) 30 wt. % recycled alumina at 1,000x magnification (Scale bars
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represent 10 pm.)

Machining of alumina green bodies that incorporate recycled alumina was performed by
employing the same parameters that were optimized on pristine alumina samples (spindle
speed of 20,000 rpm and cutting speed of 1,200 mm/min for 1 mm tool, spindle speed of
15,000 rpm, and cutting speed of 1,800 mm/min for 2 mm tool). As the recycled content
increases, more frequent bumps and thus uneven material removal was observed on the
CNC-machined surfaces due to the expected variations in particle size and shape between
the recycled and pristine ceramics. Agglomeration of the recycled ceramic particles,

either due to incomplete mixing or the tendency of particles to cluster, led to localized

areas of increased material density.

Figure 2.19 Effect of recycled content on surface roughness: a) 0 wt. % recycled
(pristine), b) 10 wt. % recycled, c) 20 wt. % recycled, and d) 30 wt. % recycled alumina-
containing green bodies machined with a 2 mm tool at a spindle speed of 15,000 rpm and
cutting speed of 1,800 mm/min. Lightness-contrast adjusted for better visualization using
Inkscape, scale bar represents 1 mm.

The 3D surface plots of optical images of the green bodies that have a recycled portion

and are cut using a 1 mm tool are shown in Figure 2.20.
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Figure 2.20 Comparison of surface characteristics for a) 0 wt. % recycled (pristine), b) 10
wt. % recycled, ¢) 20 wt. % recycled, and d) 30 wt. % recycled alumina-containing green
bodies machined with a 1 mm tool at a spindle speed of 20,000 rpm and cutting speed of
1,200 mm/min. The data is depicted through a 3D surface plot of optical images, with the
optical images of the green bodies presented in the lower right corner. The scale bar
represents 5 mm.

The implementation of these optimized machining parameters revealed no significant
differences in surface quality, an observation supported by comparable hardness values
in the sintered state after polishing. This outcome highlights the effectiveness and
consistency of the optimized machining parameters, demonstrating their applicability

across both conventional and recycled alumina materials.
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2.3.5. Microstructural and mechanical characterization

Figure 2.21a illustrates the variation in the density of green and sintered alumina samples
with varying recycled content. A slight fluctuation in the density of the green samples is
observed, initially increasing up to 10 wt. % recycled content, followed by a decrease
beyond this point. This trend suggests that the initial inclusion of recycled material may
enhance packing density up to a certain threshold, beyond which the particle size
distribution and potential agglomeration may reduce packing efficiency. Furthermore, the
increase in polymer content with rising recycled content could influence packing behavior
and densification, potentially introducing more porosity in the green state. Figure 2.21b
presents the stress-deformation behavior of green and sintered samples. The green
samples demonstrate minimal resistance to deformation due to their low strength, while

their coagulated nature allows them to maintain integrity during machining.
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Figure 2.21 Comparison of a) density at both green and sintered states with varying
recycled content and b) stress-strain curve of alumina at green and sintered state

Figure 2.22a illustrates the variation in hardness and flexural strength with recycled
content. The pristine alumina displayed a hardness of 15.16+1.15 GPa, while the hardness
of the 10 wt. %, 20 wt. %, and 30 wt. % recycled alumina remained comparable to that
of the pristine alumina. These findings suggest that the inclusion of recycled alumina, up
to 30 wt. %, does not significantly affect the hardness of the sintered alumina bodies,
indicating robust mechanical performance even with increased recycled content.
However, flexural strength showed a declining trend with rising recycled content. This
decrease may be attributed to the incorporation of larger recycled particles, which could
introduce stress concentration sites and potential defects, thereby reducing flexural

strength. The additional polymer content also contributed to this trend by creating voids
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or weak points within the structure (Figure 2.18). Overall, hardness is a surface property

and is less influenced by internal flaws and porosity, whereas flexural strength is more

affected by bulk defects and the overall integrity of the material. As the recycled content

increases, deformation at a given stress level increase, indicating reduced stiffness. The

stress-strain curves exhibited a decrease in peak stress with higher recycled content,

reinforcing the observation that increased recycled content and polymer amount may

compromise the structural integrity of the alumina samples.
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Figure 2.22 a) Hardness and flexural strength and b) stress-strain curve of alumina with

varying recycled content (0-30 wt. % R, R stands for recycled portion.)

The average Kyy, Kx., and Ky, were calculated as -2.0, -1.8, and 2.2 using Eq. (2.1)-(2.3),

respectively. A large absolute value of the K-factor implies higher shrinkage anisotropy

and K values > 12 were associated with anisotropic shrinkage; thus, a K value of ~2 in

this system was referred to as isotropic (Heunisch et al., 2010). All hand-shaped objects

without any recycled portion demonstrated linear isotropic shrinkage of ~19% from the
dried state to the sintered state and reached a density of 3.93+0.29 g/cm?® (~99.5% t.d.,

t.d.=3.95 g/cm?®) with no coarse imperfections or cracks (Figure 2.23). The larger the

anisotropy in particle shape, the larger the shrinkage anisotropy of the sintered bodies

(Heunisch et al., 2010). The powder composed of isotropic particles (Table 2.4) results

in the highest shrinkage upon sintering (Table 2.5). This is due to the minimal resistance

these particles offer against rearrangement under the influence of capillary forces during

drying (C. Wang et al., 2024). Pristine samples without any recycled content are

comparatively denser, whereas the anisometric particles in samples with recycled content

obstruct each other, leading to less dense structures.
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Table 2.5 Shrinkage and K-factor of sintered alumina bodies at different recycling
amounts

Sample Shrinkage (%) Kxy Kxz Kyz

0 wt. % recycled (pristine) 19.05+0.56 -2.0 -1.8 2.2
10 wt. % recycled 17.86+0.56 2.9 0.9 -2.1

20 wt. % recycled 17.53+1.16 -0.6 3.3 3.8

30 wt. % recycled 17.72+0.77 5.2 -3.3 -9.0

The average size of the sintered alumina particles in Figure 2.23d was approximated as
7.8 um? by using the “Analyze particles” plugin of ImageJ software, showing that grain
growth was achieved upon sintering (German, 2016; He & Ma, 2,000; Schneider et al.,
2012).

Figure 2.23 Digital images of a 1 cm? alumina (scale bars represent 5 mm) at a) green
state, b) sintered state, and SEM of c) the green-machined surface at the sintered state at
500x magnification, the line in the middle of the image shows the hill occurred during
machining in between tool paths (scale bar represents 10 um), d) the green-machined
surface at the sintered state at 10,000x magnification (scale bar represents 1 pum)
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2.3.6. Fabrication of alumina crucibles

Starting from self-standing doughs of alumina, custom-sized crucibles (Figure 2.24) and
curvy-shaped objects Figure 2.25 were fabricated. Crucibles with a diameter and a wall
thickness in the range of 10-25 mm and 1-5 mm were fabricated, respectively. In
alignment with the goal of affordable and accessible prototyping and low-number
fabrication, the standardized parameters that are presented here have the potential to

impart ceramics processing capabilities to laboratories with limited materials engineering

domain knowledge.

Figure 2.24 House-made alumina crucibles with varying dimensions, scale bar represents
1cm.

Figure 2.25 A complex, curvy-shaped alumina body having a 2 mm wall thickness

2.4.Conclusion

Near-net shaping of advanced ceramics often requires intricate, customized solutions, and
the industry currently lacks a straightforward method to streamline low-volume
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production using existing setups without investing in expensive pressing techniques and
molds. This work began with a simple formulation to create self-standing alumina doughs
and demonstrated the parametrization of CNC machining in the green state of alumina.
To support the transition of the ceramic industry to greener methods in line with the
principles of the EU Green Deal, a recycling method at room temperature without any
specialized equipment was presented, showcasing the potential for material regeneration
within this system. Overall, the development of standardized, simple, energy- and cost-
effective processes with a low barrier to entry for the near-net shaping of ceramics is
essential to accelerate innovation, promote widespread adoption, and facilitate
advancements in various industries reliant on ceramic materials. This work, which
outlines a robust method enabling custom-based and low-volume production, aims to
strengthen the ceramics industry, particularly in preparation for potential future supply-

chain crises.
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Chapter 3

3. EXPANDING FROM SINGLE TO MULTI-COMPONENT SYSTEMS:
GREEN MACHINING OF SELF-STANDING SIALON DOUGHS FOR
COMPLEX SHAPES IN LOW-VOLUME PRODUCTION

This chapter is based on the article “Self-standing doughs of SIAIONs enable low-volume
production through green machining.” that was submitted to RSC Nanoscale in June
2024. The methodology used for coagulating alumina in Chapter 2 was expanded to
nitrides in a multi-component ceramic system, specifically a SIAION with a ceramic

composition optimized by MDA Ceramics Inc.

3.1.Introduction

Silicon nitride (SisNa4) is used in demanding applications such as engine components,
bearings, cutting tools, wear parts, and crucibles due to its abrasion resistance, thermal
stability, and mechanical strength (Boberski et al., 1989; EI-Amir et al., 2021; Jack, 1976;
Krstic & Krstic, 2012; Richerson & Stephan, 1991; Rosenflanz, 1999). To enhance the
mechanical and thermal properties of silicon nitride, aluminum, oxygen, and other metal
oxides are added to its formulation (Boberski et al., 1989; Calis Acikbas & Demir, 2013;
Lange, 1980; Zhou et al., 2015). This type of formulation, which is referred to as
SiAIONs, offers higher densification and enables better thermal shock and wear
resistance (Herrmann et al., 2012; Jack, 1986; Kumar et al., 2009; Z. B. Yu & Thompson,
2006).

SiAIONs are often used to fabricate pins, nozzles, extrusion dies, and weld rolls in custom

sizes and low volumes, driven by the distinct demands of various industries (Bhargava &
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Sharma, 2011; Cother, 1987; Ferguson & Rae, 1985; Hussey & Wilson, 2012). Although
SiAION ceramics have the potential to be used as cutting tools, they have not been widely
used commercially for many years. The main reason for this is the large-scale production
difficulties due to the tendency of non-oxide materials such as SisN4 and AIN to react
with water in aqueous environments (Krnel & Kosmac, 2001). Moreover, the standard
processes that are designed to cater to high-volume production such as uniaxial and cold
isostatic pressing, and slip casting can only deliver standard shapes and cannot deal with
specific geometries such as holes, threads, and grooves. To reach the final form, SIAION
bodies are near-net shaped at the green or sintered state through machining. Machining at
the sintered state suffers from material losses due to the brittle nature of the ceramics as
well as tool wear (An et al., 2021; Ayode Otitoju et al., 2020; Bharathi et al., 2021; Bilal
et al., 2018; Amir Mahyar Khorasani et al., 2016; H. Ma et al., 2024). On the other hand,
green machining provides a lower energy route owing to the softness of the powder
compact at the green state (Janssen et al., 2008; Kulkarni & Dabhade, 2019; Liu et al.,
2018; Nieto et al., 2014). Current methods to consolidate green bodies rely on the pressing
of the powder into a standard shape, and involve a binder, usually in considerable amounts
(3-40 vol. %) (Ceylan et al., 2011; Leo et al., 2014; Meshalkin & Belyakov, 2020; Wu et
al., 2020), to impart enough strength to the powder compact for enduring machining
forces. In Chapter 2, the preparation of self-standing, malleable green bodies of alumina
was demonstrated. Here, the materials portfolio was expanded to a nitride-based
advanced ceramic in a multi-component system, SIAION doughs were molded, and
complex-shaped products were produced via machining (Figure 3.1).

A specific SIAION composition that was previously optimized was employed to achieve
full densification, where i) CaCOs is employed in the Y-Sm-Ca multi-cation system to
obtain a-SIiAION, ii) Y203 is added as a sintering aid, and iii) Sm2Os is incorporated to
promote elongated B-SIAION grains, thereby improving the fracture toughness of SisN4
(Calis Acikbas et al., 2012; Mandal et al., 2006). As the additive, a PEG-grafted
copolymer of 2-acrylamido-2-methylpropane sulfonic acid (AMPS) and AA was used to

coagulate the particles via polymer bridging.
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Figure 3.1 Process diagram to formulate complex-shaped SiAION green bodies

Through electrokinetic and rheological characterization, the minimum copolymer amount
was identified as 2 wt. % additive with respect to the solid loading (Figure 3.2), and
homogeneously coagulated ~72.7 wt. % aqueous SIAION suspensions. Following gas
pressure sintering (GPS), hand-shaped objects exhibited an isotropic linear shrinkage of
~19% from the dried state, achieving a sintered density of ~3.24 g/cm® (~99.99%
theoretical density). The sintered microstructure was assessed on polished surfaces using
SEM and the Vickers indentation hardness of the sintered sample was compared with a

wear part that was produced through pressing.

Figure 3.2 The steps involved in preparing a self-standing dough consisting of 72.7 wt.
% SIAION and 2 wt. % copolymer.

This shift from the current industrial standard (e.g., compacted powder/binder mix) to
malleable doughs could be the key for building resilient low-number manufacturing and
prototyping schemes for advanced ceramics. These doughs do not require expensive
molds or setups yet can easily comply with traditional machining. The SiAION dough
has a much lower flexural modulus of ~0.5 MPa compared to the other reported
powder/binder mixes of SIAIONs (20-90 MPa) (Ganesh & Sundararajan, 2010; J. Yu et
al., 2009; Zhang et al., 2003). Therefore, it necessitates lower forces for shaping yet its
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integrity does not get compromised due to its coagulated nature. In this study, the
formation of a SIAION-based dough was demonstrated; this expansion in the materials
portfolio is promising for developing energy-, cost-, and resource-efficient routes for the

processing of advanced ceramics.

3.2.Experimental
3.2.1. Materials

The raw materials used included high purity a-SisN4 powder with 1.3 wt. % oxygen
(P95H, Vesta Corp.), Y203 (299.9%, Reetec), AIN powder with 1.6 wt. % oxygen (H
Grade, Tokuyama Corp.), a-Al,03 powder with 1.4 wt. % oxygen (P172LSB Grade,
Alteo), CaCO3z (>99.75%, Reidel-de Haén), and Sm203 (>99.9%, Stanford Materials
Corp.). Additionally, AMPS (99%), AA (99%), and KPS (>99.0%) were sourced from
Sigma-Aldrich, while PEG (Mw = 1,000 g/mol), HCI (37%), NaOH (97%), and MA
(99%) were obtained from Merck. All chemicals were used without further purification,
and solutions were prepared with DI water having a resistivity of 18.2 MQ-cm, with the

pH adjusted to 7.

3.2.2. Synthesis of the additive

In a standard aqueous free radical polymerization of AA/AMPS/MAPEG with a molar
ratio of 1:1:0.3, 0.05 mol of AA, 0.05 mol of AMPS, and 0.015 mol of MAPEG (Mw =
550 g/mol) were dissolved in 110 mL of distilled water (Salami & Plank, 2012). The pH
of the mixture was adjusted to ~8 using aqueous NaOH solutions. This mixture was then
transferred to a 250 mL three-neck flask connected to a reflux condenser. Under nitrogen
purge and magnetic stirring, the temperature was raised to 50 °C. Subsequently, 10 mL
of KPS solution (initiator, 1 mol % of the total mole of the monomers) was added
dropwise to the reaction chamber over 50 minutes. Afterward, the temperature increased
to 60 °C, and a second 10 mL initiator solution was added. The temperature of the reaction
was further raised to 80 °C, and the reaction continued for 4 h. The reaction was cooled
down to room temperature, then the copolymer was precipitated in ethanol and dried at

60 °C for 24 h for further characterization.
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The composition of the copolymer (Figure 3.3, Table 3.1, and Table 3.2) was determined
using NMR (Varian Unity Inova 500 MHz, Agilent Technologies, USA).
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Figure 3.3 'H NMR spectrum of the AMPS/AA/PEG copolymer in deuterium oxide
(D20) (The peak at ~4.65 ppm originates from D-O solvent in the measurement.)

Table 3.1 *H NMR absolute integral values associated with each functional group of the
copolymer

Region Range Functional group Absolute Integral
1 4.39-3.98 2.17
2 3.84-3.63 CH2-CH2-O 2.60
3 3.62-3.48 S-CH2 20.42
4 3.47-3.12 5.63
5 2.80-2.58 0.48
6 2.34-1.81 -CH, -CH-CH 44.58
7 1.80-1.50 4.26
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8 1.51-1.36 18.17

9 1.33-1.25 1.69

GPC (Agilent 1260, USA) along with a refractive index detector, operating at a flow rate
of 0.7 mL/min was utilized to evaluate the molecular weight distribution (Mw and Mn)
and polydispersity index of the copolymer (Table 3.2). Before measurements, the
copolymer was dissolved in a phosphate buffer (pH=7.2) at a concentration of 5 mg/mL.

Table 3.2 Properties and characteristics of the copolymer

Molar concentration (AMPS:AA:PEG) 0.05:0.05:0.015
Molar feed ratio (AMPS:AA:PEG)? 1:1:0.3
AMPS/AA? 3:10
PEG/AMPS+AA? 0.06:100
Molecular weight (M) (kg/mol)® 111.285
PDI (Mw/M,)® 2.11

3 Determined by *H-NMR, ® Determined by gel permeation chromatography (GPC)

3.2.3. Electrokinetic studies

3.2.3.1.Determination of minimum copolymer content

To identify the minimum copolymer amount needed, the electrokinetic characterization
focused on SisNg4 particles, which make up more than 90 wt. % of the multi-component
ceramic system. A zeta potential analyzer (Malvern Instruments, Ltd., Zetasizer Nano
series, UK) with a 633 nm laser and a scattered light detector set at a 173° fixed angle
was used. Dispersions were prepared by individually dispersing 1, 5, and 10 mg of
particles in 100 mL of DI water, resulting in particle concentrations of 0.00001, 0.00005,

and 0.0001 g/mL, respectively. Each dispersion underwent 5 minutes of ultrasonication
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in a bath sonicator for thorough mixing. An aqueous copolymer solution with a
concentration of 0.0001 g/mL was then added to these suspensions to achieve copolymer
concentrations ranging from 0.25 to 2.5 wt. % relative to the particle amount. The
mixtures were sonicated for 5 minutes and then mechanically stirred for 2 minutes. Three
measurements were taken at 25 °C, each consisting of at least 15 runs. The zeta potential
and hydrodynamic radius for each copolymer concentration were determined by

averaging these three measurements.

3.2.3.2.Determination of particle size

To determine the average particle size of the powder mixture intended for die-pressing in
the fabrication of commercial parts, a mixture of SizsN4, CaCOs3, Al203, Sm203, Y203, and
AIN was milled in a slurry form using wax and PVA as pressing aids. The average particle
size, measured via DLS, was ~0.8 pum in the sample taken from this slurry. For
comparison, the particle size of the mixture used to prepare self-standing doughs was
measured. A suspension with a concentration of 0.00001 g/mL in DI water was prepared
without milling, and the average particle size was found to be ~1.5 um. Additionally, the

pristine SisNg4 particle size was measured as 230 nm using DLS.

3.2.4. Preparation of the green bodies

A commercial-grade SiIAION composition, formulated by MDA Advanced Ceramics Inc.
was prepared by milling the composition in DI water along with pressing aids and spray
drying the milled slurry into granules (Calis Acikbas et al., 2012). These granules were
then used to formulate self-standing doughs and die-pressed commercial-grade SiAIONs.
Incidentally, to avoid energy-intensive processes, milling for the preparation of self-
standing doughs was not used.

To identify the maximum solid loading exhibiting a dough-like consistency, a matrix with
different particle loading amounts and additive content was prepared (Figure 3.4b). The
solid content of the aqueous copolymer (p=1.06+0.01 g/cm?) was determined to be ~21.2
wt. % using a solid content analyzer (Shimadzu, uniBloc MOC63u, Japan) before the

dough preparation. DI water and additive were added gradually to the pre-weighted
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ceramic particles and the suspensions were hand-mixed for 2 minutes until dough-like
structures were achieved. Digital images of the suspensions were captured using a Canon
EOS 650D camera. At around 72.7 wt. % particle loading in the presence of 2 wt. %
additive produced the most consistent results. A 100 g dough of this composition
comprises 72.7 g of particles, 25.9 g of DI water, and 1.4 g of additive. The volumetric
composition of the dough is 46.39 % (v/v) SIAION, 2.73 % (v/v) additive, and 50.88 %
(v/v) DI water. In all compositions, the copolymer amount is reported relative to the
weight of SIAION particles.

A comparison of microstructural and selected mechanical properties was carried out with
the commercially available wear part that was manufactured by MDA Advanced

Ceramics Inc. through an automatic pressing machine.

3.2.5. Rheological characterization

An Anton-Paar MCR92 rheometer equipped with a parallel plate geometry of 25 mm with
a fixed gap size of 1 mm was used to characterize the rheological behavior of ceramic
suspensions at room temperature (25 °C). Samples with 70.1, 72.7, and 74.4 wt. % solid
loading containing 2 wt. % additive were prepared. The shear rate was varied from 0.1 to
100 s7'. 25 data points were taken (duration: 99.3 s). To obtain the storage and loss moduli
in dynamic mode, the angular frequency was kept constant at 10 rad/s, while the strain
increased from 0.001 to 100%.

3.2.6. Green machining of SiIAIONs

The green bodies were dried at room temperature (20.4+1 °C) for 24 hours under a
relative humidity of 52 %. Following the stabilization of the moisture content of the green
body at ~1.3 % (Figure 3.6a) after 18 hours, subsequent machining operations were
performed. The machining was carried out using a bench-top 3-axis REVO M1A CNC
milling machine (REVO, Turkiye), operating at a spindle speed of 10,000 rpm and a
cutting speed of 1,000 mm/min (depth of cut: 0.2 mm). Solid carbide flat-end mill cutting
tools with diameters of 1 mm and 2 mm (Kirtas Sert Metal, Turkiye) were utilized for the
machining process. The flat-end mill was selected to ensure a smooth surface finish for
precision and dimensional accuracy (Abbar Khleif & Nemat Hasan Nemah Khniefer,
2017; Dhara & Su, 2005; Feng & Menq, 1994; Vickers & Quan, 1989). The material
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removal rate (mg/s) was then determined by tracking the weight loss during the machining
process.

Optical microscopy (Sanqtid, China) and surface profilometry (Dektak 6M, USA) were
employed to evaluate the quality of the machined surface before and after sintering. The
surface roughness was determined using surface profilometry with a stylus-type
profilometer featuring a 12.5 pum tip radius, applying a force of 2 mg. Measurements were
taken perpendicular to the machining direction, with a selected horizontal travel distance

of 7.5 mm (resolution 0.833 um/sample) for machined surfaces.

3.2.7. Sintering profile, density measurements, and shrinkage

The green bodies were sintered by a two-step GPS cycle where the first step (pre-
sintering) was carried out at 1900 °C for 1 h at 5 bar nitrogen gas pressure followed by a
sintering step at 1950 °C for 1h at 50 bar nitrogen gas pressure (FCT, FPW 180/2200,
Germany).

The density of the sintered bodies was determined using Archimedes’ method. To assess
the percentage of shrinkage during sintering of cube-shaped SiAION samples, linear
dimensional measurements were employed. A K-factor was introduced to quantify the
percentage of anisotropic sintering shrinkage using Eq. (2.1)-(2.3) (Heunisch et al., 2010).
The shrinkages were calculated along the x, y, and z direction for nine cubical samples,

and the average is reported.

3.2.8. Microstructural characterization

The microstructural examination of the sintered SiAIONs was carried out with a Zeiss
Supra 50 VP SEM (Germany) on polished samples using back-scattered electron imaging
at an accelerating voltage of 20 keV, with a gold coating applied. For the assessment of
tool wear, a JEOL LSM 6010 SEM (Japan) was used at an accelerating voltage of 5-10

keV, without any coating, due to the conductive nature of the sample.
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3.2.9. Mechanical characterization

Vickers hardness (HV10) was evaluated using an indenter (Emco-Test Prifmaschinen
GmbH, Austria) with a 10 kg load applied for 5 seconds, following the ASTM-C1327
standard. Prior to testing, sintered samples having 20 mm diameter and 5 mm thickness
were polished using an automated polishing machine (TegraPol-25, Struers). Five
indentations were made and the fracture toughness of the materials was computed
utilizing Niihara method (Niihara et al., 1982).

The flexural strength of green SIAION samples (40 mmx5 mmx4 mm) was evaluated
following an 18-hour drying period using a three-point bending configuration with a 25
mm span, employing a Universal Testing Machine (Zwick/Roell Z010, USA) at a testing

speed of 0.2 mm/min.

3.3.Results and discussion
3.3.1. Formulating machinable SiAION green bodies

The stability of SisN4 dispersions was evaluated via zeta potentiometry in the presence of
different amounts of the copolymer to determine the minimum amount of additive to
prepare a dough (Figure 3.4a). The initial SIAION suspension, in its pristine form
(without the additive), displayed a zeta potential ({) of -45 mV at pH ~7 (Figure 3.4a).
With the introduction of the additive, the zeta potential increased to -44 mV up to 0.5 wt.
%, eventually reaching a plateau at ~-49 mV, indicating complete particle coverage
(Schwarz et al., 1998) at 2.0 wt. % (Figure 3.4a). Concurrently, the average hydrodynamic
diameter (hg) initially decreased, followed by an increase beyond 2 wt. % additive.
Ceramic particles had the smallest hq at ~270 nm, aligning with the copolymer amount
(2 wt. %) required for the full surface coverage of particles (Figure 3.4a). The upward
trend in hg with polymer dosages exceeding 2.0 wt. % is attributed to mechanisms such
as polymer—polymer/free-polymer interactions and bridging flocculation (Doroszkowski,
1999; Furusawa et al., 1992; S. Kim et al., 2015; Piculell & Lindman, 1992a). Moreover,
a wider size distribution and an hq of ~600 nm at higher solid loadings (0.005 and 0.01
wt. %) were observed in the presence of a 2 wt. % copolymer (Figure 3.4).

A matrix that is composed of suspensions with 70.1, 72.7, and 74.4 wt. % particle loading
and 1.75, 2, and 2.25 wt. % additive (Figure 3.4b) was prepared. At 70.1 wt. %, all
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suspensions flowed rather than forming self-standing doughs. 74.4 wt. % loading
although produced doughs at 1.75 and 2 wt. % additive content exhibited cracks. Overall,
72.7 wt. % solid loading and 2 wt. % additive content combination was singled out to
formulate SiAION doughs.
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Figure 3.4 a) Zeta potential and hg of pristine SIAION particles, and with increasing
copolymer content (visualized using a line plot), b) photographic matrix displaying
suspensions at different compositions; intensity-weighted size distribution of c) 0.001 wt.
% SisNa dispersion after addition of copolymer, d) 0.001-0.01 wt. % SizNa4 dispersion
after addition of 2 wt. % copolymer, €) pH variation as a function of an added copolymer,
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and f) effect of pH on zeta potential of pristine SisN4 nanoparticles.

3.3.2. The flow behavior of SIAION suspensions/doughs

The flow behavior of the ceramic suspensions (70.1-74.4 wt. %) in the presence of a 2
wt. % additive was characterized. While tracking steady state shear viscosity, 74.4 wt. %
suspension crumbled upon the applied shear force and spread out of the measuring plate,
hence assessing its flow behavior was not possible. The structural breakdown, especially
with higher solid loading, is attributed to drying during the measurement. 70.1 wt. %
suspension exhibited a paste-like behavior (Figure 3.4b and Figure 3.5a) with a relatively
lower viscosity compared to the 72.7 wt. % counterpart. At shear rates ranging from 0.1
to 100 s%, both 70.1 wt. % and 72.7 wt. % SiAION suspensions displayed a shear-thinning
behavior. For the 70.1 wt. % suspension, the viscosity remained below 50 Pa-s in the
measurement range and the system formed an “ink” rather than a dough, for instance, this
formulation can be extruded from a syringe with ease. In contrast, the 72.7 wt. % SiAION-
loaded formulation exhibited a dough-like behavior across shear rates of 0.1 to 100 s
There is a ~10-fold difference in viscosity at the shear rate of 10 s™* between 72.7 wt. %
and 70.1 wt. % loading, and sustaining a viscosity over 100 Pa-s is critical to achieve a
malleable dough.

Figure 3.5b displays the viscoelastic properties of suspensions with different solid
loadings. All suspensions exhibited an elastic behavior where the storage modulus is
higher than the loss modulus (G™>G"). The trend of increasing yield stress and viscosity

was consistent with the particle loading.
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Figure 3.5 a) Viscosity as a function of shear rate and b) oscillatory rheological response
of suspensions/doughs in the presence of 2 wt. % of additive with varied solid loading
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(70.1-74.4 wt. %)

3.3.3. Green machining of SiIAIONs

All hand-shaped objects demonstrated linear shrinkage of ~2.2% from molding to the
dried state. To assess machinability, the moisture content of the molded doughs over 24
hours of drying (Figure 3.6a) under ambient conditions (temperature: 20.4+1 °C, relative
humidity: 52%) was tracked using a solid content analyzer. The SiAION dough exhibited
a flexural strength of 0.5 MPa (Figure 3.6b), demonstrating its ability to withstand

machining forces and maintain its structural integrity.
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Figure 3.6 a) The moisture content of the dough that contains 72.7 wt. % SiAION and 2.0
wt. % copolymer as a function of time, b) stress-strain curve of green SiAION, c) fixation
of the green body onto the CNC machine

To assess the performance of self-standing doughs during machining, tools with two
different diameters, 1 and 2 mm, were used. Figure 3.7a and d show the optical images
of the green compacts after machining. When machining a SiIAION surface in its green
state using a 2 mm cutting tool, a higher degree of damage is observed at the edges
compared to the case of a 1 mm cutting tool. The machinability of a material was assessed
by evaluating wear at the cutting edge of the tool as well. In Figure 3.7c and f, SEM of
the clearance faces of the tools following the machining of the SIAION compacts are
presented, no tool wear was observed in both cases.

The material removal rate for SIAION with a 1 mm tool was estimated as ~6.46 mg/s
while employing a 2 mm tool yielded a rate of ~12.32 mg/s. The averages of arithmetic
surface roughness were 85+4.6 and 76+5.5 um for the surfaces machined with 1 and 2
mm diameter tools, respectively (Figure 3.79). The larger diameter of the 2 mm tool offers
a broader contact area during machining, resulting in more uniform material removal and
a smoother finish, hence a lower surface roughness (A. Mahyar Khorasani et al., 2012;
W. Wang et al., 2005). Overall, employing a larger diameter tool for machining achieved
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a smoother surface, and a small diameter tool performed better at drilling with lower edge

damage.
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Figure 3.7 Upper row: a) A close-up of a hole machined using a 1 mm flat end tool, b)
SEM micrographs of the surfaces of the 1 mm tool before use, c) 1 mm tool after use,
middle row: d) a close-up of a hole machined using a 2 mm flat end tool, ) SEM
micrographs of the surfaces of the 2 mm tool before use, and f) after use, lower row: g)
surface roughness of the machined SIAION surfaces with different tool diameters and
nonmachined surfaces, scale bars on the optical images and SEM micrographs represent
2 mm and 250 pm, respectively.

3.3.4. Microstructural and mechanical characterization

In the preparation of commercial-grade wear parts, SisN4 and pressing aid particles were
milled to achieve a particle size of 0.8 um before die-pressing. To design a low-energy
process, milling was skipped, resulting in a final particle size of 1.5 pm for the SisNa and

pressing aid particle mixture used to prepare SiAION doughs.
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Following GPS, molded objects exhibited a linear shrinkage of ~19 % from the dried
state, achieving a sintered density of ~3.24 g/cm?® (~99.99 % theoretical density). The
average Kyy, Kxz, and Ky, were calculated as -1.04, -2.45, and 1.40 using Eqg. (2.1)-(2.3),
respectively. A large absolute value of the K-factor implies higher shrinkage anisotropy
and K values > 12 were associated with anisotropic shrinkage; thus, a K value of ~2 in
this system was referred to as isotropic (Heunisch et al., 2010).

Figure 3.8a and b show SEM backscattered electron images of the sintered commercial-
grade and self-standing SiAION, respectively. In Figure 3.8a, and b, dark grains represent
B-SiAION, gray grains represent a-SIAION and white spots represent the intergranular
phase due to the sintering additives. Upon comparison with Figure 3.8aand b, it is evident
that the sintered self-standing SIAION comprises larger grains. These large grains in
Figure 3.8b can be attributed to the absence of milling of the powders before dough
preparation.

For the commercial-grade product, XRD patterns (Figure 3.8c) exhibit distinct peaks
corresponding to both a-SiAION and B-SIAION phases, consistent with the observed dark
and gray grains in Figure 3.8a. The presence of both o and B phases, as confirmed by
XRD analysis, correlates with the observed microstructure and contributes to the
mechanical properties of the commercial-grade product. XRD analysis of the self-
standing SIAION, which predominantly consists of B-SIAION, shows sharp diffraction
peaks corresponding primarily to the f phase. XRD analysis of the self-standing SiAION,
which predominantly consists of B-SiAION, shows sharp diffraction peaks corresponding
primarily to the B phase. AIN reacts with pure water at room temperature, forming an
amorphous AIOOH layer on its surface, which converts to AI(OH)3 as in reactions 3.1—
3.3 (Krnel & Kosmac, 2,000):

AIN+2H,0—AIOOH+NH3 (3.1)
NH3z+H20—NH4"+OH" (3.2)
AIOOH+H20—AI(OH)3 (3.3

The ammonia (NHz) produced in reactions 3.1 and 3.2 rapidly increases the pH of the
slurry due to its basicity, causing particle agglomeration. As a result of particle
agglomeration (flocculation), a stable ceramic slurry cannot be obtained. If reaction 3.3
occurs, the system becomes enriched with oxygen, leading to deviations from the desired
chemical composition. These compositional changes due to these reactions can cause
microstructural defects and changes in the phase amounts in the final product (Krnel &

Kosmac, 2001). On the other hand, similar reactions occur during the interaction of SizN4
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with water, although their effects are not considered very strong. This is because SizN4
can be easily prepared in aqueous environments (Krnel & Kosmac, 2001). It has been
shown that SisN4 powders with different grain sizes can hydrolyze under different
grinding conditions, resulting in reaction 3.4 (Laarz et al., 2000; Ozcan et al., 2017):

Si3sNs+2H20—3Si02+4NH3 (3.4)
The oxide (SiO2) layer on the surface of SisN4 dissolves in agueous environments. As a
result of the reaction of SiO> with water, ortho-silicic acid (Si(OH)4) is formed as in
reaction 3.5:

Si0O2+2H20—Si(OH)4 (3.5
Hence, the destabilization of the small amount of a phase, the reduction in the
crystallization degree, and the alteration in the chemical composition of the grain
boundary phase suggest an increase in oxygen content within the system.

The hardness and extrapolated indentation fracture toughness of sintered self-standing
SiAIONs were calculated as 13.48+0.35 GPa and 6.22+0.28 MPa-m¥?, respectively,
aligning with the commercial-grade reference values of 14.40+0.39 GPa and 6.40+0.40
MPa-mY2. The AIN hydrolysis reaction is base-catalyzed and influenced by hydroxyl ion
concentration (Krnel & Kosmac, 2000, 2001). At low pH (~1), pH affects the reaction
rate more than anions in the suspension. At higher pH (~3), the reaction rate reveals the
impact of various acids (Krnel & Kosmac, 2000, 2001). Monoprotonic acids (HCI, HF,
HNO:3) that fully dissociate and form water-soluble salts with aluminum do not affect
hydrolysis, as they adsorb onto the powder surface without hindering water penetration
to the AIN core. Incompletely dissociated diprotonic acids (H2SOas, H.CO3) adsorb more
strongly due to higher anion charges and hydrogen bonding. Phosphoric acid anions, with
even higher charges, can form chemical bonds with AI-OH groups on the powder surface,
preventing water access to the AIN core (Krnel & Kosmac, 2000, 2001). This aligns with
the finding of a negative zeta potential (Figure 3.4) in alignment with the literature (Krnel
& Kosmac, 2000, 2001), suggesting that the comparable hardness achieved may result
from suppressed hydrolysis due to the carboxylic and phosphoric acids in the additives
used.

The difference in particle size contributed to the observed densification difference, with
finer particles achieving higher density and, consequently, greater mechanical strength.
Additionally, the larger particle size in the SIAION dough resulted in ~6.39% lower
hardness and 2.81% lower indentation fracture toughness compared to the commercial-

grade wear part. Despite these microstructural differences, significant variations in
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fracture toughness were not observed, though the SIAION shaped from the dough

exhibited slightly lower hardness than the commercial wear part of the same composition.
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Figure 3.8 SEM back-scattered electron micrographs of a) a commercial-grade wear part,
b) SiAION part prepared from the dough (Scale bars represent 10 pm.), and ¢) XRD
spectra of i) commercial-grade, and ii) self-standing SiIAION

3.3.5. Fabrication of custom-based shapes

The capability of the process and the fabrication of shapes that include holes, threads, and
grooves were demonstrated to serve the distinct demands of the industry. The fabrication
of high aspect ratio thin tubes from SiAIONs faced obstacles due to their inherent
softness, which posed limitations in machining. Given the necessity for codes to enable
the machining of complex geometries, complex shape production was showcased through
molding as an alternative approach. A gear, a four-tooth comb, a clover, and a spline,
which can be considered complex shapes, were prototyped (Figure 3.9). The process
enables laboratories with limited materials engineering expertise to engage in ceramics

processing for prototyping and low-volume fabrication without requiring expensive

setups, aligning with the goal of affordability and accessibility.

Figure 3.9 Custom-sized shapes at their green state after machining (Scale bar represents
1cm.)
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3.4.Conclusion

Near-net shaping of advanced ceramics often requires tailored solutions due to the brittle
nature of ceramics. Currently, the industry lacks a straightforward approach for
streamlining low-volume production and prototyping without investing in costly setups
and molds. Recently, the preparation of self-standing doughs of advanced metal oxide
ceramics was introduced to offer an easy-to-adapt and cost-effective shaping route. In this
study, the portfolio has been expanded to include a multi-component ceramic system for
fabricating SIAION green bodies, demonstrating the feasibility of machining at the green
state. Despite exhibiting significantly lower mechanical strength compared to other green
body formulations, these doughs are malleable and sustain their structural integrity.
Consequently, the near-net shaping of these materials can be handled at lower machining
forces with minimal tool wear. Overall, this easy-to-implement, one-step coagulation
method has the potential to enable the green machining of various types of advanced

ceramics without requiring domain knowledge and existing setups.
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Chapter 4

4. THE DESIGN AND PROTOTYPING OF CONTROLLED-RELEASE
SYSTEMS FOR AGROCHEMICALS

This chapter is written based on the article “Coaxial direct ink writing of core-shell
meshes enables zero-waste room temperature encapsulation of multivariate fertilizers”
which was published in Colloids and Surfaces A: Physicochemical and Engineering
Aspects in March 2024.

4.1.Introduction

Fertilizers improve crop growth with a projected worldwide use of 200 million tons in
2025 (International Fertilizer Association, 2021). Traditionally, fertilizers are either
applied via foliar spraying or directly integrated into the soil during plantation. These
deployment methods inherently fail to offer a homogeneous distribution and lead to
excessive use of chemicals, whereby leaks to the nearby habitat are hard to prevent (FAO,
2001, 2019, 2021). Extensive use of agrochemicals has led to detrimental effects on the
environment and human health. These chemicals, including fertilizers, pesticides, and
fungicides, are often synthetic and their overuse can result in pollution of air and
groundwater (Shang et al., 2019; Shaviv & Mikkelsen, 1993). Moreover, direct contact
with fertilizers during deployment can be harmful to agricultural workers (Gurney et al.,
1991). In the last three decades, efforts have been made to address these issues through
devising delivery systems for fertilizers (Trenkel, 1997).

Core-shell structures, where the core material is coated with a polymeric shell, represent

a prevalent release system. These structures can take the form of particles or fibers, with
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fabrication methods categorized into chemical and physical approaches (Hack et al.,
2012; Lawrencia et al., 2021; Nooeaid et al., 2021; Qiao et al., 2016; Tan et al., 2021).
Chemical methods involve reactions or strong intermolecular forces such as electrostatic
interactions, hydrogen bonding, and hydrophobic interactions, typically requiring high
temperatures and generating chemical waste. Each ion of interest (e.g., Fe3*, Zn?*, Mn?")
necessitates a separate step, complicating the use of these methods for multi-material
systems. Physical methods, on the other hand, often use benchtop techniques at room
temperature such as electrospinning and electrospraying (Bennacef et al., 2023).

The design of core-shell systems is influenced by factors including particle size and
material selection. Formulation development considers the employed technology, shell
composition, active ingredient properties, desired release mechanism, and intended
application, including regulatory compliance and processing requirements. For
agricultural chemicals, this involves using approved shell materials and designing small
capsules to avoid clogging spray nozzles. Successful development often integrates new
technologies into existing facilities to ensure cost-effectiveness. Ideally, these
technologies should enable the encapsulation of multiple actives, especially those with
similar properties like polarity or solubility. Core-shell particles for crop protection
usually range from 1 to 20 micrometers, with methods such as interfacial polymerization,
sol-gel technologies, and spray drying commonly used. Electrospun polymeric fibers are
studied for plant nutrient delivery due to their high surface area-to-volume ratio compared
to conventional polymer-coated fertilizers (Nooeaid et al., 2021). Coaxial electrospinning
can prolong fertilizer delivery by enhancing structural stability, though it can only
produce sub-100 um fibers, limiting encapsulated material and release duration to hours
or days (Javazmi et al., 2021; Malafatti et al., 2023; Scaffaro et al., 2023). Electrospinning
also requires solvents and temperature control, adding to the carbon footprint
(Angammana & Jayaram, 2016; Rathore & Schiffman, 2021; Yoon et al., 2018).

Industrial scale-up is crucial for the economic viability of new formulations, alongside
ease of registration for controlled-release products. There is a need for low-carbon
footprint fabrication methods that achieve high encapsulation efficiency and loading
capacity. Coaxial direct ink writing (cDIW), a room-temperature mechanical approach,
can produce sub-mm core-shell fibers by extruding two or more materials simultaneously.
Unlike traditional methods such as coating, electrospraying, and chemical synthesis,
cDIW can combine multiple nutrients without needing conductive polymers or organic

solvents.
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The potential of cDIW in mechanically encapsulating multivariate fertilizers, addressing
the need for diverse chemicals for optimal plant growth and reducing excessive
application, is demonstrated to produce a core-shell release system. Mechanical
encapsulation in biodegradable polymeric shells is a zero-waste process, utilizing all
materials without generating byproducts. Core and shell materials were selected for their
rheological compatibility, biodegradability, non-toxicity, agricultural application studies,
and resource sustainability (European Commission Directorate-General for Agriculture
and Rural Development, 2019; Food and Agriculture Organization of the United Nations,
2018; Foroughi et al., 2021; Mohammed et al., 2023; United States Department of
Agriculture, 2001). Polysaccharide-based polymer matrices, known to enhance crop
growth and safety (Campos et al., 2015; Supare & Mahanwar, 2022; Tomadoni et al.,
2019; J. Wang & Zhuang, 2022), were used for both inks. The optimal shell combination
was sodium alginate (ALG), methylcellulose (MC), and hydroxypropyl cellulose (HPC),
while the core ink used viscosity modifiers HPC and poly(ethylene glycol) (PEG).
Fertilizer release kinetics were studied using ICP-OES, electrical conductivity, and FTIR.
The 3D-printed meshes released 95% of the fertilizer within eight weeks. Compared to
the system where the fertilizer was embedded in a polymeric matrix, the core-shell mesh
released fertilizer about 14 times slower. Mechanical properties were tested via three-
point bending and rollability tests, with load-bearing capacity assessed using standard
weights. When used to grow wheat (Triticum aestivum L.), the core-shell meshes showed
~1.7-fold and ~1.5-fold shoot length growth compared to control and traditional methods
in four weeks, respectively. This method is zero-waste, room temperature, and scalable,
offering safe, easy-to-transport, flexible release systems. Advancing controlled-release
systems for agrochemicals can address conventional application challenges and promote

sustainable agriculture.

4.2 Materials and methods

4.2.1. Materials

PEG (MW 200 g/mol) was sourced from Merck, HPC (MW 10,0000 g/mol) and nitric
acid (HNOs, 70%) from Alfa-Aesar, and sodium alginate (SA, ALG, W201502),
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methylcellulose (MC), from Sigma-Aldrich. Calcium chloride dihydrate (CaCl2.2H-0,
food grade), COMBI-MAX fertilizer (particle size 0.01-1 mm), and Triticum aestivum
L. seed (Product No. 1016) were procured from ZAG Kimya, GMT Tarim, and Tekfen
Agri, respectively. DI water with a resistivity of 18 MQ-cm was obtained from a Milli-Q
water purification system (Millipore, USA).

4.2.2. Preparation of the inks

4.2.2.1.Preparation of MC-based shell inks

The combinations of MC, HPC, PEG, and ALG were tested based on their mechanical
properties upon drying and compatibility with the core ink. The material combinations
and their formulations that were referred to as “non-optimized” were provided in Table
4.1-

Table 4.3. ALG, HPC, and PEG were dissolved in deionized water, whereas poly(e-

caprolactone) (PCL) was dissolved in chloroform at their respective weight percentages.

Table 4.1 Combinations of ALG and HPC for shell ink

Ink ALG (wt. %) HPC (wt. %) ALG:HPC
AH1 10.0 3.3 31

AH2 12.7 25 5:1

AH3 12.9 0.8 161

AH4 13.0 2 6.5:1
AH5 18.7 6.3 31

AH6 21.4 7.1 31

AH7 9.6 3.2 31

Table 4.2 Combinations of ALG and PEG for shell ink

Ink ALG (wt. %) PEG (wt. %) ALG:PEG
AP17 18 25.4 1:14
AP2T 1.9 22.6 1:11.9
AP37 2.0 19.6 1:9.8
APAT 2.1 16.3 1:7.8
AP57 2.1 12.8 1:6.1
AP6* 12.7 2.5 5.1:1
APT 12.2 6.1 2:1

AP8! 10.9 23.0 1:2.1
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| AP9! [12.9 | 225 | 117
T The molecular weight of PEG is 1,000 g/mol.

¥ The molecular weight of PEG is 10,000 g/mol.

Table 4.3 Combinations of ALG and PCL for shell ink

Ink ALG (Wt. %) PCL (wt. %) ALG:PCL
APC1 6.7 16.6 1:2.5
APC2 4.4 18.3 1:4.2
APC3 8.7 14.4 117

To determine the printability range of MC-based shell inks (S), the flowability of MC-
ALG solutions was tracked for MC:ALG weight ratios ranging from 0:1 to 5:1 (Figure
4.5). To obtain MC-ALG inks that are given in Table 4.4, i) aqueous stock solutions of
ALG were prepared, ii) these stocks were cross-linked with 3 mg/ml CaCl: solution, and
iii) they were magnetically stirred at ~300 rpm for 12 hours at room temperature.

Thereafter, to tailor printability, corresponding amounts of MC were added to the blend

and the mixing continued until the MC powder was fully dissolved at 80 °C.

Table 4.4 Combinations of MC and ALG for the optimization of the shell ink

Ink MC (wt. %) | ALG (wt. %) | MC:ALG ALG:CaCl>
S1 2.90 1.45 2:1 40:1
S2 6.79 2.72 2.5:1 40:1
S3* 4.50 1.50 31 25:1
S4 8.03 2.68 31 40:1
S5 5.19 1.30 4:1 28:1
S6 6.58 1.32 5:1 17:1

*S3 was decided as the optimal formulation, and it was used in degradation and plant

growth throughout this study.

4.2.2.2.Preparation of fertilizer-loaded core inks

The formulations of the core inks (C) containing fertilizer are provided in Table 4.5.

Initially, PEG200 was mechanically mixed with the fertilizer at 360 rpm until a
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homogeneous mixture was achieved at room temperature. Next, appropriate amounts of
HPC were added to the blend to enhance viscosity. The mixture was then mechanically

stirred continuously until uniformity was obtained.

Table 4.5 Core ink formulations

Ink Fertilizer (wt. %) HPC (wt. %) PEG (wt. %)
C1* 18.0 9.0 61.8
C2 12.0 6.0 82.0
C3 12.0 9.0 79.0
C4 17.0 8.5 74.5
C5 23.7 24 73.9
C6 23.1 4.6 72.3
C7 19.0 9.5 71.5
C8 22.9 5.7 71.4
C9 16.0 16.0 68.0
C10 21.6 10.8 67.6

* Only this formulation contains deionized water (11.2 wt. %), it is the chosen formulation

for the core ink.

4.2.3. Coaxial direct writing of core-shell meshes

The inks were gently mixed and loaded into a 3-cc printing cartridge fitted with a 15/19-
gauge stainless steel coaxial nozzle. Before printing, the MC-ALG ink inside the cartridge
was centrifuged (Centrifuge 5810, Eppendorf, Germany) for 15 minutes at 5000 rpm to
eliminate air bubbles. The extrusion pressure was determined as the pressure at which a
continuous ink flow started from the nozzle tip, ensuring stable flow and preventing
buckling during printing. The inks were printed onto a Teflon surface at 22 °C using an
extrusion-based coaxial printer with a pneumatic system (Axo Al, Axolotl Biosystems,
Turkiye). The distance from the needle tip to the surface was set to ~5 mm to avoid ink
accumulation at the outlet. To achieve the recommended fertilizer loading (~2 mg/cm?2 as
per product information), a printing infill of 8% was used. A constant printing speed of 1
mm/s was maintained for all inks to ensure the formation of continuous filaments. The

number of layers (two, four, or six) and the print geometry were customized to deliver
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the specified amount of fertilizer to the soil in the desired application area. After cDIW,
the meshes were dried under ambient conditions.

4.2.4. Rheological analysis

The rheological properties of the inks were analyzed using an MCR 302 Anton Paar
rheometer equipped with a 25 mm diameter stainless steel cone and plate, with a cone
angle of 2° and a truncation gap of 103 um, at room temperature. To prevent sample
evaporation and moisture exposure during measurements, a thin layer of paraffin oil with
a viscosity of 0.2 Pa-s at room temperature was applied around the outer edge of the
plates. For steady-state tests, viscosity was measured across shear rates ranging from 0.01
to 1,000 s™'. In the dynamic regime, the frequency was set to 10 rad/s, and the strain
ranged from 0.01 to 1,000%.

4.2.5. Determination of the fertilizer content and loading capacity

The chemical content of fertilizer was determined through i) XRD, ii) FTIR, and iii) ICP-
OES:

i) In XRD, fertilizer was ground into a fine powder prior to analysis. Patterns were
collected using a Bruker D2 PHASER desktop X-ray diffractometer with a step size of
0.02° and 0.1 s per step, measuring between 5 and 90° 20. The radiation source was Ni-
filtered CuKa.

i) The presence of salts of zinc, copper, manganese, and iron in the fertilizer was
confirmed in the middle infrared range (wavenumber from 4000 to 400 cm™) at 2 cm™
! resolution with 64 scans and corrected against an air background (Thermo Scientific,
Nicolet iS10).

iii) In ICP-OES, certain amounts of fertilizer powder were dissolved in 10 ml of deionized
water, then the solutions were filtered with a syringe filter having 0.45 pm pore size to
remove particles that may clog the nebulizer. The solutions were digested with 1 vol %
acid (70% HNOs3) for metal dissolution.
The loading capacity (LC) of the mesh was estimated by dividing the amount of fertilizer
in the core ink (18 wt. % of core formulation) that was loaded into the mesh over the total
weight of the mesh, using Eq. (4.1),

LC (%) =100xE/W (4.1)
where Ex is the total amount of fertilizer encapsulated in fibers (mg), and W is the average
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weight of nine meshes (g).

4.2.6. Imaging

The core-shell structure of the meshes was analyzed using optical microscopy (Nikon
Eclipse ME600, Tokyo, Japan). Digital images were captured with a Spot Insight QE
camera (Diagnostic Instruments, Silver Spring, USA). To obtain images of the cross-
sections of the printed meshes, the samples were immersed in liquid nitrogen and then
physically broken. Various magnifications were used to capture images in dark field
mode with episcopic illumination at room temperature. The shell thickness of the printed
meshes was estimated using Image-J software (National Institutes of Health, Wayne
Rasband, Bethesda, MD, USA). For further examination, scanning electron microscopy
(SEM, JEOL JSM 6010, Japan) was utilized. The samples were fractured in liquid
nitrogen to expose the core-shell structure and then fixed onto specimen stubs at a 90°
angle for cross-sectional imaging. To prevent charging, the samples were coated with a

~9 nm layer of Au/Pd using a Cressington 108 sputter coater at 40 mA for 60 seconds.

4.2.7. Mechanical testing

The 3-point bending tests were conducted using a universal testing machine (Model Z100,
Zwick/Roell, Germany) equipped with a 10 kN load cell, adhering to the ASTM D790
standard. The test specimens measured 50.8 mm in length and 12.7 mm in width, with
thicknesses below 1.6 mm, and were supported over a span of 25.4 mm. A crosshead
speed of 1 mm/min was used, consistent with previous studies (Raj et al., 2021; Tripathi
& Kumar, 2011). Five samples for each ink formulation were tested and displacement-
load curves were generated. Additionally, the load-bearing capacity of 7.5 cmx7.5 cm
meshes was evaluated by supporting cast-iron calibration weights ranging from 10 to 500

g.

4.2.8. Degradation kinetics

Degradation kinetics were monitored over eight weeks using 24 mesh constructs,

comprising three replicates each of shell and core-shell meshes. A simultaneous one-week
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study examined the degradation of fertilizer mixed with the MC/ALG/HPC/PEG polymer
matrix. Both the meshes and the fertilizer-polymer mixture were immersed separately in
Falcon tubes containing 40 mL of deionized water at room temperature. Each week, three
meshes were removed and dried until they reached a constant weight. The average weight
loss of these three replicates was calculated using Eq. (4.2), where the degradation rate is
expressed as a percentage of weight loss over the degradation period:

Wi-W, (4.2)

Weight loss (%)= x100

1

W; is the initial weight (g) and W, is the dried weight (g) post-immersion at time t. Due
to the soluble nature of the fertilizer-polymer matrix, its weight loss could not be tracked.
The degradation of the specimens was analyzed using FTIR Spectroscopy (Nicolet™
i1S10, Thermo Scientific, USA) before and after hydrolytic degradation, within the range

of 400 to 4000 cm™* using 64 scans at a resolution of 2 cm™.

4.2.9. The ion release behavior and kinetic model

lon release from the degradable mesh was quantified using ICP-OES (Agilent 5510).
During the degradation kinetics study, a 0.2 mL aliquot from each Falcon tube containing
the mesh was diluted to 40 mL with DI water weekly and filtered through a 0.45 um pore
size filter to remove particles that could clog the nebulizer. The solutions were then
digested with 1 vol % acid (70% HNO3) to ensure metal dissolution. The average ion
concentrations released from three meshes were reported weekly. Concurrently, electrical
conductivity (EC) was measured to evaluate the degradation rate of both the meshes and
the fertilizer-polymer matrix mix using a WTW inoLab pH/Cond 720. The release
behavior of the degradable meshes and the polymer matrix was expressed as EC (uS/cm)
over immersion time. To analyze the release mechanism, the Ritger-Peppas model was
applied to fit the cumulative ion release curve using Eqg. (4.3):

Cg; e (43)
where Ct and C,, denote the electrical conductivity resulting from ions released at time t
and when ions are fully dissolved, respectively. t is the release time, k is a constant, and

n is the diffusion exponent characterizing the release mechanism.
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4.2.10. The design of the plant study and application of the meshes

A plant study was designed to showcase the application of these meshes. The suggested
application amount of the commercial-grade fertilizer (~2 mg/cm?, as per the production
information) referred to as “x”, was applied onto pots. Pots were filled with 210 g of soil,
having an 8 cm diameter surface area of 50.2 cm?. The suggested amount of fertilizer per
pot, X, was calculated as 100 mg. Each pot was planted with five Triticum aestivum L.
seeds, weighing 452 mg each. The soil used had a pH of 8.0 and a low organic matter
content of 1% (Torun et al., 2019), originating from an ion-deficient region in Eskisehir,
Turkiye. The plant height of Triticum aestivum L. was used as a non-destructive indicator
to evaluate the relative growth-promoting effects (Tiwari et al., 2011) of different
fertilizer application methods. The experimental setup and fertilizer content for each
application are detailed in Table 4.6 and illustrated in Figure 4.1.

Two fertilizer application modes were tested: traditional (T) and mesh (M), indicated by
the prefixes T and M, respectively. The abbreviation "Ct" represents the control group
with no fertilizer applied. The control samples included: i) Ct1, a blank sample with no
chemicals, ii) Ct2, with only the shell material, and iii) Ct3, with only the core material
applied via syringe, as the HPC-PEG mixture was not printable without the fertilizer due
to low solid content. All plants were watered daily with 10 ml. The fertilizer load was
adjusted by varying the infill percentage and the number of layers. For instance, Mx and
Tx, and M2x and T2x had similar fertilizer loads of ~ 100 mg and 200 mg, respectively.
The treatments Ctl, Ct2, Ct3, Tx, T2x, T3x, M0.7x, Mx, and M2x used a total of 15, 5,
5,15, 15,5, 5, 10, and 10 seeds (5 seeds per pot), respectively.

Table 4.6 Nomenclature of the samples used in the assessment of the plant growth, and
their corresponding layer numbers and infill percentages (if printable), fertilizer loads

Sample | Mode of Layer Infill % Fertilizer | Application
application | number load (mg) | concentration
(mg/cm?)
Ctl No N/A N/A 0 0
fertilizer
Ct2 No 2 8 0 0
fertilizer
Ct3 No N/A N/A 0 0
fertilizer
TX Traditional | N/A N/A 100 2
T2x Traditional | N/A N/A 200 4
T3x Traditional | N/A N/A 300 6
MO.7x | Mesh 2 5 70 1.4
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Mx Mesh 2 8 103 2.1
M2x Mesh 4 8 210 4.2

N/A: Not applicable as Ct1, Ct3, Tx, T2x, and T3x were not printable.

Figure 4.1 The experimental setup illustrates the application modes for: a) Ctl (no
fertilizer) with seed coordinates (1-5), b) Ct2 (printed with S3 formulation), ¢) Ct3 (C1
formulation without fertilizer), d) Tx, e) T2x, f) T3x, g) M0.7x, h) Mx, and i) M2x. The
scale bar indicates 5 cm.

4.3.Results and discussion
4.3.1. Selection of the ink materials

In cDIW, ensuring the physical and chemical compatibility of core and shell inks, as well
as controlling their flow behavior, is crucial for effectively encapsulating the core
material and achieving consistent core-shell morphology along the length of the fiber.
Various polysaccharide-based systems, such as ALG, cellulose, chitin, starch, and
chitosan, have been explored for delivering agrochemicals due to their ability to improve
crop growth simultaneously (Supare & Mahanwar, 2022; Tomadoni et al., 2019; J. Wang
& Zhuang, 2022). Among these, chitin and chitosan require a harsh solvent (e.g., acetic
acid or sodium hydroxide/urea) for dissolution at room temperature (Bisht et al., 2021; J.
Wang & Zhuang, 2022; Zhong et al., 2020). On the other hand, starch has poor
mechanical properties, it needs chemical (e.g., etherification, esterification, grafting, and
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oxidation) or physical modification (e.g., pre-gelatinization, microwave, and heat-
moisture treatment) to be printable (Amaraweera et al., 2021; Li et al., 2022; Rong et al.,
2023). In this study, the shell ink formulation involved ALG, combined with cellulose
derivatives (MC and HPC), chosen for their good water solubility and viscosity-
modifying properties (Dai et al., 2019; Tang et al., 2023; J. Wang & Zhuang, 2022; Xu
et al., 2018). ALG was particularly chosen for its ability to improve the water retention
and mechanical properties of cellulose derivatives through hydrogen bonding (Mignon et
al., 2019; Zamboulis et al., 2022). The solid loading of these aqueous inks was limited by
their ability to be extruded at a pressure within the printer's working range. The upper
limit of the solid loading of these aqueous inks (ALG-HPC: ~28.5 wt. %, MC-ALG: ~11
wt. %) was set based on their ability to be extruded from the nozzle at a pressure within
the working range of the printer. Upon printing, ALG-HPC blends lacked dimensional
stability and experienced considerable shrinkage (up to ~50%) leading to brittle
structures, which restrict their use in a rolled or folded form for ease in transportation.
These ALG-HPC formulations and their printed structures are given in Table 4.1 and

Figure 4.2, respectively.

Figure 4.2 Digital images of ink formulations: a) AH2, b) AH3, ¢) AH4, showing poor
printing performance. Scale bars represent 1 cm. Images on the left were taken 5 minutes
after printing, and images on the right were taken 1 day after printing.

The visual for non-optimized ALG-PEG (AP) inks is provided in Figure 4.3. One
limitation of these ink formulations is their tendency to experience dimensional instability
and considerable shrinkage upon printing. This led to the formation of brittle structures

upon drying, restricting their use in certain applications where dimensional stability is
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crucial, such as in rolled or folded forms for ease of transportation. The shrinkage and
brittleness of these inks impact the structural integrity of printed objects, potentially
limiting their utility.

Figure 4.3 Digital images of ink formulations:a) AP6 (image taken 6 hours after printing),
b) AP7 (image taken 1 day after printing), demonstrating poor printing performance.
Scale bars represent 1 cm.

Inks that were prepared with organic solvents were also investigated. An unsuccessful
printing example is given in Figure 4.4, when C3 was used as a core ink and ALG-PCL
asashell ink. In Figure 4.4a and b, the fast solidification of ALG-PCL due to the presence
of chloroform in the formulation caused dried lumps on the mesh that restricted the nozzle
movement. The presence of water-soluble sodium alginate and chloroform-soluble PCL
led to phase separation if they were not mixed well before filling into the printing
cartridge, in Figure 4.4c, and a visible phase separation was observed.

Figure 4.4 Digital images demonstrate the printing studies with a non-optimized fertilizer
mixture (C3) with ALG-PCL shell, scale bars represent 1 cm.

On the other hand, all MC-ALG formulations (S1-6) were printable, and they retained
their shape upon printing while their brittleness increased proportionally with the solid
content (from 4 to 11 wt. %). Therefore, MC-ALG formulations were further assessed to
determine the optimum ink.

Figure 4.5 shows the photographs of MC-ALG solutions at different weight ratios varying
between 0:1 and 5:1, and a solid content of 2-12 wt. % at room temperature. Among
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these, S4—the ink with the highest MC content (~8.0 wt. %)—exhibited significant
resistance to flow. In comparison, S2 had a lower MC content (~6.8 wt. %) but a similar
ALG content (~2.7 wt. %), allowing it to flow more easily than S4. S6 had a comparable
MC content (~6.6 wt. %) to S2, but a lower ALG content (~1.3 wt. %) and higher
crosslinking ratio (17:1), resulting in better resistance to flow than S2. Meanwhile, S3
and S5, with comparable solid content (~6.0 and ~6.5 wt. %), demonstrated similar
resistance to flow. Samples with 0:1, 1:1, and 2:1 weight ratios of MC:ALG flow freely
without the need for external pressure. The sample with a 5:1 weight ratio required a
printing pressure that was higher than the capacity of the printer (P>5.5x10° Pa). The
solid content (g) in Figure 4.5 is the sum of MC and ALG to prepare ink of 10 ml.

Samples

MC:ALG :

Solid content (wt %): 2

Solid content (g): 0.2 04
25:1 25:1

Figure 4.5 The vial upside-down images of the solutions with varying MC:ALG weight
ratios and solid content illustrate that the solutions with high viscosities showed resistance
to flow.

The core ink was formulated to host the fertilizer, where the polymer matrix is expected
to act as a carrier through the soil and tailor the particle release together with the shell. In
alignment with previous reports, PEG coupled with HPC was chosen as an agrochemical
carrier (Gao et al., 2021; Garduque et al., 2020; Pascoli et al., 2018). They act as a
viscosity-modifying agent for the fertilizer to be printable and ensure a fully aqueous
system.

Figure 4.6 shows the XRD patterns of fertilizer (25.4% crystallinity). A series of Bragg
peaks at 20 values of 21.7°, 24.4°, 27.4°, 33.8°, and 36.9° appeared at ambient
temperature, the peaks showed a good match with the XRD patterns of crystalline
manganese(l1) sulfate (MnSO4, PDF #33-0906), iron(11) sulfate (FeSO4, PDF #83-0078),
zinc sulfate (ZnSO4, PDF #01-0621), and copper sulfate (CuSO4 PDF #12-0782) at room

temperature.
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Figure 4.6 XRD pattern of fertilizer (F) and reference metal salts (Dark blue square, gray
triangle, pink sphere, blue diamond shape represent peaks that matched with reference
CuSO4, MnSO4, ZnSO4, and FeSO4, respectively.)

FTIR spectrum of fertilizer in Figure 4.7 was compared with spectra of manganese(ll)
sulfate (MnSOs), iron(ll) sulfate (FeSOa), zinc sulfate (ZnSO.), and copper sulfate
(CuSOs) listed in HR Inorganics library and National Institute of Standards and
Technology (NIST) database. The broadband structure between 3600-3200 cm results
from the hydrogen bonding of the -OH groups between molecules, showing that the
fertilizer was moisturized. The single broad peaks around 1100 cm™ are assigned to

different sulfates.
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Figure 4.7 FTIR spectrum of the fertilizer and its comparison with FTIR spectra of
references retrieved from NIST database and HR Inorganics library

The ion concentration in 10 ml of water was provided in Figure 4.8, showing that the

concentration of ions in the solution matched with the added amount of fertilizer.
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Figure 4.8 lon concentration of stock fertilizer solutions at different concentrations

In terms of printability, core inks that contain HPC lower than 9 wt. % with a total solid
(fertilizer and HPC) content of less than 27 wt. % (C2-5) could not be encapsulated as
they readily diffused out of the shell after printing. Core inks that possess a solid content
greater than 27 wt. % (C6-10) failed to be continuously printed, partially clogging the
nozzle due to the increased viscosity. This increase was attributed to the greater number
of hydrogen-bonding sites between the hydroxyl groups of HPC and the ether of PEG
molecules (Sudharsan Reddy et al., 2012). Although C1 and C7 have comparable solid
content (C1: 27 wt. %, C7: 28.5 wt. %), the difference in their printing performance was
due to the presence of water (C1: 11.2 wt. %, C7: no water) that dissolved HPC and the
fertilizer. Since C1 was the only formulation that was printable, it was singled out as the
core ink. The optimized inks, C1 for the core and S3 for the shell were printed with an air
pressure of 4.5x10° and 1.4x10° Pa, respectively.

The rheological response of the inks was evaluated to determine the compatibility of the
core and shell inks by measuring their apparent viscosity, yield stress, storage (G'), and
loss moduli (G"). The analysis focused on the optimum core ink formulation, C1, and its
response was compared with the shell inks to ensure a compatible viscosity for a coherent
flow. All ink formulations that are given in Figure 4.10a exhibited shear-thinning
behavior allowing the ink extrusion through the nozzle which is characterized by

decreasing viscosity with increasing shear rates. In terms of compatibility of viscosity
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during extrusion, the flow behavior of shell inks S3 (MC:ALG of 3; total solid content 6
wt. %) and S5 (MC:ALG of 4; total solid content 6.5 wt. %) were found similar to C1
(Figure 4.10a). S3 and C1 are shear thinned with an apparent viscosity of ~10° Pa-s at a
shear rate of 1 s!. To determine the most compatible shell ink between S3 and S5, three-
point bending tests were carried out in addition to the rheological assessment. Based on
flexural stress at break and flexure modulus, S3 showed ~72x and ~6x better

performance compared to S5, respectively; hence, S3 was chosen as the shell ink.

To evaluate the shape retention of extrudates, elastic properties, and yield stress of the
chosen core and shell ink, C1 and S3 were investigated via oscillatory measurements
(Figure 4.10b). C1 and S3 exhibit nearly identical plateau storage moduli (G'= 4.3x10?
and 2.4x10% Pa) and yield stresses (t~226 and 186 Pa). The relative magnitude of G'
and G" (i.e., G"> G') shows the viscous liquid-like behavior of C1. At low shear rates, G'
remained constant for C1 and S3, and a linear viscoelastic region (LVR) was observed
(Figure 4.10b). The condition of G'>G" confirmed the solid-like behavior of S3 in LVR,
the broad LVR indicated high resistance to the applied stresses to maintain the structures.
This behavior was attributed to cross-linking of the ALG with CaCl, for S3. The gradual
decrease in G" indicated the collapse of the structure of the material and subsequent
breakdown resulting in a liquid-like behavior. The shear stress at the inner nozzle wall
was estimated as 1.5x10° Pa for C1 by using Eq. (4.4)
AP

2L,

T ()=

where AP (Pa) is the applied pressure, Lc (mm) is the length of the inner nozzle, and r
(mm) is the core nozzle radius in Figure 4.9. The volumetric flow rates (Q) of core and
shell ink were estimated as 3.33x1072 and 6.03 x10 mm?/s, respectively by considering
the time to finish one layer with a printing speed of 1 mm/s and the length traveled for

one layer.
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10.6 mm

1.4 mm
Figure 4.9 Dimensions of the coaxial nozzle

The yield stress of the C1 was 226 Pa (shown by an arrow in Figure 4.10b) which was
still below the maximum shear stress (1-2x10° Pa) at the wall of the nozzle that will cause
the plug flow. On the other hand, C10, the core ink with maximum solid content (~32.4
wt. %) was assessed to elaborate on the rheological response of non-printable inks and
how they differ from printable inks in terms of their viscosity. C10, despite exhibiting
shear thinning behavior (Figure 4.10a), was not printable due to pressure limitations
caused by its high viscosity at rest, which can be attributed to its high solid content (~32.4
wt. %), requiring a significant amount of pressure to initiate flow beyond the printer's
capabilities. Additionally, the yield stress of C10 is 4700 Pa—an order of magnitude
higher than the yield stress of C1 and S3.
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Figure 4.10 Rheological analysis of the core and shell ink formulations a) viscosity as a
function of shear rate and b) oscillatory rheological response of inks (Arrows in panel b
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show the crossover point of G' and G" which corresponds to the yield stress of the inks.)

G', G", yield point, and viscosity at shear rates 1 and 500 s were estimated by using data
given in Figure 4.10 for chosen inks (Table 4.7).
Table 4.7 Rheological properties of shell and core inks

G’ — Value in the | G” — Value in the | Yield point, t¢ | 1 at | m at
LVR (Pa) LVR (Pa) (Pa) (Pa.s) (Pa.s)
S3 | 240 195 186 106 4
Cl | 432 740 226 81 1
C10 | 12600 8320 4700 958 10

Figure 4.11 represents the encapsulation of fertilizer with an MC-ALG shell (S3), the
free-flowing nature of core ink (C1) was suppressed by enveloping it in the shell. The
difference between core and shell ink is shown in Figure 4.11b. Meshes were also
evaluated for the pore and uniformity factors (Soltan et al., 2019). Using Image J, a pore
factor that is used to assess how well the pores of the meshes matched with the designed
pores, was estimated as 0.998 by using Eq. (4.5) where Pr =1 shows a properly gelled
material. The uniformity factor, the ratio of the length of the printed filament to the length
of the designed filament, was found as ~1.0 using Eq. (4.6), indicating the filament was
uniform.

Perimeter of the pore? (4.5)

16xarea of the pore
_ length of the printed filament (4.6)

theoretical filament length
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Figure 4.11 a) Core ink (C1) printed with 19-gauge nozzle without a shell encapsulation,
b) C1/S3 mesh, the image was taken 5 minutes after printing, ¢) C1/S3 mesh dried at
room temperature for 24 hours the image was taken 1 day after the printing, scale bars
represent 5 mm.

An unsuccessful printing example is given in Figure 4.12, when C3 was used as a core
ink. The viscosity of ink C3 was insufficient, leading it to spread beyond the intended
shell boundaries. This effect was visually demonstrated, highlighting how the low
viscosity of ink posed challenges during printing. Due to its low viscosity, the ink kept
flowing from the nozzle even after the pressure was discontinued, leading to shell leakage.
This continuous flow resulted in the formation of excessively thin fibers, causing uneven

fiber thickness within the mesh.

Figure 4.12 Printing with non-optimized fertilizer mixture (C3) with s3 heII, scale bars
represent 1 cm.

4.3.2. Mechanical properties

To assess the ease of application and transportation, the rollability and foldability of the
shell formulations were evaluated. The foldability of the 2-layered meshes (58 mm x 15
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mm) of MC-ALG formulations, S1-6, was investigated visually. Only certain MC and
ALG combinations, S3 (MC:ALG of 3; total solid content 6 wt. %) and S5 (MC:ALG of
4; total solid content 6.5 wt. %) folded without being deformed. In addition, S3 exhibited
the highest resistance to deformation among all MC-ALG formulations (Figure 4.13a).
Along with its compatibility with the core ink, this confirmed the selection of S3 for the
shell formulation. The load-bearing tests on S3 meshes with different numbers of layers
(2 and 4) and infill percentages (5% and 8%) were carried out. Both 2-layered meshes
having 5 and 8% infill safely carried 1715x and 1532x of their own weight (i.e., 200 g);
yet, failed to carry 500 g loads (Figure 4.13b,c). 4-layered meshes were able to hold 500
g weights corresponding to 1999x of its weight.
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Figure 4.13 a) Flexural stress of ASTM D790 standard meshes and their corresponding
percent deformation, the inset of the image shows a sample during a three-point bending
test with a 25.4 mm span and 10 kN gripper, b) a 2-layered mesh with 8% infill carrying
1532x of its own weight (a 200 g load), and c) a 2-layered mesh with 8% infill failed to
withstand a 500 g load.

In Figure 4.14, although both 2-layered meshes having 5 and 8% infill failed to carry 500
g loads, they safely carried 1715x (200 g) and 1532x (200 g) of their own weight,
respectively. The loads between 200 and 500 g were not tested. 4-layered mesh with 8%
infill successfully held 500 g, which is 1999x of its weight. The force and pressure exerted
by each load were calculated using Eq.(4.7) and Eqg. (4.8), reported in Table 4.8.

The exerted force was estimated by using Eq. (4.7),
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F=m-g 4.7)
where m was the mass of the load (kg) applied and g was gravity (g=9.81 m/s?). The
maximum applied pressure (Pa) was found by using Eq. (4.8),

P=F/A, (4.8)

where A, was the basal area of the corresponding calibration weight (m?).

Table 4.8 Applied loads, their projected areas of the meshes resisting the loads, and
corresponding exerted pressure

Load () | 20 50 100 200 500
F(N) 0.20 0.49 0.98 1.96 4.91
A, (mm?) | 174 314 488 804 1521
Pap (PQ) | 1.13x10° | 1.56x10° | 2.01x10° | 2.44x10° | 3.23x10°

2-layered meshes with 5 and 8% infill could not withstand a pressure of 3.23x10° Pa,
when 500 g was used as a load, while 4-layered structure with 8% infill was able to hold

this weight.
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2 Layers - 5 % Infill 2 Layers - 8 % Infill 4 Layers - 8 % Infill

Figure 4.14 Load-bearing capacity of meshes when cast-iron calibration weights with a range of 20-500 g were used.
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The infill percentages and number of layers were modeled for tailoring the rollability of
the meshes and encapsulating the suggested fertilizer amount needed. Specifically, the
number of layers influenced the rollability of the meshes. The rollability of the structure
has been assessed by measuring the curvature of the rolled structures (Mary & Brouhard,
2019; Suo et al., 1999). The curvature (k) of the rod was found as 0.25 mm™, k of 2-
layered mesh and 4-layered mesh were estimated as 0.26 and 0.17, respectively in Figure
4.15a and b. The details of the k estimation are provided in Table 4.9. Overall, the 2-
layered structure fulfilled the rollability criteria while the 4-layered structure failed the
rollability test in Figure 4.15b despite its performance in bearing weights. Figure 4.15c
and d depict the occupied volume, highlighting that five rolled meshes (V=2.2 cm?®)
occupy a smaller volume in comparison to five stacked meshes (V=3.5 cm®) on top of

each other.

Figure 4.15 a) A 2-layered mesh and b) a 4-layered mesh rolled around a rod with 8 mm
diameter, ¢) the volume that five stacked meshes, and d) five meshes rolled around a rod
occupy (Scale bars represent 1 cm.)

Table 4.9 Details of the B-Splines used to estimate the curvature (k)

Avg. Point
Mo | e || Gt | O | o | Mmberof
(um™) (pm™)
2 2.56x10* 2.45x10* 1.27x10* 0.93x10* 35
4 1.73x10* 3.08x10* 1.65x10* 0.02x10* 31
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4.3.3. Morphology

The optical microscopy and SEM of coaxially printed structures revealed that they
preserved their printed shapes after drying in Figure 4.16. Two horizontal lines in Figure
4.16a represent the length of the core and shell filaments, and vertical lines in Figure
4.16b show each layer of the 6-layered mesh. The average diameter of the core filament
(0.68+0.02 mm) and shell thickness (0.18+0.02 mm) matched the dimensions of 15/19-
gauge nozzle (15G — Inner diameter (ID): 1.40 mm, Outer diameter (OD):1.80 mm; 19G
— ID:0.67 mm, OD:1.07 mm, shell thickness: 0.165 mm). Figure 4.16c represents the
cross-section of the coaxially printed mesh where the diameter of the core was measured

as 0.62+0.04 mm, and the shell as 0.17+0.08 mm, aligning closely with the dimensions

observed in optical microscopy.

Figure 4.16 a) Dark-field optical image of MC-ALG encapsulated fertilizer top view (5x
magnification) and b) side view of mesh layers under episcopic illumination (5x
magnification) with schematic, c) SEM cross-section of coaxially printed core-shell
mesh, scale bars represent 200 pum.

4.3.4. Degradation and release behavior

The electrical conductivity was saturated at the end of week 1, which was attributed to its
rapid dissolution of MC-ALG due to its intrinsically high water solubility (Figure 4.18a).
Micronutrients (i.e., Cu?*, Mn?*, Zn?*, B®*, and Fe?") in commercial-grade multivariant
fertilizer play a critical role in the early stages of wheat growth, making it advisable to
apply them during the planting phase. Therefore, a week-long dissolution ensures that the

essential micronutrients are readily available to support the initial phases of wheat
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development, promoting optimal crop health and productivity. After the full dissolution
of the MC-ALG shell, degradation was prolonged due to the PEG-HPC carrier system.
The weight loss reached 97% at week 8. The Debye length (Ap) is a fundamental
parameter that characterizes the extent of ionic interactions in solution, which in turn
affects the electrical conductivity of the medium. An increase in ion concentration due to
ion release typically leads to a decrease in the Ap Of the solution, resulting in greater
conductivity. The Aps of multivalent ions in solution were estimated as in Table 4.10. The
linear increase in electrical conductivity for increasing fertilizer concentrations (Figure
4.17) was ascribed to the predominance of divalent ions compared to the low
concentration trivalent ions in the bulk solution. This linear increase also showed that the
ions were dissolved homogeneously.

A calibration curve in Figure 4.17 for 0.1-3.4 g/ml of fertilizer in DI water was prepared,
and then used in the estimation of the concentration of a solution from the conductivity
data and to guide standard solution preparation for ICP-OES.
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Figure 4.17 Calibration curve for electrical conductivity measurements of fertilizer

For the core-shell mesh structure, characterized by a n of 0.279 and k of 12.3, the model
demonstrated a strong correlation with the experimental data (R?=0.94), suggesting
hindered Fickian diffusion as the dominant release mechanism. Fertilizer-polymer matrix
mix, with an n value of 0.717 and k value of 2.92, demonstrated anomalous transport with
a faster release rate, and the model fit well with the experimental data (R?=0.90) (Jin et

al., 2022; Yoo & Won, 2020). The dissolution of the shell shows a monophasic release
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profile consisting of a zero-order release phase (Yoo & Won, 2020). The core-shell
system released its fertilizer content ~14 times slower than the monolayer matrix

incorporating the same amount of fertilizer.
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Figure 4.18 a) Changes in electrical conductivity due to the release of ions in 8 weeks,
the meshes experienced shrinkage after being dried following the degradation test, scale
bars represent 1 cm. b) The fitting curve for dissolution of the shell, ion release from core-
shell and monolayered structure

Debye length was calculated by using Eq. (4.9),
ekT (4.9)
e2Yiciz

where €, k, T, and e are the permittivity of water at room temperature, Boltzmann’s

o=

constant (J/K), temperature (K), and charge of proton (C), respectively, and taken as
constant throughout the calculation. The effective nuclear charge and concentration are z
and ¢ (moles/mq), respectively. They are provided in Table 4.10, by plugging them into
Eq. (4.9), an arbitrary value for Debye length was estimated and used for Debye length

comparison.

Table 4.10 The effective nuclear charges and concentrations of ions, and their respective
arbitrary Debye lengths

lons Cu?* Mn?* Zn? B3* Fe?*
z 2 2 2 3 2
¢ (moles/m®) | 0.76x10° | 3.21x10° | 7.06x10° | 3.85x10° | 3.00x103
&/+/ ekT/e? 18.18 8.82 5.95 5.38 9.12

Figure 4.19 shows the FTIR spectra of C1/S3 mesh before and after the hydrolytic
degradation. Since the fertilizer mixture contains sulfate salts of metals (Figure 4.6—

Figure 4.8) and the shell is made of MC-ALG hydrogel, the focus was on the SO+*
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functional group, glycosidic bond, and -OH stretching vibrations to prove the hydrolytic
degradation of the mesh. The distinctive peaks appearing at 1460, 1380, 1320, and 950
cmt in the spectrum of MC have been attributed to the stretching of C-H bonds in CH:
and CHz groups (Oliveira et al., 2015). In addition, the observation of a prominent peak
at ~1100 cm™ is indicative of the existence of C-O-C bonds, a distinctive trait of cellulose
ethers. The peak for the -OH functional group, which is present at MC, ALG, HPC, and
PEG, was observed at 3200-3400 cm™. The multiple sub-peaks can be assigned to sulfate
groups in different bonding states with their molecular neighborhood. The peak around
1100-1,000 cm™* was also broadened due to the strong overlapping of C—-O—C vibrations
of PEG chains with the sulfate stretching vibrations (Oliveira et al., 2015; Secco, 1988).
From week 1 to week 8, the intensity of these peaks decreased, showing that those bonds
were hydrolytically broken, and the mesh was degraded, the peaks were shifted up to ~10
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Figure 4.19 FTIR spectra of C1/S3 before and after the hydrolytic degradation (TO refers
to measurement before starting hydrolytic degradation, W stands for week.)

In agreement with the increase in electrical conductivity, ICP-OES showed an increase

in ion concentrations from week 1 to week 8 (Figure 4.20).
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Figure 4.20 Changes in ion concentration in hydrolytic degradation study medium (DI
water) over 8 weeks

4.3.5. Assessment of plant growth

A circular mesh designed to fit an 8 cm diameter pot was employed to ensure uniform
plant growth across the soil surface (Figure 4.1). Figure 4.21 presents the average
maximum shoot length of five Triticum aestivum L. plants per pot. Treatments involving
the core-shell mesh structure for fertilizer release demonstrated superior performance
over traditional applications, supporting the hypothesis that fertilizer release through the
core-shell structure is more effective. Despite having the same fertilizer content, the mesh
(Mx) and traditional (Tx) applications resulted in different plant heights (Table 4.11,
difference: 9 cm). Among the mesh treatments, Mx, which contained the suggested
amount of fertilizer, exhibited the highest shoot length (~ 1.5 times that of Tx), followed
by M2x and MO0.7x. The treatment with a mesh containing only the shell formulation (Ct2
in Figure 4.21b) had a higher shoot length (~ 1.2 and 1.3 times, respectively) compared
to the treatment with only the core formulation without any fertilizer (Ct3 in Figure 4.21c)
and no chemicals (Ct1 in Figure 4.21a). This difference suggests that the presence of ALG
and MC in the shell contributed to plant growth. On the contrary, M2x, which had twice

the suggested amount of fertilizer, also increased plant growth (~1.2 times compared to
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T2x). In comparison to traditionally applied fertilizer, the mesh with 30% lower fertilizer
content achieved ~1.2 times growth. The increased growth could be attributed to the
presence of the polysaccharide matrix as well as the fertilizer. Among traditional
applications, Tx had a higher shoot length compared to T2x and T3x, as Tx had the
suggested amount of fertilizer, whereas T2x and T3x had excessive amounts. Moreover,
the absence of the core-shell structure in these treatments resulted in a rapid release of the
fertilizer, which may have led to nutrient loss and reduced efficacy. Overall, the
polysaccharide matrix enhanced plant growth compared to the sole application of

fertilizer in a traditional manner.
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Figure 4.21 Changes in shoot length in 4 weeks under different treatments with a range
of fertilizer amounts; black and gray lines represent average shoot length among all pots
and for each pot, respectively.

Mean values for plant heights are given in Table 4.11. Data were analyzed by one-way
analysis of variance (ANOVA) using OriginPro 2021. Differences between means were
compared by using Tukey and tests for equal variance were performed by using “Levene
| |” at a 0.05 significance level. Absolute mean differences (Figure 4.22) between
treatments were found and compared with the Q critical values obtained from the
studentized range Q table, if the difference is greater than the Q critical value, the effects
of treatments on plant growth were found to be significantly different. All control
treatments (Ctl, Ct2, and Ct3) were found to be nonsignificantly different. The mean
heights of plants treated with Mx and Tx were found to be significantly different,
indicating that the core-shell mesh structure for the delivery of fertilizer employed in the
mesh treatments resulted in higher plant growth compared to the traditional application.

M2x and T2x resulted in nonsignificantly different plant heights, this has been attributed
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to higher fertilizer content.

Table 4.11 Average plant heights measured at week 4 with different treatments

Treatment

Mean (cm)

Standard deviation

Ctl

16.7

1.2

Ct2

21.0

3.0

Ct3

18.3

0.6

Tx

19.0

3.7

T2x

21.1

3.4

T3x

16.2

1.5

MO.7x

23.7

5.6

Mx

28.4

1.0

M2x

25.1

5.6

Treatment comparison

M2x Mx -
M2x MO0.7x -

B Nonsignificant difference

» I B Significant difference

o
S

-10 0 10 20
Mean difference (cm)

Figure 4.22 Means comparison using Tukey test
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4.4.Conclusion

A mechanical fabrication route has been utilized to generate coaxial sub-mm fibers with
100% encapsulation efficiency and optimal fertilizer loading. The core and shell inks for
coaxial printing were formulated through rheological and mechanical characterization,
leading to the production of robust meshes. The fertilizer was embedded into the
polysaccharide matrix and encapsulated with a polysaccharide-based shell of MC-ALG,
resulting in wheat shoot growth being boosted by 1.5-fold compared to traditional
application methods. The sub-mm fiber size of the mesh ensured a high load-bearing
capacity, offering ease in deployment and transportation. In comparison to routes
involving chemical synthesis, this zero-waste, organic solvent-free, room temperature
method provides a potentially significant decrease in carbon footprint. Further controlled
plant growth studies, as well as the incorporation of other agrochemicals, can unlock the

prospects of this method for real applications.
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Chapter 5

5. CONCLUSION AND FUTURE ASPECTS

In Part I, the processing of alumina and SIAION ceramics using malleable doughs, have
been reported. These approaches offer promising avenues for energy-efficient and cost-
effective ceramic manufacturing, with potential applications in various industries. Future
research should focus on further assessing their scalability and industrial applicability.
Efforts should also be made to evaluate the economic feasibility and environmental
impact of these approaches compared to conventional methods, to realize their full
potential in ceramic engineering and beyond.

Part 11 has provided a multifaceted exploration of advancements in agricultural practices,
focusing on the development and implementation of fertilizer delivery systems produced
via colloidal processing. The discussion on coaxial direct ink writing has highlighted its
potential to revolutionize fertilizer release system formulations and deployment, through
its ability to fabricate core-shell structures with enhanced encapsulation efficiency. By
leveraging this technology, longstanding challenges in agricultural practices, such as
excessive chemical use and environmental pollution, while promoting sustainable and
efficient nutrient delivery to crops were addressed. Moving forward, future work in this
area should focus on further optimizing cDIW techniques for large-scale production and
commercialization, as well as exploring polysaccharide-based materials and formulations
to enhance the performance and versatility of fertilizer delivery systems. Additionally,
continued research into the environmental impact and efficacy of these systems, as well
as their integration into existing agricultural practices, will be crucial for realizing their

full potential in promoting sustainable agriculture.
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