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ABSTRACT

The forming technique of tubular alumina membrane from agar by using
3D printing technology on direct inking technique is a process to reduce the cost and
environmental friendliness. Alumina ceramic ink for 3D printing was prepared using TM-
5D type of alumina powder with a particle size of 0.2 um at a solid ratio of 80 wt%. The
agar solution at concentrations of 1, 2, 3 and 4 wt% were analyzed the viscosity and
gelation temperature were. Preliminary results show that 4 wt% concentration of agar
solution is optimum for 3D printing. However, the further improvement of the rheological
properties is required by adding 10 wt% of polyethylene glycol 1500 and
hydroxyethylene cellulose (HEC) at 0, 1 and 2 wt% into agar solution. The results showed
that 2 wt% of HEC-added in alumina slurry inks provided the appropriate viscosity for
3D printing with perfect filament. In addition, it was found that adding acetone at 0, 10
and 20 wt% were improved the ink rapidly dry after extrusion through the nozzle. After
drying the specimens at room temperature for 24 hours and then sintering at 13500C, it
was found that the amount of acetone affecting the apparent density of the printed alumina
membrane tubes was 3.82. 3.99 and 4.03 g/cm3 when 0, 10 and 20 wt% of acetone were
added, respectively. This study indicated that agar-assisted alumina slurry inks had
potential for 3D printing to use as a binder for forming the tubular alumina membranes
with 3D printing technology. However, the research team plans to improve fidelity in the

future.
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CHAPTER 1

1. INTRODUCTION
1.1  Background and Rationale

In the past years, 3-D printing is a new technology growing up modernly
which has advantages compared to traditional processes which have been used for a long-
time during production. The 3D printing, also known as additive manufacturing (AM) has
been developed as an alternative production by building parts layer-by-layer. There are
several techniques of 3-D printing method such as Stereolithography (SLA), Selective
Laser Sintering (SLS), Fused Deposition Modeling (FDM), Digital Light Process (DLP),
Multi Jet Fusion (MJF), PolyJet, Direct Metal Laser Sintering (DMLS), Electron Beam
Melting (EBM) [1]. SLA and FDM methods are most commonly used in many applications
because their advantages in flexible design, fast and simple production, print on demand,
strength and lightweight parts, minimum waste, inexpensive cost-effectiveness, and being
environmentally friendly [2][3]. At present, tubular ceramic membranes are very popular
in most manufacturing industries especially food, beverage, medical manufacturing and
many others including waste water treatment.

Membrane materials are mostly made of polymer materials (plate type),
metal, ceramic (hollow or tubular), zeolite, carbon and glass, but at the industrial level,
tubular ceramic membrane has been widely applied. The advantages of the ceramic
membrane compared to the polymer membrane include high mechanical strength, chemical
and thermal stability, long working lifetime, corrosive and chemicals resistant,
environmentally friendly, high porosity, and high flux [4][5][6][7].

All ceramic membranes presently used in Thailand are imported from
overseas, resulting in high costs and limited shapes that do not meet specific requirements
due to import restrictions [8]. Thus, the using of ceramic membrane in Thailand is still
limited. Most manufacturers use extrusion process which is a die compression because it
can be done relatively quickly and can control the desired size. The fabrication by extruder

is also a continuous forming process. However, the extrusion has a limitation in forming



production, which are highly investment and sometimes must import from overseas that
highly cost. Moreover, this method is expensive for machines and makes it possible only
for industrial production. Therefore, creating a new knowledge base for small ceramic
production, using lower capital, can be easy to manage and low production costs by using
agar-based to enhance manufacturing capabilities of ceramic membrane in 3-D printing or
additive manufacturing process provides easier access to technology for small and medium-
sized enterprises. It could expand the range of tubular ceramic membrane applications to
match the application and requirement as well.

For example, the ceramic membrane operating under pressure condition that
requires high mechanical strength. In addition, pore size affects permeability. The alumina
membrane support was fabricated by using direct ink writing seeing additive manufacturing
(AM) technique. Agar-based ink was proposed to form shapes in 3D-printed extrusion. The
AM technique is a process of creates three dimensional objects by depositing materials
layer by layer with using computer aided design, or CAD, software and make objects from
printing of 3D model [9][10][11]. A 3D-printer was required to form complex shapes. The
small size alumina particles are needed for final required properties of ceramic membranes.
Due to the sintering and de-binding creating void and pore, they affected density, shrinkage
and strength.

This research was performed to adjust the alumina slurry as an ink paste for
printing. The ink preparation of agar-based composition focused on binders adding. The
viscoelastic and shape fidelity of ink paste was important which are the reason in this study.
The viscoelastic of ink paste relates to elastic and viscous behavior to improve the
preparation and provide the appropriate viscosity for 3D printing. The agar hydrogel
properties, i.e. the rheological behavior and optimum viscosity were studied. After
sintering, the 3D-printed samples were examined in terms of density, shrinkage, and
microstructure. Storage modulus of ink was analyzed by Discovery Hybrid Rheometers
(DHR).

1.2  Objectives

- To prepare the Al2Os ink paste for forming the tubular ceramic membrane
by direct ink writing (DIW) using agar-based ink.



- To find suitable binder for ceramic membrane forming using DIW method.

- To find suitable parameters of 3D-printer device for ceramic ink paste in
printing of tubular ceramic membrane.

1.3 Scopes of research
- Preparation of agar-based ink to obtain suitable rheological properties

e variation of agar solution concentration: 1, 2, 3, and 4wt%

e variation of additive in binder system: hydroxyethyl cellulose (HEC)
0, 1, and 2wt%, acetone varying at 0, 10, and 20wt%, Polyethylene glycol 1500(PEG1500)
constant at 10wt%

- 3D-printing of tubular ceramic membrane using DIW method

- Sintering of printed tubular ceramic membrane

- Characterization techniques were used to investigate the physical
properties of ink paste and sintered ceramic membrane as the following:

e Discovery hybrid rheometer (DHR) to test in 2 modes; In ramp mode
for the viscosity test and oscillation mode for the storage modulus (G'). The analyzing
temperature were performed in range of 80 and 20°C.

e Archimedes method to determine porosity and water adsorption.

e Scanning Electron Microscopy (SEM) to observe microstructure or
morphology of sintered ceramic membrane.

e Linear shrinkage of printed ceramic membrane after drying and

sintering.

1.4  Research goals
- To develop a technique for preparing ceramic filament to form tubular
Al>03 membrane support by DIW technique.
- To reduce the import of tubular membrane from abroad
- To adapt the agar-based ink for printing other ceramic materials such as

zirconia, porcelain body, etc.



CHAPTER 2

2. BACHGROUND AND LITERATURE REVIEWS

2.1  Background

The research development of ceramic filament production to form a ceramic
membrane using AM technology was possible. The research team has plans for further
development by studies to improve the properties of alumina filaments. Then, the tubular
ceramic membrane was formed by fused deposition modeling (FDM) technique. Direct ink
writing (DIW) using the same working as FDM technique which requires a suitable nozzle
type for the Al>O3z ink paste printed to filament. The study results depend on physical and
chemical properties and parameter printing such as designing shapes from sketch up
program, printing temperature and printing rate. There might be influence the properties of
tubular ceramic membrane, such as size, shape and green density. De-binding and sintering
to increase the density and strength of the tubular ceramic membrane. A literature review
of 3D printing found that background and literature reviews of printing technology using
direct ink writing (DIW), which is very popular today due to its ease of printing and

adjustable size include desire design. It is easy to operate manually and inexpensive.
2.2 Theory of 3D printer

3D printing is defined as a process of creating three-dimension objects based
on slurry or ink extrusion. It is popularly known as also additive manufacturing (AM), and
Direct Ink Writing (DIW), and other names includes; Robocasting, Direct-Write Assembly
(DWA) or Microrobotic Deposition (LRD) which is less frequently in use. The additive
manufacturing technique building up 3D parts layer by layer on process of deposition and
solidification of print materials. The function of different types of 3D printers specific to
the required application shown in Fig.2.2.2 [12] [13] [14] [15] [16]. The concentrated slurry
or colloidal suspensions of ceramic powders in water is required for the appropriate
rheological behavior on 3D printing with slurry-based ink. The 3D model was created from

a digital file of computer aid design (CAD) which rapid prototyping. The STL file is



importantly required in the system of 3D printing. One mainly factors of 3D model parts
ability depend on shape and geometry from the CAD that design object for build platform.
The 3D printing is a new technique with a variety of advantages that are superior to
traditional manufacturing such as producing a complex shape, flexible design, light-weight
parts, cost-effective, short production time, and less materials waste etc. [17] [18] [19]. The
3D printing technology is divided into seven main types; 1. Material extrusion 2. Vat
polymerization 3. Powder bed fusion 4. Material jetting 5. Binder jetting 6. Directed energy
deposition 7. Sheet lamination which are now widely used subtypes from the seven main
types as mentioned includes Fused Deposition Modeling (FDM), Stereolithography (SLA)
or Digital Light Processing (DLP), SLS, and more types were learned. The most commonly
used 3D printing technology was fused deposition modeling (FDM)/fused filament
fabrication (FFF) The reason why today FDM or FFF is the most popular 3D printing type

is that because of appropriate for home use [20].

100%

Share of respondents

@ In-house @ External service Both @ Considering adding

Fig.2.2.1 The most used 3D printing technologies worldwide 2021 [20]

The types of 3D printing technology most used in 2022 are FDM (fused
deposition modeling) as shown in Fig.2.2.1 based on criteria of easily accessible to the
normal population both cost and usage including benefit on people from 3 D printing.

However, fused deposition modeling or FDM technique is a technique that has been



continuously popular. The fused deposition modeling or FDM is a type of 3D printer for
plastics forming by heated nozzle to melting materials. Melted plastic was extruded as a
filament through nozzle deposited layer by layer on platform to build 3D shape [21][22]
[23][24].



Functional

Form/fit High strength Special properties Flexible
I
| | | | |
Low Med High High Soft /
<30 MPa 30-85 MPa >85 MPa elongation rubber-like
MJF SLS FDM (fiber reinforced) FDM SLA
Industrial SLA Industrial FDM SLS FDM
MJF SLA
Tolerance
I
| | | | |
Low Med High Chemical Heat Flame
+ 0.5mm + 0.3mm + 0.1mm or less resistance resistance retardant
FDM Industrial SLA Industrial SLA SLS SLS Industrial FDM
SLS SLA MJF SLA
MJF MJF

Fig.2.2.2 The functional of different types of 3D printer [111]



Although the FDM technique same as direct ink writing (DIW) in working
of extruding materials through nozzle. The distinct of FDM technique used polymer as a
material to melt and able extrude through nozzle but DIW usually used ceramic slurry as
ink for extruding through 3D printer nozzle and processing on a sintering to achieve
mechanical strength. Therefore, DIW of 3D printing is necessary and suitable for use in

ceramic printing [25].
2.3 Literature reviews

In 2021, H. Xie et al. [26] studied the 3D gel printing process of dense
alumina ceramic by HEC addition applied in preparation of gel ink to adjust the rheology
properties which suitable for 3D printing and printability of the rigid gel made from
boehmite and using PEG as a liquid desiccant.

Bochmite suspension Boehmite gel Gel for 3D printing DIW printing
HNO, (m
N—— TS e
. @-ALO,;,MgO _
- HO H,0"

.‘ Boehmite cluster ? Bochmite particles \Ziﬁ HEC

Air drymg
Debmdmg in ethanol /

Sintering Immersed in PEG 200, 600 and 2000 successively

Fig.2.3.1 Workflow of 3D gel printing followed by liquid desiccants drying and

conventional pressure-less sintering

Fig.2.3.1 shown workflow of 3D gel printing at the gel with 3wt%HEC and
30wt%boehmite affected on viscosity behavior as when take turn of shear rate. Reversible
viscosity to prohibit the deformation. The gels containing 26, 30 and 34 wt% of boehmite

influenced the storage modulus (G') and loss modulus (G") of the when shear stress



increases G’ falls whereas G" rises until G' = G”. At higher wt% boehmite receive higher
G’ values and extend linear viscoelastic regions (LVR). However, decrease of G’ values
given LVR about 100 Pa which might be not squeeze out in printing. Moreover, the storage
modulus (G’) and loss modulus (G") of the gels containing at higher HEC addition with
30wt%boehmite has no obvious effect on the maximum G’ value of 30wt%boehmite
beneficial to extend the LVR to a certain degree. In printing gel at higher boehmite was
affected on large drying or sintering shrinkage which approach to reduce the deforming or
cracking relate that high solid content might be difficult in mixing, dispersion and gelation
that the reason study at 30wt% boehmite.

Surface Depression

Fig. 2.3.2 Photos of the dried samples: (a) without defects (b) surface depression
(c) cracks along the printing path.

Fig. 2.3.2 shown the surface depression and the cracks along the printing
path are observing defects on the cuboid sample. Unavoidable defects in case of using
PEG1000 or 2000 alone. When PEG 200 and 600 using, the linear shrinkage was observed
at higher drying temperature and higher molecular weight of PEG. During the drying
process, the liner shrinkage of green body reveals 21% of final body shrinkage and when
alone using PEG200 cannot removed out of water and final linear shrinkage rise to 30%
without defects by PEG with high molecular weight. The study of microstructure and the
inter layer bonding related to the mechanical properties of alumina ceramics. The SEM
images of dried surface and sintered body appeared the coherent interlayer bonding.

Accordingly, layer thickness of the sintered body reduces to about 55 %. The relative
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density of sintered alumina ceramics at 1450 °C are 3.96 g/cm®. alumina ceramics receive

uniform, dense and fine grained about 1 um

In 2020, J. M. Habibur Rahmanthe et al. [27] studied 3D food printing in
terms of rheology and mechanical properties of agar and Konjac based edible gels in
different ratios effects on the viscosity of the prepared food paste and the performance of
3D food printing gel with cold setting method. The procedure is dissolving the agar powder
in distilled water and konjac powder with hot water. The agar solution and the konjac
solution are mixed together, then varying weight ratio of agar powder and konjac powder
Agar-konjac 3:1, Agar-Konjac 1:1 and Agar-konjac 1:3, respectively and prepared base of
agar without konjac. The rheological test and compression test in food paste printing was
heated at 100°C to prevent gel formation and maintain proper viscosity. The result of the
agar without konjac had the highest modulus from molecular aggregation to obtain rigid
structure. As for agar: konjac ratio at 3:1, modulus decreased by more than 0.1% as strain

increases, it affects the viscosity in forming the network structure.
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Agar-konjac 3:1, G’
Agar-konjac 3:1, G”
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sweep analysis of

Rheology study results: dynamic strain sweep analysis of gel by evaluating

the viscosity properties. In Fig. 2.3.3 (a) shows the gel network, storage modulus and loss

modulus curves of gel and Fig. 2.3.3 (b) Strain-sweep analysis of gel shows highest storage

modulus (G') of agar without konjac because molecular aggregation strengthened the

structure. For agar-konjac, the G' value decreased with increasing amount of konjac because

the konjac molecules reduced the network of structure and lose rigidity due to increased

stress from increasing konjac content, as in the case of agar-konjac 3:1



12

e 100 | e A Agar-konjac 3:1, G’
© - UAAAAMMAA MM AL
a 6_5 AdAAL Aaany b & Agar-konjac 3:1, G”
by A konjac 1:1, G’
w O A oreseosten w gar-konjac 1:1,
3 N [iiaaes SRR 2o N
— wv -
3 3 10 Agar-konjac 1:1, G”
T 5 4
o 5 A . S
€ o A Agar-konjac 1:3,G
g',o - M‘* ; ”
c 9 1t % W # Agar-konjac 1:3,G
= @
°9 S OPPRa00 &3
& =t L LRI g Y . " 4 Agargel, G’
& ®
¢ Agargel, G”
0.1 L L L
20 40 60 80 100
Temperature(°C)

Fig.2.3.4 Temperature-sweep analysis of the gel samples

2.0
— Agar-konjak 3:1
— Agar-konjak 1:1
1.8 Agar-konjak 1:3
& — Agar gel
=
7 10
(]
E~s
el
]
0.5
0.0
0 0.5 1 1.5 2 2.5

Strain(-)
Fig.2.3.5 Representative stress-strain curve for gel samples from compression test.

Rheology results: temperature sweep analysis in Fig. 2.3.4, agar-konjac at
increasing temperature breaks down the molecular lattice to weakens network. The stress-
strain curve is shown in Fig. 2.3.5 agar without konjac had maximum stress and least
elasticity. In contrary, when the amount of konjac increases, the modulus decreases that
making the gel softer and ductile. The addition of konjac affects the network structure to be
more flexible due to the adjustment of viscosity properties. Moreover, it has also been found

that the addition of Konjac is useful for 3D printing smooth.
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In 2021, A. Paterlini et al. [28] investigated the feasibility of generating 3D
scaffold structures by robocasting 3 D printing for bone tissue engineering and anatomical
model applications using additive manufacturing (AM) technology, 3 D printing by
computer aided design (CAD) with self-setting pastes method based on deposited layer-by-
layer through a syringe nozzle including considered in terms of manufacturing process and
chemical setting reactions of ink paste to produce 3D scaffold structures. A self-setting
reaction occurs from a calcium phosphate cement was used to form bone-like apatite
scaffolds and hydrate calcium sulphate by self-setting reaction from calcium sulphate hemi-
hydrate (bassanite) to calcium sulphate dihydrate (gypsum) and brushite powder and
vaterite mixture to apatite by using a BCN3D printer with Fused Filament Fabrication (FFF)
technique to inject a paste through the syringe nozzle. The investigation of this study is
phase composition, rheology behavior of pastes, drying treatment and the testing of setting
reactions, 3D samples characterization, water absorption test and compression test. Paste
rheology behavior in terms of viscosity focus on printing flow. Moreover, water absorption
test to assess the resistivity of the 3D sample which resulting 3D printing will not appear
macro-porosity and also affects the mechanical properties of the samples. The self-setting
reaction of calcium sulphate paste resulting in homogeneity and long setting time approach
to occur hardening reaction. In analyzing the shear thinning behavior of calcium sulphate
scaffolds suitable for bone models and additives addition improves the mechanical
properties included different nozzles contribute to improving print resolution due to self-

setting that can print biocompatible materials.

In 2021, J. Wang et al. [29] studied the rheological properties adjustment
of inks for calcium alginate/agar (CA/Ag) 3D structure. The influent after printing is
swelling behavior and mechanical properties on printing gels. The extrusion printing is an
improving of FDM technology by extruding continuous liquid ink to obtain 3D printing
structures with high precision. Three-dimensional structure of calcium alginate/agar
(CA/AQ) was studied by adjusting the rheology of the printing ink by mixing alginate and
agar to reduce the Barus effect by using agar to change the rheology properties of the ink
by increasing the viscosity of ink. The viscosity occurs from swelling behavior of interface
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layer adhesion after printing and mechanical properties received from printing resolution
controlled by reducing the Barus effect due to viscosity.

Hydrogel 3D printing using a 2-steps method with cross-link structure or
network hydrogel of prepared ink. The rheology result of ink reduced viscosity by increase
sodium alginate (SA) resulting in poor formability of 3D printing but at higher viscosity
was high surface tension which better forming. However, high viscosity of SA/Ag exhibited
at low temperature due to the polymerization properties of agar which contributes to the
mechanical properties from swelling and deswelling properties by cross-linking lead to high
modulus and compressive strength. At increasing of SA content, the viscosity slightly
decreased. The low viscosity unsuitable for 3D printing which SA added with agar (Ag)
result to increase viscosity and high surface tension can help improve viscosity in the
printing process. The rheology test at different temperatures found the viscosity increasing
of mixing ink with decreasing temperature due to gelation of agar. As the SA content
increases, the viscosity increases. This result to the ink filament to pass out larger than the

diameter of nozzle.

In 2021, C. Gadea et al. [30] prepared the inks and the characteristics of
reactive-colloidal hybrid ink for ceramic 3D printing or additive manufacturing (AM)
technology. The robocasting technique to produce BaTiOs-based electro-ceramics using
hybrid inks of BaTiOz-based ceramics for 3D printing layer-by-layer. The fuse deposition
occurs when printing ink extruded through the nozzle. Colloids preparing (colloidal
powder) and sol-gels (stabilized sol-gel suspension), also known as “hybrid sol-gel.”. The
reaction between BaO and the Ti sol-gel solution results in deposition of BaTiOz 3D
objects. In this work, the process of preparing inks suitable for use with robocasting or
Direct ink writing (DIW) techniques by using of hybrid inks of BaTiOs-based ceramics in
3D printing. To produces complex ceramics that are better than the traditional method based
on the principle of fuse deposition of hybrid ink prepared from Titanium isopropoxide, 3
factors were prepared without glycerol, with glycerol and with glyceral+BaTiOs by
injecting ink under controlled of air pressure onto a CAD-controlled printing substrate. The

result of increase viscosity due to increase in shear stress. The addition of glycerol reduces
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sedimentation, poor particle dispersion and makes the print shape relatively stable. The
isopropoxide help to quickly reduce precipitation by adding Ti-based solvent-based glycol.
The effect of glycerol precipitation on the flow behavior hindered by glycerol that showing
shear thinning behavior not suitable for robocasting. As increase of solid loading influent
on increase viscosity which affects the stress of parts and might be deform in 3D printing.
The water-based hybrid inks from Ti-isopropoxide reaction and BaO, and BaTiOz colloidal
from BaTiOsz powder. The glycerol-added HI-BaTiOs sol gel inks to avoid rapid
precipitation of BaTiOs sol. After sintering at 1350°C obtained a density about 96% and
demonstrates the robocasting application of hybrid ink to generate a complex shape of
BaTiOs-based electroceramics.
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CHAPTER 3

3. RESEARCH METHODOLOGY

3.1 Materials

Al;O3 powder (A-325, Claymin.co.th, Thailand) with an average particle
size of 15-20 um was used for a preliminary experiment in preparing Al2Os ink paste. In
addition, an a-Al,O3 powder (TM-5D, Taimei Co., Ltd., Japan) with an average particle
size of 0.2 um was employed for printing the tubular Al.O3 membrane support. Magnesium
oxide (MgO) nano-powder (Alfa Aesar) was used as a sintering aid and also a inhibitor of
abnormal grain growth. Ammonium salt of polyacrylate (Dispex AA-4040, BASF) was
employed as a dispersant. Agar powder functioning as a gelling agent and a thickener was
added to the ink paste in the form of agar solution. Hydroxyethyl cellulose (HEC, Ashland
Industries, Netherlands) was also used as the thickener and a stabilizer to increase the
viscosity of the ink paste. Polyethylene glycol 1500 (PEG 1500, Loba Chemie PVT. Ltd)
was used as a lubricant. Acetone (99.8% purity) was added to the prepared ink paste to
allow the extrude ink paste dry faster. Reverse osmosis (R/O) water was used in the

preparation of all printing ink.

3.2 Ink preparation

3.2.1 Preliminary ink preparation

Part I: The Al,Ozslurry having 80wt% solid loading was prepared
from Al,O3 powder (A-325). MgO and Dispex AA-4040 (dispersant) were added at
0.03wt% and 1wt% of solid loading, respectively. Dispex AA-4040 was dissolved in RO
water before mixing with the other substances in HDPE bottle using Al.O3 beads for
dispersing all the substances. The ball milling was performed for 2 h. After ball milling, the

prepared Al>Os slurry was weighted and then kept warm in an ultrasonic bath at 60°C



17

Part 11: AlOz slurry weight has been calculated to prepare agar
solution by mixing of agar powder and RO water. Final agar fixed at 2wt%. Agar solution
was prepared at difference concentration of 1, 2, 3, and 4wt% to compare and select
rheological behaviors suitable for using as the printing ink paste. Agar powder at the
different concentrations was boiled at ~150 °C in a glass beaker put on a hotplate until a
yellow solution was obtained. In the boiling, a magnetic bar stirrer was used to completely
dissolve the agar powder. Due to the boiling, the evaporation of water occurred, the boiling
was conducted in a closed system to prevent the water evaporation by covering the beaker

with aluminum foil.
3.2.2 Mixing step for ink paste preparation

After the rheological analysis of agar solution with the different
concentrations, one of the ink mixtures was carefully selected and improved further by
adding additives and reducing the amount of liquid in the mixture.

The preparation of ink paste followed the part I of 3.2.1 but changed
from the alumina powder A-325 to TM-5D. In part Il of 3.2.1, the different concentrations
of agar solution were examined to find an optimum viscosity of ink paste. The proper agar
solution concentration at 4wt% of solid loading was selected. For water reducing, all
substances in agar solution at 4wt% were calculated reducing by 50% of liquid loading.
Agar powder and RO water were boiled to obtain 4wt% agar solution. Acetone was added
into the agar solution at the amount using calculation at 10wt% of total agar solution weight.
Two additives i.e. 2wt%HEC and 10wt%PEG1500 were calculated, and based on the
loading of agar powder and then added into the clear agar solution, respectively. All
substances were mixed by mechanical stirring at 150°C until homogeneity was observed.
The flow chart of Al>Oz ink paste preparation for printing tubular membrane support by
Eazao 3D-printer, China, was shown in Fig.3.1. Table.3.1 and 3.2 showed the composition
of Al>Os slurry and proportion of raw materials prepared %additive adding by section of

nomenclatures A and B, respectively.
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[A]203 powder] [RO water] [Dispex AA] [ MgO ]

[ Agar powder ] [ RO water ]
[ Ball milling (2 h) ]
E— Adding
Mixing at 60 °C Boiling (150 °C) (Acetone, HEC,
—_—

PEG1500)

e
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Printing
—_—
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Fig.3.1 Flow chart of Al2O3 ink paste preparation for printing tubular membrane support

by Eazao 3D-printer

Table.3.1A Composition of Al.Oz slurry

80wi% Al,O, 20wt% H,0 0.03wt% MgO 1wt% DispexAA-4040

80 g. 20 g. 0.024 g. 0.8 g.

Table.3.1B 100 g. of Al>Os slurry after ball milling for agar mixture preparation

Final agar Concentration of agar Agar powder (g) H,O (g)
(Wt%) solution (Wt%)
1 1.6 153.6
2 1.6 76.8
2
3 1.6 51.2

4 1.6 38.4
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Table.3.2A True solid loading of Al>Os slurry mixture

Concentration of

) Final agar Final Al,O3
Nomenclature agar solution H20 (%)
content (wt%) content (%)
(wt%)
Al 1 2 31.345 7.84
A2 2 2 44.84 11.21
A3 3 2 52.35 13.09
A4 4 2 57.14 14.29

Table.3.2B Ratio of ink paste composition

Concentration  Final Final
Nomenclature of agar agar Acetone HEC PEG1500 Al0O3 H20
solution content  (wt%)  (wt%) (Wt%) content (%)

(Wt%) (Wt%) (%)

Bl 4 2 0 0 10 54.05 1351
B2 4 2 0 . 110 ! 5376 13.44
Lo B3 . 4 2 ] 0________ 2 10 ______ 23.48__ 13.37_

B4 4 2 10 2 10 51.73  12.93

B5 4 2 20 2 10 50.09 12.52

In addition, because of a lot of water content in the mixture based on slurry
composition, reducing liquid content in the prepared mixture by 50% of water in agar

solution.

3.3  3-D printing of tubular Al203 membrane

3.3.1 Designing 3-D model of membrane with tubular shape

Tubular Al,O3 membrane samples were fabricated by 3D printing
based on an additive manufacturing technique. The tubular model was designed by a 3D
model or STL file of the sketch-up program converting to G-code file. The sketch-up

program was used to design, draft and sketch the desire model. The designed 3D model was
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exported and save as the STL or obj file. After that Cura software of the Eazao 3D printer
was set up on the computer and put the data of, extruder, and materials. Parameter setting
of printing related to ink paste such as step-up of the nozzle on the Z axis, travel speed,
print speed, infill speed, and thickness layer was filled in. Finally, slice preview, ink paste
content and working time of printing were shown on the computer. The tubular shape was
shown in Fig.3.2. The model was saved into SD card as a G-code file for printing on the

Eazao 3D-printer.

3 cm

Fig.3.2 Design of tubular shape from sketch-up program

Table.3.3 Show the designed size of tubular shape.

Tubular shape Size
outer diameter 3cm.
inner diameter 2.cm.
wall thickness 0.5 mm.
height 2.5cm.
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3.3.2 3D-printing

The prepared ink paste were printed using the Eazao 3-D printer. The
Eazao 3D printer equipped with a syringe barrel to load the ink paste. The syringe barrel
and extruder were the parts of printer that press and more the ink paste passing through a
nozzle with 1.5 mm diameter. The schematic diagram illustrating the Eazao 3D-printer

component was shown in Fig.3.4

extruder ——
or screw motor

e ——— | ' . — SD card

» screen
—» stepping motor
)

silicone pipe

L syringe barrel

Fig.3.4 Components of Eazao 3D-printer

3.4  Drying and sintering of green body

After printing, the samples were kept drying in air for 24 h to obtain green
samples. Subsequently, all the samples were dried at 110 °C to ensure that they were dried
completed. The dried samples were sintered at 1300 °C with heating rate at 5 °C/min and
holding time of 1 h. Finally, shrinkage of samples was recorded and calculated as the

%firing shrinkage (%FS). The sintering step profile was shown in Fig.3.5
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Fig.3.5 Time-temperature profile of sintering the tubular Al,Os membrane support.
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35 Characterization

3.5.1 Rheological analysis

To ensure that the ink paste was suitably extruded for the ink
extrusion test at different concentrations of agar solution through the nozzle, gelling
temperature must be known. The experiment on the rheological behavior was able to reveal
glass transition temperature (Tg) and viscosity of printing ink for example, storage modulus,
loss modulus, phase angle, and viscosity by using of discovery hybrid rheometer (DHR)
with decreasing temperature from 80°C to 20°C. Subsequently, the optimal concentration
was selected from the rheological analyzing of agar solution concentration varying at 1, 2,
3, and 4wt%.
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3.5.2 Archimedes' method

The Al203 membrane relies on properties of porosity that refer to the
ability of apparent porosity, water absorption, apparent density, and bulk density. The
sample's weight after sintering was recorded. Fired weight, suspended weight, and saturated
weight was calculated following Archimedes’ method according to the American Society
for Testing and Materials (ASTM) of designation: C 373 — 88.

The apparent density or pa of samples calculated by fired weight and

suspended weight that conclude bulk volume and close porosity as follows the equation (1):

pa= 1)

W1—W3

Where; w1 = fired weight
w; = suspended weight

The bulk density or pgis an exterior volume, close and open porosity
and other defects of samples as follows the equation (2):

W1

PB = 2

W3—=Wj

Apparent porosity or %Pa is the total porosity in samples that can be
replaced by water or also called open porosity follows by equations —(3):

WsTW1 100 = -2 % 100 3)

W3—W>y \%

%PaA =

Where; w3 = saturated weight

The water absorption or %Aw is a water absorbed percentage of the
dry samples which can calculate by weight of dry samples as follow the equations —(4):
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WsTWi o 100= 222 % 100 4

W1 W1

%AW=

3.5.3 Determination of the linear shrinkage

The shrinkage of samples appeared after sintering which determine

in terms of linear shrinkage.

Firing shrinkage or %FS is a measuring of length both height and

width that was expressed as a relationship percentage. %FS calculation follows the equation

(5):

%FS= 212 % 100 ©)
L

1

Where %FS is an average shrinkage after firing, L1 is the length of
the sample before firing and L. is the length of the sample after firing. The shrinkage

calculation in both height and width uses the same equation.

3.5.4 Microstructure by scanning electron microscopy (SEM)

The printed samples are observed for the microstructure by scanning
electron microscopy; SEM (JSM 5800LV, JEOL, Netherlands) at 20 kV. To analyze the
cross-section image of samples, the sample surface must be conductive by gold sputtering
technique before analysis for the electron beam interacts with atoms of samples and create
the SEM images. The scanning electron microscope works by an electron source emitted
an electron beam to impact the surface of the samples. The raster scan pattern of electron
beam was scanned around the surface of the sample. Then the signals showed the

topography details with other compositions of the surface on the computer.
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For SEM analysis, the samples preparation was conducted from a
small specimen fitted on stubs and the specimen have electrical conductivity by gold
sputtering as mention before which suitable for using under condition of high vacuum

system and high energy of electron beam.
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1  Preliminary result of ink paste

The preliminary ink fixed at 2wt% of final agar content with varying
concentrations of agar solution at 1, 2, 3, and 4wt% was added into the Al;Os slurry
containing 80wt% solid loading. All ink mixtures were gelled during laying up by agar
properties which an agar powder is one of compositions in the mixtures aiming to develop
the mixture printing. Agar was selected in the ink preparation because agar was a type of
hydrocolloid having specific properties for improving the viscosity during extrusion and
the shape fidelity over the up-layering [31]. The preliminary experiment was to find the
suitable proportion that the ink can be extruded with high solid loading.

At a condition of preparation, i.e., mechanical grinding by ball milling,
mixing substances in HDPE bottle composing of 80wt%Al.O3 powder, 0.3wt%MgO, and
20wt%RO water, the surface of Al>Os particles had a weak positive charge [32] which
poorly dispersed or undispersed in ball milling resulting in the flocculation. De-flocculation
by 1wt%dispex AA-4040 adding which act as a dispersant indicated that the polymer chain
of dispex AA-4040 (Ammonium salt of polyacrylic acid) facing neutral side to weak
positive charge on Al,O3 surface and exert a repulsive force by positive charge head or
NH4* of dispex AA-4040 (Ammonium salt of polyacrylic acid) to weak positive charge on
Al;O3 surface which help to ensure the Al.Oz particles was completely dispersed

[33][34][35][36][37]. Total charge resulting is a strong and long-ranged electrosteric

repulsion. The achievement of dispersing alumina by poly-acids due to polymers ability

created the electrical double layer (EDL) and steric repulsion [37]. The dispersion of

electrosteric repulsion between Al>Oz particles and ammonium salt of polyacrylic acid
shows in Fig.4.1.1 Moreover, the addition of MgO help to decrease the sintering
temperature because MgO act as a sintering aid and increase strength between particles. At
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sintering temperature with MgO adding there was higher shrinkage and more densification
by MgO added leading to improving mechanical properties [38][39]. Additionally, MgO

did not affect or interact with other substance because MgO was neutral or zero charged.
After the ball milling, the Al,O3 beads were removed from HDPE bottle and weighed only
Al>Os slurry before keeping warm in an ultrasonic bath at 60°C. This temperature was above

the gelling temperature of agar solution used in mixing with Al>Os slurry afterward.

< 72,
K @

SR B e

Fig.4.1.1 The dispersion of electrosteric repulsion between Al>Os particles and

ammonium salt of polyacrylic acid
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In preparation step of agar solution, after calculating the ratio of agar powder
to water in boiling, agar powder along with RO water was boiled in a glass beaker put on a
hotplate by using a magnetic stirrer to help rapidly and completely dissolve until the yellow
clear solution was obtained. As boiling, agar solution might be evaporated at boiling point
of water, closed system was essentials to use for this process to avoid and prevent the

evaporation by covering it with aluminum foil.

The preliminary ink at 1, 2, 3, and 4wt% concentration of agar solution after
extruding was observed. The results indicated that all the concentrations of agar solution in
the inks mixture can extrude through 0.9 mm nozzle diameter. After extruding out for a few
second, the gel formation of ink filament occurred due to the interaction of agar chains. It
meant that there was cross link of the long polymer chains to produce a complex structure
which was stronger. It was found that alginate, pectin, carrageenan, gelatin, gellan and agar
normally were used for gelling [31]. Agar is one of hydrocolloid in carbohydrate types.
Two polysaccharide combination in agar: agarose and agaropectin was attributed as an agar
molecule. The chemical bonding between D-galactose and L-galactose in agarose bonding
which are an agarobiose by glycosidic linkage at the end of structure as a long chain
polymer. Agaropectin was more complex of the chemical structure than the agarose due to
the sulfate group adhered in D-galactose and L-galactose. The high strength gelling
property was given by the agarose component whereas the viscous properties was given by
agaropectin [40]. The chemical structure of agar was shown in Fig.4.1.2 [41] Hydrocolloid
is commonly used as gelling agent, thickening agent, stabilizing agent, emulsifier, fat
replacer, flavor encapsulation [42] because its ability to thicken and gel it was the reason

why agar was chosen for improving the ink rheology.

Therefore, a higher concentration of agar solution meant that a large amount
of agarose and agaropectin are in the agar molecule. There was more interaction together
in the helix structure or double helix generating the network structure stronger when the

amount of agar increased [43].
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Fig.4.1.2 The chemical structure of agar

Agar content in the prepared mixtures affected the property of ink. The
printability of ink related to the viscosity of ink. The higher the agar content, the higher the
viscosity. Thus, the importance of improving the Al,O3 ink mixture was the concentration
of agar solution in the ink mixture. However, according to the agar properties forming a gel
still occurred at below melting temperature of about 32 and 4 0°C [44]. when agar powder
dissolves as a solution at a different concentration then cools it down, the gel formation is

also formed at a different temperature [45].

Concentration at 4wt% of agar solution was selected because the experiment
was required a high viscosity for layer-up and form shape which selected from the highest
solubility of agar content [46]. Further study about gelling temperature, the tests were
performed with syringe injection by the experimenter at various temperatures in the

experiment as show in Table.4.1
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Table.4.1 Al;Oz ink paste with 4wt% concentration of agar solution by syringe of
experimenter-controlled injection pressure at temperature from 43 decrease to 36°C

Temperature (°C) Top view Side view

43 °C

42 °C

41°C

40 °C
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Temperature (°C)

Top

Side view

39°C

view

o7

38 °C

37°C

36 °C
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4.2  Rheological analysis

Agar was a gelling agent that could be dissolved in boiling water at higher

85°C, and 1.5% agar gel formed at room temperature or about 32°C-45°C [45]. However,

the gelling temperature depend on the concentration percent of the agar solution. The
prepared ink from agar solution varied concentration at 1, 2, 3, and 4wt% without any
additive adding was studied for rheology. All ink mixtures were analyzed by rheometer,
which shows the degree of storage modulus, loss modulus, phase angle, and viscosity as
shown in Fig.4.2.1

The optimal concentration of agar-based ink mixtures was selected from
varying at 1, 2, 3, and 4wt% concentration of agar solution. The transition of gel state using
discovery hybrid rheometer (DHR) to test in 2 modes; in ramp mode for testing the viscosity
at shear rates of 1-100 s and in oscillation mode for measuring the storage modulus (G')
at 1 Hz of frequency and ramp of 0.5°C/s with the diameter of the measuring cup at 15 mm
and the test gap at 1000 um. The analyzing temperature were decreased in range of 80 to
20°C.
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Fig.4.2.1 Storage modulus of ink prepared from different concentration of agar solution at
1, 2, 3 and 4wt%
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Fig.4.2.2 Loss modulus of ink prepared from different concentration of agar solution at 1,
2, 3 and 4wt%

200
180
Mwwawdmmwﬁ'm.m
160 F
! aaaaa 1w1%
140 !
& : -——2w%
0] 120 H
TC)) ! —_— 3%
1
© 100 ; 4wt%
2 ;
] 80 ;
= |
o 60 H
'
)
40 i
L)
1,
20
0 --II|IIII[IIII|IFII|IIIIIIIII|IIII

70

30 35 40 45 50 55 60 65

Temperature (°C)

Fig.4.2.3 Phase angle of ink prepared from different concentration of agar solution at 1, 2,
3 and 4wt%
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Fig.4.2.1 at 1wt% concentration of agar solution showed the temperature
decreasing from 70 °C cooling down to 40 °C indicating that the storage modulus (G”) lower
than 1 Pa that was too low because of too much water in ink mixture being the unusual
behavior. It was clearly observed in the preparation step, the Al.Os particles was

precipitated being the unsuitable behavior for printing.

For other ink mixtures, the storage modulus (G’) was steady from 70 to 45
°C. When the temperature was lower than 45 °C, the storage modulus rose sharply.
Therefore, the temperature of 50 °C was selected in printing because storage modulus
showed no change. The proper temperature was facilitated for extruding through nozzle and
rapidly transforming to gel state. It was able to keep the shape of filament — good fidelity.
In other words, fidelity or shape fidelity described the shape retention of single filaments
upon extrusion compared to the original computer design and is sometimes referred to as

print accuracy [47]. The storage modulus trend to divide into 2 groups of agar solution

concentration.

1) At <3wt%
The degree of storage modulus between 70 to 45 °C was less than 10 Pa for all the ink
mixture. After the temperature reached 45 °C and then decreased to 30 °C, the storage

modulus was sharply increased in range of 1000 and 10000 Pa

2) At > 4wt%
The degree of storage modulus was about 100 Pa in range of 70 to 45 °C. However, the
storage modulus showed a slight increase only from 200 to 3000 Pa.

The tendencies of storage modulus were described from direct relationship
between concentration of agar solution and storage modulus behavior. It was found that
when the small amounts of agar molecules compared with Al.O3 particles in ink mixtures,
the storage modulus behavior was under governed by the Al>O3 particles being the property
of asolid or more precisely elastic property. While the ink mixture transformed to gel phase,

the behavior of elastic solid was prominent. The storage modulus at 4wt% was affected by
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the increasing amount of agar molecule in ink mixture. It was noticeable that the storage
modulus did not sharply increase because the agar gel might be sufficient to determine the

elastic property in the ink mixtures.

Considering at all concentration of agar solution concentration, although at
3wt% concentration clearly observed in Fig.4.2.1 which was higher than at 4wt%
concentration in range of 45 towards 30°C. However, the decreasing temperature from 70
to 45 °C rather provided low storage modulus of about only 10 Pa for 1, 2, and 3wt% but at
4wt% was high being about 100 Pa as shown in Fig.4.2.2 and Fig.4.2.3.

When considering the relationship between the Fig.4.2.1, Fig.4.2.2 and
Fig.4.2.3, it was found that the unusual trend at 1wt% resulted from a lot of water containing
in A0z slurry ink. Fig.4.2.1 showed that the storage modulus increased for the temperature
decreasing of 45 to 30°C, present the heat storage ability of solution transforms to gel state
consistent with Fig.4.2.2 of loss modulus that means heat loss or heat release. Therefore,
the relation between storage modulus and loss modulus presented in terms of elastic and
viscous behavior, respectively. The elastic and viscous behavior simultaneously exhibited
were measured as shown in Fig.4.2.3 indicating the phase angle represented by tand. Ink

typically acted as viscoelastic properties when 0<6<90 °C [48].
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Fig.4.2.4 Viscosity of ink prepared from different concentration of agar solution at 1, 2, 3
and 4wt%

The optimum concentration of agar solution was examined as shown in
Fig.4.2.4. The viscosity of all the prepared solutions increased in range between 45 and
26°C, except for the solution with 4wt% concentration that increased from 46 to 34 °C. For
viscosity, the behavior acts in the same way as the which divide into 2 groups. At < 3wt%
concentrations of agar solution, the temperature decreased from 70 to 45°C, the viscosity
rather low no more than 0.2 Pa-s then the temperature gradually down to 45°C, the viscosity
was gradually increase between 0.2 and 0.7 Pa-s. At > 4wt% concentration of agar solution,
when the temperature decreased from 70 to 45°C, the viscosity gradually increased between
0.2 and 0.5 Pa-s. After the temperature lowered during 45 and 30 °C, the viscosity clearly
rose sharply to 1.4 Pa-s

Moreover, agar solution concentrations had effect on the viscosity. The
higher concentrations of agar solution meant more chance of interaction between agar

molecules.
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In this study, rheological properties of ink were shown in terms of
viscoelastic behavior. The proper viscosity was important to extrusion of ink in printing
without problems such as bubbles in the plugger and pipe during extrusion due to the ink
paste movement resulting in friction between the texture of ink paste with the surface of the
inner tube wall and then creating clogging during extrusion. The proper viscosity was to
avoid the collapsed printing [49]. As shown in Fig.4.2.5

Fig.4.2.5 Obstacles while working in printing a) bubbles and b) intermittent and clogging

nozzle

The results of the experiment demonstrated that when the concentration of
agar solution was at 4wt%, the viscoelastic of ink was optimal in comparison to the
concentrations at < 3wt%. On the contrary, a low concentration of agar solution showed no

capability to shape or no gel formation, especially at 1wt% concentration acting like a liquid



39

and causing the settlement of Al>Os particles rapidly. The poor results of printing was in
line with the storage modulus degree lower than 1 Pa in the range of 70 and 40°C. The
storage modulus at lower than 40°C was increased to approximately to 1000 Pa seing the
unsuitable behavior for printing because of too much water in the ink mixture at 1wt%
concentration of agar solution. Therefore, the concentration of agar solution at 4wt% was
selected for printing at 50°C preventing the agar solution transformation to gel before

printing.
4.3 Ink paste

The rheology results were discussed and used for improving the ink paste
with additives addition and liquid reduction in the ink. The ink paste preparation followed
the preparation of subsection 3.2.1 part | and Il. After obtaining the clear yellow agar
solution, the additives were added, i.e. addition of acetone, HEC, and PEG1500,

respectively.

Previously, the preliminary experiments without the HEC addition into agar
solution found that the gel-forming samples occurred due to the agar properties. This result
made it unable to print because the solidification of sample from gelation was clogged at
the nozzle tip. For printing, the printing temperature of ink paste must not form the gel state
prior to injecting out of the nozzle. In this case, the addition of HEC eliminated the need to
maintain the temperature of the ink paste, including helped increase the optimal viscosity
of ink paste for printing obviously. The viscosity of ink paste was improved by addition of
HEC due to its characteristic of thickening. The suggestion usage was 0.5-3% which soluble
in water but insoluble in organic solvents [50][51]. Therefore, this result of HEC addition

varied at 0, 1, and 2wt% of solid loading of agar powder was studied together with the
addition of 10wt%PEG1500 of solid loading of agar powder. It was found that 2wt%HEC
addition presented the optimal viscosity behavior. The Al>Oz ink paste containing
2wWt%HEC showed clearly the increase in viscosity after adding HEC, that is suitable 3D
printing. However, the higher viscosity obtained from the 2wt%HEC addition influenced

in the HEC mixing step. Fig.4.3.2 and Fig.4.3.3 exhibited the small clusters dispersed in
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agar solution which able to clearly observe after HEC adding. At 2wt%HEC adding, the
existence of clusters were more than 1wt%HEC. It might be the solubility limit in solution
due to 4wt%agar solution is highest concentration of agar. Therefore, adding more HEC
into agar solution resulting in an agglomeration or the clusters of HEC molecules [46].

Whereas, the ink paste without the HEC addition showed no the cluster or agglomeration.

Fig.4.3.1 The mixed agar solution containing 10wt%PEG1500
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Fig.4.3.3 The mixed agar solution containing 2wt%HEC and 10wt%PEG1500

41



42

To enhance the fidelity of printed sample, acetone was added as a drying
agent. Acetone was soluble in water because of the carbonyl group in structure of acetone
molecules able to bonded on water molecules by hydrogen bonds. The results from carbonyl
ability in acetone structure allowed to accept the hydrogen bond from molecules of other
compound including water molecules. Additionally, O-H group of water is favorable in

acetone and water interaction into solution form [52].

The acetone addition varied at 0, 10, and 20wt% which acetone volume was
calculated from the basis of the total agar solution weight and convert to volume in addition.
After acetone was completely soluble in the clear agar solution, 2wt%HEC and
10wWt%PEG1500 was added. Each additives needed to be added in sequence and must
stirring by magnetic bar to be completely dissolve before adding another additive. The
reason for the first addition of acetone was that it was dissolvable in agar solution as
mentioned before [53][54][55][56]..

R=H or CH2CH2OH

Fig.4.3.4 Chemical structure of a) hydroxyethyl cellulose (HEC), and b) polyethylene
glycol1500 [57] [58]

Moreover, the addition of PEG1500 helped in act as a lubricant inside the
PVC tube. Both HEC and PEG1500 were non-ionic polymer and soluble in water but HEC
and PEG1500 were insoluble and soluble in organic solvents, respectively. The PEG1500
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was hydrophilic polymer able to dissolve in solution which contains water [59][60][61][62].
Additionally, the prepared solution possessed the high viscosity after adding HEC before
adding PEG1500. However, after PEG1500 was added, the viscosity of solution slightly
decreased again. Therefore, the physical behavior of ink pastes with and without acetone
was not different after adding of PEG1500.

a) b)
O
" O\Qﬁi pm

C ‘
HyC~ “CH, H@H

Fig.4.3.5 Chemical structure of a) acetone molecule, and b) water molecule

Acetone at 10wt% of the total agar solution weight is optimal in preparing
the ink paste which selected from varying at 0, 10, 20wt%. After the Al,O3 ink paste
printing, green body samples keep drying in air for 24 h. The samples were dried in oven
at 110°C to ensure completely drying and reducing the problem of cracking in samples due
to the rapid evaporation of water in the green body samples resulting in the shrinkages. The
sintering step was performed at 1300°C to burn the binder out off the green body samples
and increase the strength of samples. The grain growth with heating rate 5 °C/min begins at
room temperature elevated to 1300°C and holding time at 1300°C for 1 h. to sinter and

necking of the particles.

For the ink paste improving by 0, 1, and 2wt%HEC and 10wt%PEG1500
without acetone addition indicate that the sample cracked only as Fig.4.3.8 because at
2wWt%HEC means that too much of HEC content. Large amount of polymer chain of HEC
is ability to form gel texture and increase viscosity from water storage which excellent water
retention. It might be approach to crack in sample after water rejection. Considering without
acetone condition, 0 and 1wt%HEC means no HEC exists at all and small amount of HEC,
respectively. Only Owt%Acetone and 1wt%HEC with 10wt%PEG1500 added in agar
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solution which will not cracking because able to soluble in agar solution without exceeding

the solubility limit.

All substance in agar solution mixture, both HEC and PEG1500 are polymer
including agar powder themselves also a polymer. When their polymer was added more in
agar solution by varying of 0, 1, and 2wt% HEC, at the highest solubility limitation is 2wt%
HEC present the optimal viscosity behavior but effect on physical of solution which
agreeable with the agglomerate occurring due to over the limit of solubility of polymers in

water from large amount of polymer in solution.

Fig.4.3.6 Printed samples after improving ink paste with 10wt%PEG1500; a) after
printing (top view), b) after printing (side view), c) after sintering (top view), and d) after

sintering (side view)

The appearance of printing ink filament as shows in Fig.4.3.6. Due to ink
paste with no adding of HEC, viscosity behavior given by agar properties of gel structure.
The Ink paste without HEC still present the behavior of high viscosity until gelation. After

removing of ink paste mixture from under mixing at 60°C, temperature was rather decrease
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to room temperature leading to gel forming. In other words, ink paste mixture unstable at
room temperature. While the ink paste operates on 3D printer, the temperature already
reduces to gel forming temperature. High pressure was required to press ink paste out for
performing printing because the increasing viscosity. High viscosity of ink difficult to press
through the small tip of nozzle only 1.5 mm diameter size. The ink pastes filament
incomplete in printing that tear and discontinuous filament as show in Fig.4.3.6 of after

printing able to observe. For after sintering, sample strength was increased.

Fig.4.3.7 Printed samples after improving ink paste with 1wt%HEC and 10wt%PEG1500;
a) after printing (top view), b) after printing (side view), c) after sintering (top view), and

d) after sintering (side view)

Because of Fig. 4.3.7 (a, b, ¢, and d), the ink paste had a high viscosity than
Fig. 4.3.6. Printed samples have an uneven texture from the ink paste filament. Even
without acetone and 10wt%PEG1500, the addition of 1wt%HEC partially soluble and
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acceptable content in soluble including to help for increase viscosity due to swelling from
water absorption.

Fig.4.3.8 Printed samples after improving ink paste with 2wt%HEC and 10wt%PEG1500;
a) after printing (top view), b) after sintering (top view), c) after sintering (side view), and

d) after sintering (bottom view)

2wt%HEC content presents a suitable viscosity which optimum for shaping
and layering up ink paste printing, as was evident from the ink paste filament after samples
were printed. Fig.4.3.8 ¢) shows the ink paste filament printing, which has a better shape
than Fig.4.3.6 and Fig.4.3.7. Even though very high viscosity had a good ability to form
but was not good for drying, resulting in cracks on the bottom of the sample; might be
possible that over of HEC content unable to dissolve in solution and lead the way to break

of sample.



Fig.4.3.9 Printed samples after improving ink paste with 10wt%acetone 2wt%HEC
10wt%PEG1500 a) after printing (top view), b) after printing (side view), c) after

sintering (top view), and d) after sintering (side view)

Fig.4.3.10 Printed samples after improving ink paste with 20wt%acetone 2wt%HEC
10wt%PEG1500 a) after printing (top view), b) after printing (side view), c) after

sintering (top view), and d) after sintering (side view)
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Considering the selecting of optimum viscosity in condition of Owt%acetone
2wWt%HEC 10wt%PEG1500 in Fig.4.3.8. At 2wt%HEC content was suitable viscosity
behavior and they were added combined acetone at 10 and 20wt% to assist in drying rapidly.
Fig.4.3.9 and Fig.4.3.10 were found that a good shape printing but when adding of acetone
does not observe in printing. Fig.4.3.8 have cracking problem since too much of HEC
content but after adding of acetone which help to solves cracking problem that Fig.4.3.9

and Fig.4.3.10 similarly printed shape in obviously and show a better texture of shaping.
4.4 Microstructure

The microstructure of the printed samples was observed by Scanning
Electron Microscope or SEM (JSM 5800LV, JEOL, Netherlands) at 20 kV. The preparation
of sintered samples for SEM were cut with SiC cutting wheel and the cut samples were
dried in an oven at 110°C for 24 h. Then the samples were coating of gold on surface using

2-time sputtering for 60s each.

The SEM image microstructure confirm and support the reason of printed

samples in part 4.3. as follows;

Comparison microstructure of 10wt%PEG1500 without acetone adding
varying at 0, 1, and 2wt%HEC, respectively at same magnification of 2000X.
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Fig.4.4.1. Microstructure at 2000X of a) 10wt%PEG1500, b) 1%HEC and
10wt%PEG1500, ¢) 2%HEC and 10wt%PEG1500, d) 10%acetone, 2%HEC and
10wt%PEG1500, and e) 20%acetone, 2%HEC and 10wt%PEG1500
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The SEM image with 2000X of magnification show the different of %HEC
content. Indicate that the particles were uniformly and tightly disperse. Moreover, the
observation was clearly show dense different of particles dispersion. Fig.4.4.1 a) at
Owt%HEC of sintered sample show the dense sintered particles probably the viscousness
of gel formed when temperature decrease to gelling temperature, the Al,Oz particles in ink
paste mixture forming shape by agar structure. Before printing, the ink paste mixture
present a high viscosity because alumina particles to be tight together from agar gel

structure. The ink paste forming shape was pressed through the nozzle is quite difficult.

Confirming the different between Fig.4.4.1 d) and e) by SEM image
microstructure. The ink paste improving by 2wt%HEC was selected which obtained highest
viscosity behavior. At 2wt% HEC was further improved by adding acetone for rapid drying.
Comparison at 2wt%HEC with varying of 0, 10, and 20wt%acetone. Fig.4.4.1 d) and e)
for the observation in part 4.3, printed shape does not different but the different show on

SEM image indicate that particles densely distributed at higher wt% of acetone content.
4.5  Physical properties of printed samples

The ink paste improving by additive adding exhibited the physical behavior
of shrinkage which effects on density. The printed samples before and after sintering were

different of size due to shrinkage when samples completely dried.

Considering the composition of HEC varying at 0, 1, and 2wt% with
Owt%acetone and 10wt%PEG1500. Fig.4.5.1, the apparent density trend to decrease but
bulk density trend to increase according to the increase amount of HEC. The apparent and
bulk density were related with adding of HEC content because at higher HEC indicate that
the more amount of polymer was added which chemical structure of HEC has a hydroxyl
group in polymer chain for reacts with other HEC molecules. At 2wt%HEC without acetone
addition was lowest apparent density by obviously corresponding with SEM image
microstructure. Too much of HEC molecule might be not dissolve at all. According to the
discussion in part.4.3, the reason of too much HEC were not dissolves because exceeded

the solubility limit which lead to combine molecule of HEC themself. The agglomeration
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or cluster of HEC molecules were repulsed each other from negative charge of hydroxyl
group and able to instead between gap of other molecules. Thus, the reason of the distance
between each molecule was affected apparent density to decrease which agreeable the
%firing shrinkage (%FS) as Fig.4.5.2. was increased with increasing of HEC that means
higher HEC in composition of ink paste mixture more bubbles or vacancy approach to
shrink a lot after samples was dried. The printed samples after sintered will present the
tendency value of apparent density decreased and bulk density increased. Due to the
apparent density measured bulk and closed pore but bulk density measured all of closed
and opened pore, bulk including the defects. However, without HEC adding were not affect
same the reason as mention or comparable with low of HEC content. Therefore, the ink
paste composition at 2wt%HEC was considered because highest value of bulk density

corresponding to the reason of rheological behavior.

The improving of ink paste composition by varying of acetone at 0, 10, and
20wt% with 2wt%HEC and 10wt%PEG1500 were also considered both of apparent and
bulk density. Fig.4.5.1, indicated that higher amount of acetone addition effect to increase
apparent density related to decrease %firing shrinkage (%FS). Describing under the
condition of acetone varying at 0, 10, and 20wt% that when increasing of acetone effect
small amount of porosity which less shrinkage as Fig.4.5.2. The reason means lead to more
densely of apparent density but bulk density was decreased because the samples were
calculated include open pore and also other defects. Moreover, at Owt%acetone or without
acetone adding means the vacancy between helices structure between long polymer chains
in agar role as store water which still exceeds the solubility of HEC. Therefore, the influent
of acetone adding not only solves problem of cracking in printed sample but also rapidly

drying.

Fig.4.5.2 show %Apparent porosity (%Pa) and %water absorption (Aw)
were reduced when increasing of HEC content. %Pa is an apparent porosity consisted of all
porosity in samples which can be replaced by water. Indicated that higher HEC content
effect on %Pa to decrease. Due to high HEC also means high of polymer in composition

indicate that before drying the porosity was formed in samples from water storage of
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polymer as water swelling. After drying, samples shrink leading to decrease their bubbles
from water evaporation. Therefore, higher HEC content given lower apparent porosity.
There reason also approach more shrinkage which corresponding to water absorption
ability. %Water absorption (Aw) were reduced at higher HEC content because high HEC
able to store water a lot, the shrinkage a lot also. The dried samples were decreased porosity

volume for water absorption which water can be replaced in.

For acetone varying, Fig.4.5.2 explained the %Apparent porosity (%Pa) and
%Water absorption (Aw) trend to increase as when acetone content increasing. At optimal
of ink paste improving at 2wt%HEC, apparent porosity was increased when increasing of
acetone. Because of acetone added in mixtures, acetone also role as a liquid one in mixtures
or liquid content in mixture was increased. According to removes liquid out both acetone
and water by evaporation, after completely dried means the missing of liquid volume
including other binder such as HEC and PEG1500 were created large amount of pore. The
reason reaches more increasing of %apparent porosity appear as increase of acetone. The
increasing amount of %apparent porosity were related to %water absorption (Aw) that when
the dried samples was more porosity also means more space or vacancy for water replacing
or water absorption. Therefore, at higher acetone content was exhibited increasing of

%water absorption.
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CHAPTER 5

5. CONCLUSIONS

In this research, tubular Al,0s membrane was fabricated by 3D printing as the so-
called direct ink writing technique. This study was conducted in terms of the composition,
additive content, rheological behavior, and characterization such as microstructure analysis,
density, and shrinkage of sintered samples. The Al>Ozink paste with 1wt% concentration of
agar solution was unsuitable for further adjustment because of too much water in the printed
mixture. The curve of G’ and G’’ tend to increase as the concentration of agar solution
increase at 2, 3 and 4wt%, respectively. Whereas the degree of viscosity was highest at 4wt%
concentration of agar solution corresponding with G’ and G” value that are suitable for usage

as ink paste printing.

Ink paste modified by HEC adding at 0, 1, and 2wt% with 10wt% PEG1500 which
immediately observed the large amount of agglomeration at higher HEC content. The
addition of 2wt% HEC was over solubility limit resulting in the occurrence of HEC clusters.
HEC only help to improve viscosity which was appropriated for using as thickener in ink
paste. The optimum HEC content at 2wt% was adjusted with agar solution at 4wt% with
fixing 10wt%PEG1500 and varying 0, 10, and 20wt%acetone content. It could be seen that

the increasing of acetone offered denser structure as supported by the SEM images.

The main benefit to be expected from the addition of acetone is the rapid drying of
printed samples. However, the adding acetone also had effect on density after drying and
sintering relevant to shrinkage, porosity, volume, and water absorption. The increase in
acetone amount led to the reduced shrinkage. Therefore, the water absorption was increased
when acetone added more and more due to the increased apparent porosity from the addition

of acetone.
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Abstract. Direct ink writing was used for 3D printing of tubular A:O3 membrane support. Agar-
based ink mixtures were prepared as a paste with a proper viscoelastic behavior in achieving printing.
Using agar only for mixing with Al:Os slurry in preparing the ink mixtures showed the flow behavior
resulting in failure to print the Al2Os tube due to too low viscosity of the ink mixture—100 Pa at
40°C. However, the introduction of Hydroxyethyl cellulose (HEC) as thickener and Polyethylene
glycol 1500 (PEG 1500) as lubricant helped improve the behavior of the ink mixtures to be more
proper paste for printing. The amounts of HEC were varied from 0 to 2wt% of solid loading. At 2wt%
HEC, the ink mixture was able to be printed highest, compared to the other ink mixtures. However,
the 2wt% HEC-using ink mixtures possessed the highest sintering shrinkage at 12%, while its relative
density was highest at 70%. The results indicated that it was possible to print the alumina membrane
tube if its fidelity was improved further.

Introduction

Direct ink writing (DIW) was a slurry-based 3D printing widely used for fabricating complex-shaped
ceramics. Its popular use originated from the advantages of simplicity, inexpensive cost, and
capability to print both monolithic and composite [1]. DIW was a technique relying on extrusion of
non-newtonian viscous slurry or paste and layering up with no deformation of initial shape [2].
Properties in terms of theology were determined by the ratio of binder to ceramic particles. Therefore,
the composition of paste was essential for the quality of printed ceramics.

Rueschhoff et. al. [3] reported that 53 — 56 vol% solid loadings were optimum for printing AL2O3
sample using nozzle with 1.25 mm in diameter. It was indicated that at 51 vol% solid loading its yield
stress was insufficient to support the weight in higher layers. On the other hand, uneven deposited
layer height was observed for 58 vol% solid loading. The hydrogel-based DIW was examined by
Feiden and co-workers [4]. Pluronic F-127 was used in their ink mixtures and thereby approximate
the rheological properties by Herschel and Bulkley’s model. It was found that storage modulus of
hydrogel was comparable to that of colloidal suspension; however, it suffered from lower ceramic
volume fraction. The hydrogel showed the yield stress higher than the colloidal suspension. Yang et.
al. [5] used carrageenan as an additive in the heat induced DIW ink. The ink containing carrageenan
exhibited pseudoplastic model of fluid for which was desirable for DIW. Using carrageenan in the
ink mixture helped swelling and absorbing water reducing free water in slurry and thus increasing the
solid loading.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
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In this work, Al2O3 membrane support with tubular shape was 3D printed by DIW. Using 3D
printer for shaping the Al2O3 membrane support was to find an alternative displacing an expensive
extruder for which was a common machine for shaping ceramic with tubular shape [6]. Moreover,
3D printing might open a window of ceramic membrane with further complicated shapes. Therefore,
it was worth adapting DIW for shaping the ceramic membrane support. To shape using the DIW
technique, agar was selected as a thickener of ink mixtures and a gelling agent after injecting out of
nozzle of the printer [7]. Consequently, the concentrations of agar in the form of solution were
examined for the possibility of printability. After printing the ink mixtures, one of the ink mixtures
was used for improving further its rheological properties. In the improvement in terms of rheology,
additives were introduced into the agar-based ink mixtures such as Hydroxyethyl cellulose (HEC) as
thickener and Polyethylene glycol 1500 (PEG 1500) as lubricant [8]. The additives-modified ink
mixtures were 3D printed and characterized for observing microstructure and shrinkage.

Materials and Method

Raw Materials. a-A1:O3 powder (TM-5D, Taimei Co.,Ltd., Japan) with average particle size of 0.2
pum was used for fabricating the tubular Al>O3 membrane support. Magnesia (MgO) nanopowder
(Alfa Aesar) was used as a sintering aid. Ammonium salt of polyacrylic acid (Dispex AA 4040,
BASF) was employed as a dispersant. Agar powder was added into the ink in the form of agar solution
for functioning as a thickener of the printing ink and then gel formation after being injected from
nozzle of printer. To further increase the viscosity of ink, Hydroxyethyl cellulose (HEC, Ashland
Industries, Netherlands) was used as a thickener and stabilizer. Polyethylene glycol 1500 (PEG 1500,
Loba Chemie PVT. Ltd) was used as a lubricant. Acetone (99.8% purity) was added into the prepared
ink to form rapidly dried filament of ink relying on the evaporation of acetone at room temperature.
Reverse osmosis (R/O) water was used in preparing all the printing ink.

Ink Preparation. The Al2Os slurry with solid loading of 80wt% was prepared by ball milling in
HDPE bottle for 2 h to ensure the full dispersion of Al2O3 powder. MgO was used at 0.03wt% of the
solid loading and Dispex was added to the slurry at 1wt% of the solid loading. After ball milling, the
ALOs3 slurry was kept warm in an ultrasonic bath at 60°C. For preparing agar solution, the agar powder
was mixed with RO water and then stirred using magnetic bar at the same time as boiling on a hot
plate until a clear yellow solution was observed. The concentration of agar solution was fixed at
2wt%. However, the addition of the agar solution to the Al2Os3 slurry was varied at different
concentration of 1, 2, 3 and 4wt%. However, real agar content was fixed at 2wt% of solid loading.
All the mixtures of agar solution and AL>O3 slurry were measured by a rheometer (HR-2, TA
Instruments, USA) to examine their viscoelastic properties—storage modulus (G’) and viscosity. The
prepared agar-based ink was 3-D printed into a cup for preliminary examination at 40°C before the
agar transformation into gel completely. A temperature in printing was selected from the viscosity
result. Thereafter, one of the ink mixtures was selected for further adding HEC to increase the
viscosity of ink for being printable. Since the viscosity of agar-adding ink was too low, it needed to
add the thickener—HEC. HEC was selected as the thickener for the agar-based ink since it possessed
the same negative charge as agar. Thereby, agar and HEC were able to be well dispersed, regardless
of their proportion. The molecular structures of agar and HEC were shown in Fig. la) and b),
respectively. HEC was varied at 0, 1 and 2wt% of the solid loading using mechanical stirrer for
obtaining the homogeneous ink. In addition to the HEC addition, PEG 1500 was added to the prepared
ink at the fixed proportion of 10wt% of solid loading. In the preparation of ink modified with the
additives, the agar powder was first boiled until the clear solution was obtained. Subsequently, HEC
flakes and PEG 1500 were added into the clear agar solution, respectively, prior to mixing
mechanically with the prepared warm Al2O; slurry at 60°C in the ultrasonic bath. Finally, the mixtures
of ink were cooled down to RT before the 3-D printing of Al2O3 tube. It meant that the printing
temperature needed no consideration in the case of the additives-modified ink. The prepared ink
showed the characteristic like a paste as shown in Fig. Ic).

70



Materials Science Forum Vol. 1090 69

" R=H or CH,CH,0H

Figure 1. Molecular structures of a) agar [9] and b) hydroxyethyl cellulose [10], including ¢)
photograph example of agar-based ink modified with the additives.

Printing of Agar-Based Ink into A1:O3 Tube. The prepared agar-based ink was 3-D printed into
the tubular shape by Eazao zero printer, China. The main parameters in 3-D printing set by Cura
program included: 1) 1-mm layer height, 2) 1 mm/s print speed, 3) 1.5 mm z hop height. The diameter
of nozzle was 1.5 mm. The prepared ink was poured into a syringe barrel equipped with the 3-D
printer. The direct ink writing was conducted by extrusion through a screw and then nozzle driven by
a stepping motor. The ink paste was driven through the nozzle with 1.5 mm in diameter. The
dimension of tubular Al:O3 was 3-cm outer diameter and 0.5-cm thickness. After 3-D printed, the
tube was dried in air for 24 h and then sintered at 1300°C for 1 h.

Characterization. The rheological behavior of agar-based ink mixtures at concentration 1, 2, 3
and 4wt% was analyzed by the rheometer. In ramp mode, the viscosity was tested at shear rates of 1—
100 s '. In oscillation mode, the storage modulus (G') was measured at frequency of 1 Hz and ramp
of 0.5°C/s. The diameter of measuring cup and the test gap was 15 mm and 1000 um, respectively.
The microstructure of sample was observed by SEM (JSM 5800LV, JEOL, Netherlands) at 20 kV.
The sintered samples were cut with SiC cutting wheel. The cut samples were dried in an oven at
110°C for 24 h. The samples were gold coated using 2-times sputtering for 60s each.

Results and Discussion

The rheological behavior of the printing ink including the storage modulus and the viscosity was
shown in Fig. 2a) and b), respectively. It clearly showed in Fig.2a) that the ink prepared from 1wt%
concentration of agar solution had the behavior of storage modulus different from that of other ink
mixtures. The storage modulus of ink at 1wt% concentration was markedly low from cooling at 70
down to 40°C. The unusual behavior was attributed the presence of too much water in this ink mixture.
It was also observed in its experiment that there was the precipitation of Al2O3 particles rapidly in the
preparation step being the behavior of ink unsuitable for printing. It was found that there was truly
31-wt% Al203 loading in the final prepared ink. The Al2O3 loading was equal 10 vol% of the prepared
ink mixture.

In contrast to the other ink mixtures, the degree of storage modulus was steady from 70 to 45°C
and then increased sharply when the temperature further decreased from 45°C. The temperature at
50°C was selected for 3D printing in this work since it was a proper temperature for the unchanged
storage modulus and being above the further markedly increasing temperature of storage modulus at
only 5°C. In other words, it was the proper temperature facilitating the extrusion of ink through the
nozzle and the rapid transformation into gel of agar molecules able to keep the shape of filament of
ink—good fidelity. From all the ink mixtures, the concentration of agar solution at 4wt% indicated
the highest storage modulus between 70 and 45°C. In comparison to the storage modulus of solution
containing agar only—agar solution, it was found that the tendency of the storage modulus of agar-
based ink mixtures clearly differed from those of agar solution in the work of Thompson et. al. [11].
The storage modulus of agar solution was rapidly developed from 85 down to 55°C. However, that
of ink mixtures increased from 45 to 30°C. It implied that the presence of Al.O; particles in the ink
mixtures delayed the development of gelation of agar molecules. It was noticed that the degrees of
storage modulus for using the same 2wt% concentration at 40°C were approximately 30000 and 100
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Pa for the pure agar solution and ink mixture, respectively. The huge difference of storage modulus
indicated the possibility of poor fidelity of the printed tube due to the rather low storage modulus.

Fig. 2b) showed the viscosity behavior of all the prepared ink mixtures. The degree of viscosity
clearly increased when the concentration of agar solution increased from 1 to 4wt%. Especially for
4wt% concentration, the viscosity of ink mixture significantly increased in comparison to the other
ink mixtures. The result of viscosity suggested that the ink mixture prepared from 4wt% concentration
of agar solution created paste-like characteristic suitable for further printing the tube. From Fig. 2a)
and 2b), it was obvious that the ink mixture prepared from 4wt% concentration of agar solution
possessed the degrees of storage modulus and viscosity much more than that prepared from the other
concentration. In taking account of only the viscosity of ink mixtures, the values of their viscosity
were in the range between 0.2 and 1.5 Pa-s, corresponding with the viscosity of solution containing
only agar reported by Millan et. al. [12].

From Fig. 2a) and b), it was obvious that the trend of the storage modulus and viscosity was able
to be divided into 2 groups: 1) at < 3wt% concentration, and 2) at > 4wt% concentration. When the
concentration was < 3wt%, their degrees of storage modulus were considerably low, i.e. no more than
10 Pa in the range of temperature between 70 down to 45°C. The storage modulus sharply increased
when the temperature reached 45°C which were between 1000 and 10000 Pa. On the contrary, when
the concentration was > 4wt%, the storage modulus was relatively high about 100 Pa in that range
from70 to 45°C. However, the storage modulus turned out to be relatively a few increased from 200
to 3000 Pa. The tendencies of storage modulus implied the direct relationship between the used
concentration of agar solution and the behaviors of storage modulus. It indicated that when there were
a few amounts of agar molecules compared with AL>Os particles in the ink mixtures, the behaviors of
storage modulus were governed by the Al2Os particles being the property of solid, or, more precisely,
elastic property due to the presence of Al2Os particles. While the ink mixtures were transforming to
gel phase, the behaviors of elastic solid were prominent. For at 4wt% concentration, the behavior of
storage modulus was affected by the increasing amounts of agar molecules in the ink mixture. It was
noticeable that the storage modulus did not sharply increase since the presence of agar gel might be
sufficient to determine the elastic property of ink mixture. For the tendency of viscosity, it showed
the behaviors able to be divided into 2 groups in the same way as that of storage modulus. The results
of viscosity were attributed to the increasing amounts of agar as well.

Fig. 3 displayed the filament of printed ink mixture prepared from the concentration of agar
solution at 4wt%. Although the ink mixture was extruded through the nozzle, its fidelity was quite
poor. The shape of ink filament extruded out of the nozzle changed owing to the flow of filament
and finally the struggle with up layering. For the other ink mixtures prepared from the concentration
of agar solution less than 4wt%, their fidelity was poorer than the ink mixture using 4wt%
concentration. The preliminary printing into the cup of the agar-based ink mixtures pointed out that
the viscosity degree was not enough for attaining the high fidelity. Therefore, the thickener—HEC—
was selected for improving the viscosity of ink being like a paste for printing.

Fig. 4a) — c) displayed the printed tubes introducing HEC as the thickener in the ink mixtures at
the different amounts from 0 to 2wt%. It should be remined that this variation of HEC in the ink
mixtures came alongside the fixed amounts of PEG 1500 at 10wt% of solid loading. It clearly showed
that the fidelity of all printed tubes was enhanced with the increasing amounts of HEC. The enhanced
fidelity was closely related to the increase in viscosity due to the increasing amounts of HEC as the
thickener. It was noticable that the printing ink mixtures were able to be printed at the higher levels
when the added amounts of HEC increased from 0 to 2wt%. It was interesting that the ink mixtures
modified by HEC and PEG 1500 were able to print at room temperature. As a result, the compositions
of ink consisting of agar, HEC and PEG 1500 offerred the capability to print at the room temperatre.
It was found that a copolymer— Isobam, was able to be used as dispersant and gelling agent of Al.O3
gelcasting at the room temperature [ 13]. Conseqently, Using agar, HEC and PEG 1500 together might
help the printability successful at the room temperature.
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Storage modulus (Pa)
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Temperature (°C) Temperature (°C)

Figure 2. a) storage modulus and b) viscosity of ink prepared from different concentration of agar
solution at 1, 2, 3 and 4wt%.

-

Figure 3. Photographs of printing ink sample prepared from 4wt% concentration of agar solution.

Top view

Side view

Figure 4. Printed samples of Al2Os tubes with the HEC content at a) 0wt%, b) 1wt%, and c) 2wt%;
while the amounts of agar and PEG 1500 were fixed.

Table 1 showed the relative density and sintering shrinkage of the printed tube after sintering at
1300°C. When the HEC content increased from 0 to 2wt%, the relative density increased from 58 to
70%. However, the tendency of relative density was different from that of sintering shrinkage. In
other words, the sintering shrinkage increased from 6.3 to 12.1% with increasing the HEC content.
The results suggested that adding 2wt% HEC caused the increasing shrinkage during sintering leading
to the increasing relative density. Thus, it might imply that the amount of HEC at 2wt% enhanced the
compaction of Al2Os particles in the ink mixtures leading to the higher shrinkage and thereby the
higher relative density.

Fig. 5 indicated the SEM images of the printed tubes after sintering. It showed that the grain sizes
of Al2O3 were larger with increasing the HEC content, especially at 2wt% HEC. The increasing grain
sizes were in agreement with the results of relative density.
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Table 1. Physical properties of printed tubes prepared from the different amounts of HEC.
Composition | Bulk density | Relative density | Sintering shrinkage
(g/em’) (%) (%)
Owt% HEC 23 58 6.3
1wt% HEC 2.3 58 5.9
2wt% HEC 2.8 70 12.1

a) b) EEEE

¢) 2wt%.

Conclusion

The AL>Os tubes were shaped by DIW for using as membrane support. The agar-based ink mixtures
using agar only was unable to be printed due to the too low viscosity. To increase the viscosity, the
thickener and lubricant being HEC and PEG 1500, respectively, were introduced into the agar-based
ink mixtures. The HEC addition at 2wt% provided the best printability and highest relative density.
It should be noted that the fidelity of printed tubes must be enhanced further to form the tubes with
the increasing height. The compositions consisting of agar, HEC and PEG 1500 were enable the
printing at the room temperature.
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Appendix B: Raw data of experimental results

Part I: Physical properties

. V,
Agar solution . W3 PA L : %FS = . . OLES — OAfiri op 0
composition Wi f"ﬁd Wo ded saturated vV IV Apparent Ps BL."k F'.r('jnﬁ F'.Leﬂ %firing E '(mhg l:: |_rerc]1 A)';S —kA>f|r|rf1g Vfo lume %PA = Apparent VoA =
fixed g%guct: sus'pehn e weight olume density denS|t3y widtl widtl shrinkage eight eight s an_a%eo 0 opgtn porosity bwate(
10WI%PEG ( ) | weight (g) @ (Ws-wy) (glem?) (g/cm?) (mm) | (mm) of width (mm) (mm) eight p()\?vroall 3/ absorption
3"W1
Oacetone/OHEC 0.8995 0.69 1.0718 0.3818 4.2935 2.3559 30 29 3.3333 14 13 7.1428 0.1723 45.1283 19.1550
Oacetone/1HEC 2.6518 2.01 3.0648 1.0548 4.1318 2.5140 34 32 5.8823 13 12 7.6923 0.413 39.1543 15.5743
Oacetone/2HEC 4.9158 3.63 5.4077 1.7777 3.8231 2.7652 33 29 12.1212 16 12 25 0.4919 27.6705 10.0065
10acetone/2HEC 3.8296 2.87 4.3359 1.4659 3.9908 2.6124 31 28 9.6774 13 11 15.3846 0.5063 34.5385 13.220
20acetone/2HEC 3.072 2.31 3.5309 1.2209 4.0314 2.5161 31 29 6.4516 135 12 11.1111 0.4589 37.5870 14.9381




Part I1: calculation methods

77

Preparation 150 g. of Al2Os slurry with 10wt%Acetone, 2%HEC and 10wt%PEG1500

condition

Solid: water 80: 20

» Al>O3 slurry preparing 100 g.
Al>Os3 slurry preparing 150 g.

» Al;O3 slurry preparing 100 g.
Al>Os3 slurry preparing 150 g.

0.03wt% MgO

» Al;O3 powder (TM-5D) 100 g.
Al>O3 powder (TM-5D) 120 g.

Dispex-AA
» Al>O3 powder (TM-5D) 100 g.
Al>O3 powder (TM-5D) 120 g.

After ball milling for 2 h.

Al>0s slurry weighing 129.66 g.
» Al>Oz3 slurry obtaining100 g.
Al>O3z slurry obtaining129.66 g.

Kept warm in ultrasonication at 60 °C

Al>,O3 powder (TM-5D) 80 g.
Al>O3 powder (TM-5D) = (150x80)/100
=solid 120 g.

water 20 g.
water = (150x20)/100
= water 30 g.

MgO used 0.03 g.
MgO used = (120x0.03)/100

= MgO 0.036 g.

Dispex AA used 1 g.
Dispex AA used = (120x1)/100
= DispexAA 1.2 g.

true Al2O3 powder (TM-5D) 80 g.
true Al2O3 powder (TM-5D)

= (129.66x80)/100 g.

= True solid 103.728 g.



2wt%final agar

» True solid 100 g. Agar used 20.
True solid 1002.824 g. Agar used =(102.824x2)/100
= Agar 2.05648 g.
= 50%Agar 1.02824 g.

Awt%Agar solution

» Agar powder 4g. water 96 g.
Agar powder 2.05648 g. water = (2.05648x96)/4
= water 49.35552 g.
= 50%water 24.67776 g.

Total 50% of 4wt%agar solution 1.02824+24.67776 = 25.706 g.

10wt% Acetone
> Agar solution 100 g. Acetone 10 g.
Agar solution 25.706 g. Acetone = (25.706x10)/100
= Acetone 2.5706 g.
Where; p=m/v

v=m/p
Acetone volume (Vacetone) = 2.5706/0.79
Acetone preparation = 3.253924051 ml.

Other solid 98% Agar 2%

HEC preparing

» agar powder used 2 0. HEC used 2 9.
agar powder used 1.02824 g. HEC used = (1.02824x2)/2
= HEC 1.02824 g.
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- PEG1500 preparing

» agar powder used 2 g. PEG1500 used 10 g.
agar powder used 1.02824 g. PEG1500 used = (1.02824x10)/2 g.
= PEG1500 5.1412 g.

Part I111: Parameter setting of Cura software for Eazao 3D printer

’ =% Fine -1.0mm B Qo o v
1
. -
‘ Print settings X 25
\‘; Profile Fine - 1mm * Vv
|
7 /o Search settings —
3 = Quality v o
1 !
| Layer Height C3 1.0 mm
= |
| Initial Layer Height Ve b 1.0 mm
\‘ Line Width H 1o mm
|
; Wall Line Width 1.0 mm
‘] Outer Wall LineWidth 1.0 mm
/‘ Inner Wdl(s) Line Width 1.0 mm
./ﬁ:
(] Top/Bottom Line Width 1.0 mm
|
‘ Infill Line Width 1.0 mm
E o —
3 | <{ Recommended .
Quality
- Layer Height =1.0mm
- Initial layer height =1.0mm
- Line Width =1.0 mm

- Wall line width =1.0 mm



Outer wall line width
Inner wall(s) line width
Top/Bottom Line width
Infill Line width

Initial layer line width

Walls

Wall Thickness

Wall Line Count

Wall Transition Length

Wall Distribution Count

Wall Transitioning Threshold Angle
Wall Transitioning Filter Margin
Outer Wall Wipe Distance

Outer Wall Inset

Optimize Wall Printing Order
Wall Ordering

Alternate Extra Wall

Minimum Wall Line Width
Minimum Even Wall Line Width
Split Middle Line Threshold
Minimum Odd Wall Line Width
Add Middle Line Threshold
Print Thin Walls

Horizontal Expansion

Initial Layer Horizontal Expansion
Hole Horizontal Expansion

Z Seam Alignment

Seam Corner Preference

=1.0mm
=1.0mm
=1.0mm
=1.0mm
=100.0%

= Outside to Inside
=0

=1.0mm
=1.0mm

=99.0 %
=1.0mm

=99.0 %

=[]

=0.0 mm

=0.0 mm

=0.0 mm

= Sharpest Corner

= Hide Seam
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Top/Bottom

- Top surface Skin layers =

- Top/Bottom Thickness =1.0mm
- Top thickness =1.0mm
- Top layers =

- Bottom thickness =2.0mm

- Bottom layers =

- Initial Bottom layers =

- Top/Bottom pattern = Lines
- Bottom pattern initial layer = Lines
- Monotonic Top/Bottom Order =

- Top/Bottom Line Directions =11

- No Skin in Z gaps =

- Extra skin wall count =

- Enable Ironing =

- Skin Overlap Percentage =5.0%

- Skin Overlap = 0.05 mm
- Skin removal width =2.0mm
- Top Skin removal width =2.0mm
- Bottom Skin Removal Width =2.0 mm
- Skin Expand Distance =2.0mm
- Top Skin Expand Distance =2.0mm
- Bottom Skin Expand Distance =2.0mm
- Maximum Skin Angle for Expansion =90.0°

- Maximum Skin Width for Expansion =0.0mm

Infill

- Infill Density =100.0 %



Infill Line Distance

Infill Pattern

Connect Infill Lines

Infill Line Directions
Infill X Offset

Infill Y Offset

Randomize Infill Start
Infill Line Multiplier
Extra Infill Wall Count
Infill Overlap Percentage
Infill Overlap

Infill Wipe Distance

Infill Layer Thickness
Gradual Infill Steps

Infill Before Walls
Minimum Infill Area
Infill Support

Skin Edge Support Thickness
Skin Edge Support Layers

Materials

Printing temperature

Printing temperature initial layer

Initial Printing temperature

Final Printing temperature

Scaling Factor Shrinkage Compensation

Horizontal Scaling Factor Shrinkage Compensation
Vertical Scaling Factor Shrinkage Compensation

Flow

=0.0°C

=0.0°C

=25.0°C
=25.0°C
=100.0%
=100.0%
=100.0%
=100.0%
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- Wall Flow =100.0%

- Outer wall flow =100.0%

- Inner wall(s) flow =100.0%

- Top/Bottom Flow =100.0%

- Infill Flow =100.0%

- Prime Tower Flow =100.0%

- Initial Layer Flow =100.0%
Speed

- Print Speed = 1.0 mm/s

- Infill Speed =1.0 mm/s

- Wall Speed =1.0 mm/s

- Outer Wall Speed =5.0 mm/s

- Inner Wall Speed =5.0 mm/s

- Top/Bottom Speed =5.0 mm/s

- Travel Speed =2.0 mm/s

- Initial Layer Speed =2.0 mm/s

- Initial Layer Print Speed =1.0 mm/s

- Initial Layer Travel Speed = 1.0 mm/s

- Z Hop Speed =2.5mm/s

- Number of Slower Layers =2

- Flow Equalization Ratio =100.0 %

- Enable Acceleration Control =M

- Enable Jerk Control =0
Travel

- Enable Retraction =
- Retraction at Layer Change =

- Retraction Distance =7.0 mm



- Retraction Speed = 25.0 mm/s

- Retraction Retract Speed =25.0 mm/s
- Retraction Prime Speed =25.0 mm/s
- Retraction Extra Prime Amount =0.0 mm?

- Retraction Minimum Travel =2.0mm

- Maximum Retraction Count =100

- Minimum Extrusion Distance Window =10.0 mm

- Combing Mode = Not in Skin
- Max Comb Distance With No Retract =0.0 mm

- Avoid Printed Parts When Travelling =
- Avoid Support When Traveling =

- Travel Avoid Distance =0.625 mm
- Layer Start X =0.0mm
- Layer Start Y =0.0 mm

- Z Hop When Retracted =
- Z Hop Only Over Printed Parts =
- Z Hop Height =1.5mm

Cooling

- Enable Print Cooling =

- Regular/Maximum Fan Speed Threshold =10.0s

- Regular Fan Speed at Height =1.0mm

- Regular Fan Speed at Layer =2

- Minimum Layer Time =50s

- Minimum Speed =10.0 mm/s

- Lift Head =0
Support

- Generate Support =0



Build Plate Adhesion

- Build Plate Adhesion Type = None

Dual Extrusion

Mesh Fixes

- Union Overlapping VVolumes =
- Remove All Holes =
- Extensive Stitching =
- Keep Disconnected Faces =
- Merged Meshes Overlap =0.15mm
- Remove Mesh Intersection =

- Remove Empty First Layers =

- Maximum Resolution =0.5mm

- Maximum travel Resolution =1.0mm

- Maximum Deviation =0.025 mm

- Maximum Extrusion Area Deviation =2000.0 pm?

Specials Modes

- Print Sequence = All at Once
- Mold =0

- Surface Mode = Normal

- Spiralize Outer Contour =0

- Relative Extrusion =0

Experimental

- Slicing Tolerance = Middle
- Infill Travel Optimization =

- Minimum Polygon Circumference =1.0mm



Enable Draft Shield
Make Overhang Printable
Enable Coasting

Fuzzy Skin

Flow Rate Compensation Max Extrusion Offset

Flow Rate Compensation Factor
Wire Printing

Use Adaptive Layers
Overhanging Wall Angle
Overhanging Wall Speed
Enable Bridge Settings

Wipe Nozzle Between Layers
Small Hole Max Size

Small Feature Max Length
Small Feature Speed

Small Feature Initial Layer Speed

=0
=0
=0
=0
=0.0 mm
=100.0%
=0
=0
=90.0°
=100.0%
=0
=0
=0.0 mm
=0.0 mm
=50.0%
=50.0%

86



VITAE
Name Kotchaphan Chaisong
Student ID 6310220028
Educational Attainment
Degree Name of Institution
Bachelor of Science (B.S.) Prince of Songkla
(Materials Science) University
Master of Science (M.S.) Prince of Songkla
(Materials Science) University

Scholarship Awards during Enrolment

87

Year of Graduation
2019

2022

Thailand Graduate Institute of Science and Technology: TGIST

List of Publication and Proceeding

- Direct Ink Writing of Tubular Al,O3; Membrane Support Using Agar-Based Ink in 3D-

Printing



