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Abstract

The performance of a poly(carboxylate ether) (PCE)- based
superplasticizer to produce machinable green bodies from suspensions of
alumina with 200 nm particle size was investigated. The theoretical
maximum particle packing limit was found to be 45.7 vol%. An alumina
loading of 35 vol% in the presence of 1.25 wt% superplasticizer was
established to be suitable for drilling and removal of significant amount of
material—59% reduction in volume (77% reduction in the diameter of the
green bodies) was achieved. The lathed green bodies to produce terraced
structures exhibited smooth surfaces without visible cracks. All of the
green bodies were sintered without a polymer burnout step. Sintered solid
cast bodies shrunk 16.1+1.8% at the outer diameter and 17.5+0.9% at the

inner diameter.



KATI DOKUM ILE URETILMIS ALUMINA YESIL VUCUTLARIN
POLI(KARBOKSIL ETER)- BAZLI SUPERPLASTIKLESTIRICILER SAYESINDE
ISLENEBILIRLIGIN INCELENMESI

Gokay Avci
MAT, Master of Science Thesis, 2015

Tez Danismant: Yrd. Dog. Ozge Akbulut

Anahtar kelimeler: Yesil viicut seramik islenmesi, kat1 dokiim, Stiperplastiklestirici

Ozet

200 nanometre tane boyutlu alumina pargaciklarindan olusan yesil kiitle
seramiklerin  poli(karboksil  eter)-  bazli  siiperplastiklestiricilerle
islenebilirlik performansi incelenmistir. Yesil seramikler i¢in maksimum
teorik yiikleme 45.7 hacim% olarak bulunmustur. 35 hacim% aliiminyum
oksit yiiklemeli 1.25 agirlik% siiperplastiklestirici olan parcalarda delme
deneyleri ile hatr1 sayilir miktarlarda madde ¢ikarimi—hacimde %59 diisiis
(caplarda %77 azalma) gerceklestirilmistir. Tornalanan yesil seramiklerle
terasli yapilar gozle goriliir ¢atlak olusturmadan basariyla islenmistir. Tim
yesil seramikler polimer yakma adimi olmadan sinterlenmistir.
Sinterlenmis seramiklerin dis c¢aplarinda %16.1£1.8, i¢ ¢aplarinda

%17.5+0.9 kiigiilme gerceklesmistir.
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CHAPTER 1

INTRODUCTION

1. 1 Stabilization mechanisms in the suspensions of ceramic particles

Fine particles are subject to Van der Waals forces, which are responsible for
flocculation and agglomeration in liquid media. Electrostatic interactions decay in short
ranges (few nanometers) but VVan der Waals forces can have their influence at a longer
range (>10 nm) [1]. In order to overcome individually weak but collectively strong Van
der Waals forces, different stabilization mechanisms have to be adapted. In electrostatic
stabilization, the particles are shielded by the repulsion of charged stabilizers thereby
providing a potential barrier that is stronger than the attractive forces. In steric
stabilization, size and shape of the stabilizer provides a physical barrier which hinders
particles to approach one another. Electrostatic stabilization has to offer sufficient
electrical double layer length to keep particles apart whereas the polymer adlayer

thickness is the main contributing factor in steric stabilization [2].

Surface area of the particles increases as size decreases and it is not possible to obtain
concentrated solutions (greater than 15-20 vol%) without any stabilizers or adjustment
of pH [3]. Ceramic particles can bear charge in liquid media and their charge is
concerted by pH. The charge of ceramic particles in a medium can be verified by
finding the isoelectric point (IEP) of the ceramic. Below IEP, the particles are mostly
positively charged, at IEP the number of negative and positively charged particles are
equal (thus giving a macroscopic zeta potential of 0 millivolts (mV)). Above IEP, the
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particles are mostly negatively charged. The overall charge of the suspension
determines the sign and amplitude of the zeta potential.

Figure 1 shows the difference between a plasticizer and a superplasticizer—plasticizer

imparts malleability to ceramic powders, whereas superplasticizer provides flowability.

Entropic stabilization and

Electrostatic repulsion :

Plasticizer Superplasticizer

Figure 1 Schematics that demonstrates the additional flowability enabled by the
superplasticizer (retrieved from www.takemoto.co.jp)

1. 2 Background on superplasticizers

Superplasticizers are polymers made out of charged moieties which provide
stabilization in a suspension. Superplasticizers are utilized as rheology modifiers to
prevent agglomeration of particles through flocculation. Poly(melamine sulfonate)
(PMS) and poly(naphthalene sulfonate) (PNS) are among first superplasticizers which
provide stabilization through their charged hydroxyl sulfonate and carboxylate groups
(electrostatic stabilization) as well as their high molecular weight (steric stabilization)
[4,5]. PNS and PMS were both designed to offer flowability and prevent slump loss in
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cement slurries. Lignosulphonates (LS) as superplasticizers have been utilized to
provide concentrated alumina suspensions in water [6]. LS have been shown to provide
stabilization in kaolin and silicon nitride systems at high pH without extensive
adsorption [7]. Figure 2 demonstrates the chemical structure of PNS, PMS, and LS.
Carboxyl, hydroxyl, and sulfonate groups mediate the interaction of superplasticizer
with ceramic particles. Although PNS, PMS, and LS were extensively used in cement
industry to achieve better dispersions, they were still not effective in reducing slump
loss. Slump loss determines the reduction in flowability of cement slurry after certain
amount of time [8]; therefore it is a reliable parameter to examine the stability of cement
particles against agglomeration and flocculation.

OH

a NH N NH o
H3CO o HO O cHy T@Y N
N N
0 0 \|/
SO 3Na HN\I

H;CO
50;Na

A) n B) n C) e n

Figure 2 A) poly(lignosulfonate), B) poly(naphthalene sulfonate), and C)
poly(melamine sulfonate superplasticizers (retrieved from www.lookchem.com)

1. 3 Poly(carboxylate ether)-based superplasticizers

Poly(carboxylate ether) (PCE)-based superplasticizers provide exceptional slump loss
retaining abilities which is related to their better adsorption profiles and stability
compared to other superplasticizers. Although PCE superplasticizers were designed for
cement industry, they can be used to prepare concentrated and flowable solutions of

ceramics as well.

Linear PCE with active groups and short side chains have gained attention due to
tailorability of its chemical structure, active group type, and frequency[9]. Although
PCEs were commonly used as superplasticizers, the fundamentals of how they interact
with inorganic particles were poorly understood. Early synthesis of PCE resulted with

broad polydispersity thus the effect of chain size could not be investigated without
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purification through chromatography columns. Advanced synthesis techniques such as
reversible addition fragmentation chain transfer polymerization (RAFT) and living
polymerization enabled control over poly dispersity index which catalyzed PCE

research [10].

PCE-based superplasticizers can be tailored by changing, i) the length and frequency of
side chains, ii) degree of polymerization, iii) monomers of backbone, and iv)
monomer feed ratios [11]. Different modifications led to utilization of different types of
PCE superplasticizers. Poly(acrylate) salts [12], poly(methacrylates) with carboxylic or
sulfonic anions with ammonium cations [4], terpolymers with acrylic acid, acrylamide,
and vinylpyrrolidone [13] have been used in preparation of concentrated ceramic pastes
to, enhance flowability of these suspensions. Through the design of superplasticizers,
the effect of different functional groups and structures were investigated. Marco, et al.
proposed that linear PCE showed better dispersing abilities than sodium poly(alkyl
sulfonate) with raw porcelain gras [14]. Zhou, et al. investigated the effect of
homoacrylate, copolyacrylate, and multiacrylate of modified PCE on raw porcelain gras
and suggested that the multipolymer with more charge density had achieved higher
ceramic loadings and finer dispersability [9]. These findings underscore the
configuration and the way the polymers adsorb on ceramic particles is crucial to

elucidate rheology of ceramic slurries.

The configuration of superplasticizers determines their adsorption behavior. There have
been different stable configuration modes reported such as mushroom like, brush, and
cake [8]. Bowman, et al. found that pH of the suspension changed the configuration of
poly(acrylic acid) on alumina particles, at pH higher than 9, the polymer chains
assumed random coil configuration whereas at pH lower than 9 the chains assumed
mushroom configuration which essentially provided increased stability [15]. Many
conformation modes can be present through the slurry as illustrated in Figure 3 and
these modes determine the adsorption and surface coverage behavior of polymers on
nanopowders. In PCE superplasticizers, the sulfonate and carboxylic backbone
functional groups compete to bind on alumina surfaces while PEG side chains protrude

towards the solution.
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Polymer with terminal Polymer with funclional B8 block copolymer
functional groups groups either end

“BA block copolymer Random copolymer "COMB" copolymer

Figure 3 Schematics of adsorption mechanisms of PCE on ceramic particles
(retrieved from www.inkline.gr)

Bouhamed, et al. investigated the adsorption behavior and electrokinetic properties of
alumina particles with statistical and diblock PCE architectures. Block copolymers
provided lower viscosity profiles compared to statistical architectures and this finding

was supported by a thicker adlayer found in block copolymers [16].

Palmqvist, et al. compared dispersion mechanisms of PAA, LS, and a comb PCE
superplasticizer on alumina particles. PAA and LS were able to reach higher dispersion
rates; yet, the same alumina vol% was achieved by lesser amounts of PCE-based
superplasticizer. In terms of providing higher loading suspensions, PAA and LS

performed better than PCE superplasticizers [17].

Akhlaghi, et al. provided a systematic study on rheological properties of a PCE
copolymer synthesized with acrylic acid (AA), (2-methyl propane sulfonic acid)
(AMPS), and poly(ethylene glycol) (PEG) on 200 nm alumina particles. All of
monomer feed ratios showed high zeta potentials in a wide pH range indicating the
stabilization efficiency induced by the copolymer. [18]. Figure 4 demonstrates the
chemical structure of the superplasticizer used in this work where acrylate and AMPS

backbone is grafted with PEG side chains.

16



Acrylate backbone
— = = = PEG:ide chains

= = = =  AMPSbackbone

Figure 4 A PCE-based superplasticizer with AA and AMPS backbone and PEG
grafting(adapted from [18])

1. 4 Characterization of suspension stability

The dispersing ability of a rheology modifier depends on i) molecular weight, ii) pH, iii)
dispersed particle size, and iv) depletion interactions. The rheological properties of the
suspensions and maximum particle loading are interconnected properties of ceramic
nanopowder processing [19]. As particle loading increases, the total amount of particles
in the suspension also increases which hinders flowability. An important objective for
ceramics processing is to attain maximum particle loading while retaining flow

properties in the processing window.

Nanopowders of ceramics were commercially produced as early as 1980s but their
application was limited as they could not be readily incorporated into traditional
ceramic processing. In traditional ceramic slip casting with micron sized particles, the
average viscosity increases as particle size decreases since the number of bonds
between particles per unit volume increases. For particles lower than 1 micron size,
pseudoplastic behaviour is observed which means the shear stress decreases
dramatically with increasing shear rate [20]. Traditional processing parameters used for
micron sized particles cannot be directly adapted to nanopowders due to this
pseudoplastic behavior. New design parameters have to be determined to process

nanopowders with superplasticizers.
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The viscosity of suspension is crucial both for dry and wet processes, in the former,
viscosity of binders determine the compactness of powders as more pressure is applied,
in the latter, viscosity both determines whether the slurry is slippable and also particle
packing during water removal phases. Green body packing is increased with well
dispersed and highly loaded ceramic suspensions. Cesarano, et al. worked on
suspension of 0.1-0.2 micron alumina particles dispersed with PAA and reported that
the viscosity reached a minimum at the isoelectric point of alumina, but sharply
increased with minimal deviations from this pH [21]. Green body packing is also
affected by the size of the particles. Tallon, et al. systematically investigated the effect
of particle size on the packing density of slip cast alumina bodies. 190 nm particles
provided the highest green densities and sintered densities compared to experiments
with 44 nm and 600 nm particle size [3]. Acosta, et al. used 0.48 micron alumina
powders dispersed with poly(methacrylic acid) ammonium salt just above the IEP of
alumina and provided depletion interactions with the addition of PVP where over 50
vol% loadings were obtained. The flowability of the slurry was modified by altering the
molecular weight of PVP [22]. Bouhamed, et al. investigated dispersibility of 0.4
micron sized alumina powders with polycarboxyl ether superplasticizers from various
synthesis routes; 30 vol% suspensions were used and zeta potentials which were

negative through a large pH range were obtained [16].

Providing higher suspension loadings with nanopowders is difficult due to higher
surface area which amplifies Van der Waals forces. Particles with moderate loadings
can be stabilized with electrostatic repulsions. This approach is insufficient when higher
loadings are present; the crowded particles are forced within each other mechanically as
slurry is mixed. This compression leads to flocculation where potential barrier for
electrostatic repulsions are breached by Van der Waals forces. Steric repulsions are
necessary to achieve particles with higher loadings. The dispersion with steric
stabilizers compress the stabilizers but due to unfavorable energetics that require
conformation change, destabilization does not occur if there is a high surface coverage
of polymers over the ceramic particles. The dispersion medium has to be a good solvent
for the stabilizer such that interpenetration of particles is unfavorable and the segments
protrude into the external solution. PAA has been found to be a good steric stabilizer

since the polymers assume an expanded configuration in water [23]. This effect can also
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be seen in polymers grafted with PEG side chains with different classes of
superplasticizers, where length and frequency of the peg side chain promotes dispersion

stability.

1. 5 Nanopowder processing techniques

In ceramics processing, particle consolidation techniques determine the final structure
of the cast body. Ceramics can either be processed in a wet state or a dry state. In dry
processing techniques nanopowders are needed to be deaired before applying proper
force. In the wet state, without any additives, the particles tend to coagulate and form
flocs which have a lower effective density than particles on their native state. In order to
provide stable suspension that does not form any flocs and does not coagulate,

plasticizers and superplasticizers can be incorporated into the slurry.

Figure 5 shows various processing techniques such as powder making, injection
molding, green forming and shaping, slip casting, densification and heat treatment,
grinding and polishing. Ceramic processing can be separated into three main groups: i)

powder consolidation, ii) firing/sintering, and iii) post-sintering operations.

Powder Making Green Forming/Shaping Heat Treatment Fabrication

Figure 5 Common ceramic processing techniques (retrieved from
www.photonics.com)
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Liquid-based processing methods provide an alternative to powder pressing. Liquid
routes can produce green bodies with more uniform binder distribution with the ability
to form different geometries other then cylindrical pellets and minimization of density

gradients imminent in dry routes [24].

Gel casting is a wet green body production technique where monomers and solvent are
mixed with ceramic powders and polymerized in a mold [25]. Green bodies produced
with gel casting have binder contents of 4-10 wt% and green strengths that are higher
than many common net-shape processing techniques [26]. Although high green
strengths are achieved, reproducibility needs further improvements. Figure 6 illustrates
the microcrack formation due to inhomogeneous cross-linking which reduces
mechanical strength and reliability. Monomers and crosslinkers used for gel casting are
highly toxic. There are efforts to produce non-toxic monomers but they fail to achieve
the strength values produced by traditional gel casting [27]. The polymerization reaction
is highly oxygen sensitive thus the process must be carried out in an inert atmosphere
which complicates the mass production routes. Only a limited amount of chemistries are
available for the current gel casting methods thus limiting the flexibility for process
design. The excess slurry cannot be recycled when the slurry crosslinks, eliminating the

ability to recast poor pieces [28].
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Figure 6 Microcracks in gel cast alumina [29]

Another approach is to adapt thermo reversible gel casting in which the monomers are
replaced by a polymer that provides a temperature driven physical gelation. This
technique eliminates the oxygen sensitivity and enables the recapturing of miscasting

but further narrows down the limited choice of monomers [30].

High amounts of binder (40-50 wt% to that of ceramic powders) is used to make a
flowable ceramic polymer mixture without any solvent. The large amount of binders in
injection molding requires careful and slow binder burnout to prevent any cracking in
the ceramic body. Injection molding requires one dimension to be less than 3 cm in
order to consolidate the particles together thus essentially limiting the application of this

technique to thin objects [31].

Tape casting is an industrially important process since thin tape cast ceramic are used in
electronic substrates and sensors. A ceramic slurry is slowly cast into a thin sheet,

tensile stresses are brought if the drying shrinkage is large thus measures are taken to
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minimize shrinkage. Homogenous tapecasting can be accomplished by using a casting

suspension with high solid loadings.

Slip casting is a traditional ceramic formation process where ceramic powders are
dispersed in a liquid medium to produce a suspension. As a variation of slip casting
technique, in solid casting technique a) slurry is poured inside plaster mould, b) plaster
mould draws solvent via capillary action, c) additional slurry is poured until a solid
body is formed, and d) solid body is taken out of the mold via dry shrinkage(Figure 7)
[32]. The homogenization and the rheological behavior of the suspensions play an
important role in the microstructure and mechanical properties of the body [33]. In
order to obtain a dense and homogenous green body the slurry should have a high solid
content and good dispersion abilities [34]. Through optimization of binder and
dispersant ratios, the stability and integrity enables slip cast bodies with minimal
defects [35].

Slip Plaster mold

X

/Y, 4

a) b) c) d)

Figure 7 Schematics of solid casting technique a) slurry is poured inside plaster
mould, b) plaster mould draws solvent via capillary action, c) additional slurry is
poured until a solid body is formed, and d) solid body is taken out of the mold via
dry shrinkage (adapted from www.tesrenewal.com)

1. 6 Green body machining parameters
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To machine green body ceramics, i) binder burnout, it) material removal, iii) machining
mode, iv) tooling speed parameters, v) compressive strength, vi) hardness, and vii)

packing rate of green body have to be considered.

Binder burnout: The binder burnout must be carried according to the properties of the
polymer used. A TGA curve can be used to determine the time and temperature required
to burn the binder without producing cracks in the green body [36]. As a rule of thumb,
adding less amount of binder reduces or even eliminates binder burnout routes. As the
binder amount is increased, the removal process has to be slower and more delicate to
prevent catastrophic failure. The size of the material is also a crucial aspect; sintering
bigger materials will require greater measures to achieve a uniform structure. The
ceramic particles can be mixed with very high amount of polymers and can be extruded
to a mold. This method was used originally and very slow binder burnout had to carry
out in order to prevent fracture of the material. Gel casting provided a strong alternative
to this traditional method and became the golden standard to produce machined green
bodies. In gel casting, the polymer that has to be removed has been reduced from 50
wt% to 10-15 wt% compared to extrusion protocols. Eliminating the binder burnout
would substantially benefit the green body machining saving both time and the amount

of expensive additive polymers [29].

Material Removal: During machining the ceramic particles produce flakes rather than
chips which is common in metal machining. Due to this property, the machined part of
the ceramic has to be effectively removed [37]. The excess material may contribute to
internal stress buildup and premature fracture of the green product. It may also lead to
wearing of tool wear due to increased contact between abrasive ceramics and the

machining tools.

Machining modes: Grinding, drilling, surface finish, steel carbide tooling, diamond

coated tooling are commonly used modes to machine green samples [38].

Tooling speed parameters: Tooling speed varies between different modes. Using higher
speeds increases material removal rates as well as the amount of force that the material
has to withstand. Using high tooling speeds (greater than 1000 rpm) will also increase
tooling wear rates and provoke a need to replace machining tools earlier than possible
[27].
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Compressive strength: Using PVA alone produces weak green bodies with compressive
strengths lower than 2 MPa [29]. Tensile and shear forces act upon different regions of
the material through the course of desired object. Due to this phenomenon, creating
objects with thin walls and intricate structures has been a challenge in green body
machining. In our work we were able to drill green bodies with thin walls which

indicate the strength of the binding ability of our superplasticizer.

Hardness: Gel cast materials with compressive strengths greater than 100 MPa can be
achieved by adding high amounts of binders (up to 15 wt%) which reduces hardness of
the green body [27]. Machining green bodies with high strength and low hardness
produces micro cracks in the structure thereby eliminating the possibility of drilling
mode. We experienced that higher alumina loadings resulted in lower strain rates upon

ultimate compressive strength thereby this protocol had to be optimized.

Green body theoretical density: The packing of the green body affect many aspects of
green machining. As the particles are packed closer, the compressive strength is usually
higher with compact structure. The microstructure homogeneity is also linked with
green body packing rate where a finer microstructure produces a smoother packing [34].
The packing ratio also determines the maximum sintered density for a specific
temperature/time. As the particle gets denser it shrinks. The shrinkage is also oriented
by the green body packing rate where higher packing is correlated with lower shrinkage
values. Providing lower shrinkage values reduces the probability of fractures and
defects through sintering in complex parts.

Table 1 summarizes advantages and disadvantages of each technique. Gel casting was
developed as an alternative to injection molding due to very long binder burnout times
and requirement of careful and slow binder burnout step. Slip casting and pressured slip
casting can be provided as a strong alternative for gel casting technique but the major
drawback of slip casting technique has been the deficiency of high strength green
bodies. In our work, we propose a new superplasticizer that can provide a sufficient

green strength and aims to fill this strength gap for slip casting technique.
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Table 1 Ceramic consolidation techniques and their advantages and disadvantages.

Adapted from gelcasting, the handbook of ceramic engineering[39]

Property Gel casting Slip casting Injection Pressure casting
molding
Molding time 5-60 minutes 1-10 hours 10-60 seconds 10  minutes-5
hours
Strength (dried) | Very high Low N/A Low
Mold materials Metal, glass, | Plaster Metal Porous plastic
polymer, wax
Binder burnout 2-3 hours 2-3 hours 7 days 2-3 hours
Mold defects Minimal Minimal Significant Minimal
Maximum  part | > 1 meter > 1 meter About 30 cm, 1 | About 1 meter
dimension dimension must
be =< 1cm
Warpage during | Minimal Minimal Possible be | Minimal
drying/binder severe

burnout

2. 2. Parameters of on green machined alumina ceramics

In Figure 8, previous work on green body machining has been analyzed.

A) Warping was prevented by using a controlled humidity chamber. 3mm holes are

drilled on gel cast samples. The samples were sintered up to 97% of theoretical

density of alumina [34].

B) Bimodal distribution of alumina particles with particles sizes of 280 nanometers

and 3.4 microns were used. A classical gel casting with acryl amide and

dimethacrylate monomer was modified with addition of PEG chains of 400 units
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C)

D)

E)

F)

and 6000 units long. Green body strengths varied between 2 to 25 MPa
depending on the binder amount. Lathing drilling and milling was performed
without major damage to the samples [40].

700 nanometer sized alumina particles were dispersed in poly(maleic acid) to
produce 55 vol% loaded slurries with 3 wt% sugar as binder. The slurries were
cast into 24 well plates and a tooth model was fabricated via CNC machining
[41].

4 micron sized alumina was gel cast with acryl amide and peg diacrylamide
monomers. Flexural strength values up to 10 MPa were obtained [35].

Acrylic acid was used to prepare green bodies that can be drilled, lathed and
milled. With 5 wt% binder, 6 MPa green body strengths were observed.
Interestingly an increase of binder content from 5 wt% to 10 wt% increased
green body strength while reducing the green density. This work was shown as
an alternative to gel casting techniques where humidity chambers were
necessary to dry the samples. Due to high wt% polymers inside gel casted
samples, drying without humidity chambers causes warping and cracking
through the sample. 11.5 MPa green body strengths with addition of 10 wt%
binders were achieved [42].

Urea formaldehyde was cross linked in PAA media. The binder composition
with 1:1 ratio of acrylic and urea formaldehyde showed the best compressive
strength at 7 MPa. Theoretical densities greater than 97% were achieved on
1550°C 2 hour sintered bodies. Recessed steps were made by lathing and hole

was made by drilling [43].
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Figure 8 A) Drilling on gel cast alumina [34], B) Lathing on gel cast alumina [40],
C) CNC machining on sugar bound alumina [41], D) Grooves on starch
temperature induced gel [35], E) Drilled milled and lathed gel cast alumina with 5
wt% binder [42], F) Drilled and lathed urea formaldehyde gel cast sample [43]
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CHAPTER 2

EXPERIMENTAL

2. 1 Ceramic nanopowders

Carron, et al. empirically determined the optimal particle size to achieve best packing of
nanopowders with solid casting technique and concluded that nanopowders with 100—
300 nm size provided the best packing compared to smaller and larger powders[3].
Therefore, in this work we chose to work with alumina nanopowder (AKP-50,
Sumitomo Chemicals, Japan) with average particle size of 200 nm, purity of > 99.99%,

and BET surface area of 10.9 m?/g..

Alumina is processed from bauxite via calcinations [44]. Alumina can be produced in
many different particle sizes and also in different phases of alumina (o phase, B phase
and y phase). a phase is stable at room temperature whereas § and y phase are
metastable. Metastable phase alumina were shown not to sinter into dense bodies thus

we used a-alumina for our experiments [3].

As shown in Figure 9, the sintering temperature of a—alumina decreases as particle size
decrease. This behavior is directly related to the chemical potential of nanopowders.
Nanopowders have higher surface areas thus chemical potential of nanopowders are
much higher than micron sized particles. High chemical potential/surface area reduces
the activation energy to initiate necking between nanopowders thus reducing the

sintering temperatures both results in saving energy and refractory maintenance costs.
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Nanopowder processing provides a wider control on final particle size compared to
micron sized powder processing techniques [45].

401
o AKP-53
B 39}
:U AKP-30
& 38F AKP-20
z
3 37+ AKP-3000
©
2 a8t
i

35

7300 7200 7500 1600 7700
Sintering Temperature(C x2h in air)

Figure 9 Sintering profiles for alumina particles with different particle size [44]

Although control over particle size is desired, it comes with the cost of homogeneity.
Due to high surface areas of nanopowders, more polymers need to adsorb on the
available surfaces to provide flowability. Viscosities of nanopowders are higher than
micron sized powders. There is a need for flowable nanopowder slurries which can

provide well packing of green body.

Smaller grain size results in higher strength and toughness. This behavior can be
explained by the Hall-Perch relationship. Nanograins prevent intergrain slips which
provide higher strength and toughness to the material. Smaller particle sizes provide a
faster grain growth rate with lower activation energy, thereby reducing the sintering
temperature. In order to harness this kinetic barrier difference between grain boundary
diffusion and grain boundary migration, Chen, et al. devised a simple two step sintering

technique. In this technique the particles are sintered at standard temperatures briefly

29



and then the temperature is reduced 300 °C for a longer time period. This approach
prevents grain growth while providing sufficient energy for complete sintering [45].
Uniform and controlled porosity is desired for advanced applications which can be

accomplished by understanding the behaviour of nanopowder alumina.

2. 2 Synthesis of the PCE-based copolymer

The comb-type PCE superplasticizer, hereafter referred as superplasticizer, is composed
of acrylic acid (AA), 2-acrylamido-2-methylpropane sulfonic acid (AMPS) and maleic
anhydride modified poly(ethylene glycol) with molecular weight of 1000 g/mol
(PEGMA). The superplasticizer was synthesized through a method described by Salami
and Plank[46]. The ratios of the monomers were 25/25/1 (AA/AMPS/PEGMA) and the
reaction was carried out at pH 8. These conditions were chosen based on the
performance of this copolymer in our previous work compared to other copolymers that

are synthesized with different monomer ratios and different pH values.

2. 3 Preparation of suspensions

Suspensions of 3040 vol% alumina particles and different amounts of copolymers
were prepared using an ultrasound probe (Vibra Cell 75041, Bioblock Scientific) in
pulse mode (2 seconds on, 2 seconds off) for 4 minutes to break soft agglomerations.
The suspensions were stirred for 24 hours in a capped container to prevent evaporation.

Figure 10 illustrates the protocol used for our work.

2. 4 Rotational rheology

The rotational rheology was conducted in Anton-Paar MCR 302 rheometer with cone-
plate geometry of 50 mm/2° and a gap size of 0.208 mm. After loading of each sample,
a thin layer of low-viscosity paraffin oil was employed around the outer edge of the
platens to protect the sample from evaporation. Temperature was set to 25 °C and the

shear rate ranged from 0.1 to 1000 s™.
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2.5 Zeta potential measurements

Zeta potentials of the suspensions were monitored by using Zetasizer nanoseries
(Malvern Instruments, Ltd.). After addition of 0.001 wt% alumina particles to
superplasticizer solutions and 1 hour of stirring, pH of the mixture was adjusted in
between 2-12. Subsequently, six measurements with at least 20 cycles were performed

at 25 °C and the average value was reported.

2. 6 Mechanical characterization

The compression tests on green bodies were performed with Zwick/Roell Z100
universal testing machine according to ASTM 773 standard. All suspensions were cast
in homemade gypsum molds (3/4 vol/vol gypsum to water ratio) to obtain full solid
bodies with a diameter of 11 mm and a height of 15 mm. All samples were de-molded
after 24 hours and then dried at 70°C for 24 hours. Each experiment was repeated 5

times.

2. 7 Density measurements

Accupycll-1340 gas pycnometer was used to measure theoretical densities of green
body alumina samples. Before measurement, each sample was covered with silicone oil

preventing gas penetration through open pores.

2. 8 Green body machining

The samples were drilled 6 mm deep and with up to 8 mm wide holes using
conventional high speed steel drilling heads. Samples did not fail during machining.
Drilling deeper than 4-5 mm without getting rid of excess material, initiated internal
cracks. Machined samples were sintered at 1500°C for 2 hours with a heating rate of
5°C/min with no binder burnout step. 500-900 rpm was used for drilling and 700-1200
rpm for lathing. For shrinkage rates an average of 5 samples were reported.
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Figure 10 Schematics of preparation of alumina green bodies

Demold and wait for
24 hours. Then
remove residual
water @70 C for 24
hours

32



CHAPTER 3

RESULTS AND DISCUSSION

3. 1 Stability of suspensions

The electrokinetic behavior of 200 nm alumina particles at their native state and in the
presence of the superplasticizer was investigated. This superplasticizer has both
carboxylic acid groups and sulfonate groups which gradually promote more negative
charge as the slurry gets more basic. Due to different dissociation constants of acrylate
and sulfonate groups, the slurry stays at highly negative zeta potentials for a wide pH
range. Higher dissociation constant of ionic sulfonate groups enables the
superplasticizers to strongly adsorb onto positively charged alumina particles. This
electrostatic interactions concert the expanded random coil configuration leading to an
increased stability [21]. The isoelectric point (IEP) of alumina particles was measured to
be at pH ~7.6 indicating that the surface of particles hold AI-OH bonds and positively
charged sites of AI-OH," between pH 7 and 8 [15]. The zeta potential of alumina
particles lay below —25 mV over a wide pH range (2-12) above 0.7 wt% addition of
superplasticizer (Figure 11). We carried out the experiments in native pH levels without

the adjustment of pH owing to this wide range stability.
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Figure 11 Effect of pH on zeta potential of the alumina suspensions in the presence
of different amounts of superplasticizer

There are four main factors which determine the sign and amplitude of the zeta
potential. First, the charged sulfonic acid and carboxylic acid groups tend to interact
with charged surface of alumina particles and form salts. Second, since this
polyelectrolyte is adsorbed through an ion exchange mechanism, there is an overall
increase in entropy as ions are released to the media. Third, as the superplasticizers get
adsorbed to the alumina surface, a loss of conformational entropy accompanies each
polymer chain. Fourth, the adsorbed superplasticizer chain segments repulse each other
due to unfavorable segment to segment interactions. The first two factors contribute to
stabilization and an increase in net zeta potential whereas the last two decrease and

devaluate the zeta potential.

3. 2 Rheological measurements

Figure 13 shows the effect of alumina content on the rheological behavior of the
suspensions. As the vol% alumina loading increased, the Van der Waals forces
increased respectively. The flowability was almost halted for 45 vol% suspension
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indicating that this point was close to maximum particle loading. Krieger and
Dougherty model was used to find maximum particle loading[19]:

)

w=ay= Py )

Where 4 is the viscosity of the suspension (Pa.s), i, is the viscosity of the media (Pa.s),

dmax 1S the maximum particle loading (vol%) achievable for a system. Fitting the vol%
alumina loading to Krieger and Dougherty equation provides a ¢,,,,  Vvalue of 45.7

vol% for our system that is consistent with the empirical measurement.
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30 35 40 45
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Figure 12 Viscosity of the suspensions with different alumina loading rates at 1s™
shear rate
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Viscosities in the range of 0.3-10 Pa.s were found to work well with solid casting and
shear rates of 1-100 s™ are frequently encountered in the process [41,47-49]. Lower
viscosities result in well-packed green bodies that is necessary to produce high strength
structures [50]. The rotational viscosity of 35 wt% alumina suspensions in the presence

of 1-4 wt% superplasticizer at the shear rate of 1 s™ was monitored.
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Figure 13 Viscosity of 35 vol% alumina suspensions in the presence of 1-4 wt%
superplasticizer

A cross section elucidated the viscosity profile of the suspension shown in Figure 14.
The viscosity sharply drops from 20 Pa.s to 7 Pa.s from 1 wt% superplasticizer to 1.25
wt% and then increases to 15 Pa.s for 1.5 wt%. This kind of behavior was frequently
reported for PCE copolymers; Bouhamed, et al. investigated this phenomenon with
coblock PCE superplasticizers and proposed that this dip was related to steric
contribution of PEG side chains [16]. Jiang et al. observed similar dips in a series of
PCE-based superplasticizers and correlate the trend in viscosity with ionic charge in the
backbone of polymers [9]. The mechanical characterization of the green bodies was
performed at 1.25 wt% superplasticizer due to the lowest viscosity experienced at this

composition.
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Figure 14 Viscosity of suspensions with different amounts of superplasticizer at 1 s°
! shear rate

3. 3 Mechanical characterization and machining of alumina green bodies

We performed the compression tests on 30-40 vol% alumina loaded samples. The
compressive strength of green bodies increased with alumina loading and these results
matched well with pycnometry as well (Figure 15) Although, it is desirable to have high
strength green bodies, 40 vol% samples could not withstand machining speed and
samples failed during the process. Therefore, we chose 35 vol% alumina to investigate

green body machining.

37



12

} - 68
©
o 10- ¥ -
= =
~— - 64 ~
£ o z
.
= 2
2 8- 160 I
- —
©
2 +/§ O
i e
2 1% 5
E_ (0]
£ 2 =
o 452
@)
0 I | I
30 35 40

Alumina loading (vol%)

Figure 15 Compressive strength and theoretical density of green bodies with
different vol% alumina loading at 1.25 wt% superplasticizer

Traditionally, binders such as poly(vinyl alcohol), poly(ethylene imine),
poly(vinylpyrollidone), and high molecular weight PEG were used to increase the
mechanical strength of the green body for the machining processes [22,26,51]. These
binders are used at least more than 4 wt% and although adding more binder contributes
to the mechanical properties, it hinders the flowability of the slurry during casting [33].
In addition, there is a need for careful binder burnout procedure to prevent crack and
void formation during sintering. Rheology modifiers such as poly(acrylic acid),
poly(maleic acid), and Na-carboxyl methyl cellulose were utilized in the presence of
binders to homogenize the slurries and have better packing. In these systems, total
amount of additive can reach 4-10 wt% [13,14,52].
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Through the use of 1.25 wt% superplasticizer, without any binders, we first machined
the green bodies and then sintered the machined pieces without polymer burning step.
The green bodies after machining are shown in Figure 16. We consistently get smooth
surfaces as exemplified in Figure 17. The largest drill bit that we used had a diameter of
8.2 mm and approximately 8.3 mm holes in the green bodies with 5 mm depth. The
green bodies were manufactured without visible cracks or voids. Sintered solid cast
bodies shrunk 16.1+£1.8% at the outer diameter and 17.5+0.9% at the inner diameter

after sintering at 1500 °C for 2 hours.

Figure 16 From left to right: green body alumina drilled by 1.1, 2, 4, 6 and 8.2 mm
drill bits. The diameters of cylinders are 10.5 mm
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Figure 17 Alumina samples before (A) and after (B) sintering

Clamping the green body to the lathe is a major problem as the green body has to be
compressed until there is stability at high rotations. We used around 500-900 rpm for
drilling (slower for larger holes) and 700-1200 rpm for lathing. We had to start from
fresh tooling as alumina was highly abrasive. Before drilling with the planned drill
head, we centered the cylindrical green body with a standard drill head. This was crucial
since the tip of the drill is skewed and an initial contact with the flat alumina surface
would crack the samples due to torsion forces. We observed the drilled powder could
not be exhausted efficiently as drilling processed deeper. Our hypothesis is that this
initiates internal pressure to build up and increase chance of failure during machining.
For 8 mm wide holes we performed the machining in two steps to prevent this internal
pressure buildup. First we drilled a 6 mm wide 5 mm deep hole was drilled and got rid
of the machined dust. We used a similar clamping procedure for lathing as for drilling.
The circularity of the sample was more important for lathing procedure as this gradient
translated into considerable forces in high speed machining. Through lathing producing
stepped structures is challenging because machining forces usually produce surface
cracks. Our samples produced minimal cracks and the ones that formed were mostly
healed through the sintering process as nanopowders merged into grains through

sintering process.

PCE superplasticizers can be utilized for fabrication of alumina green bodies. Our PCE
provides sufficient mechanical strength such that green bodies can withstand drilling
and lathing operations with minimal cracks and flaws. We did not detect extensive
carbon burnout during machining thus eliminated the binder burnout step. We were able
to achieve loadings up to 45 vol% where up to 40 vol% samples were suitable for slip
casting techniques. We observed that the 35 vol% loaded samples achieved the lowest
viscosity at 1.25 wt% superplasticizer addition. Increasing the superplasticizer amount
at higher values where literature resided provided green bodies with higher compressive
strengths but the samples became too brittle to be properly machined. Drilling
operations with high aspect ratio to sample sizes were successfully provided. Up to 8

mm drill radius to 10.5 mm sample radius drilling was observed. We did not observe
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carbon burnout and smoke during drilling which has been the case for studies with more
binders. Since we add small amount of binder compared to similar experiments, we also
encountered particle packing on the order of 58 to 62%. This high particle packing
enabled good sintering without major pore entrapment. Another benefit of using low
amount of binders without additional plasticizers was the complete elimination of
binder burnout step. The binders were homogenously eliminated through the regular
heat ramping required to sinter alumina. The superplasticizer acts as a binder,

plasticizer, and deflocculant which bring new venues to slip casting of ceramics.
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CHAPTER 4

FUTURE WORK

4. 1 Robocasting

Robocasting is a free form fabrication method mainly used to cast complex 3D ceramic
objects. Utilizing additive manufacturing methods, continuous filaments are deposited
through a thin nozzle. To stabilize this type of ceramic suspensions, high amount of
binders and viscosity modifiers are required. Figure 18 shows a robocast ceramic
scaffold. As the complexity of a shape increases, the interface between building blocks
determines the final mechanical integrity and strength. In robocasting, as the slurry
comes out of the nozzle, it has to provide flowability but as soon as the slurry hits the
substrate it has to solidify. To accommodate this property, an additional additive must
be integrated to the suspension. Stress yielding behaviour at low shear rates assist the
slurry to become rigid as soon as it is cast. This strategy enabled production of very thin
grid network type of 3D structures and are further investigated for bioapplications [53].
Our superplasticizer can act both as binder and plasticizer thus we believe our

superplasticizer can be useful in robocasting techniques.
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Figure 18 Robocast green body scaffold [54]

4. 2 Inkjet printing

Inkjet printing provides fast and cheap fabrication of printed ceramics on substrates. To
successfully inkjet a material, i) proper extensional viscosity, ii) homogenous binder
distribution, and iii) uniform speed of ink on the substrate is required. Prasad, et al.
investigated the inkjet printing of alumina with an oleic acid as a dispersant. Up to 15
vol% loadings were achieved with ethanol. Figure 19 shows homogenous droplet spread
desired for inkjet printing [55]. Akhlaghi, et al. investigated the extensional viscosity of
alumina in water with our superplasticizer and proposed that this system can potentially
be used in inkjet printing [18]. Our superplasticizer is soluble in ethanol and similar
volatile organic compounds so we believe it will behave suitable behavior for inkjet
printing.
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6.54mm

Figure 19 Inkjet print alumina before contact and after spreading on the substrate
[55]

4. 3 Hydrogen separation membranes

Due to high chemical and heat resistance of alumina, porous bodies are frequently used
as ultrafiltration and gas separation membranes [28]. Hydrogen separation membranes
are important for the separation industry as the hydrogen production and separation
processes are unified thus lowering processing temperatures [56]. y—alumina cannot be
used in this process as high pressure and steam can cause these phases to transform into
a—alumina thereby changing the properties of the structure. To get a high performance
with a—alumina, control of both pore size and diameter is crucial. Figure 20 illustrates
an ideal hydrogen separation membrane. If single particle size is used, the minimum
pore size becomes one fifth of the size of the particle. In our preliminary results we have
investigated the surface structure of alumina surfaces prepared with 35 vol% loading
1.25 wt% PCE and fired in 1400 C for 2 hours. The micro-nanostructure was

homogenous and can be potentially used for separation membrane applications.
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Figure 20 Illustration of porous hydrogen separation membranes[44]
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