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ABSTRACT

FABRICATION OF HIGH DENSITY ALUMINA CERAMICS FROM
NANOPOWDERS THROUGH COLLOIDAL PROCESSING

Kayaci1, Hiseyin Utkucan
Master of Science, Metallurgical and Materials Engineering
Supervisor: Assist. Prof. Dr. Simge Cinar

January 2020, 82 pages

Utilizing nanopowders in production of fully dense materials with fine grain structures
is highly advantageous, particularly where high mechanical properties are desired.
Besides, recently developed techniques, such as 3D-printing of ceramics, may require
high solids content suspensions. Despite the advantages of slurry based processing of
oxide ceramics, production of nano-structured high density bodies is still a challenge.
The main limitation in colloidal processing of nanopowders is their unexpectedly high
suspension viscosities. High viscosities restrict the maximum achievable solids
content, which, in turn, limit the structural integrity and the density of a green body
when consolidated. Furthermore, because of the smaller interparticle distance in
highly loaded suspensions, nanopowders tend to agglomerate fast, which creates
another challenge in terms of the homogeneous distribution of powders in their
suspensions and in green bodies. In this thesis, various approaches for nanopowder
suspension formulations were discussed and their effect on the particle packing, green
body formation and sintering process were investigated. Suspensions with solids
content up to 35-40 vol% were obtained. When these suspensions are slip casted, the
green body densities as high as 58% could be obtained. When sintered, the structures

with relative densities up to 96% could be achieved and that can be further increased



to 99% using a-Al.O3 seed powder during sintering. As a result, high density alumina

ceramics could successfully be fabricated from nanopowders.

Keywords: Colloidal processing of nanopowders, inter-particle spacing, hydration
layer, nanopowder packing, high density alumina
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NANOTOZLARDAN KOLLOIDAL YONTEMLER iLE YUKSEK
YOGUNLUKLU SERAMIKLERIN URETIiMi

Kayaci1, Hiseyin Utkucan
Yuksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Damismant: Dr. Ogr. Uyesi Simge Cinar

Ocak 2020, 82 sayfa

Nanotozlarin, yliksek yogunluklu ve ince taneli malzemelerin iiretiminde
kullanilmasi, yiiksek mekanik 6zelliklerin ve/veya 3B Seramik Baski gibi yiiksek kati
icerikli uygulamalarin gerekli oldugu durumlarda olduk¢a avantajlidir. OKsit
seramiklerin camur bazli iiretim siiregleri ile iiretimi olduk¢a avantajli olmasina
karsin, nano-yapili, yiiksek yogunluklu malzemelerin bu yontem ile iiretimi hala
problemlidir. Nanotozlarin kolloidal siirecler ile liretimindeki en biiyiik sinirlama,
nanotoz sispansiyonlarinin beklentilerden de yiiksek viskoziteleridir. Yiiksek
viskozite degerleri, elde edilebilecek en yiiksek kat1 ylikleme oranini kisitlar ki bu da
konsolide edilen yas seramik kiitlelerin biitiinliiglinii ve yogunlugunu kisitlamaktadir.
Dahasi, yiiksek toz yiiklemeli slispansiyonlarda parcaciklar arasindaki mesafeler
azaldig1 i¢in nanotozlar ¢ok daha hizli topaklanma egilimi gostermekte ve bu da
tozlarin silispansiyon igerisinde ya da konsolide edilmis yas kiitlelerde tozlarin
homojen dagilimu ile ilgili zorluklar dogurmaktadir. Bu tez ¢calismasinda siispansiyon
receteleri icin gelistirilen farkli yaklasimlar tartisiimis ve bu yaklasimlarin
parcaciklarin dizilimi, yas kiitlenin olusumu ve sinterleme siirecindeki etkisi
incelenmistir. Hacimce 35-40%’a varan kat1 yiikleme oranina sahip siispansiyonlar

tiretilmistir. Bu silispansiyonlarin dokiimii yapildiginda 58%’e varan 6n yogunluga

vii



sahip yas kiitleler iiretilmistir. Sinterleme sonucu yogunluklar 96%’ya kadar
yiikseltilmis ve a-Al2Os ¢ekirdekleri siispansiyona eklendiginde son yogunluk 99%
olarak Ol¢iilmiistiir. Sonug¢ olarak, nanotozlardan yiiksek yogunluklu aliimina

seramikleri basariyla iiretilebilmistir.

Anahtar Kelimeler: Nanotozlarin kolloidal siiregleri, pargaciklararast uzaklik,

hidrasyon katmani, nanotoz paketlemesi, yiiksek yogunluklu alumina

viii



To my family, Siikrii and Selma KAY ACI, who do not refrain their full support and

endless love under any circumstances...



ACKNOWLEDGEMENTS

I am deeply thankful to my advisor, Dr. Simge CINAR, for her patience, support and
supervision which enwiden my vision and research perspective throughout my
research. She consistently supported me to do this thesis as my own work and steered

me in the right the way whenever | needed it.

I would like to thank my thesis committee: Prof. Dr. Caner DURUCAN, Assist. Prof.
Dr. Emre BUKUSOGLU, Prof. Dr. Bora MAVIS and Prof. Dr. Hisnii Emrah
UNALAN for their encouragement, insightful and supportive comments.

I would also like to thank Prof. Dr. Mufit AKINC and Prof. Dr. Arcan Fehmi
DERICIOGLU. The door of Professors’ office were always open to me whenever |

had a question and | needed to use laboratory facilities.

I must express my heartily gratitude to my brother/sister-like friends Mertkan MERT,
Tufan GUMUSLU, Urfani Savas BEKDAS, Gamze ALTAY, Eser Ece
ALTINKAYA, Tolga Han ULUCAN and my cousin Yahya Yener AKGUL for their
support and sincere friendship. They were always unquestioningly there when |

needed it.

I warmly thank my labmates in Colloids and Smart Materials Laboratory: Bayram
YILDIZ, Oguz GOZCU for the stimulating discussions, being wonderful friends and
for being there to endure me to overcome challenges whenever | went through a new

one. | would also thank for all the fun we have had in the last two years.

Last but not the least, | would like to specially thank my family for their endless love
and encouragement throughout my each step of life. This would not have been

possible without them.



TABLE OF CONTENTS

ABSTRACT ettt b e %
()4TSR vii
ACKNOWLEDGEMENTS ...ttt X
TABLE OF CONTENTS ... Xi
LIST OF TABLES ...t Xiil
LIST OF FIGURES. ... .o Xiv
CHAPTERS
1. INTRODUCTION ..ot 1
2. LITERATURE REVIEW .....oooiii e 5
2.1. Fundamental Concepts and BasiC TEIMS ........cccceeveiieieiiie e 5
2.1.1. Electric DouBI& LAYET ........ccoiiiiiiiiiiseseee s 6
2.1.1.1. DLVO Theory of Double Layer..........ccccoviveiiiiiiieiie e 8
2.1.2. Interparticle SPAaCING ........ccceiieiieiie e 10
2.1.3. Effect of Solids Loading on Viscosity of SUSPensions.............c.cccceevennen. 11
2.2. Stabilization Mechanisms of Nanopowder SUSpPensions............cccecvvevveerveene. 12
2.2.1. Electrostatic Stabilization ............ccooiiiiiiiiiie e 12

2.2.2. Hydration Layer and Its Effect on the Viscosity of Nanopowder

SUSPENSIONS. ...ttt e ettt ettt e te et e e s et e et e e e s re e te et e s seesbeesaesreeateanneaneeareeneas 14

2.2.3. Effective Reduction of Viscosity of Nanopowder Suspensions Using

CombiNatioN Of MECNANISIMIS ...t eeeeeeeeeeeneeeeeennnnnnees 17

2.2.4. Steric and Electrosteric Stabilization: Effect of Low and High Molecular

Xi



2.3. Sintering of the Alumina CeramiCs.........ccooeiieriereiiie e 24

3. EXPERIMENTAL DETAILS. ... 29
3L MIALETTAIS. ... 29
3.2. Experimental MethodS..........coiviiiiiiiiic e 30

3.2.1. Preparation of SUSPENSIONS .........cceiieiiiiieiieie s 30
3.2.1.1. Preparation of Suspensions with Fructose and NaCl......................... 30
3.2.1.2. Preparation of Suspensions with Ascorbic Acid ............cccccevvenenen, 31

3.2.2. Slip Casting and Sintering of Alumina Bodies ...........cc.cceovvirenenennninne 31

3.3. Characterization of Green and Sintered Bodies............ccccvvviiiiiiiiiiiiien, 32

3.3.1. Green and Sintered Density Measurements ..........cccovevivereeieesieeseeseennnns 32

3.3.2. Rheology MeasUrEMENES .........cciiiriiieieieie e 33

3.3.3. Scanning Electron MICIrOSCOPY ....c.eovveieeiiierieiiesie et 33

4. COMBINED EFFECT OF FRUCTOSE AND SODIUM CHLORIDE ON

PARTICLE PACKING AND SINTERING BEHAVIOURS..........cccooiiiiieeee, 35
4.1. Particle Packing Behaviour ...........ccccciveiiiiiieccece e 35
4.2. SINEring BENAVIOUT ........ooviiiiiiiieee s 49
4.3. Effect of Seeding on Sintering Behaviour ... 52

5. EFFECT OF ASCORBIC ACID ON PARTICLE PACKING AND SINTERING

BEHAVIOURS . ...t ettt st 57
5.1. Particle Packing BENAVIOUN .............ccccveiiiiiiiiiie e 57
5.2. SINtering BENAVIOUF .........ccvviiiiieiccic s 61
5.3. Effect of Seeding on Sintering Behaviour ............cccccoiiiiiiiniiinieiceee, 65

6. CONCLUSIONS ... 69

REFERENGES ..ottt s neas 73

Xii



LIST OF TABLES
TABLES

Table 2.1. Effect of fructose and NaCl and their combined effect on the viscosity of
alumina nanopowder suspensions at a constant shear rate of 100 s*. ( xx Al indicates
xx vol.% of alumina and yy F,and indicates yy wt.% of fructose additions.)............ 18
Table 4.1. IPS estimations for alumina nano and micron sized powders in agueous
0T L= PRSPPSO 37
Table 4.2. Comparative estimations of IPS and available IPS under the effect of HL
and EDL with respect to solids content in the absence of NaCl.............c.cccccovenenen. 39
Table 4.3. Comparative estimations of IPS and available IPS under the effect of HL
and EDL with respect to SOlidS CONENT.........cccueiiriiiiiiie s 40
Table 4.4. The power law parameters obtained from the rheological behavior of
alumina nanopowder suspensions. As additives 4 wt% fructose and 0.01M NaCl were
=T o SRRSO 41
Table 4.5. The inter-particle spacing estimations for alumina nanopowders in aqueous
solutions (IPSaq). The effect of NaCl concentration were considered for suspensions

with solids loading of 0.40 and with fructose addition of 4 wt%. For these suspensions,

IPShs and ARHL were estimated as 13.1 nm and 3.2 nm, respectively. ........c.ccco...... 46
Table 4.6. Effect of solids content and NaCl concentration on grain Size. ................ 50
Table 4.7. Effect of seed amount 0N grain SiZe. ........ccccvevveiiiieiieiie s 55

Table 5.1. The power law parameters obtained from the rheological behavior of
alumina nanopowder suspensions. As an additive 1 wt% ascorbic acid was used. ...58
Table 5.2. Effect of solids content on average grain SizeS..........cccovvevveieereneneneniens 63
Table 5.3. Effect of seed amount on grain size of sintered bodies constantly at 0.20

SOLIOS CONLENT. ..ottt e e e e e e et e e e e e e e e e e 68

Xiii



LIST OF FIGURES

FIGURES
Figure 1.1. Slurry based production of alumina Ceramics. ........cc.cvvvrvrierereneneneenn 2
Figure 2.1. Schematical representation of Electric Double Layer.........cc.ccccccevvenrnnen, 8

Figure 2.2. Net interaction energy curve (DLVO curve) between two converging
particles. Vr,Va and Vt represent potential energies of repulsion, attraction and total,
FESPECTIVEIY ...ttt bbbttt bbbt nn e 9
Figure 2.3. Effect of NaCl concentration on the viscosity of alumina nanopowder
suspensions at different solids contents and a constant shear rate of 10 s .............. 14
Figure 2.4. (a) DSC curves for pure water (trace a), micrometer size (trace b), and
nano size alumina (trace c) suspension with a solids content of 0.30. (b) Effect of
fructose concentration on the reduction of viscosity with respect to solids content. (c)

Change in bound water fraction with fructose concentration of 20 vol% alumina nano

powder suspensions. (d) Direct visualization of hydration layer ..............c..ccccuo....... 16
Figure 2.5. Schematical representation of stabilization mechanisms........................ 19
Figure 2.6. Schematical representation of experimental Steps .........cccccevvvereniriennn. 23

Figure 2.7. (a) Variation of viscosity of 20 vol.% nano alumina suspensions with
different concentrations of ascorbic acid as a function of ascorbic acid concentration
(b) Effect of ascorbic acid concentration of 1 wt.% on the viscosity as function of
solids content at a constant shear rate 0f 100 S™...........ccovveeveivieereceeeee e, 24
Figure 2.8. Effect of sintering time on relative densities and average grain sizes ....25
Figure 2.9. Phase transition diagram of Al2O3 .......coovveviviiiieiii e 27
Figure 2.10. Sintered densities of a-seeded y-Al20sand &/a-Al,O3 samples with
respect to seed amount as a function tEMPErature ...........cccoeeeereienenenieeeeeees 27
Figure 3.1. (a) TEM micrograph of alumina nanopowder (b) SEM micrograph of seed
O-AL203 POWET ...ttt sttt re e sreenbeenee s 29
Figure 4.1. Schematical comparison of no additive and combined effect on the initial
particle packing produced from aqueous alumina nanopowder suspensions. Addition

of fructose and NaCl contracts hydration and electric double layers which increases

Xiv



available interparticle spacings. Increased interparticle spacings results in close
packing compared to its counterpart with insufficient interparticle spacing. ............ 36
Figure 4.2. Kuwabara’s virtual cell was modified in order to account for the effects of
electric double layer and the hydration layer. IPSns is the inter-particle distance with
hard-sphere assumption; IPS,q is the inter-particle distance in aqueous solutions. Ry is
the radius of particles, ARepL is the Debye length, and ARnL is the hydration layer
ENICKINESS. 1.ttt ettt bbb renre s 38
Figure 4.3. (a) Change in viscosity with respect to solids content as a function of shear
rate and (b) its effects on initial particle packing density .........c.ccooeveieiencncninnnnn. 41
Figure 4.4. Effect of contraction of hydration and electric double layers on particle
packing behaviour at (a-c) 0.20, (d-f) 0.30, (g-i) 0.40 solids content and their macro-
micro-nano structures are given from left to right respectively..........cccccoovevviienenn, 44
Figure 4.5. (a) Change in Debye Length (K™*) with NaCl concentration and (b) its
effect on Net Interaction Energy between particles as a function of distance ........... 45
Figure 4.6. (a) Change in the viscosity with increasing NaCl concentration as a
function of shear rate and (b) its effect on the initial particle packing density.......... 47
Figure 4.7. Evolution of microstructure and packing behaviour at 0.40 solids content
with increasing NaCl concentrations of (a-c) 0.01 M, (d-f) 0.02 M, (g-i) 0.04 M and
their macro-micro-nano structures are given from left to right respectively. ............ 47

Figure 4.8. Effect of solids content and NaCl concentration on the sintered densities

Figure 4.9. Effect of solids content and NaCl concentration on the microstructural
evolution of sintered Al>Os bodies. Sintered bodies are given as (a) 0.20 — 0.01 M
NaCl, (b) 0.30 — 0.01 M NacCl, (c) 0.40 — 0.01 M NacCl, (d) 0.40 — 0.02 M NaCl (e)
0.40 — 0.04 M NacCl, (f) Average grain sizes as a function of solids content. ........... 51
Figure 4.10. Effect of seeding and its amount on the sintered density at 0.20 solids
[o0] 01 (=] o | TP T PP PUPRTPPPPPPRIN 53
Figure 4.11. Effect of seeding and its amount on the microstructure of sintered bodies

at 0.20 solids content. Seed amounts are (a) 3 wt.% (b) 5 wt.% of alumina powder.54

XV



Figure 5.1. Effect of 1 wt.% ascorbic acid addition on the viscosity of nano-alumina
suspensions With various solids CONtENt. ..........cccevvviieiicii i 57
Figure 5.2. Particle packing densities with respect to solids content at 1 wt.% ascorbic
Yo [0 o] 0 To=T 01 =1 o o PSSR 59
Figure 5.3. (a-c) Macro, (d-f) micro, (g-i) nano structures of bodies having 0.20, 0.30,
0.40 solids content from top to bottom respectively..........cccovevieiiiiie e, 60

Figure 5.4. Effect of solids content on the sintered densities at 1 wt.% ascorbic acid

(010] 0 Tot=] 0] 1 721 [0 o OSSR 63
Figure 5.5. Microstructures of sintered bodies having (a) 0.20, (b) 0.30, (c) 0.40 solids
CONLENTE FESPECLIVEIY ..t 64
Figure 5.6. Effect of seeding and its amount on sintered densities. ............cccccevennee. 66

Figure 5.7. Effect of seeding and its amount on the microstructure of seeding samples
having solids content of 0.20. (a) 0 wt.%, (b) 3 wt.%, (c) 5 wt.% of seed powders..67

XVi



CHAPTER 1

INTRODUCTION

Achieving a high density structures are critical for many advanced ceramic
applications. For ceramic materials with high mechanical strength, for example, fully
dense bodies are required to prevent crack propagation through pores. Besides, near
net shape ceramic production techniques such as direct ink writing or robocasting, the
use of suspensions with high solid loading and achieving high density products after

sintering is critical. [1]

In ceramic processing, starting with finer and spherical particles (curvature effect) is
of great significance since it provides higher specific surface area which is the main
driving force for diffusion between particles during sintering process. [1] Therefore,
the use of nano-sized particles provides great densification rates even at lower
sintering temperatures. Therefore, relatively low temperatures with shorter times for
sintering processes can be provided and energy costs for processing can be reduced
when nanopowders are used. Use of nanoparticles may provide fine-grained final
products and enables the production of high strength final products. Moreover,
nanoparticles may provide great advantages on the production of thin films or complex
shaped products with fine details by increasing controllability of geometric details,
which, in turn, enables the applicability of additive manufacturing techniques and thin
film studies on ceramics. However, nanoparticles tend to agglomerate in this size
range and these agglomeration increases viscosities of nanopowder suspensions and it
limits maximum achievable solids content. As a result, homogeneous packing of
particles become impossible. This phenomenon results in green body with porous
structure and low packing density. [1,2] This level of porosity cannot be removed with
sintering process and residual porosity is observed in the final product. Pores remained

in the final product act as stress concentrators and diminish its mechanical properties.



In order to reach fully dense structure, successful sintering process must be achieved.
To achieve a successful sintering process, process should be controlled from
properties of starting powder and preparation of green bodies till the end of sintering
process. Typical process of slurry based processing of alumina ceramics can be seen
on Fig.1.1.

Suspension

Preparation Shaping Sintering |

ﬁl _rlr:

|

|

|
— — —

Wl

Figure 1.1. Slurry based production of alumina ceramics.

Colloidal processing of ceramics is basically the consolidation of powders from
suspensions. For a successful process, the powders should be homogeneously
dispersed in a solvent. Dispersants reduce the viscosity of suspensions, thus, allows
the increase in solids loading. Since the lower viscosities of suspensions indicate better
stabilized powder, suspension formulation is critical in colloidal processing of
ceramics. Suspensions with homogeneously dispersed powders and optimum solids
content leads to high packing efficiency in green bodies after solvent evaporation. This

high efficiently packed green bodies, then, can be sintered to poreless bodies.

Even though suspension preparation of nanopowder suspensions and sintering
processes have been widely studied in literature, there are not many examples where
fabrication of fully dense structures from nanopowders was reported. Besides, the
effect of suspension properties on packing behavior and green body formation is

overlooked. Therefore, the main aim of this study to fill the gap between the studies



on suspension preparation and sintering in order to formulate a procedure to obtain

high density ceramics from nanopowders.

To this end, the stabilization mechanism of alumina nanopowder suspensions reported
in literature is reviewed (Chapter 2). Then the two most effective stabilization
mechanisms (combined effect of fructose and NaCl, ascorbic acid additions) were
studied in detail in terms of their effect on particle packing behaviour, green body
formation and sintered products.

The experimental details of the study is presented in Chapter 3. The case of combined
addition of fructose and NacCl is discussed in Chapter 4 and the case of ascorbic acid

is presented in Chapter 5, these two mechanisms are also compared.






CHAPTER 2
LITERATURE REVIEW

2.1. Fundamental Concepts and Basic Terms

Suspension term refers to liquid containing suspended solid particles and colloid is
distinctly dispersed phase from one another and this term used for phase moving with
Brownian motion. In solid-liquid colloids, the particle size is commonly in the range
from 1 to 1000 nm in aqueous suspensions of oxide particles in order to overcome

gravitational effects. [1]

Since gravitational forces are more dominant on micron sized particles, controlling its
rheological behaviour is a challenge. Therefore, homogeneous particle packing in
consolidation can not be easily achieved. This problem revealed the importance of
finer sized particles in sub-micron and nano size range which can suspend in
suspensions in the production of fully dense structured ceramics. Besides, when sub-
micron sized and nano sized particles are compared, the fact that nano sized particles
are more advantageous in sintering stands out due to the Herring’s Scaling Law: [3,4]

M (BT 2.1)

where 1 and 2 represents two different powders, t is sintering time, R is radius and m
(1 to 4 depending on transport mechanism) is transport mechanism. From this relation,
it can be seen that required sintering time is shortened with finer particles. It was also
known that nano particles can be sintered at lower sintering temperatures due to its
higher diffusivity arising from its extremely high specific surface area which enables
higher number of point of contacts. [1] Moreover, nanoparticles can produce finer

grain sized microstructures compared to their sub-micron counterparts.



Achieving high solids content in suspensions takes very important place in the
production of advanced ceramics to eliminate shape distortions occurring in complex
detailed products and cracks which can occur during green body consolidation because
dilute suspensions show severe drying due to the higher solvent content. Moreover,
production of complex shaped ceramics and use of techniques that can produce these
complex shapes like additive manufacturing can only be possible with high solids
content. However, controlling the colloidal processing becomes more important and
more complex with finer particles and at higher solids loading. To clarify this
complexity and their effects on particle packing, the behaviour of nanopowders in
solutions is discussed based on the electric double layer formation, DLVO theory,
interparticle spacings, stabilization mechanisms and their effects on flow and the

effect of suspension preparation.
2.1.1. Electric Double Layer

Alumina ceramics are sparingly soluble in water. This slight solubility generates
unequal distribution of anions and cations around the particles and powders are
charged with positive charges. Exact opposite of this positive charge is developed on
the surface of particles. [5] As a result, a layer is formed around particles. This inner
layer which is close to the surface with opposite charge of particles is called Stern
layer. Second layer which is extending through the bulk of the solution is called
slipping plane. With increasing distance from the surface, charge density gradually
decays through zero. [1]

The term Electric Double Layer (EDL) is used to describe this phenomena. Fig.2.1
shows schematical representation of EDL. In this figure, ions belong to the particle,
which are chemisorbed units, are called potential determining or charge determining
ions, while other ions, which does not specifically adsorp on the surface but attracted
or repelled by the surface, are called indifferent ions. [1] In the presence of potential
determining ions in homogeneous suspensions, there will be no net charge on the

surface when pH of the solution is at the isoelectric point of the oxide. Isoelectric point



of Al,Oswas reported as pH of 8-9. [6] When pH is different from isoelectric point, a
net charge on the oxide particle will be in positive or negative depending on the
suspension pH with respect to the isoelectric point of powder. This net potential charge
is measured on the slipping plane and it is called zeta potential which is a term used
to interpret repulsive ability of particles.

On the quantitative analysis of experimental stabilization of suspensions, Rand and
Fries [7] revealed a highly important effect of the thickness of electric double layer
on nanopowder suspensions. They reported that when the ionic strength of the
suspensions was low, viscosity was a couple of orders of magnitude higher than the
viscosity of suspensions with high ionic strength. It was attributed to contraction in
double-layer thickness. They showed that effective solids content was reduced with
decreasing double layer thickness which provided more available space for easier flow
of particles. In fact, it was a well-known phenomenon for micron and sub-micron
suspensions that the viscosity increased with increasing ionic strength, however, the
study reported by Rand and Fries [7] claims the exactly opposite behaviour for
nanopowder suspensions. On this context, Schneider et al. [8] reported that impact of
interparticular interactions on the viscosity becomes much more important as particles
got finer in size, because these interacting double layers become much more effective
on the rheology of nanopowder suspensions. Thus, it can be concluded that the effect
of electric double layer on alumina ceramics has to be better understood in a more

comprehensive manner.



e -l it
P g ,/5@?,—‘6"‘@\\ \\\ - Slipping plane
/'/ I/é = = é\‘:;?/su-m plane
— Nq‘m*- A e\ 3
Charged — Diffuse Layer
S particle — A< > >
. / %
B8 o
R® %7 o
______ =i

e® © Eflectric Double Layer

Stern layer

ElectricaI§
polenlhl“

Surface potential -\

Stern potential 4

Zeta potential 4+~ E

-
»

Distance from
the surface

Figure 2.1. Schematical representation of Electric Double Layer. Retrieved from [9]

The theory which predicts the stability of powders based on the balance between the

effective attractive and repulsive forces is called DLVO Theory. [10,11]
2.1.1.1. DLVO Theory of Double Layer

The scientists Derjaguin and Landau from Soviet Union [12], and Vervey and
Overbeek from Netherlands [13], developed at the same time but independently this
theory which explains colloidal stability by using attractive and repulsive forces acting
on the surface of particles. [11] This theory is very similar to the interaction between
two bonded atoms with a scale difference. In this case, electric double layers overlap
and repulse each other. Here, repulsive energy between two particles at 2d distance is
given by: [1,10,14]

_ 64n0kTV§
K

where no is the concentration of ions in the bulk, k is the Boltzmann constant, T is the

dr exp(- K2d) (2.2)



temperature in Kelvin, yo is the surface charge. Here, K term refers to the reverse of
the thickness of electric double layer and called Debye length. Debye length is
determined from: [1,10,14]

Npe2l, -1

K* :(ssokT)_E (2:3)

where Na is Avogadro’s number, ¢ is the electronic charge, | is the ionic strength, € is

the dielectric constant of medium, & is the permittivity of the vacuum.

The attraction energy between two spherical bodies is given by: [10,14,15]

_4 -2
where A indicates the Hamaker constant of the material. From sum of the two terms,

net interaction energy between two particles can be calculated: [10,14,15]

2
One= Dr+ Dp = 1T oy (- K2d)- - (2d72) (2.5)
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Figure 2.2. Net interaction energy curve (DLVO curve) between two converging particles. Vr,Va and
V7 represent potential energies of repulsion, attraction and total, respectively. Retrieved from [16]



Fig.2.2 [16] shows DLVO curve drawn from the net interaction energy of a materials
where VR, Va and Vr refers to potential energies of repulsion, attraction and total (net)
respectively. On the curve of V1, it can be concluded that having high energy barrier
means better stabilization. When particle interactions cannot overcome the energy
barrier, particles are placed on a stable distance called secondary minimum. The
distance between two particles at maximum total potential energy is the closest point
where repulsion is maximum. When interparticle spacing is less than this critical
distance, particles agglomerate and cannot be dispersed. As particles agglomerated,
their size increases and starts to sediment when gravitational forces cannot be
overcome. Such a behaviour leads to heterogeneity in properties of suspensions and

the green bodies formed after consolidation.
2.1.2. Interparticle Spacing

Interparticle spacing (IPS) is defined as the distance between the surface of two closest
particles in suspension. Funk and Dinger proposed a formula to calculate IPS of the

monodispersed hard spheres in suspension: [17]
_D_,1 1
IPS=2x (z-—) (2.6)

where D is the diameter of particles and @ is the particle volume fraction (solids
content) and ®n, is the 0.64 for random packing of monosized hard sphere particles.
As inferred from Eq. (2.6), interparticle spacing decreases linearly decreasing particle
size, therefore in suspensions of finer particles, the available space for free flow of
particles will be lower compared to larger size particles for same solids content. This
spacing will further be reduced when solids content is increased. In consistency with
significant obstruction on the ability of free flow, viscosity of suspensions will
increase. [17,18] With similar consideration, based on this relation suspension
viscosity increases with increasing solids content due to restrained movement of

particles.
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2.1.3. Effect of Solids Loading on Viscosity of Suspensions

For quantitative comparison of viscosity at different solids loadings, Albert Einstein
proposed an empirical Einstein model (Eqg. 2.7): [19,20]

Nr=no(1+2.5®) (2.7)
where, nr and no are the viscosities of suspension and solvent, respectively. ®
represents the volume fraction of solids (solids content). According to Einstein’s
relation, viscosity increases with increasing solids contents. Although this model
clearly shows the effects of solids loading, it was only valid for extremely dilute
suspensions of monodisperse and perfectly spherical powders.

Vand [21] proposed Vand’s model to calculate viscosities for relatively more

concentrated suspensions (Eq. 2.8):
nr =1+ 2.50 + K1 ®3 (2.8)

where, Kz is an empirical constant between 2.5 and 9. These empirical models
(Eq.(2.7) and Eq.(2.8)) are based on Newtonian behaviour and do not consider
interactions between particles which are not good estimations for concentrated and/or

nano powder containing suspensions.

Kriger-Dougherty model, which is still one of the most commonly used model, was
proposed for closer estimation of the viscosity of concentrated suspensions (Eg. 2.9):
[22]

M= (1= o) e (2.9)

where 1 is the viscosity of the suspension, @ is the particle volume fraction (solids
content) and ®n, is the 0.64 for random packing of monosized hard sphere particles,
[n]is intrinsic viscosity which is equal to 2.5 for perfect spheres.

Other researches [23-27] have suggested new models for prediction of suspension

viscosities. However, they are either suitable for low solids content suspensions or
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underestimate the viscosity of nanopowders and this is still a topic which is being
discussed. [28-32]

2.2. Stabilization Mechanisms of Nanopowder Suspensions

In order to obtain low viscosity suspensions with homogeneously dispersed powders
and to obtain suspensions with high solids content, stabilization mechanisms gain
significant importance. In literature, four different approaches were suggested for

effective dispersion of nanopowder suspensions.

I.  Electrostatic Stabilization
Il.  Controlling Hydration Layer
IIl.  Steric Stabilization

IV. Electrosteric Stabilization
2.2.1. Electrostatic Stabilization

Electrostatic stabilization is basically counterbalancing the attractive van der Waals
forces with repulsive Coulomb forces. Forbes et al. [33] reported that having a
suspension with zeta potential values around + 30-40 mV would build energy barriers
for stable suspensions. By using this stabilization mechanism, green densities around
60-62% were achieved with slip casting using HNO3 (25-30 vol.% at pH 4.5) and HCI
(22 vol.% at pH 4.5) in alumina nanoparticles. [34,35] Even higher green densities
reaching 70% could be typically achieved even in more concentrated suspensions of
micron and sub-micron systems. [36,37] However, stable suspensions with solids
loading over 25 vol.% could not be achieved with electrostatic stabilization for
nanopowder suspensions. [38—41] In this context, Lu [42] reported that net interaction
between alumina particles which had a diameter of 55 nm and a zeta potential of 43
mV ended up in flocculation. Even though + 30-40 mV was considered enough to
stabilize the suspension, flocculation was attributed to the insufficient zeta potential.
It was revealed that the required zeta potential for stabilized nanopowder suspensions

should be much higher.
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More specifically, lijima and Kamiya [43] reported DLVO calculations and claimed
that zeta potential of 177 mV was required to establish a kinetically stable suspension
having an average particle size of 30 nm. These calculations showed that required zeta
potential values was unreasonably high to establish a stable suspension in these
circumstances and showed that electrostatic stabilization was not sufficient on the
establishment of stable nanopowder suspensions. Besides, Jailaini et al. [5] reported
that decrease in particle size ended up in further decrease in zeta potential and
suggested the use of steric repulsion mechanism. However, the study of Cinar and
Akinc [44] revealed an unexpected level of stability for concentrated suspensions at
low ionic strenght in alumina nanopowder suspensions by using NaCl. Fig.2.3 shows
differences in viscosities of alumina nanopowder suspensions at different solids
contents and NaCl concentrations at a constant shear rate of 10 s™%. In this study, it was
reported that the contraction of electric double layers, with addition of small
electrolyte concentration (NaCl) was responsible in this reduction of viscosity.
Although the viscosity could be reduced with NaCl additions, increasing trend in
viscosity after optimum concentration because the repulsive ability was reduced with
contraction of EDL even though additional interparticle spacing could be provided.
As a result, particles could not be dispersed at ion concentrations higher than the
optimum value and increasing trend in viscosity appeared. However, no remarkable
change in viscosity at 15 vol.% solids content should be noted. This result was

attributed to the availability of interparticle spacing.
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Figure 2.3. Effect of NaCl concentration on the viscosity of alumina nanopowder suspensions at
different solids contents and a constant shear rate of 10 s™. Retrieved from [44]

2.2.2. Hydration Layer and Its Effect on the Viscosity of Nanopowder

Suspensions

Hydration layer concept, with the definition used in this thesis, was known as a bound
water for a long time without an exact definition. [45-47] The bound water concept
was first introduced by Li and Akinc. [48] As shown in Figure 2.4 (a), while pure
water shows single melting event as expected, when submicron size alumina powders
are added, a little shoulder on the left hand side of the water melting peak is appeared.
[49] When nanopowder alumina particles are used, a little shoulder evolved into a
distinct second melting event. This secondary phase of water was called bound water,
and the unexpectedly high viscosities of oxide nanopowder suspensions could be
explained with presence of significant amount of bound water. [49] Since the bound
water content cannot serve as a solvent, but behaves as a part of the powder, the
effective solids content of suspensions becomes much larger than the one used for
sample preparation. [49,50]

Katsiris and Kouzeli-Katsiri [51] have shown that any treatment, which could reduce
the bound water content in suspension, could effectively reduce the viscosity of
nanopowder suspensions. Then, the bound water and its effect on the nanopowder

suspension behavior became the point of interest for scientists. Schilling et al. [52]
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studied the effect of saccharide additions on the viscosity of alumina nanopowder
suspensions. They used monosaccharides and disaccharides such as D- fructose,
sucrose, and D- glucose and reported that fructose and sucrose additions were very
effective in the viscosity reduction while D- glucose was not. Later, Falkowski et al.
revealed that the effect of saccharides is related with the molecular structure of such
molecules and its orientation on oxide surfaces. [53] In further studies, Li and Akinc
[48,50] reported that the suspension viscosity remained almost same or slightly
changed with and without addition of fructose (18 wt.% by weight of alumina) at
solids loading lower than 25 vol.% (Fig. 2.4 (b)). This observation was attributed to
the low amount of bound water at low solids loading. When the volume fraction of 28
vol.% without fructose is reached, the viscosity of the suspension started to increase
significantly, whereas much sharper increase was obtained at solids content higher
than 35 vol.%. After addition of fructose, deceleration in this increasing trend in
viscosity was obtained. The effect of bound water content and the fructose addition

also given in Fig.2.4 (c).

Recently, Firlar et. al. reported the direct visualization of bound water around alumina
nanoparticles using the fluid cell STEM in situ. In this study, shown in Fig.2.4 (d), it
is revealed that the bound water forms a layer associated with oxide surfaces, therefore
the ‘bound water’ term is replaced with the hydration layer [54]. Further studies
revealed that hydration layer is formed in various oxide powder suspensions [55] and
hydration layer is distinct from the electric double layer [49,56]
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of viscosity with respect to solids content. (c) Change in bound water fraction with fructose
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Retrieved from [49,50,54]

From the data of weight fractions of bound water reported [49,50] by few studies,
thicknesses of bound water and contraction in these layers after fructose addition can
be calculated by combination of Eq.(2.10) and Eq.(2.11). [49]

_VstVpw
(Deffective -

(2.10)

VTotal

where Defrective IS €ffective solids content, Vs, VL, Vrotal are volume fractions of solid,
hydration layer and total respectively. Since the reported data was weight fraction of
bound water, it was assumed that the weight fraction of bound water was equal to the
volume fraction due to the density of water (1 g/cm?®). When effective solids content
for different solids contents are calculated and it is applied to the Eq.(2.11), thickness

of hydration layer are found from:

Defrective = © (1 + % )3 (2.11)

where [ is thickness of the hydration layer and r is the radius of the particles.
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Apart from these studies, Falkowski et al. [53] studied the efficiency of reduction of
viscosity by addition of monosaccharides on initial particle packing. They reported
that green densities around 63-69% could be achieved with addition of fructose from
1 to 5 wt.% of alumina powder to the suspension of 30 vol.%. However, it should be
noted that these results were unexpectedly high and effect of rigorousness of
experimental steps of the study on particle packing cannot be underestimated. It
includes highly meticulous experimental steps during preparation of suspensions. For
instance, planetary ball milling was used twice in experimental steps in the mixing of
suspensions which would provide efficient particle packing. Between two steps of
planetary ball milling, ultrasonication was also used in the preparation steps. Although
these additional steps are also successful in the further improvement of particle
packing density, it complicates the experimental process, which, in turn, limits its

applicability industrial scale.

2.2.3. Effective Reduction of Viscosity of Nanopowder Suspensions

Using Combination of Mechanisms

It could be understood that NaCl and fructose were effective on the reduction of
viscosity but their effects were limited alone and does not require complicated
experimental procedure. Cinar and Akinc [56] reported the combined effect of NaCl
and fructose on the reduction of viscosity of alumina nanopowder suspensions.
Therefore, both of hydration and electric double layers are modified at the same time.
In this study, 4 wt.% of fructose addition was reported as an optimum concentration.
Table 2.1 summarizes the effect of fructose, NaCl and their combined effect on
viscosity of alumina suspensions with solids loading of 0.20. It clearly reveals that the
combined effect of fructose and NaCl facilitates the further reduction of viscosity than
sole additions of NaCl or fructose. As presented in Table 2.1, the effect of fructose
addition could only decrease the suspension viscosity by 17%. The sole addition of

optimum amount of NaCl could decrease. The suspension viscosity by 94% reduction
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in viscosity, which could achieved by contraction of both hydration and electric double
layers.
Table 2.1. Effect of fructose and NaCl and their combined effect on the viscosity of alumina

nanopowder suspensions at a constant shear rate of 100 s*. (xx Al indicates xx vol.% of alumina and

yy F,and indicates yy wt.% of fructose additions.) Retrieved from [56]

Solids content Viscosity (Pa.s) Viscosity Reduction (%)
20 Al 00F 0.3922 0
20 Al 04F 0.3254 17
20 Al 00F 0.01 M NacCl 0.0250 94
20 Al 04F 0.01 M NacCl 0.0129 97

The effect of combined addition was studied for solids content of 20 vol.%, however
increase in the effectiveness of fructose with increasing solids content can be expected

due to the increase in total amount of bound water.

2.2.4. Steric and Electrosteric Stabilization: Effect of Low and High
Molecular Weight

Steric stabilization is basically the use of organic molecules to disperse particles.
[1,2,14,57] These organic molecules are dissolved in the suspension and/or adsorbed
onto the surface of the particles. Effectivity of these chains are attributed to their
thermodynamical preferences that these molecules stay in interaction with water
molecules, rather than interact with other surfaces. In this context, thickness of the
adsorbed layer and the layer coverage are important. When mono-layer coverage of
the surface is completed or too long chain molecules are used or IPS is insufficient for
dispersion, polymeric additives may cause bridging between particles or depletion

which leads to increase in viscosity rather than a decrease.

Electrosteric mechanism can be thought as a combination of the steric and the
electrostatic stabilization mechanisms. [1,2,14,57] Fig.2.5 shows the schematical

summary of all stabilization mechanisms explained so far. To provide both of the
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steric and electrosteric stabilization mechanisms, low and high molecular weight

organic additives have widely been studied. [58-63]

Electrostatic Stabilization  Steric Stabilization Electrosteric Stabilization
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Figure 2.5. Schematical representation of stabilization mechanisms. Retrieved from [64].

Bhosale and Berg [58] reported that the alumina powders having sub-micron sizes
could be dispersed effectively using poly(acrylic acid) (PAA (Molecular weight:
2000-10000 g/mol)). Bowen et al. [59] also reported similar the effect of PAA
(Molecular weight: 2000 g/mol) on viscosity for sub-micron alumina powders. They
also showed the initial particle packing efficiency of the AlOs suspensions dispersed
with PAA. It was shown that green density was 36.3% for sub-micron suspensions in
the absence of PAA. When the PAA was incorporated into the system, green density
could be increased up to 48.9%. Lyckfeldt et al. [60] compared the effectivity of PAA
(Molecular weight: 4500 g/mol) and a comb copolymer which was poly(oxyethylene)
(PEO) in different solvents on the dispersion alumina suspensions. They claimed that
concentrated sub-micron Al,Oz suspensions with low viscosity could only be achieved
in aqueous solvent and suspensions with low viscosities in ethanol or isopropanol
could be achieved only up to 25 vol.%. Besides, it was reported that the comb
copolymer showed superiority in stabilization compared to PAA. However, no further
study has been conducted to reveal its effects on the initial particle packing behaviour.
Cesarano and Aksay [65] reported PMAA and PAA (Molecular weights: 1800, 5000,
50000 g/mol) in sub-micron suspensions and reported that highly concentrated
suspensions (>50 vol.%) could be stabilized with addition of these dispersants and

these polyelectrolytes could stabilize the suspension even in the absence of
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electrostatic repulsive forces. It was also reported that green densities over 60% could

be achieved with slip casting.

Briscoe et al. [66] reported the use of three commercial dispersants ‘Darvan C’,
‘Aluminon’ and ‘Tiron’ in sub-micron suspensions with alumina powders and showed
that all of them were capable of producing dispersed system. Darvan C was reported
to be the best dispersant among others. No further studies done for their effect on
nanopowders or initial particle packing. In other studies, well dispersion and ability
of good adsorption of Darvan C onto the surface of alumina were shown. [67,68]
Besides, it was shown that initial particle packing density from 30 to 60% could be
achieved using Darvan C, depending on the processing, conditions. [69-72]
Adsorbability of Tiron and Dolapix on alumina surface were also reported in other
studies and shown that high green densities reaching over 60% could be achieved with
these dispersants.[36,66,73—75]

Oligo- and polysaccharides have also been studied and suggested for the stability of
alumina powders. [37,76-78] Kim et al. [37] investigated different commercially
available polysaccharides which are different types of maltodextrins and dextrans.
They reported that using these stabilizers initial particle packing density of 53.3% and
65.7% was achieved for 20 and 40 vol.% solids content respectively. Additionally,
Schilling et al. [76] reported that they could achieve green densities of 57% with the
help of pressure casting of the suspension which was prepared with maltodextrin.

Apart from these studies, adsorbability and dispersion ability studies of novel
dispersants on Al>Os suspensions have also been reported. [79-81] For instance,
Cerrutti et al. [79] identified lignin as a novel dispersant. They showed that lignin
showed effective electrosteric effect at pH of 7 and shifted the isoelectric point of the
alumina suspensions to pH of 4.5. In acidic media, lignin did not perform well. In
alkaline media, slight stabilizing effect was observed because the electrosteric effect
was minimized. In another study, polyaspartic acid (PASP) and polyepoxysuccinic

acid (PESA) was reported as novel dispersants. [81] It was shown that both of the
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dispersants showed superiority in the dispersion of the suspension. Unfortunately,
further studies on the formation of green bodies with addition of these novel
dispersants have not been reported and their influence on particle packing behaviour

IS missing in literature.

To summarize, relative densities of 50-70% in green bodies could be achieved.
However, these studies mainly focused on sub-micron systems. Similar densities with
same dispersants for oxide nanopowder suspensions could not be reported since the
long polymer chains of these additives caused bridging and depletion in highly loaded
nanopowder suspensions. [82] Unfortunately, consolidation of cast bodies became
problem because of their low density, which, in turn, caused cracks and required more
time to dry off. Furthermore, these problems end up in impossibility of widening the
range of application areas of nano-alumina suspensions. [2] As an example, the
robocasting (3D-Printing of ceramics) requires high yield stress and it can only be
provided with high solids loadings. [14,57,82—-89] Since high solids loadings cannot
be provided, the use of nanopowders and utilizing their highly desirable advantages
become impossible. In this context, Kakui et al. [90] have revealed that molecular
weight of the dispersant had to be less than 1800 for a suspension with particles having
average size of 7 nm to achieve same measured viscosity when the dispersant with a
molecular weight of 10000 was used in a suspension having sub-micron particle size.
These results have clearly showed that the small molecules had to be used in the

dispersion of oxide suspensions for steric stabilization of nanopowder suspensions.

Studart et al.[91,92] reported that the dispersant with a chain length of 3-4 nm was
required to disperse a suspension having particles of 65 nm. Although small molecules
as dispersants have not been studied as widely as high molecular weight dispersants,
the use of dispersants such as low molecular weight saccharides, polyalcohols, sugar
alcohols, aliphatic and aromatic molecules and their derivatives can be found in the
literature.[52,78,93-98] Although some reduction in viscosity were achieved in these
studies, reported viscosities were still relatively high to obtain suspensions with high

solids contents. In some studies, it was only reported the adsorbability of the molecules
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on alumina surfaces but no further studies on their dispersive ability has been reported.
In one of the few studies reporting the initial particle packing density, various aliphatic
and aromatic dispersants were studied and they reported the slip cast density as high
as 50-53%. [78]

Yar et al. [99] investigated the use of several polyalcohols as a dispersant for alumina
nanopowder suspensions and reported that viscosity of the suspensions with 35 vol.%
solids content could dramatically be decreased down by 88% (almost 1 Pa.s at a
constant shear rate of 100 s) with addition of 10 wt.% polyalcohol but reliability of
the reduction in viscosity for higher solids content was not reported. Studart et al.
[100] studied on the tailor-made Gallol-PEG molecules. They reported that this tailor-
made dispersant with head-tail architecture successfully dispersed nanoparticles with
average size of 65 nm. They could achieve one of the lowest viscosity values at 30
vol.% solids content in aqueous suspensions (0.13-0.18 Pa.s at a constant shear rate of
100 s!) and they could obtain stabilized suspensions even at more than 40 vol.% solids
contents. However, this dispersant was tailor made since it is not a commercial product
meaning that its accessibility and availability in the same quality and property is

difficult and its applicability to large volumes in industry might be limited.

In another study, Wiecinska et al. [101] used D-Galacturonic acid and Lactobionic
acid, and reported one of the lowest viscosities (almost 1 Pa.s at a constant shear rate
of 100 s™) even at 50 vol.% solids content. With such a low viscosity for such a high
solids contents, one of the highest green densities in alumina nanopowder suspensions
was reported. They reported relative densities of 68-69%. Rigorousness of the
experimental steps should be noted. Fig.2.6 shows the experimental steps of this study.
The effect of the meticulous experimental steps on the success of the particle packing
cannot be underestimated. As a result of such a high green density, the sintered

densities around 98% was reported.
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Figure 2.6. Schematical representation of experimental steps reported by Wiecinska et al. Retrieved
from [101]

Cmar and Akinc [63] recently reported that commercially available ascorbic acid
(Vitamin C) can be used to prepare highly loaded alumina nanopowder suspensions.
They showed viscosity can be reduced up to 98% in aqueous suspensions of powders
having average particle size of 42 nm. Fig.2.7 shows the effect of amount of ascorbic
acid on the reduction of viscosity. Addition of ascorbic acid effectively reduced the
viscosity of the alumina nanopowder suspension. Minimum viscosity point was
reached at 1 wt.% ascorbic acid addition. It was also reported that transition in the
flow characteristics from shear thinning to Newtonian behaviour was observed, which
indicated a good dispersion. Further addition of the ascorbic acid resulted in increase
in viscosity and shear thinning behaviour started to be observed again. From these
results, it was concluded that addition of 1 wt.% ascorbic acid might be the point of
monolayer coverage which meant further addition might result in bridging and
depletion.[63] For all solids content, reduction in the viscosity was observed.
Reduction rates was 98% and 94% for 20 and 30 vol.% solids contents while rate was
decreased to 30% for 40 vol.% solids content, which was one of the highest viscosity

reduction reported in the literature. It should also be noted that ascorbic acid is
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commonly available dispersant and in this study, suspensions were prepared simply

by conventional mixing.
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Figure 2.7. (a) Variation of viscosity of 20 vol.% nano alumina suspensions with different
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concentration of 1 wt.% on the viscosity as function of solids content at a constant shear rate of 100 s

!, Retrieved from [63]

2.3. Sintering of the Alumina Ceramics

Sintering may result problems in atomic diffusion due to the presence of organic
additives in structure during sintering. To overcome this problem, additive removal
step is applied to green bodies before sintering. Studies have shown that temperatures
ranging between 400-700 °C to burn organic additives for 1-2h would be the optimum
time. [102-104]

In the sintering process many parameters should be controlled. Studies showed that
the sintering technique, sintering temperature, heating rate and sintering time are the
most important parameters for conventional sintering of alumina green bodies.
[35,39-41,102-115] Maizza et al. [103] studied the effects of these different
parameters on the sintered density and grain sizes. In this study, it was obtained that
using higher temperatures will facilitate the densification process during sintering.
Even though keeping sintering temperature as high as possible will provide the best
result, the grain growth will be observed as a result of excessive sintering
temperatures. In this context, studies conducted on the sintering of alumina ceramics

have covered a wide range of temperatures from 1300 °C to 1700 °C.
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[35,104,107,109,111,114] It was seen that 1300 °C was not enough to achieve fully
dense structure, while 1700 °C was excessive and resulted in formation of large grains.
Optimum sintering results were reported in the range between 1500 °C - 1600 °C to

obtain of fully dense structure and the smallest grain size.

Sintering time was reported as another important parameter. [103] The densification
curve as a function of sintering time given in Fig.2.8, three slopes for densification of
samples were observed. In the first step, densification by 10-15% was observed. In the
second step, major densification up to 90% and fast shrinkage was observed. In the
last step, pores are mostly eliminated and final density was achieved. Besides, it can
be seen that the sintering was completed in 20 mins. Although the exact time for
sintering of green body will depend on a sample, excessive sintering times will result
in excessive grain growth. When Fig.2.8 is further examined, it can also be seen that
samples the grains of the samples sintered for 1 hour were coarsened by 1.5 times of

the grain size of samples sintered for 20 min.
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Figure 2.8. Effect of sintering time on relative densities and average grain sizes. Retrieved from [103]

Another and probably one of the most important parameters of sintering is the heating
rate. Aminzare et al. [39] reported that application of higher heating rates resulted in

lower final densities but smaller grains, whereas smaller heating rates resulted in
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higher final densities but higher grain sizes. Importance of the heating rate was studied
in a more detailed manner by Prajzler et al.[102] Heating rates ranging from 5 to 1500
°C/min was applied and decrease in final density down to 10% with increasing heating
rate was reported. In the optimization of small grain sizes and high sintered density,
applied heating rate is significant, otherwise expected densities may not be obtained.

Further studies on the effect of heating rate were also reported. [116-127] These
studies were focused on the consideration of time or energy saving or mechanisms of
densification. Applying a heating rate that will not generate thermal stress that can
cause fractions in the green bodies and that will ensure that all chemical reactions have
taken its place until the temperature sintering begins is a necessity. In order to reach
higher densification with minimized grain growth, increasing the heating rate after
reaching the temperature, at which sintering begins, to reach desired sintering
temperature as fast as possible to minimize grain growth and achieve higher

densification is maybe defined as the key parameter in the sintering process.

Apart from the importance of sintering parameters, the phase changes occurring
during sintering is another critical issue in sintering of alumina nanopowders. Alumina
nanopowders are either available in transition phases or aggregated a-phase. [128]
Once the transition phase powder are used to obtain good dispersion properties, the
volume change occurs due to phase change and introduce a new volume required to
be filled by diffusion during sintering. This condition increases the required the
sintering time and leads to increase in grain sizes. Transitional phases are also
themodynamically stable phases in room temperature but phase transition to a-phase
occurs since it is the most stable phase under high temperatures (1100 °C - 1200 °C)
(Fig.2.9). Due to the density difference between o-Al,03 (3.98 g/cm?®) and v/5-Al.0s3
(y/5 = 70:30, 3.67 g/cm®), volume shrinkage is calculated as 7.8 %. It was reported
that this phase transition during sintering resulted in relatively low final (sintered)

densities around 80-90% because of newly generated pores. [34,111]
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Figure 2.9. Phase transition diagram of Al,O3. Retrieved from [129]
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Figure 2.10. Sintered densities of a-seeded y-Al,O3 and 6/a-Al,O3 samples with respect to seed
amount as a function temperature. Retrieved from [109]

In open literature, different techniques were offered by researchers to reach fully dense
structure even in the presence of phase transition. Examples include excessive
temperatures [35], application of pressure [130], microwave sintering [131], sintering
aids like addition of titanium [107] and seeding powders with a-phase of alumina
powders. [109,110] When these techniques are compared, it was concluded that the
seeding of a-phase of alumina powders would be the best choice in reaching best
results under considerations like difficulty of the technique, cost, final grain size and

final density. Interrelatedly, Fig.2.10 shows the results of final densities with or
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without addition of a-phase seed powder. As it can be seen, seeded bodies achieved
fully dense structures even in lower sintering temperatures while transition powder
could not be densified more than 90%. These results was attributed to the increase in

nucleation site densities of a-phase during phase transformation. [110]
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1. Materials

Alumina powder with high purity (>99.5%) (Lot number: AAGL 1201) and phase
distribution of y/& =~ 70:30 was purchased from Nanophase Technology Corporation
(Burr Ridge, IL). The powder had a density of 3.67 g/cm® and BET specific surface
area of 38.8 m?/g. Its average particle size of 42 nm was calculated as its equivalent
spherical particle diameter from BET specific surface area. All the other properties

were reported in other studies. [44,63,132]

A commercially available alumina powder (Premalox 0.3 DA) from Ocean State
Abbrasives (West Warwick, RI) was purchased and used as a seed. The powder had a
density of 3.98 g/cm®and was in fully a-phase. TEM micrographs of the alumina
nanopowder and SEM micrograph of seed were given in Fig.3.1.

Figure 3.1. (a) TEM micrograph of alumina nanopowder (b) SEM micrograph of seed a-Al,O3
powder
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NaCl (ACS certified) from Fisher Scientific (Fair Lawn, NJ) and D-fructose (99%)
from Alfa Aesar (Lancashire, UK) were purchased. L-(+)-ascorbic acid (ACS
certified), having a purity of 99%, was purchased from Alfa Aesar (Ward Hill, MA).

Ultrapure water with the resistivity of 18.2 MQ c¢cm was used for all suspensions.
3.2. Experimental Methods

3.2.1. Preparation of Suspensions
3.2.1.1. Preparation of Suspensions with Fructose and NacCl

Alumina powder was dried at 110 °C for 2h prior to experiments. NaCl and D-fructose
were added to the ultrapure water, and solution was magnetically stirred to reach high
homogenity for 30 min. prior to addition of alumina powder. Required amounts of
NaCl were estimated in molar quantity of solution and different molarities were
studied. However, required amount of D-Fructose was determined directly from the
results reported by Cinar and Akinc [49] and fructose which was 4 weight percent of
the alumina powder in suspension. The density of the fructose was taken as 1.69 g/cm?
and volume of the added fructose was taken into account to maintain volume percent
of solids in suspensions and to calculate the required amount of water accurately. Once
fructose and NaCl was dissolved in water, alumina powder as a volume percentage of
the suspension was slowly and carefully added into the solution. For instance, to
prepare 10 mL of this particular suspension, 7.34 g (2 mL x 3.67 g/cm® = 7.34 g) nano
alumina powder (which was dried at 110°C for 2 h prior to weighing), and 0.294 g
fructose (4 wt.% of alumina) were weighed separately. Fructose was then added to the
sufficient amount of ultrapure water (8 mL-(0.294 g per 1.69 g/cm®) = 7.83 mL H,0)
to make 8 mL of fructose solution to which the alumina powder is then added slowly.
Solids content represented as a volume fraction of the alumina powder with respect

the volume of total suspension.

Prepared suspensions were magnetically stirred at 1000 rpm for 24h at room
temperature prior to slip casting to reach high homogeneity and consistency in results.
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In studies where the seed a-Al,O3 powder was used, the amount of seed powder was
measured as a weight percentage of the alumina nanopowder and added to the
suspension together with alumina nanopowder. The density of the seed alumina was
taken as 3.98 g/cm? and volume of the seed powder was taken into account in sample

preparation.

3.2.1.2. Preparation of Suspensions with Ascorbic Acid

Alumina powder was dried at 110 °C for 2h prior to experiments for removal of
moisture. 1 wt.% of ascorbic acid addition with respect to the powder amount was
used to obtain minimum viscosity. [63] The required amount of ascorbic acid was first
dissolved in ultra pure water by stirring for 30 min. Volume of the ascorbic acid in

suspension was not taken into account since the added amount was negligible.

Alumina nanopowder was measured as volume percentage of the suspension and
slowly added to the solution. Solids content represents the volume fraction of the
alumina powder with respect the total suspension. Prepared suspensions were

magnetically stirred at 1000 rpm for 24h at room temperature prior to slip casting.

In experiments where the seed was used, procedure was completely same with the

procedure described in preparation of suspensions with fructose and NacCl.

3.2.2. Slip Casting and Sintering of Alumina Bodies

The suspensions were slip casted into cylindrical polymeric molds (12.5 mm diameter,
7.5 mm thickness) which was placed on a plaster of paris to facilitate the drying
process by providing suction of water from bottom of the system while evaporation
was provided from top of the system. The casted suspensions were left to dry for 24h

in room conditions. Then, the samples were kept in a dessicator for another 24h.

Dried green bodies of alumina were put into furnace and heated to 550 °C with a
heating rate of 5 °C/min and kept at that temperature for an hour to remove organic
contents. Then, bodies were further heated to 1000 °C with the same heating rate

again. After reaching 1000 °C, heating rate was increased to 10 °C/min to minimize
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the grain growth. No isothermal hold was applied during heating rate change and
samples were heated up to 1600 °C and kept at that temperature for 2h. After finishing

sintering step ends, samples were left in the furnace to cool down to room temperature.

3.3. Characterization of Green and Sintered Bodies
3.3.1. Green and Sintered Density Measurements

Archimede’s method was used to measure the relative densities of green and sintered
alumina bodies. In this method, green and sintered bodies were weighed first as dry
then weighed bodies which were immersed into paraffin oil and allowed parrafin oil
to fill pore cavities then taken out from liquid and they were called saturrated bodies.
Lastly, saturated bodies were weighed in paraffin oil and they were called saturrated
suspended bodies. For saturation, samples were kept for 5 minutes in paraffin oil. The
density of paraffin oil was determined as 0.762 g/cm?. To calculate green and sintered

densities, used equations are given as follows:

VBulk — Wsaturated — WSatTjrat‘ed Suspended (31)
PParrafin 0il
WDry
ity = 3.2
pDen51ty VBulk ( )
Green Density = —2 o %X 100 (3.3)
3'67cm_3
Sintered Density = . 98p 5~ % 100 (3.4)
70 3

cm

where V is the volume, W is the weight and p is the density.
In order to calculate error margin, three different suspensions were prepared and three
different samples were slip-cast from each suspension. The average of 9 samples was

presented as the result. The error margins were determined from the maximum and

minimum values obtained from measurements.
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3.3.2. Rheology Measurements

The measurements were done with a rheometer (model AR 2000ex, TA Instruments,
New Castle, DE) and a measuring cone having angle of 4°and diameter of 40 mm was
used during measurements. Solvent trap was used to prevent evaporation of water in
the suspension. Applied shear rate was firstly increased from 0.5 s to 500 s and
decreased back to 0.5 s. For accuracy, 2 consecutive cycles of shear rate were
measured with 20 points for each cycles at 25° £ 0.1 °C. The data of the final half loop

was given during the thesis.
3.3.3. Scanning Electron Microscopy

During SEM characterization, a field emission scanning electron microscope (FE-
SEM) (FEI Nova NanoSEM 430) at a voltage of 20 kV was used and the morphology
of the nanoparticles, green and sintered bodies were examined. Before the FE-SEM
analysis, surface of the samples were coated with gold by Polaron SC 7640 Sputter

Coater to provide conductivity.

The average size of grain boundaries was estimated by the linear intercept method

using SEM images.
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CHAPTER 4

COMBINED EFFECT OF FRUCTOSE AND SODIUM CHLORIDE ON PARTICLE
PACKING AND SINTERING BEHAVIOURS

4.1. Particle Packing Behaviour

Dispersion behavior of particles in suspension strongly affects the packing behavior
of particles when consolidated. In order to obtain high packing efficiency, repulsive
forces between particles should be strong enough to prevent agglomeration during
consolidation. Moreover, there should be enough free space and time for movement
of particles in such a way that particles can re-arrange themselves to find lowest

energy positions and ends up with random close packing structures. [36,133,134]

The effect of fructose and NaCl addition on the packing behavior of highly loaded
alumina nanopowder suspensions is illustrated in Fig. 4.1. Without any additives,
hydration and electrical double layers form around alumina powders in aqueous
suspensions. Due to the large space occupied by these layers, particles cannot move
freely in suspensions, therefore loosely packed structures are obtained when
consolidated. Fructose added in aqueous alumina suspensions interacts with alumina
surface and replace the bound water. [48] Therefore, the amount of free water
increases in fructose added aqueous alumina suspensions. NaCl, on the other hand, is
known as indifferent electrolyte for alumina, but can effectively shrink the electric
double layer formed around particles. As a result, significant free space is provided
for particle movement. With use of optimum amount of NaCl, the electrostatic
repulsive forces between particles can be preserved, therefore agglomeration tendency
during consolidation is also minimized. Similarly, fructose molecules around particles
prevent agglomeration due to their physical presence. When both fructose and NaCl
is used, closely packed alumina green bodies can be obtained.
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Figure 4.1. Schematical comparison of no additive and combined effect on the initial particle packing
produced from aqueous alumina nanopowder suspensions. Addition of fructose and NaCl contracts
hydration and electric double layers which increases available interparticle spacings. Increased
interparticle spacings results in close packing compared to its counterpart with insufficient
interparticle spacing.

As discussed in literature, inter-particle spacing dominates the rheological behaviour
of suspensions, which, in turn, controls the particle packing behaviour. Besides,
addition of fructose and NaCl affects the available space between particles. In order
to estimate the availability of IPS and its relation to suspension viscosity and packing
behaviour, IPS values were calculated. First Funk and Dinger’s relation (Eq. 2.6) was
used. When patrticle size is taken as monodisperse size of 42 nm and inserted in to
Eq.(2.6,) IPS values are calculated as 48.1 nm, 24.8 nm and 13.1 nm for 0.20, 0.30,
and 0.40 solids contents respectively. In these calculations, conventional mixing was
used, so maximum packing was considered as 0.64 and particles were assumed to be
hard spheres. These values can be explanatory when compared with interparticle

spacing between 1 um sized particles. (Table 4.1)
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Table 4.1. IPS estimations for alumina nano and micron sized powders in aqueous media.

Solids Content IPS (D:42 nm) IPS (D:1 um)
0.20 48.1 nm 1146 nm
0.30 24.8 nm 590 nm
0.40 13.1 nm 312 nm

The distance between two particles having 1 pm are calculated as 1146 nm, 590 nm
and 312 nm for 0.20, 0.30, 0.40 solids content, respectively. It can be realized that the
distance between the particles diminishes significantly when nanopowders are used.
As a result, it is expected that particles will interact more with each other and the flow
of suspension will be difficult, thus the viscosity of suspensions is expected to
increase. Therefore processing of nanopowder suspensions are challenging.

In order to estimate the available IPS for aqueous nanopowder suspensions (IPSag),
the presence of the hydration layer (HL) and the electric double layer (EDL) should
be taken into account. To do this, Kuwabara’s virtual cell was used as shown in Figure
4.2. Firlar et al. [54] directly observed alumina nanopowders in aqueous media by
fluid cell STEM and showed that the hydration layer present around powders more
like a nonuniformly distrubuted clouds showing that the powders were in an
agglomerated form. In this study, in order to estimate the average ARHL, it was
assumed that the bound water content around the particles was uniformly distributed

and formed homogeneous layer around particles as illustrated in Figure 4.2.
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Figure 4.2. Kuwabara’s virtual cell was modified in order to account for the effects of electric double
layer and the hydration layer. IPSys is the inter-particle distance with hard-sphere assumption; IPSyq is
the inter-particle distance in aqueous solutions. Ry, is the radius of particles, ARepy is the Debye
length, and ARy is the hydration layer thickness.

In order to reveal the effect of electric double layer and hydration layer in available
interparticle spacing, the thickness of both layers were estimated. Electric double layer
thickness was computed using Eq.(2.3). In the absence of NaCl, the electric double
layer thickness would be too large and cannot be calculated. In order to account for
the ions present in solution due to impurities and slight solubility of alumina, The ion
concentration was taken very low (0.001 M) and its behavior is assumed like

monovalent ion.

For hydration layer calculations, bound water was assumed to be evenly distributed
between particles and as homogeneous layers as it was shown in Fig.4.2. In order to
estimate the average ARHL, we assumed that the bound water content was evenly
distributed between monodispersed individual particles and formed homogeneous
layer around particles as illustrated in Figure 1. Cinar and Akinc previously reported
the bound water layer content for aqueous suspensions of similar alumina
nanopowder. For calculations, the data presented in previous studies was used.
[49,50,54]. For example, for calculation of hydration layer, bound water weight
fraction was given as 0.28 at 0.20 solids content [49] and the density of bound water

is assumed 1 g/cm?. Therefore, the volume fraction of bound water is 28% of the total
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8 mL water X0.28 _

water content, which is equal to 22.4% of the total volume (10 L suspersion 0.224).

Since the bound water will act as a part of particle and cannot serve as solvent, the
effective volume fraction (®eff) can be considered as 0.424 according to the Eq.(2.10).
From ®ess, the hydration layer thickness (ARHL) can be calculated as 6 nm according

to the Eq.(2.11) for particles having size of 42 nm.

The estimated average interparticle spacing values calculated for various solids

content were presented in Table 4.2.

Table 4.2. Comparative estimations of IPS and available IPS under the effect of HL and EDL with

respect to solids content in the absence of NaCl.

()} IPShs ARHL ARepL (nm) IPSaq
(nm) (nm) [NaCl]: 0.001 M (nm)

0.20 48.1 6.0 9.6 16.9
0.30 24.8 5.7 9.6 -5.8
0.40 13.1 5.2 9.6 -16.5

Depending on the calculated results given on Table 4.2, IPS decreased from 48 nm to
17 nm, 25 nm to -6 nm and 13 nm to -17 nm for 0.20, 0.30 and 0.40 solids contents
respectively. For a system having a powder size of 500 nm, these values can be
obtained at solids loading of 0.60. However, when solids content was increased to 0.30
or 0.40, IPS was found to be negative, which indicated that the hydration and electric
double layers overlapped. Therefore, it could be concluded that this suspension would
lead to agglomeration which would obstruct particle rearrangement during slip

casting.

As it was discussed in literature, one could try to shrink HL and EDL by additions of
fructose and NaCl to increase the available IPSaq. Calculated values of the available
IPS4q after additions of 4 wt.% fructose and 0.01 M NaCl can be seen on Table 4.3.
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Table 4.3. Comparative estimations of IPS and available IPS under the effect of HL and EDL with

respect to solids content.

L IPSHs ARnL ARepL (nm) IPSaq
(nm) (nm) [NaCl]: 0.01 M (nm)

0.20 48.1 4.3 3.0 335
0.30 24.8 3.6 3.0 11.6
0.40 13.1 3.2 3.0 0.7

One of the important observation from these calculations is that the thicknesses of
hydration layer was reduced to less than three-fourth of the initial thickness with the
presence of fructose molecules in the system. Moreover, EDL was decreased to one-
third of the initial thickness and available IPS values were increased for all solids
content. It was also calculated that available IPS became positive value at solids
content of 0.40.

In the literature section that individual and combined effects of hydration and electric

double layer on rheological behavior of nanopowder suspensions were reported
before. [7,44,49,132,135] In order to improve these understandings and effect of IPS
on particle packing behaviour and in order to investigate the compatibility of these
calculations with experimental results, viscosity of the suspensions in different solids
contents measured before and after increasing the IPS by modification of the layers.
Measurements and its effects on the green density was given in Fig.4.3. It was
observed that viscosity could be decreased for all solids content, when the available
IPS was increased. Rheology measurements were also fit into power law model given
in Eq.(4.1) and presented in Table 4.4.

o =Kxy" (4.1)

where o is shear stress, K is flow consistency index, y is shear rate and n is power law

index.
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Figure 4.3. (a) Change in viscosity with respect to solids content as a function of shear rate and (b) its
effects on initial particle packing density

*(All suspensions constantly have 4 wt.% Fructose and 0.01 M NaCl concentration.)

Table 4.4. The power law parameters obtained from the rheological behavior of alumina

nanopowder suspensions. As additives 4 wt% fructose and 0.01M NaCl were used.

no additive with additives The change in K
L . .
K n K n with additives
0.20 18.763 0.155 0.0533 0.684 -99.7%
0.30 124.17 0.062 0.4971 0.379 -94.9%
0.40 613.66 0.047 442.5 0.079 -27.9%

Power Law: n = K - y™1, where 7 is the suspension viscosity, K is the consistency
coefficient and n is the power law index. R? for fitting of the rheological behavior of
suspension with solids content of 0.20 with additives is 0.85, for others the value is
larger than 0.999.

The consistency index (K) in power law is the indicator of the level of the viscosity
over the range of applied shear rate. As realized in Table 4.4, the viscosity of
suspensions reduced with addition of fructose and NaCl regardless from the solids

content of suspension. Yet, the effect of fructose and NaCl addition was diminished
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as the solids content increased. While the consistency index could be reduced by
almost 100% for solids loading of 0.20, the reduction on this value was about 95%
and 28% for solids loading of 0.30 and 0.40, respectively. Considering very high initial
viscosities, such a reduction was enough to obtain significant fluidity. In the power
law, K indicates the extent of viscosity, while n is a power law index. The power law
index (n) shows the level of shear thinning behavior of suspensions such that the
values close to O indicates a significant shear thinning behavior while the values
approaches to 1 indicates a Newtonian flow behavior. As shown in Table 4.4, addition
of fructose and NaCl to suspensions with solids content of 0.20 led to significant
change in flow behavior from strong shear thinning character (n:0.155) to less shear
rate independent Newtonian flow (n:0.684) indicating that that the effect of attractive
interparticle interactions were minimized. For higher solids content, the power law
index increased and severe shear thinning behavior was observed. Regardless from
the solids loading, the power law index decreased with addition of fructose and NaCl

indicating more homogeneously dispersed stabilized suspensions.

Consistently, green densities over 50% could be observed and slight increase in
density was observed (52.7% to 54.4%). However, the power law index of suspensions
at 0.40 solids content supported the calculation showing that it had too small IPS value
to allow free movement of particles. As a result, no remarkable decrease in viscosity
could be achieved and green density could not exceed 50% (46.5%). This phenomenon
could be attributed to the absence of sufficient IPS for new incoming particles to place
on energetically low positions and disruption in the searching ability of particles to
find these low energy positions. [36,133,134] Besides, less time is allowed for
particles for searching due to the higher attractive interaction between particles arising

from the reducing interparticle spacing between particles.

Further investigation was done on the effects of increased IPS by modified layers on
the micrographs showing the particle packing structure of the green bodies at macro-
micro-nano scale and it can be seen on Fig.4.4. In consistency with high green density

results of samples having 0.20 solids content, surface with high smoothness and no
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porosity was observed on its macro and micro structure (Fig.4.4 (a,b)). Particle
packing structure was also in line with the observations done in macro and micro states
of the green body (Fig.4.4 (c)). When the solids content was increased to 0.30, slightly
reduced smoothness of the surface was observed due to the increased viscosity
(Fig.4.4 (d,e)) but there was still no observable porosity. When the nano-scale of the
samples were investigated (Fig.4.4 (f)), efficient packing with homogeneous structure
obtained in 0.20 solids content was replaced with the slightly disrupted homogeneity

for 0.30 solids content.

With the further increase in solids content, large pores, which can be observed even
with bare eyes, appeared on the surface of samples (Fig.4.4 (g)). Similar results were
obtained in the microstructures of the samples (Fig.4.4 (h)) and porosity with loose
packing was present even in the nanostructure of the samples (Fig.4.4 (i)), which was
an clear indicator that particles could not re-organize their positions to the lowest

energy spots due to the insufficiency of the available IPS.
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Figure 4.4. Effect of contraction of hydration and electric double layers on particle packing behaviour
at (a-c) 0.20, (d-f) 0.30, (g-i) 0.40 solids content and their macro-micro-nano structures are given
from left to right respectively.

From all the results and discussions above, it could be easily concluded that providing
additional interparticle spacing was terminally significant in order to improve the
initial particle packing behaviour of samples having 0.40 solids content by further
contraction of hydration and electric double layers. Even though the further
contraction in the hydration layer could not be tested hydration layer as it was constant
for particle size and solids content, further contraction in the electric double layer
could be provided by increasing the concentration of the NaCl in the suspension in
order to achieve further reduction in the viscosity. Here it should be noted that keeping

the net interaction energy between particles in repulsive region even after contraction
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electric double layer was a necessity to maintain the repulsive ability for lower
viscosity. Hence, net interaction energy between particles should have been carefully
considered and taken into account for the maintaining the stability of the suspension
while more IPS was also provided by contraction of electric double layer.
Interestingly, it was shown that zeta potential values of alumina nanopowder in
aqueous solution was reported to increase with addition of very small amount of NaCl.
[44] However, zeta potential values were reported to decrease at higher NaCl
concentrations. Empirical calculations on the decrease of Debye Length by using
Eq.(2.3) and its effect on the net interaction energy between particles from DLVO
curves with respect to different NaCl concentrations was calculated inserting reported
zeta potential values into Hamaker software. [44,136] Results can be seen on Fig.4.5.

Depending on these results, calculated IPS values is given in Table 4.5.
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Figure 4.5. (a) Change in Debye Length (K') with NaCl concentration and (b) its effect on Net
Interaction Energy between particles as a function of distance
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Table 4.5. The inter-particle spacing estimations for alumina nanopowders in aqueous solutions

(IPSaq). The effect of NaCl concentration were considered for suspensions with solids loading of 0.40
and with fructose addition of 4 wt%. For these suspensions, IPShs and ARy were estimated as 13.1

nm and 3.2 nm, respectively.

AReoL IPSaq Power Law Model
[NaCl]
(nm) (nm) K n
0.01 M 3.0 0.7 nm 4425 0.079
0.02 M 2.1 2.5 nm 460.76 0.104
0.04 M 15 3.7 nm 93.824 0.192

As it was tabulated in Table 4.5, calculations have shown that Debye Length decreased
from 3.0 nm to 2.1 and 1.5 nm when the NaCl concentration is increased from 0.01 M
to 0.02 and 0.04 M respectively. It was found that the available IPS was increased to
2.5 nm and 3.7 nm when the NaCl concentration was increased to 0.02 M and 0.04 M
respectively. Consistently, viscosity measurements showed that n values went through
higher values, which indicated better dispersion. For these NaCl concentrations,

results of rheology and green density measurements can be seen on Fig.4.6.

In consistency with the set of data given in the Fig.4.5 and Table 4.5, effective
reduction in the viscosity was obtained at the NaCl concentration of 0.04 M even
though no noteworthy reduction could be achieved at 0.02 M (Fig.4.6 (a)). Reduction
in the viscosity was calculated as 3-fold when the NaCl concentration is increased
from 0.01 M to 0.04 M at a constant shear rate of 100 s*. Relatedly, promising changes
in the green density Fig.4.6 (b) was obtained in the 0.04 M NaCl concentration
although green density could not be noticeably increased due to the not effective
reduction in the viscosity at 0.02 M NaCl, which clearly indicated that particles had
gained enough spacing to move and place freely. As a result, green density could be
increased up to 52.3% from 46.5%.
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Figure 4.6. (a) Change in the viscosity with increasing NaCl concentration as a function of shear rate
and (b) its effect on the initial particle packing density

*(All suspensions constantly have 4 wt.% fructose concentration and 0.40 solids content.)

Figure 4.7. Evolution of microstructure and packing behaviour at 0.40 solids content with increasing
NaCl concentrations of (a-c) 0.01 M, (d-f) 0.02 M, (g-i) 0.04 M and their macro-micro-nano
structures are given from left to right respectively.
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Effects of further contraction in the electric double layer on initial particle packing
behaviour can be seen on the micrographs of samples given in the Fig.4.7.
Interestingly, smaller and less interconnected pore structure was observed at 0.02 M
(Fig.4.7 (d,e)) compared to macro and microstructures of samples at 0.01 M NacCl
concentration (Fig.4.7 (a,b)). At the 0.04 M NaCl concentration, even smoother
surface and no interconnection in the pore structure and less porosity was obtained
(Fig.4.7 (g,h)). In the nanoscale, it was observed that the open pores between particles
got smaller at 0.02 M (Fig.4.7 (f)) and disappeared at 0.04 M NaCl concentration
(Fig.4.7 (i)). When the nanostructures of green bodies having similar green densities
(samples having solids contents of 0.20, 0.30 at 0.01 M NaCl and 0.40 at 0.04 M NaCl)
were compared, an interesting difference between them arises. It can be clearly seen
on Fig.4.4 (c,f) and Fig.4.7 (i) that homogeneity in particle packing structure was
replaced with firm and agglomerated packing structure with higher solids contents. In
this context, Michalkova et al. [137] studied dilute and concentrated systems and
reported even higher green densities at highly concentrated suspensions than dilute
systems. They related these results with the placement of strong agglomerations,
which started to appear with increasing solids contents, into the pore cavities and it
resulted in higher green densities. However, sintered results were lower than the
sintered densities of dilute suspensions having lower green densities, since the strong
agglomerations in the particle packing generated new pores and restrained the
sintering process. Having lower sintered density results, when produced from high
viscosities compared to the ones produced from low viscosities, was also reported by
the Tallon et al., even though the green densities were similar,. [34] Therefore, it can
be concluded that even higher green densities are a requirement to achieve a fully
sintered body from a green body which has high solids loading compared to their
dilute counterparts having similar green densities. All in all, it can be expected that
the green bodies having a solids content of 0.40 at 0.04 M NaCl concentration would
not be able to reach the sintered densities that would be achieved with green bodies

having solids contents of 0.20 and 0.30 at 0.01 M NaCl concentration.
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4.2. Sintering Behaviour

To reveal the effect of packing structure on final density, all green bodies were sintered
at 1600 °C for 2 hours. Depending on the sintering results of green bodies given in the
Fig.4.8, it can be concluded that the interpretations depending on the viscosity, green
density and the initial particle packing behaviour was consistent with the sintered
density results. This clearly explains without leaving room for doubt why the highest
sintered density result (95.7% of the theoretical density of a-Al>03) was achieved at
the solids content of 0.20. The volume change of alumina from y-6 phase to a-phase
of Al>,Oz during sintering corresponds to about 8.4% shrinkage. The actual densities
for the solids loading of 0.20 were compared, the green density of 1.93 g/cm® was
increased to the final density of 3.92 g/cm? (Fig. 4.8). When this additional volume
change occurring in sintering was considered, being able to increase the final density
to such high levels with conventional shaping and sintering procedures could be
attributed to the homogeneous distribution of small pores, hence to the efficient
packing behavior. However, the sintered densities of 95.7% at 0.20 solids content and
93.4% at 0.30 solids content were one of the highest final density results for such a

straightforward, easy and cheap production method.

Apart from these, the result for the samples having 0.40 solids content at 0.01 M NacCl
concentration was expectedly low (66.2%). Increasing the NaCl concentration to 0.02
M could only slightly improve the sintering results (67.0%). This was also an
expectable result since the packing behaviour of particle during drying could not be
noticably improved. However, green bodies could be sintered up to 76.2% when the

concentration was 0.04 M.
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Figure 4.8. Effect of solids content and NaCl concentration on the sintered densities

Yet, it could not be sintered over relative densities of 90% at 0.40 solids content as
solids contents of 0.20 and 0.30 even though they had similar green densities because
strong agglomerations produced new pores during the sintering process. Effect of
these results on the microstructure and average grain sizes can be seen on Fig.4.9 and
Table 4.6 respectively.

Table 4.6. Effect of solids content and NaCl concentration on grain size.

Parameters Intercept Length
[Solids content — NaCl Concentration] (um)
0.20 - 0.01 M NaCl 1.28
0.30-0.01 M NaCl 1.27
0.40 - 0.01 M NaCl 1.44
0.40 - 0.02 M NaCl 1.45
0.40 — 0.04 M NaCl 1.45
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Figure 4.9. Effect of solids content and NaCl concentration on the microstructural evolution of
sintered Al;O3 bodies. Sintered bodies are given as (a) 0.20 — 0.01 M NacCl, (b) 0.30 — 0.01 M NacCl,
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function of solids content.
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Microstructures of sintered samples was consistent with the sintered density results.
Samples with 0.20 solids content was almost poreless in the microstructure and its
grain size was estimated as 1.28 um. Congruently, samples having solids content of
0.30 also showed almost no porosity but their measured average grain size was smaller
(1.25 um). Unfortunately, observable porosity was still present in the microstructure
of the sintered samples having solids content of 0.40 and it could not be fully removed
even with further increase in the NaCl concentration. When the sintered density results
given in Fig.4.8 are considered together with porous microstructure obtained in the
SEM characterization, it can be concluded that the measured results are consistent
with the observations done on micrographs. Although grains were coarsened to 1.44-
1.45 um as a result of non-efficient packing at 0.40 solids content, no remarkable
increase in grain sizes with increasing NaCl concentration was obtained. Apart from
all the discussion above, when the results are examined, one of the most important
points for this study stands out. Due to the phase transformation during the sintering,
which was aforementioned in the literature review section, fully dense structure after
sintering could not be achieved in any parameters as expected. It clearly shows the
importance of particle packing and it can be concluded that even higher initial particle
packing densities or further studies on sintering process are required. As already
mentioned above, effect of seeding the thermodynamically stable phase into the green

bodies will be discussed for further improvement in the sintered density results.
4.3. Effect of Seeding on Sintering Behaviour

Results of sintering after seeding the green bodies with stable phase can be seen on
Fig.4.10. To reveal the effect of seeding on the achieving fully dense structure, solids
content of 0.20 at 0.01 M NaCl concentration was chosen as benchmark parameter
since this parameter gave the most promising result (95.7%) even without the seeding.
After addition of seed, sintered density could be successfully improved up to almost
99%. Depending on the results, it can be concluded that amount of seeding does not

really make difference on the sintered densities.
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Even though there seems to be no important effect of changing the amount of seed
powder on the sintered densities, increasing variation in the error margin with
increasing seed amount was remarkable. Besides, increase in the variation of the
sintered density results can be considered as unexpected results since the seed powder
was commercially labeled as de-agglomerated. Yet, the SEM micrographs of the
powder given in the Fig.3.1 made it clear that it was not the case and agglomerated,
non-spherical morphology of the seed powder was obviously revealed. Therefore, this
variation can be related with the increasing amount of agglomerated powder in the
green body. This increase in agglomeration amount in the structure destructed the
homogeneity and it led to an increase in the variability of the sintered results although
there was no such a huge difference in the agglomerated powder amount between 3

and 5 wt.% seeding.
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Figure 4.10. Effect of seeding and its amount on the sintered density at 0.20 solids content

In connection with this, effect of seeding and its agglomerated structure on the
microstructure and average grain sizes can be seen on Fig.4.11 and Table 4.7. In
addition to the effect of solids content on grain boundary evolution, grain coarsening
was also obtained after seed addition. Increasing in irregularity in the shape of grains
with higher amounts of seed powders should also be noted. However, these results can

be considered as expected due to the agglomerated structure of seed powder.
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Figure 4.11. Effect of seeding and its amount on the microstructure of sintered bodies at 0.20 solids
content. Seed amounts are (a) 3 wt.% (b) 5 wt.% of alumina powder
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Table 4.7. Effect of seed amount on grain size.

Parameters Intercept Length
[Amount of Seed (wt.%)] (um)
0 1.28
3 2.10
5 2.20

In addition, increased coarsening was observed in some of the grains with increasing
amount of seed powder, while some remained small and medium-sized grains began
to disappear. The increasing seed amount, addition of seeds as a sintering aid could

increase the final density by few percent, but in expense to the irregular grain growth.
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CHAPTER 5

EFFECT OF ASCORBIC ACID ON PARTICLE PACKING AND SINTERING
BEHAVIOURS

5.1. Particle Packing Behaviour

In order to reveal the effect of ascorbic acid addition on the packing behavior of
alumina nanopowder during slip casting, rheological behaviour of alumina
suspensions with and without addition of ascorbic acid for various solids loading were

first examined. (Fig. 5.1)
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Figure 5.1. Effect of 1 wt.% ascorbic acid addition on the viscosity of nano-alumina suspensions with
various solids content.

Due to the logarithmic relation between viscosity and the shear rate, the rheological
behavior of suspensions were fit into power law relation (Eqg.4.1) and the results were
presented in Table 5.1.
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Table 5.1. The power law parameters obtained from the rheological behavior of alumina nanopowder

suspensions. As an additive 1 wt% ascorbic acid was used.

no additive with additives The change in K
@ ” o K o with additives
0.20 13.787 0.219 0.0151 0.941 - 89.1%
0.30 97.079 0.113 1.6822 0.516 -73.3%
0.40 549.19 0.073 163.4 0.196 -28.8%

Power Law: n = K - y™1, where 7 is the suspension viscosity, K is the consistency
coefficient and n is the power law index. R? for fitting of the rheological behavior of
suspension with solids content of 0.20 with additives is 0.85, for others the value is
larger than 0.999.

The consistency index (K) in power law is the indicator of the level of the viscosity
over the range of applied shear rate. As realized in Table 5.1, the viscosity of
suspensions reduced with addition of ascorbic acid regardless from the solids content
of suspension. Yet, the effect of ascorbic acid addition was diminished as the solids
content increased. While the consistency index could be reduced by 89% for solids
loading of 0.20, the reduction on this value was about 73% and 29% for solids loading
of 0.30 and 0.40, respectively. Considering very high initial viscosities, such a

reduction was enough to obtain significant fluidity.

The power law index (n) shows the level of shear thinning behavior of suspensions
such that the values close to 0 indicates a very shear thinning behavior while the values
approaches to 1 indicates a Newtonian flow behavior. As shown in Table 5.1, addition
of 1 wt% ascorbic acid to suspensions with solids content of 0.20 led to significant
change in flow behavior from strong shear thinning character (n:0.219) to almost shear
rate independent Newtonian flow (n:0.941) indicating that that the effect of attractive
interparticle interactions were minimized. For higher solids content, the power law
index increased and severe shear thinning behavior was observed. Regardless from
the solids loading, the power law index decreased with addition of ascorbic acid

indicating relatively more homogeneously dispersed stabilized suspensions.
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In order to investigate the effect of ascorbic acid addition for alumina suspensions
with various solids content, the suspensions were slip casted and the relative densities
were measured (Figure 5.2). With increasing solids content, denser green bodies could
be obtained. The increase in green density with solids loading of 0.40, the relative
green density could be increased to 58%, which is one of the highest values reported

in literature, particularly as a result of such a straightforward process.

The green densities of slip casted bodies increased almost linearly with increasing
solids content from 51.1% to 53.5% and 58.0% when the solids content was increased
from 0.20 to 0.30 and 0.40, respectively. However, no further increase in the green
density could be achieved due to the extremely sharp increases in the viscosity when
solids content was further increased probably because of the inavailability of

interparticle spacing.
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Figure 5.2. Particle packing densities with respect to solids content at 1 wt.% ascorbic acid
concentration.

Even though these results were highly promising for applications requiring
nanopowder suspensions with high solids contents, widening in error margin from
0.39% to 0.90% with higher solids contents should also be noted. It could be attributed
to the increased density in agglomerated sites with higher solids content. In order to
examine the particle packing behaviour of these slip-cast bodies, macro-micro and

nano structures of the green bodies are given in the Fig.5.3.
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Figure 5.3. (a-c) Macro, (d-f) micro, (g-i) nano structures of bodies having 0.20, 0.30, 0.40 solids
content from top to bottom respectively.

*(All suspensions constantly have 1 wt.% ascorbic acid concentration.)

As in shown in Fig. 5.3 (a-c), loss in smoothness with increasing solids contents can
be realized with naked eye. Yet, the obtained surfaces were sufficently poreless and
they had relatively higher smoothness compared to the bodies in Chapter 4. Although
the loss in smoothness was observed at higher solids content, observed smoothness
and almost poreless structures, for such a high solids content like 0.40, were
noteworthy compared to its fructose and NaCl added counterparts. These observations
(Fig.5.2) were clearly consistent with the results obtained in the green densities
(Fig.5.3). Like the naked eye observations done on the green bodies, similar loss in
the smoothness on the surface was also observed on the microstructure of the bodies
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(Fig.5.3 (d-f)). Relatedly, increase in the agglomerated sites with increasing solids
content were obtained and, in relation to this, homogeneous uniform nano structure
obtained in the 0.20 solids content has been replaced with relatively firm and
agglomerated structure increasing with higher solids contents (Fig.5.3 (g-i)). Even
though increase in agglomerated site density was observed, no porosity was observed
in the packing structure (Fig.5.3 (f)). It was promising observation for such a highly
loaded suspensions. Agglomerations, which started to increase at higher solids
content, could be attributed to the new incoming particles disturbing the searching
ability of particles to find low energy position and allowing less time for particle
rearrangement due to the higher attractive interaction arising from reducing
interparticle spacing. Michalkova et al. [137] reported their study results showing that
strong agglomerations, starting to appear with increasing solids contents, were settled
into pore cavities, which, then, resulted in further increase in green density. Even
though it decreased the maximum reachable final density, it was noted that it resulted
in higher final densities compared to its porous counterparts. However, it resulted in
lower final densities than the sintered densities of its counterparts having
homogeneous particle packing structure even though its green densities were higher.
Similarly, Tallon et al. [34] reported that sintered densities of alumina bodies, which
had similar green densities but produced from suspensions having different
viscosities, resulted in different results. According to this study, high viscosity
samples resulted in lower sintered densities while their low viscosity counterparts
resulted in higher densities. From this point of view, the results to be obtained from
micrographs of particle packing and results of sintering density would be more

descriptive.
5.2. Sintering Behaviour

Green bodies were sintered at 1600 °C for 2 hours in order to achieve fully dense
structure. Overall, all of the samples achieved sintered density results around 90% of
the theoretical density. When the micrographs of particle packing of both of the studies
were investigated (Fig.4.3 and Fig.5.3), these results could be related with that fructose
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and NaCl added bodies had severe increasing in agglomerated sites with
interconnected pore structures at higher solids content while ascorbic acid added
bodies had slightly increasing agglomerated sites in the structure (relatively more
homogeneous packing) with higher solids content. Besides, ascorbic acid added
bodies had the advantage of starting from high green densities. At the end, bodies
could be easily sintered to densities around 90% in shorter times and pore-generating

agglomeration was not operative too much.

Apart from these, the lowest sintered density in ascorbic acid study obtained at solids
content of 0.30. Despite the fact that it did not have the lowest green density. This
observation could be attributed to the increase in the agglomeration in the particle
packing structure while the green density could only be increased slightly. In
summary, advantage acquired from higher green density could not be utilized in this
solids content since the agglomeration produced new pores during sintering. However,
remarkable increase in green density at 0.40 solids content and poreless structure
compensated the agglomerations in packing structure. Yet, it should be noted that the
sintered densities were not significantly different over the solids content studied (91%
+2) to conclude that there was a meaningful and significant difference and all these
values were significantly high when compared to the studies in the literature. Sintered
density of bodies at 0.40 solids content was one of the highest final density achieved

with such a straightforward process and conventional sintering without aids.
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Figure 5.4. Effect of solids content on the sintered densities at 1 wt.% ascorbic acid concentration.

Table 5.2. Effect of solids content on average grain sizes

Parameters Intercept Length
[Solids content] (um)
0.20 0.82
0.30 0.85
0.40 0.91
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Figure 5.5. Microstructures of sintered bodies having (a) 0.20, (b) 0.30, (c) 0.40 solids content

respectively
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As expected from similarity of the sintered densities, microstructures of the sintered
bodies were similar and almost poreless. However, the grain sizes were measured
different. It was obtained that average grain size slightly increased with higher solids
contents from 0.82 um to 0.85 um and 0.91 um when the solids content was increased
from 0.20 to 0.30 and 0.40, respectively. As it was reported in the literature that the
agglomerated structure and disrupted homogeneity of particle packing led to grain
coarsening, it could be concluded from the widening in the error margin and the grain
coarsening with increasing solids content that agglomeration and inhomogenity in the
particle packing structure is the reason of these results. Yet, relatively more
homogeneous and poreless structure of ascorbic acid added bodies, compared to

fructose and NaCl added bodies, resulted in sub-micron sized grain boundaries.

Overall, it can be concluded that with addition of 1 wt.% ascorbic acid, alumina
nanopowders were homogeneously dispersed and closely packed, leading to high

density end product without using any complex process.
5.3. Effect of Seeding on Sintering Behaviour

In order to further increase the final density, effect of sintering aid, a-Al2O3 seeds, on
final density was studied. In order to obtain the higher end product density, the
suspensions with solids loading of 0.20 was used. Fig.5.6 shows the effect of sub-
micron sized a-Al203 seed addition. As seen in this figure, with addition of seed, the
green densities could be increased to 98% and 99% with addition of 3 wt.% and 5
wt.%
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Figure 5.6. Effect of seeding and its amount on sintered densities.

In consistency with the results discussed and given before, grain coarsening was
obtained even in micrographs since the agglomeration and non-homogeneous packing

may cause grain coarsening with increasing seed amounts.
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Figure 5.7. Effect of seeding and its amount on the microstructure of seeding samples having solids
content of 0.20. (a) 0 wt.%, (b) 3 wt.%, (c) 5 wt.% of seed powders.
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Table 5.3. Effect of seed amount on grain size of sintered bodies constantly at 0.20 solids content

Parameters Intercept Length
[Amount of Seed (wt.%)] (um)
0 0.82
3 1.61
5 2.60

Microstructures of the sintered bodies after sintering and average grain sizes is given
in the Fig.5.7. and Table 5.3. Significant grain coarsening with addition of seed, as
expected. The grain size was increased from 0.82 um to 1.61 pum at seed amount of 3
wt.% and it was increased more than 3-fold at 5 wt.% (2.60 um). Similarly, with
combined effect (Fig.4.12), observation of increasing in irregularity of the shape of
grains should also be noted.
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CHAPTER 6

CONCLUSIONS

Production of pore-free, high density advanced ceramics from nanopowders is a
challenge because of the unexpectedly high viscosities of their suspensions and
resulting inhomogeneous and loose packing of powders. This thesis aimed to unveil
the relation between the rheological behavior and packing structure of nanopowders
in order to obtain high density advanced ceramics via conventional techniques. As a
result of literature review, two of the most effective dispersants were chosen and their
effects on the rheological behavior of suspensions, particle packing, and densities of

green and sintered bodies were studied.

In the first approach, fructose and NaCl were used as additives in order to control
hydration and electric double layers formed around alumina nanopowders. It was
revealed that the interparticle spacing between nanopowders were significantly small
compared to the sub-micron size powder suspensions, and the additions of fructose
and NaCl could effectively adjust the hydration and electric double layer thickness,
respectively, and free up more space for particle movement. The Fank and Dinger’s
model for IPS calculations were modified for aqueous suspensions of nanopowders
(IPSaq), and the resulting model could successfully explain the rheological and

particle packing behavior for nanopowder suspensions.

As a result of IPSaq optimization with fructose and NaCl additions, the relative green
body density as high as 52.7% was obtained when suspensions with solids content of
0.20 was used. Efficient packing of particles with homogeneous dispersions in green
body could be obtained. As a result, the relative sintered densities as high as 92.7%
could be achieved. The average grain size was about 1.3 um. These densities are one
of the highest end-product density obtained for nanopowder systems reported in open
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literature, and are particularly interesting as they are obtained through a

straightforward process and conventional sintering without using any sintering aids.

In order to further increase the final densities, a-Al203 was used as a sintering aid for
the samples prepared from suspensions with solids loading of 0.20. By this way, the
relative sintered density increased to 99%, but the average grain size also increased to

2.2 yum.

When solids content increased to 0.40, the green density decreased to 46.5% and large
interconnected pores were observed. Enlarging the IPSaq with shrinkage of electric
double layer, the green density could be increased to 52.3% and large pores can be
eliminated. However, when sintered, the relative density of 76.2% was obtained. The
lower value of the sintered density explained with the high number of agglomeration
sites placed in large pores. As a result of inhomogeneous packing, the average grain
size increased to 1.5 um. The results showed that the high green density does not

always lead to high sintered densities.

In the second approach, ascorbic acid was used as an additive. Ascorbic acid addition
reduced the viscosity of suspensions with solids loading between 0.20 and 0.40. The
relative green densities of slip cast bodies obtained from these suspensions almost
linearly increased with increasing solids content, and reached to 58% at solids loading
of 0.40. Homogeneously distributed particles was observed in green body structure.
When sintered, the relative densities as high as 90% were observed for all solids
content unlike the first approach. The grains in sintered bodies were below 1 pum
(about 0.8 um) for all structures, indicating that the use of ascorbic acid led to better
dispersed suspensions and resulted in more closely packed green bodies when

compared to the first approach.

a-Al203 seed addition into the suspensions with solids loading of 0.20 and 1 wt%
ascorbic acid addition resulted in final density of 99%. Yet, excessive grain coarsening

also observed in the second approach and average grain size of 2.6 um is reported.
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For applications requiring high solids content, such as robocasting, use of ascorbic
acid can be suggested. Such an application is expected to be one of the first examples
in open literature where a highly loaded feedstock is prepared solely from

nanopowders.
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