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ABSTRACT

INVESTIGATION OF THE RHEOLOGICAL BEHAVIOUR OF
NANOSUSPENSIONS

The rheology of concentrated calcium carbonataniat, silica, alumina and
zirconia suspensions of submicron/nanosized pestich non-agqueous media was
investigated. Calcium carbonate and silica padiclere synthesized by carbonation
route and Stéber method respectively while titaalamina and zirconia powders were
obtained commercially. Suspensions of the ball edillnatural calcium carbonate
powders were also prepared. The dispersion of thesglers especially at high solids
loadings was observed to be difficult. The visgosif the 45 vol% suspensions of
precipitated CaC@ particles increased about 21 times at a shear a#00 set
relative to its initial value indicating shear-tk@éning behaviour.

The onset of shear thickening was at 20, 30 andod®% for three different
commercial titania powder suspensions. The onsethefr thickening was at lower
solids volume contents and the increase in visgosith shear rate was far less
dramatic for the titania suspensions with polydispd particle size distributions. The
critical shear rate was 187 Sefor silica suspensions at 47 vol% with a discamtins
jump in viscosity. Rheological data at higher shedes was not obtained due to the
torgue limitations of the rheometer.

The critical shear rate of the polydispersed alanpowder suspensions were
higher than their relatively monodispersed courstggd The highest solids loading
achieved in alumina based suspensions was 62 vol%.

The dynamic shear rheology measurements showedhbasolid part of the
silica suspension was becoming more dominant dweefiquid part as the solid content
was increased. The volume fraction dependenceedhithh shear viscosity was fitted to
a modified Krieger-Dougherty model for titania asitica suspensions. The fit of the
rheological data to the Power law and to a modifiedsion of Cross model were

analysed.



OZET

NANOSUSPANSYONLARIN REOLOJK DAVRANI SLARININ
INCELENMES

Mikronalti/nanoboyutlu kalsiyum karbonat, titanliks, alimina ve zirkonya
tozlarinin organik bazh ygun stspansiyonlarinin reolojisi incelentimi Kalsiyum
karbonat parcaciklar kirecin karbondioksit gazigtikeltiimesiyle, silika parcaciklari
ise StOber metodu ile sentezlewtini Titan, alimina ve zirkonya tozlari da ticari
firmalardan sglanmstir. Bilyall desirmende @utilen dgal kalsiyum karbonat
tozlarinin reolojik davraslari incelenmtir. Ogutulmis bu tozlarin 6zellikle yiksek
kati hacimsel iceriklerinde sivi ortamda gdani kolay olmamgtir. Cokeltilerek
sentezlenen kalsiyum karbonat parcaciklarinin Kadcimsel icegii %45 olan
stispansiyonlari kayma hizi 406y kadar cikarilinca viskozitesi ilk gerinin 21 kati
artarak kayma hiziyla kalirgan akgkan davrary gostermgtir.

Cessitli titan stuspansiyonlarinda kayma kalgrtea bglangici 20, 30 ve %401k
kati hacimlerinde gorulmtir. Farkli boyutta parcacik géumlarina sahip olan titan
suspansiyonlarinda kayma kalgrtaa davrary baglangici daha diilk kati hacimlerinde
gerceklgmistir ve viskozite artl 6nemli dlciide daha az gorulgtiir. Hacimsel olarak
%47 kati iceren silika suspansiyonlarinin kritikylke hizi 187 $dir. Bu kayma
hizinda viskozitede ani bir yukselme goruktili. Reometre cihazinin tork
limitlerinden dolay! yuksek kayma hizlarinda vdrnamamgtir.

Parcacik dalimlari coklu olan alimina stispansiyonlarindaktikrkayma hizi
tekil dagihmli olanlarina nazaran daha yikselgeiderde gozlemlenngiir. En yiksek
katl hacmi %62 olarak aliimina bazli sispansiyotal@otrialmigttr.

Dinamik kayma reolojisi dlctimleri silika sispar@marinda kati kisminin sivi
kismina gore daha baskin ogdunu gosternsiir. Titan ve silika dgilimlarinda modifiye
edilmis Krieger-Dougherty modeli ile maksimum cikilabil&ckati parcacik icerikleri
hesaplanmgtir. Reolojik verilerin gu¢ kanunu yasasi ve moghfi edilmg Cross

modeline uygunluklari analiz edilgtir.
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CHAPTER 1

INTRODUCTION

The interest towards suspension rheology has besaasing over the last few
decades. The development of suitable tools to stimty complex and variable
microstructure of flowing dispersions as well as ¢filowing popularity of nanoparticles
and nanocomposites have contributed significamtlyhe current rheological research.
The suspension and nanoparticle dispersion rhediagg been investigated by various
scientific disciplines each of which brings distimewpoints and methods towards a
better suspension behaviour understanding. The lesxmgheological behaviour of
suspensions is strongly affected by the naturehef micro/nanostructure and the
interparticle forces by which it is controlled (Msnand Wagner, 2009).

Many industrially important processes depend onfline of fluids containing
particulates. Minerals processing and tailings assph the forming of ceramic
components, pumping of coal-water mixtures, comecr&ructure construction and
pharmaceutical production are some of these presesShear thickening is the
phenomena in which the viscosity of the suspensioreases with increasing shear rate
which is usually undesirable in industry. A fundartal understanding of the process
of shear thickening of particulate suspensions prayide clues for a strategy towards
minimization of the problems in industry (Franksakét 2000; Barnes, 1989)

“Smart Fluids” is a generic term for any particikefl, fluid-based suspension
that changes its consistency in a magnetic, etecthiear or light-field. They sense and
respond to the environment. Smart fluids can besdiad as shear thickening fluids,
electro-rheological fluids, magneto-rheological aploto-rheological fluids. Shear-
thickening fluids (STFs) which are a sub-group ofagt fluids certainly spark the
curiosity of scientists, especially in damping ameérgy-absorption applications. Shear
thickening fluids are used in drilling to protectvall from blow outs and they are also
used as flexible-body armour which would solidifythe point of a ballistic impact
causing resistance to rupture. STFs can functioraninenergy or communication

transmission cable to provide enhanced protecti@mnat externally applied forces like



damage or puncture from a shovel. Researchersdisw@xplored the STFs response in
sporting equipment and automotive applicationshsag skis and tennis rackets that
efficiently dissipate vibrations without losingfitiess. STFs embedded in a passenger
compartment liner can be designed to protect pgessiin a car accident (Wagner and
Brady, 2009).

The purpose of this thesis was to prepare condedtsaspensions of carbonate
and oxide submicron/nano particles dispersed in-atpreous media for energy-
absorption applications, investigate their rheatabbehaviour and analyse the fit of the

data to various shear-thickening fluid models.



CHAPTER 2

RHEOLOGICAL BEHAVIOUR OF COLLOIDAL

SUSPENSIONS

2.1. Shear Thinning

Shear-thinning behaviour is very common in polyse@utions, polymer melts,

paints, glues, as well as toiletry products. Theseerials may exhibit three distinct

flow regions as seen in Figure 2.1. The limitinga@nt viscosity at zero shear raig) (

stays constant with respect to shear rate in thierldNewtonian region. The apparent

viscosity f)) decreases with shear rate in the middle regioergtithe power law
equation is a suitable model. The slope of the eumhich is called the limiting
viscosity at infinite shear rate){) is constant with changing shear rates in the uppe
Newtonian region (Barnes, 1989).

Shear Stress, Pa

H
’ Lower Region

Viscosity, 7 (log scale)

Shear Rate, 1/s

Shear rate. ¥ % (Log scale)

Figure 2.1. Rheogram of idealized shear-thinnireg@oloplastic) behaviour

(Source: Steffe, 1996).

The schematic representation of suspensions aanestlowing through a tube
iIs shown in Figure 2.2 (Schramm, 199&articles in whisker like morphology

suspended in a liquid align lengthwise in the dicgcof the flow with increasing shear
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rates. Chain-type molecules in a melt or in a smiutan disentangle, stretch and orient
themselves parallel to the flow direction. Partide molecular alignments allow
particles and molecules to slip past each otheemasily. Sphere-shaped particles may
be deformed to a “Rugby or American Football baliape becoming smaller in
diameter but longer. Elastically deformable corplec cells with a coin-like shape
such as red blood cells suspended in plasma magdbmped to long thimbles with
reduced diameters causing an easier passage thsowajhblood vessels and a higher
flow rate. Shear can also induce irregular lumpaggregated primary filler particles to
break up and this can help a suspension with brakefiller aggregates to flow faster
at a given shear stress.

The shear-thinning effect is often reversible watdme time lag for most of the
fluids. The liquids regain their original high vasity when the applied shear stress is
decreased or finally removed. The chain-type madéscteturn to their natural state of
non-orientation, deformed droplets return to tleeiginal ball-shape and the aggregates

reform due to Brownian motion (Schramm, 1998).

1. Liquids at rest
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Figure 2.2. Dispersions at rest and flowing throaghbe
(Source: Schramm, 1998)

The stripping of solvent layers from dissolved neoles or particle surfaces and
the reduction of the intermolecular interactionasiag resistance to flow is reported to
be another possible explanation for the shear-thgnbehaviour of a suspension in the

rheological literature (Schramm, 1998).



2.2. Shear Thickening

Shear-thickening is specific to non-Newtonian fuidnd implies that the
viscosity of a fluid increases with increasing shedie. This phenomenon although the
increase can be gradual finally leads to a disnantis jump in the viscosity. All kinds
of suspensions of solid particles in a fluid shéws phenomenon (Wagner and Brady,
2009). The viscosity of a shear-thickening suspmnss dependent on the degree of
shear stress. The flow curve has an increasingesdmln increases with increasing
shear stress as seen in Figure 2.3. This behaigcalmost immediately reversible in

suspensions. The viscosity instantly decrease@s as the shear rate is decreased
(Barnes, 1989).

Time-Independeant Fluids
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= \ ~a— Shear-Thickening 2
=% il
g

/ T Shear-Thinning

Mewtonian e

Shear Rate, 1/s

Shear Rate, 1/s
Figure 2.3. Apparent viscosity and flow curvestigical time-independent fluids

(Source: Steffe, 1996).

Dispersions with a high concentration of solidspofymers; such as ceramic
suspensions, starch dispersions, plastisol pasids iGsufficient softener content) are
examples of shear-thickening fluids (Mezger, 2002).

Shear thickening materials are much less commonindustrial practice
compared to shear-thinning materials. Shear-thickerbehaviour is desirable for
special applications on the other hand and is thereencouraged in these cases. It is

usually undesirable and should never be ignoreduse this can lead to enormous
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technical problems and in some cases destructi@yoijpment, e.g. pumps or stirrers
(Mezger, 2002).

Shear-thickening systems usually have a high mmitefiviscosity at zero shear
rate. Pseudoplastic liquids have a defined visgdgif) independent of shear rate which
is called the “zero shear viscosity” and they behsimilar to Newtonian liquids at very
low shear rates (Schramm, 1998he viscosity §) of a suspension of hard spheres can
be predicted by Einstein’s formula at very low vk fractions ©<0.03), wherens is

the viscosity of the pure liquid:

n=ns1+2.5¢) (2.1)

Einstein calculated this formula from the viscoussgbation produced by the
flow around a single sphere. Therefore, Einstefarsnula as seen in Equation2.1 is
merely valid for the suspensions at low solids eot# so that the flow field around one
sphere is not considerably influenced by neighlspineres (Larson, 1999).

The viscosity decreases with increasing shear attiow shear rates. The
viscosity starts to increase above a critical valishear ratg,. (Barnes, 1989). Shear-
thickening behaviour is not observed sometimesssnkegher shear rates are applied,
e.g. aty>1000 se¢ for highly concentrated dispersions. The viscosityve of a
suspension is presented in Figure 2.4. which dyspsnear-thinning behaviour up to
medium shear rates and then shows a “dilatant petakigh shear rates (Mezger, 2002).
The fracture of the sample occurs or the viscdségins to decrease after this shear-

thickening region.

Tog m

log ‘5‘

Figure 2.4. The schematic representation of visgegirsus shear rate for shear
thickening systems at different solids contentau(8e: Barnes, 1989).



Shear thickening behaviour was extensively usedefme a “well-behaved”
rise in viscosity with increasing shear rate uktdffman (1972) reported that highly
concentrated suspensions of monodispersed pariinteeed exhibit a discontinuous
jump in viscosity at some critical shear rate. Hah observed that monodispersed
suspensions under shear display diffraction patewnhich change with the onset of
shear thickening. He was able to show that laydrpanticles, packed in a two
dimensional hexagonal packing at low rates of sha@ak up into less ordered arrays
in the region of shear thickening by using thestepas. Each layer of particles is
parallel to surfaces of constant shear, and ore @ixihe packing always points in the
direction of flow in most viscometric flows. Hoffmasuggested that instability in flow
caused the particles to break out of their orddéagdrs at some critical level of shear
stress and jam into one another, thereby causiisg an viscosity with the help of these
deductions (Hoffman 1998).

The Hoffman’s order-to-disorder transition theoeads to a more ‘fluid-like’
state when shear thickening occurs. At sufficieritlgh shear rates the structures
deteriorate because some of the particles are guslteof the layered sheets or strings
due to hydrodynamic instabilities and interact msr@ngly with particles in adjacent
layers. In this scenario the flow becomes lessciefit and the viscosity begins to
increase without increase in the volume of the snsjon.

Brady and co-workers simulated the flow behavidurancentrated suspensions
by Stokesian dynamics. Investigating moderate tenbarge stabilized suspensions by
this approach, Brady and Bossis (1985, 1988) fothad the model predicts shear
thickening without layering, and the cause of shiba&kening appears to be cluster
formation. These clusters are composed of compaetpg of particles formed when
shear forces drive particles into close contactdédnthese conditions, short range
lubrication forces cause the increase in viscosity increasing shear as the clusters
become larger and larger. This explanation for shigakening dates back to Kruyt
(1952). Bossis and Brady (1989) and Phung and B(a€92) obtained similar results
when modelling the behaviour of hard-sphere suspesgHoffman, 1998).

The parameters that control shear-thickening belavare the particle size
distribution, phase volume, particle shape, int&vac with other particles, the

continuous phase viscosity, type of deformationeeigmced by the particles of the



suspension (shear or extention, steady or unstefidy) field rate and deformation
time (Barnes, 1989).

The shear-thickening initiation was reported tcab@und 50% solids content by
volume in the pioneering research papers. The teféécsolids volume content is
presented in Figure 2.5. The critical shear ratere/the onset of shear thickening is
observed increases rapidly if the solids volumetexnis much less than 50%. If the
phase volume content is significantly greater th@#o the critical shear rate decreases
rapidly.

Dimensional analysis implies that for a given vabie®, all monodisperse hard-
sphere suspensions ought to show an onset of 8ftiekening at a universal value of
the Peclet number Pe, or reduced stoesS hus, the critical shear rajge for shear-
thickening ought to be proportional to the invecske of the particle radiug, < a=3.

A compilation of data for a wide range of sterigabir electrostatically stabilized
suspensions of spheres with diameters from 0.0BO pum show a scaling law that
deviates somewhat from thig/(x a~2) (Barnes 1989). A plot of the onset of shear
thickening with particle size for systems with ampoal particle phase volume content
of 50% in Figure 2.6. As the particle size decreasige critical shear value increases
(Hoffman, 1998). The systematic deviation from #ected scaling law probably
arises from deviations from a hard-sphere repulpmential; since “softness” caused
by electrostatic charges or deformability of theriststabilizing layer is generally more
important for small particles than large ones, @at®n toward a weaker power law
should be expected (Larson, 1999).

Broadening of a continuous patrticle size distribmitalso increase®y,. This in
turn increases the critical shear ratg.(The dispersions of polydispersed particles will
exhibit a pronounced shear thickening under appdieelss. The increase in viscosity
with shear will be far less dramatic than with mdisperse particles (Hoffman, 1998).

Clarke’s study of shape showed that it can profbumafluence the flow of
large particle size suspensions with rods havigeater effect than plates as seen in
Figure 2.7. It is difficult to draw any quantitagivonclusions from his work because he

did not study the effect over a wide range of ssbepe, phase volume, and shear-rate.



Figure 2.5. The dependence of the critical shdarfoa the onset of shear thickening as
a function of phase volume content of the dispem®e (Source: Barnes,
1989).
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Figure 2.6. Effect of particle size on the critisakar rate at which shear thickening is
initiated (Source: Hoffman, 1998).
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Figure 2.7. The effect of shape on shear thickefon@=0.2
(Source: Barnes, 1989).

2.3. Viscoelasticity

Many materials can be readily classified as sotidg$luids, exhibiting elastic
and viscous behaviour, respectively. The decistmyuawhether a material is a solid or
a liquid should be given after observations coneldiciver time. Lead which is used as a
roofing material for churches in the past can hemgias an example. Lead is a metallic
solid; however, it has some fluid-like propertiexlawill creep and flow under its own
weight, which happens slowly over many years. ibaf is pitched too steeply, it could
even slip completely off eventually. The timescafehe measurement relative to the
characteristic time of the material should be takato consideration when a
classification of materials is done. The ratio loéde times is given by the Deborah

number in the Equation 2.2:

D, =stress relaxation time / observation time (2.2)

The material behaviour can be classified into thcagéegories by Deborah
number: De >>1 for solid-like materiald).~ 0(1) for viscoelastic materials abd <<1

for liquid-like materials. The material displays tboviscous and elastic behaviour
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(viscoelastic) when the Deborah number is of theeowof 1 (Goodwin and Hughes,
2000).

When a viscoelastic material is placed under |tiael deformation is composed
of two portions: the first part occurs immediatatyd the second part occurs only after a
certain time delay. After the load has been rempwsther a delayed partial or a
delayed complete reformation takes place (Mezd#2p In linear viscoelastic region
the ratio of maximum stress to the maximum straindnstant. This behaviour will be
observed when the stress is applied to a Hookeangspr a dashpot containing
Newtonian oil. Hookean deformation behaviour isnfally described using Hooke’s

law:

oc=G.y (2.3)

The constant of proportionality is the shear vigydsa the constitutive equation as seen

in Equation 2.4.

o=ny (2.4)

There are two simple arrangements that these maaelsbe combined: in series or
parallel. Maxwell and Kelvin models are obtainedpectively when they are placed in
series and parallel. If a stress is applied taotirallel elements of a Kelvin model, both
elements will respond. Thus a linear addition @& #tresses describes the constitutive

Equation 2.5:

o=Gy+ny (2.5)

For a Maxwell model it is the strain rates thaeany add:

(2.6)

BN

Both of these models display contributions fromvtseosity and elasticity, and so both
show viscoelastic behaviour.

The basic principle of an oscillatory rheometetasnduce a sinusoidal shear
deformation in the sample and measure the resuiness response; the time scale
probed is determined by the frequency of oscilta{o) of the shear deformation. The

11



sample is placed between two plates, as showngur&i2.8(a) in a typical experiment.
While the top plate remains stationary, a motoatex the bottom plate, thereby impos-
ing a time dependent straift)=y -sin@t) on the sample. Simultaneously, the time
dependent stress(t) is quantified by measuring the torque thatsheple imposes on

the top plate.

Elastic solid

(a) (b)

Strain
Measure stress response
Stress [, P e

I g \_J:_/

Viscous fluid §=0

Strain

=y

Apply strain deformation

Strain

Stress

Figure 2.8. (a) Schematic representation of a &pleeometry setup, with the sample
placed between two plates. (b) Schematic reprets@mtaf stress response
to oscillatory strain deformation for an elastitigoa viscous fluid and a
viscoelastic material (Source: Weitz et al., 2007).

The main differences between materials can be ledd®y measuring the time
dependent stress response at a single frequerstyoasm schematically in Figure 2.8(b).
If the material is an ideal elastic solid, then slaenple stress is proportional to the strain
deformation, and the proportionality constant is shhear modulus of the material. The
stress is always absolutely in phase with the agpinusoidal strain deformation. In
contrast, the stress in the sample is proportitm#ie rate of strain deformation, where
the proportionality constant is the viscosity ot thuid if the material is a purely
viscous fluid. The applied strain and the measstesks are out of phase, with a phase
angledé=n/2, as shown in the center graph in Figure 2.8(b).

Viscoelastic materials show a response that canthath in-phase and out-of-phase
contributions, as shown in the bottom graph of Feg2.8b); these contributions reveal the
extents of solid-like (red line) and liquid-likel(ie dotted line) behavior. As a consequence, the

total stress response (purple line) shows a phhse & with respect to the applied strain

deformation that lies between that of solids agditls, 08<n/2. The viscoelastic behaviour of

the system ai is characterised by the storage moduG%p), and the loss modulu§” (),
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which respectively characterise the solid-like #odl-like contributions to the measured stress
response. For a sinusoidal strain deformatiqt)=y O sin(ot), the stress response of a visco-
elastic material is given by(t)= G'(o)yosin(ot)+ G"(w)yocos(ot).

In a typical rheological experimer®/(o) andG”(w) are desired to be measured.
The measurements are made as a function because the solid-like or liquid-like
property of a soft material depends on the timéesatawhich it is deformed. The plot of
G'(0) andG"(w) for a suspension of hydrogel particles is a tgbexample displayed in
Figure 2.9a) (Weitz et al., 2007). The response is visctkes-ht the lowest accessible
frequencies, with a loss modulus that is much latigen the storage modulus while the

storage modulus dominates the response at thedtiffequencies, indicating solid-like

behaviour.
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Figure 2.9. Frequency dependence of G’ and G” (fBor a suspension of hydrogel
particles and (b) for the elastomer blend Furtheasarements of DC-
9040: (c) Strain dependence of G and G”, (d) Qansrate
measurements at strain rates 0.002', (s02 &, 0.45 §and 10 &, (e)
master curve of constant-rate measurements tha¢ wealed both in
magnitude and frequency (Source: Weitz et al., 2007
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2.4. Rheological Models of Shear-Thickening Fluids

2.4.1. Ostwald / de Waele (Power Law)

For substances which show a negligible yield valig— 0) but a varying

differential viscosity, it is often possible to repent the behaviour by a power law
relation known as the Ostwald-de Waele model. Tégeddence of shear stress, Syon

is represented by Equation 2.7.
S = Ky™ (2.7)

where S refers to shear stress and K and n aempeical parameters.

Tl_—l
m(l2y) = K|y
T = K|12,T/|(Tl—1)/2],/

In steady, unidirectional shear flojs ;, |= 2, and the constitutive equation is reduced

to
7 = (Ky™ Dy = Kyi" (2.10)
with the apparent viscosity given by Equation 2.11
n=Ky"1 (2.11)

The viscosity index n is less than one in sheardihg fluids, also called
pseudoplastic fluids; whereas, it is greater thamia shear thickening or dilatant fluids.
K, the consistency, is the value of the shear stvéiseny_ =1. The model becomes
identical to Newton’s model when the viscosity inde equal to one. The power-law
model is widely used for medium range of shearstalie processes covering a wide
range of shear rates the model is unable to coaviergteady-state values at the limits
(Hunter, 2001; Peker and Helvaci, 2008).
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2.4.2. Modified Cross-Model for Shear-Thickening Rlids

Galindo-Rosales et al. proposed a viscosity functior shear thickening
behaviour able to cover the three regions charatiteof the general viscosity curve
exhibited by shear thickening fluids. The proposedosity function could be used, for
instance, to perform numerical simulations of syefldws involving STFs together
with the Generalized Newtonian Fluid constitutivguation (Galindo-Rosales et al.,
2011).

A Generalized Newtonian Fluid (GNF) is an idealizedompressible fluid,
whose viscosity is a function of the instantaneshesar rate, but not dependent upon the
history of deformation. GNF constitutive equatiandeveloped from the Newtonian
constitutive equation for incompressible fluidsegsEquation 2.11) However the

viscosity is not constant in this case, so the BEqu&.11 becomes Equation 2.12.

(2.11)

el
<

=u

T=n()Y (2.12)

In Equation 2.87 is the shear stress tensgr= Vv + (VW1 is the shear rate tensor,
n(¥) is a scalar function, ang= |y| = + /117/2. The GNF constitutive equation is

also quite general, since the functional forrm6f) can be adapted to fit the specific
non-Newtonian behaviour of the system under study.

The non-newtonian behaviour can simply be analysédree different regions.
A slight shear thinning behaviour up to a critichlear rate exists in zone I, shear
thickening takes place betweeny and a higher critical valug,ax where the apparent
viscosity takes its maximum value in zone Il anthfiy zone Il is characterised by a
steep shear thinning behaviour for valuesyot ymax Therefore, a simple way of
building a function valid for the whole viscosityree of a shear thickening fluid
consists in using a piecewise definition, taking three different regions into account

separately. Thus, the function can be stated &sifsl

15



m@y) fory <vyc
n =91 @) foryc <y <Vmax (2.13)
Nu(¥) for Vimax <V
wheren;(y) is the viscosity function that fits the zone bétgeneral viscosity curve (i
representing zones |, Il,and Ill). The functiop&) following the model of Cross was

developed as:

N0 =1+ Lo 12)
. No—Tc . .
= + i <
( nl(]/) nC 1+[K1(7./2/(1/_‘}.’C))] 1 fOT ]/ ]/C
g Nc—Nmax . . .
/ = = + T < S
77(}/) 4 Ui (V) Nmax 1+[KII((Y—YC)/(V—Vmax))V] 11 fOT' Yc Y Ymax (215)

Nmax
K (V_Vmax)]nm

77111()'/) = 1+ f07" Ymax <V

2.5. Recent Studies on the Rheological Behaviour Gblloidal
Suspensions

A viscosity function for shear thickening fluidsshbeen proposed by Galindo-
Rosales et al. (2011). It is convenient to use tmislel both in numerical simulations
and curve-fitting procedure, because it has a wooatis derivative. The three
characteristic regions present in the typical éggocurves of shear thickening fluids
can be represented by the function that they hawposed. Moreover, it also
contemplates other particular cases where oneeotliear thinning regions is absent.
The accuracy and robustness of the fitting seente toontrolled by the quality of the
experimental data set, and does not depend orathesrof the fluid.

Bergstrom (1998) studied the steady shear progeofiehe concentrated stable
colloidal suspensions of ceramic powders and wingske his study the non-aqueous
powder suspensions all displayed a shear thinngtgiour, which was modelled by
the high shear form of the Cross equation. Alsovitleme fraction dependence of the
high shear viscosity was fitted to a modified Keed@ougherty model.

Chadwick et al. (2002) investigated the rheologmalperties of dispersions of

particles of uncoated commercial anatase in etlylgiycol. The samples exhibited
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shear thickening behaviour betwe®r0.30-0.33. Theb,,,« was found as 0.6, through
adaptation of the Krieger—Dougherty equation angliegtion of viscosity data.

The rheological behaviour of titanium dioxide (kelti suspensions has been
investigated under steady shear conditions in a@etudy the influence of dispersed
phase content by Zupancic et al. (1997). The oofsehear thickening behaviour was
observed in the highest shear stress region atssetilume fraction higher than 0.20. A
satisfactory fitting of both shear-thinning and ahthickening behaviour is given for
those suspensions examined by modified versioniseoKrieger- Dougherty and Cross
equations.

Morris et al. (1999) showed that the rheologicalparties of aqueous coated
titania pigment suspensions were strongly affebe@H and chemical surface coating
composition and the suspensions exhibited sheanitig behaviour.

Wagner et al. (2003) reported the ballistic peat&in performance of a
composite material composed of woven Kevlar falmpregnated with a colloidal
shear thickening fluid (silica particles (450 nngpkrsed in ethylene glycol which were
synthesized by Stober method. The results demdedte significant enhancement in
ballistic penetration resistance due to the additibshear thickening fluid to the fabric,
without any loss in material flexibility. Then Wagnet al. (2007) also used PMMA
particles, which were softer than silica partickesd the shear-thickening fluid was
applied to the Kevlar fabric for energy absorptiests. The PMMA-STF exhibited a
post-thickening behaviour different from the silgahere suspensions.

Galindo-Rosales et al. (2009) have investigated rti@mlogical behaviour of
fumed-silica in polypropylene glycol of two differe molecular weights. They have
prepared 10% (w/w) nonflocculated colloidal susjpmms which exhibited reversible-
shear-thickening

Rangari et al. (2010) have prepared shear thicgerfinids of silica
nanoparticles (15 and 200 nm) in PEGhigh intensity ultrasonic irradiaticior liquid
body armor applications. The weight fractions Bfdhd 200 nm silica particles were
38-55% and 40-52% respectively. They have repddbtthe onset of sheartickening
of 15 nm particles was lower than 200 nm particles.

Wagner et al. (2006) also have studRdeo-SANS investigations of particle
alignment in systems of dilute and concentrated¢udar particle PCC (precipitated
calcium carbonate)/PEG suspensions, which demaedtthat particle flow alignment
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under shear was clearly influenced by averagegbaispect ratio, particle loading, and
shear rate. The results supported a hydroclusperityechanism for shear thickening.
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CHAPTER 3

EXPERIMENTAL STUDY

3.1. Preparation of Calcium Carbonate Particles

The calcium carbonate particles were obtained hy dvfferent methods. First
one is the synthesis of Cag@articles by carbonation route. Secondly, the nahtu

CaCQ particles were grinded with zirconia beads.

3.1.1. CaCQ Synthesis by CQ Bubbling Method

The experimental setup for the synthesis of Ca@&ticles is shown in Figure
3.1. To begin with a ceramic gas diffuser was preghan order to diffuse COgas
bubbles into the reaction solution. Alumina andncstarch were added into water. The
corn starch was used as a pore maker. The volatites rof alumina, corn starch and
water were 42 : 20 : 38 respectively. Dispersaptidpalat) was used to obtain a well-
dispersed suspension. Then this suspension wagsgmio the cylinders which were
made from paper. After waiting for one night fottileg the water in the suspension
evaporate, the cylinders were put into oven (CadoRHF1600). Initially the
temperature of the oven was increased incremeriglB°C up to 500°C in order to get
rid of the starch. Afterwards, it was raised to 3%2 and held on at that temperature for
two hours. Finally, it was cooled to room temperat{Gregorova and Pabst, 2007).

After preparing the ceramic gas diffuser, the slwi 1% (wt) slaked lime was
prepared in ultrapure water. After being filterdulough a 200-mesh sieve, the slurry
was stirred during one hour. Next, the fas was bubbled into the slurry at a flow rate
of 1 dn?/min. The reaction was carried out at room tempeeatThe reaction was
controlled by pH value of the medium. The reactwas stopped when the final pH
value of the suspension reached about 7. The paeipp CaC@ was centrifuged and
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rinsed with deionized water. It was further dried 20 °C for 8 hours in an oven (Wang
et al., 2006).

o
>

Conductivity

o
IFlowmeter

Ca(OH), o o .
slurr ol || eramic-
Y —> gas diffuser

Figure 3.1. Experimental setup for the carbonatigperiment.

3.1.1. Ballmilling of CaCGQ;

Retsch PM 100 ballmill was used fondimg natural CaC@particles in order

to reduce size. Two ballmilling processes were done

3.1.1.1. Balll

A slurry of 30% wt natural CaCG{ground calcium carbonate) particles were
prepared in deionized water. The total volume efdlurry was 150 ml. Then they were
ballmilled with zirconia beads with the size ofmzn (200 g) and 10 mm (98 g) during
5 hours at 650 rpm with an inverse rotation in le&w 5 minute intervals. Surfactant
was not used in this grinding experiment. The sasjp& was centrigued at 7000 rpm
and washed with ethanol. Next, it was left at 4bP@e etuve for one night for drying.
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3.1.1.2. Ball2

A slurry of 15% wt natural CaCO(ground calcium carbonate) particles in
deionized water was prepared. The total voluméhefsiurry was 150 ml. Darvan 811
(sodium polyacrylate) was used as a surfactantitsnconcentration was 2% wt. The
slurry was first ballmilled with zirconia beadstlithe size of 2 mm (200 g) and 10
mm (98 g) during 5 hours at 650 rpm with an invars&@tion in between 5 minute
intervals.. After ballmilling with 2 mm and 10 mnir@nia beads, it was changed with
the zirconia beads of 50 um and ballmilled for @niso The suspension was centrigued
at 7000 rpm and washed with deionized water ananelh Next, it was left at 40°C in
the etuve for one night for drying (Frances et 2004; Jang et al., 2009; Inam et al.,
2011).

3.2. Synthesis of Silica Particles

Silica spheres were synthesized by controlled Hydi® and condensation
reactions of Tetraethyl-orthosilicate (TEOS). Thenodisperse silica spheres in the
size range of 100-500 nm were prepared by Stolmeeps (Stober et al., 1968; Topuz,
2009)by changing the sol parameters including catatystlikoxide molar ratio as seen
in Table 3.2. The specifications of chemicals méitl for preparation of silica particles
are given in Table 3.1. Synthesis of monodispeisea sspheres was completed by
stirring 4 hours at room temperature in a pyrextieotThen the particles were recovered
by centrifuging and washed several times with demoh water and ethanol
respectively. Finally the powder was dried in etwat 313K. Before centrifuging, a
sample was taken and diluted for size analysisa&eer 3000HS). The size and the
shape of the spheres were examined by using SEMp@KL 30S, SFEG).

Table 3.1. Specifications of materials used inpseparation.

Materials Specifications
TEOS Si(OGHs), 98%, M=208.3, d=0.934 g/chiAldrich)
NH,OH 26% NH, M=35.05 , d=0.9 g/ch(Riedel)
Ethylalcohol GHsOH absolute, M=46.07, d=0.79 g/&iiMerck)
H,O Ultrapure
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Table 3.2. Synthesis Parameters employed for theapation of monodisperse silica

spheres.
Codes Size TEOS TEOS NH H.O EtOH Total
(nm) | concentration volume
SSs1 483 0.28 M 1 4.39 16.89 51.52 500
SS2 201 0.28 M 1 2.189 14.24 55.83 500
SS3 297 0.28 M 1 4.38 14.2y 54.82 500
SS4 140 0.28 M 1 1.11 14.18 57.11 100
SS5 120 0.28 M 1 1.12 15.96 50.89 100

SS (synthesized silica)

3.3. Specifications of Commercial TiQ, Al,O; and ZrO, Powders

The specifications of the commercial titania, aloaand zirconia powders used
in rheology measurements are given in Table 3.2 dénsities of titania powders of
rutile and anatase phases, alumina and zirconia ted&en as 4.2, 3.83 3.98 and 6.03

glcnt respectively in the calculations.

Table 3.3. The specifications of the commercial gers.

Code Trademark Phase
Commercial TiQ 1 Tiona RCL-535| Rutile
(CT1)

Commercial TiQ 2 Tiona 595 Rutile
(CT2)

Commercial TiQ 3 Hombitan LW | Anatase
(CT3)

Commercial TiQ 4 Horasan Rutile
(CT4)

Commercial AJOs 1 Alcoa alpha
(AL1) CT 3000 SG
Commercial AJO3 2 Sumitomo alpha
(AL2) AKP-50

Commercial Zr@ Tosoh TZ-3Y cubic
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3.4. Characterization Methods

The CaCQ, TiO, and SiQ powders were characterized by X-Ray diffraction
Analyzer (XRD-Philips Expert Pro), Scanning Eleatddicroscope (SEM-Philips XL-
30S FEG), ZetaSizer 3000 HSA (Malvern Instrumemtsrmal Gravimetric Analyzer,
(TGA- Shimadzu, TG-51) and FTIR spectroscopy (FBHD0S, Schimadzu Co.). The
rheological behaviors of the dispersions were datexd by using a rotational
rheometer (Haake Mars Il, Advanced rheometer System

The XRD patterns of the materials were measureddsat 20-80° of @ The
samples for SEM micrographs were prepared by dspethe material in ethanol by
using sonification. The dispersed material was pleoponto stamp and led to dry at
room temperature. The powders were diluted in eth#or particle size distributions
analysis in ZetaSizer. The dispersion was subjetiadtrasonic treatment for half of
hour and ultrasonic treatment was repeated if sacgsAll rheological measurements
were performed by using parallel plate measurerapparatus with a diameter of 35

mm and 1 mL of the dispersion was used for eackeraxent.

3.5. Rheological Methods

The rheological behaviour of the dispersions waerdened by steady shear
and dynamic shear rheology measurements. The nesasaots were done at 20°C and
repeated for three times. The average values eéttigee measurements were reported.
The suspensions of the powders were prepared bingnixith ethylene glycol and
surfactant if it is necessary in an agate mortarthis manuscript, static viscosity is
described as the viscosity calculated by steadg steasurement. The data points are
an average of viscosity measurements once steady bas been reached or the
maximum time has been exceeded which is determityedser. Dynamic viscosity
measurement is described as the measured visaosityich the data point is collected

regardless if the equilibrium is reached or not.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Synthesis, Characterization and Rheological Baviour of CaCO;

4.1.1. Synthesis of CaC@Particles

4.1.1.1. CQ-bubbling

Figure 4.1. The SEM micrographs of corn starch.

The SEM micrographs of corn-starch which was usetthé preparation of CO
gas diffuser are given in Figure 4.1. The cornc$tgnarticles are seemed to be bimodal.
The average size of the spherical granule of starapproximately 1@m.

The SEM micrographs show the starch-alumina diffaédter sintering process
in Figure 4.2. It is evident that the pore sizeesponds to approximately the size of the
starch granules. There also seems to be alumiideiseme pores as seen in Figure 4.2.

The XRD pattern of slaked lime which is the staytimaterial of CaCe@
precipitation is given in Figure 4.3. It has themsadiffraction pattern of standard

Ca(OH) whose published diffraction pattern number is B84 The main diffraction
24



peaks were located at 28.676, 34.101, 36.601, 4751798, 54.356, 62.606, 64.3, and
71.808 of D.

Figure 4.2. The SEM micrographs of ceramic gasidéf.

The FTIR bands of slaked lime are displayed in fagli4. The strong band at
3,643 cm* is related to the O—H bond. The intense and widedbat 1,427 cil
corresponds to C—O bonds from carbonate. The ba@d5acm® corresponds to Ca—O
bonds. The wide and strong band at around 500 coresponds to the Ca—O bonds
also (Galvan-Ruiz et al., 2009).

The TGA curve of slaked lime is given in Figure.4Skaked lime lost 22.4 % of
its weight when it is heated to 1000°C. The theéoaetveight loss of Ca(OH)Yo CaO is
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calculated as 24.32%. The degradation after 50@GfiChe attributed to 11% CagO

There exists 2% moisture.
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Figure 4.3. The XRD pattern of slaked lime.
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Figure 4.4. The FTIR spectra of slaked lime.
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Figure 4.5. The TG curve of slaked lime.

The SEM micrographs of slaked lime display that gt@pe of Ca(Ol,
particles is hexagonal as in Figure ¢

AceV  SpotMagn . D€t WD ¥ Blaar - : =
300kV 30 20000x TIERS3.9 & IYTEMAM 3 B =300k 3.0 5000)( TLDSQ |YTEMliM :

S S

Figure 4 6. The SEM mlcrographs of slaked |

One common method of generating calcium carbomsatierough the absorptic
and reaction of carbon dioxide with dissolved aattihydroxide in an agueous syste

This reaction produces calcium carbonate, whichahasich lower solubility than th
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of either of the precursor components and thusiptates out, usually in the form of

small particles. The following equations summatiee processaavolved (31).

CO, + Hy0 < HyCO5 (kp ~ 1.1 x 1073 L mol~'s~" at 25°C) (4.1)
CO,+O0H & HCO;  (kp~8x1073Lmol s tat 25°C) 4.2)
HCO3 +0H™ & C0%™ + H,0 (kp =~ 6x10° Lmol™1s™1) (4.3)
Ca(OH), & Ca?* + 20H" (4.4)
CO2~ + Ca®* & CaCos (4.5)

The hydration of dissolved GQo form weak carbonic acid is described in
Equation 4.1. The forward reaction rate for thsct®n at 25°C is reported as 8 X>10
mol* s. This is described as a slow reaction in pure wajiging an equivalent first-
order rate of 0.06 sédor CO, conversion, yielding low concentrations ofG0O; 0.1%
of dissolved CQ at equilibrium. The bicarbonate ion Hg@an be formed rapidly by
the direct reaction of COand OH at higher pH values, where there are significantly
more hydroxyl ions as shown by Equation 4.2. Thev&éod reaction rate for the
formation of the carbonate ion, shown by Equatic®) i in the order of 6 x2a_ mol™*
sec!, leading to rapid equilibrium times between thesioThe dissociation of calcium
hydroxide Ca(OHyinto C& ions and OHions is shown in Equation 4.4. In general this
system is strongly dissociating and the majorityhaf calcium can be assumed to be in
the form of C4&. This results in liquid that is a strong base ailll readily convert
dissolved CQ into bicarbonate and carbonate ions that can Isap@hct with the
calcium ions, to form calcium carbonate CaC@s illustrated in Equation 4.5. The
solubility of CaCQ in water at room temperature is very low at betw&® x10° and
1.4 x 10° kg/kg and readily precipitates out of the liquilfme particles. This removes
ions from the system and lowers both the pH andlgctivity of the solution. The slow
production of carbonic acid through the route shéwyrcquation 4.1, after the complete
conversion of the Ca(OR)will continue to reduce the pH of the liquid aredlissolve
some of the CaC§) although this mechanism typically takes minutad &r short

residence time processes it can be ignored
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Figure 4.7 The pH and conductivity change during Cé; synthesis reactio
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Figure 4.8. The SEM micrograph of sample takerHst1®.45 from the reaction slu
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Figure 4.10The SEM micrograph of sample taken at pH=11.52 ftloereaction sluri

The pH and conductivity change during Cé; synthesis is displayed in Figu
4.7. The process leaded to the accumulation ofxaess dissolveCa(OH) in the
growth medium by mainining constant C@flow rate when the pH and conductiv
curves remained constant. The drop of conductitye indicates the consumption

calcium species. The reaction was stopped whepHhheached 7
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Figure 4.12. The SEM micrograph of sample takgoHst7 from the reaction slur

The SEM micrographs display the morphology of thlmvgers prepared .
different pH values during the reaction in Figudes8 through 4.12. The formatic
period of needldike particles can be seen in the figur
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Figure 4.13. The XRD pattern of synthesized Ca@@ticles.

The XRD pattern of precipitated Cag@ given in Figure 4.13. The XRD
pattern shows that its typical peaks relate with ¢hlcite polymorph of CaGOThe
pattern is similar to standard XRD diffraction jeatt of calcite whose diffraction
pattern number is 86-0174. The main peaks weretddcat 23.058, 29.399, 31.422,
35.981, 39.417, 43.171, 47.492, 48.505 and 56.588.0

The Figure 4.14 shows the FTIR bands of precipitafaCQ particles. The
absorption peaks at 717 chrand 876 crt can be attributed to calcite. The thin and
intense band at 1795 chis also associated to the carbonate C=0O bonds.v&he
strong band at 1,444 cfis related to the carbonate C—O bonds (30).

The TGA curve of precipitated CaG@s given in Figure 4.15. Synthesized
CaCQ patrticles lost 45.914 % of its weight when it esated to 1000°C. The theoretical
weight loss of CaCgto CaO is 44%. The 1.91% difference can be duddofrieely
absorbed water onto the surface.
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Figure 4.14. The FT-IR spectra of synthesized Cagaiticles.
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Figure 4.15. The TGA curve of synthesized Ca@énrticles.
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4.1.1.2. Balimilling Process

/o - T — HV ([spot| WD |mag O det | HFW —— 1ym—
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Figure 4.16. ThSEM micrographs of natural CaG@articles

The natural CaCj; particles were used in grinding processes and tai!
micrographs are seen in Figure 4.16. The partialesnot so uniform. The avera
particles size can be assumed-2 pm.

The SEM microraphs of ballmilled natural CaG@articles without surfactal
after 5 hours are displayed in Figure 4.17 wheeedhape of the particles is seer
cubic. The slurry concentration was 30 wt% durimg grinding process. There is a ¢
reduction after gnding process with zirconia beads in the siz€ shm and 10 mm
The particle size distributions of Balll at diffatetime intervals during grindin
process are shown in Figure 4.18. The particlereidaces to 640, 418, 443 and 320
by volume after50, 100, 150, and 200 minutes of grinding procé&se particle siz
distribution is given in Figure 4.19 at the endtwd grinding process at the end of :
minutes. There is a bimodal size distribution adoay to the graphThe average
particle size byolume is 50.5 nm (23%) and 249 nm (76.9%). Theaye particle
size by number is 48.8 nm (97.1%) and 232.4 nnP42.9he number of the particl
below 100 nm is high; however, by volume they shauva little and the 249 n
particles dominate the volunof the suspension.
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Figure 4.17. The SEM micrograph of Ba
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Figure 4.18. Particle size distribution of Ballldifferent time interval:
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Figure 4.19. Patrticle size distribution of Ballltla¢ end of 250 min.

Small zirconia beads were used in addition tolibads of 2 and 10 mm in
Ball2 grinding process in order to reduce the sm#e as Jang et al. used the zirconia
beads in the size of 30, 100 and 300 um (Jang,e2@09). The slurry concentration
was reduced to 15% (wt) and sodium polyacrylate adaied as a surfactant in contrast
to Balll. The SEM micrographs of Ball2 are shownFigure 4.21. The patrticle size
distribution is given in Figure 4.22. The averaggtigle size by volume is 40.6 nm
(69%) and 195.2 nm (32%). The average patrticle lsjzaumber is 39.7 nm (99.6%).
The 195.2 nm particles that show up in volume cdodddue to the attraction of
nanoparticles which causes agglomeration. Thera sgnificant size-reduction in
CaCQ particles with the help of small zirconia beadsd aurfactant when it is
compared to Balll. The size of most particles weduced to 40 nm and the 40 nm

particles obviously occupy in volume of Ball2.
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Figure 4.20The SEM micrographs of small zirconia beads usegtimding
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Figure 4.21. The SEM micrographs of Be
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Figure 4.22. Particle size distribution of BallZla¢ end of grinding process.

4.1.2. Rheological Behaviour of CaC@Suspensions

The dynamic viscosity curve of 45 vol% suspensidérnpiecipitated CaC®
particles in ethylene glycol is given in Figure 3.2An increase in viscosity was
observed from 0.7113 to 15.16 Pa.s at shear ratesebn 0.4873 and 398.36 Sefhe
viscosity of the suspension starts to decreashtkfigfter that shear rate. The viscosity
and flow curves look quite similar in the Figure@3tand 4.24. The fit of the data to
Power was displayed in Figure 4.25. The n and Kieslwere calculated as 2.62 and
1.27 with R value of 0.9786. The n value is greater than theo45 vol% suspension
of precipitated CaC®in ethylene glycol is shear-thickening accordingttie power
law. The maximum volume fraction that we could frea@s®=0.45 for the precipitated

CaCQ patrticles without any surfactant in ethylene glyco
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Figure 4.23. Dynamic viscosity curve of 45 vol%serssion of synthesized CagO
particles in ethylene glycol.
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Figure 4.24. Flow curve of 45 vol% suspension oitgsized CaCg&particles in
ethylene glycol.
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The static viscosity curves of Balll in ethylengagll at volume fractions of
®=0.2 and 0.3 are shown in Figure 4.26, where tiseadinear decrease in the viscosity
versus shear rate data.

The dynamic viscosity of Balll in ethylene glycoithout any surfactant is
displayed in Figure 4.27. The 20 vol% suspensi@mwsha linear decrease in viscosity
whereas the viscosity of 30 vol% suspension imtiakmains constant, slightly
increases and then decreases sharply.

The flow curves of Balll in ethylene glycol are givin Figure 4.28 and the fit
of data to power law on the flow curves is dispthye Figure 4.29. The n values are
both smaller than 1, which indicate that the 204@ind 30 vol% suspensions of Balll
in ethylene glycol are shear-thinning as seen inléfd.1. The K value decreased from

51.75 to 28.19 when the suspension volume fragsiamcreased from 0.20 to 0.30.
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Figure 4.27. Dynamic viscosity curves of the suspars of Balll in ethylene glycol.
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Figure 4.28. Flow curves of the suspensions oflBallethylene glycol.
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Figure 4.29. Flow curves of the suspensions oflBallethylene glycol (the solid lines
represent the power law model).
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Table 4.1. The model parameters of Power Law caledlfor the suspensions of Balll
in ethylene glycol.

) n value K value R
0.2 0.4 51.75 0.9898
0.3 0.8333 28.19 0.8333

The suspensions of Balll were prepared in ethydgywol by ballmilling so that
a well-dispersed suspension could be obtained.stdte viscosity curves are given in
Figure 4.30. The difference in the suspension pegfge can be seen in the viscosity

curves in Figure 4.32.
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Figure 4.30. Static viscosity curves of the susjmgrssof Balll in ethylene glycol
prepared by ballmilling.
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Figure 4.31. Dynamic viscosity curves of the suspmrs of Balll in ethylene glycol
prepared by ballmilling.
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Figure 4.32. The comparison of dynamic viscosityes of the suspensions of Balll in
ethylene glycol.
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The flow curves of Balll in ethylene glycol preagby ballmilling are given
in Figure 4.33 and the fit of data to power lawdisplayed in Figure 4.34. The n values
are both found to be smaller than 1, which indi¢hét the 20 and 30 vol% suspensions
of Balll in ethylene glycol prepared by ballmillirege also shear-thinning as seen in
Table 4.2. The K value decreased from 30.43 to 2%Ben the suspension volume
fraction is increased from 0.20 to 0.30. The K eslare quite similar. There is a small
variation in the K values given in Tables 4.1 an#@ dlthough the parameter n stays

almost constant.
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Figure 4.33. Flow curves of the suspensions oflBallethylene glycol prepared by
ballmilling.

45



10000

1000 4

Shear stress (Pa)

10 4

100 1

O 20% (v/v)
®  30% (V/v)

0.1

10

Shear rate (S&9

100

1000

Figure 4.34. Flow curves of the suspensions oflBallethylene glycol prepared by
ballmilling (the solid lines represent the powew lanodel).

Table 4.2. The model parameters of Power Law déint calculated for the
suspensions Balll in ethylene glycol preparedadilling.

) n value K value R
0.2 0.4936 30.4344 0.9761
0.3 0.7976 29.9948 0.9955

4.2. Characterization and Rheological Behaviour ofiO,

4.2.1. Characterization of Commercial TiQ Powders

The FT-IR spectra of the TigQpowders are given in Figure 4.35. The bands at
800—400 and the region 3400 ¢eprrespond to the O-H mode. The band in the region

2500 cm' represent the CO The presence of GOis due to the absorption of

atmospheric C@(Sajan et al., 2011). The XRD patterns of the,lpGwders are given

in Figure 4.36. The diffraction pattern numbers dmatase and rutile phases of 710
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that were matched to the samples are 71-1166 add #2, respectively. The CT1, CT2
and CT4 powders

Absorbance (a.u.)

4000 3000 2000 1000

Wave number (cit)

——— cn
— c®
I cT3

Absorbance (a.u.)

1000 900 800 700 600 500 400

Wave number (ci‘h)

Figure 4.35. The FT-IR spectra of commercial Jgowders.

are in rutile phase, whereas CT3 powder is in aegbtnase. There is also a small peak
of rutile phase in the X-ray spectra of the sanfpl&. The percentage of rutile phase is
calculated as 4.2 % with Equation 4.6 (Sajan e8ll1; Wu et al., 2008).
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Wi (%) = x 100 (4.6)

1
1+0.8(ﬁ)

whereWk is the weight percentage of rutile in the Ti€ample and, andlr are the
intensities of the anatase {101} and rutile {11@&aks, respectively.
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Figure 4.36. The XRD patterns of titania powders.

The TGA curves of TiQpowders are given in Figure 4.37. The weight lssse
the powders CT1, CT2, CT3 and CT4 during heatingaup000°C are calculated as
2.009%, 2.251%, 2.582% and 3.774% respectivelyrella@e no significant weight
losses. These losses could be due to the adsorded @nto the surface of Ti@rom
atmosphere.

The particle size distribution of the powder CTZhigen in Figure 4.38 where it
can be concluded that CT1 powder is polydisper88.rén particles mostly occupy by
volume, nevertheless there are particles at 14%uaimthey do not occupy so much
volume.

The particle size distribution of the powder CTHisplayed in Figure 4.39. The
average particle size is found as 335 nm. Theralae 160 nm particles. The patrticle
size distributions of CT1 and CT2 powders seeméajbite similar according to the
Figure 4.2.1.8.
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Figure 4.37. The TGA curves of Ti@owders.
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Figure 4.38. The particle size distribution of CT1
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Figure 4.39. The particle size distribution of CT2

The patrticle size distribution of the powder CE3given in Figure 4.40 which
shows polydispersity. The dominant particle sizeviojume is 437 nm and 60 nm
particles show up a little in area by volume althiowhey exist nearly 78% in area by
number.

The patrticle size distribution of the powder CT4lwown in Figure 4.41. The
average particle size is found as 390 nm.

The comparison of the particle size distributiofshe titania powders is given
in Figure 4.42. Nearly all the powders possess dispersity. CT3 has the biggest

particle size. CT1 and CT2 are quite similar. C&4 hlso particles below 100 nm.
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Figure 4.40. The particle size distribution of CT3

20
15

10

—— by volume

10

100 1000 10000

Particle size (nm)

Figure 4.41. The particle size distribution of CT4
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Figure 4.42 The comparison of the particle size distributiohitania powder:

The SEM pictures of the powders CT1, CT2, CT3 aid @re seetbetween
Figures4.43 and 4.46 respectivelThe particles can be said to be polycrystal

according to the SEM picture

‘*...-d’ *‘n.i'

AccV! Spot Magn VDél "D'I—ﬁ 8 % 5 ¢ J AccV SpotMagn Det WD |—75--—-_—| 500 nm
~ 7.00kv28 25000x TLD 28 IYTEMAM g z 4 0020 50000x TLD 2.8 IYTEMAM g

Figure4.43.The SEM micrographs of powder C
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Figure4.44. The SEM micrographs of powder C
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Figure4.45 The SEM micrographs of powder C
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Figure4.46 The SEM micrograph of powder C
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4.2.2. Rheological Behaviour of Ti@ Suspensions

All the TiO, particles were dispersed in ethylene glycol whi&ch non-aqueous
medium in order to prevent the evaporation of waterthe applications of these
suspensions. The flow and dynamic viscosity cunfegsure ethylene glycol are given
in the Figures 4.47 and 4.49. The dynamic viscaditgthylene glycol was measured at
20°C as 0.03 Pa.s as seen in Figure 4.49 whicre&eg than the dynamic viscosity of

water, 1x1C Pa.s.
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Figure 4.47. Flow curve of pure ethylene glycol.

10000

The fit of the data to power law of pure ethylehgqgl is displayed in Figure

4.48. The n value was found as 1 with a value%sf ®9997 which indicates that pure

ethylene glycol is a Newtonian fluid.
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Figure 4.49. The Dynamic viscosity curve of puieytne glycol.
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Figure4.50. Relative high shear viscosity as a functibmotume fraction of solids for
the commercial Ti@Qpowders

The relative viscosities were calculated with Eorat4.7 for all the TiQ
powders and the experimental data were fitted ® riodified Krieger-Dougherty
model (see Equation 4.8) as seen in Figdre0 in order to find out the fitting
parametersb,, and n (Bergstrom, 1998; Bergstrom; 1996). The maxn volume
fraction @, accounts for the approach to infinite viscositglits body) at some critical
volume fraction of solids. The fitting parameteiis used to describe the increase in
viscosity with particle concentration. The bestditthe experimental data to Equation
4.8 is given in the Table 4.2.1.

Nsuspension,max
Ny = n . 4.7)
ethylene glycol
—(1-2\"
n=(1-2) (4.8)
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Table 4.3. The model parameters of modified Kridgeugherty model for the
suspensions of titania powders.

O, n R
CT1 0.56 3.5433 0.9973
CT2 0.53 1.8605 0.9996
CT3 0.44 4.7681 0.9923
CT4 0.52 3.6325 0.9997

The maximum volume fractio®,, were found as 0.56, 0.53, 0.44 and 0.52
respectively for the powders of CT1, CT2, CT3 afidl@s seen in Table 4.3.

The dynamic viscosity curves of powder CT1 are ldiggd in Figure4.51. The
TiO, particles were suspended in ethylene glycol. Tie soncentration changed from
5 to 35 vol%. The upper limit was 35 vol% for powd&T1l without surfactant. The
viscosity of the suspension decreased as the sagamcreased. The flow curves of
the powder CT1 in ethylene glycol was given in Fegd.52. There is almost a linear
increase in the shear stress versus shear rate Tda&aCT1 suspension in ethylene

glycol showed shear-thinning behaviour up to 1589 s
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Figure4.51. The dynamic viscosity curves of the susperss©T1 in ethylene glycol at
different solids contents without surfactant.
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Figure4.52. Flow curves of the suspensions CT1 in etleylggcol at different solids
contents without surfactant.

A sodium polyacrylate surfactant was used in order prepare more
concentrated suspensions of powder CT1 in ethylggeol. The viscosity drops
dramatically, often by 3 to 4 orders of magnitudeirecreasing amounts of dispersant
are added to a flocculated system (Conley, 19963wtan be seen in the Figutes5.

A 30 vol% suspension of CT1 powder was prepareethiylene glycol in the presence
and in the absence of the surfactant separately.vidtosity of the suspension without
surfactant is nearly constant while there is aigant decrease in the suspension with
surfactant. The optimum dispersant demand isnatthat the minimum point on the
plot of viscosity as a function of dispersant lefal different solid loadings of powder
CT1 in ethylene glycol in Figurd.53. The minimum dispersant level was found as
0.4% surfactant weight per solid weight for alliddbadings. The amount of dispersant
was assumed as the same value for the followingloljg measurements for different
solids contents of CT1 in ethylene glycol. Theistaiscosity curves of CT1 at different
solids contents in ethylene glycol with optimizethicunt of surfactant are shown in
Figure4.54.
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Figure4.53. Viscosity versus the amount of surfactaneddaer CT1 weight at
different solids contents.
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Figure4.54. The static viscosity curves of the susperssarCT1 in ethylene glycol at
different solids contents with optimized amountsoffactant.
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Figure4.55. Comparison of the viscosity curves of 30 vel¥spension of CT1 in
ethylene glycol with and without surfactant.

The rheology measurements of CT1 in ethylene glyath optimized amount
of surfactant were done in the range of solids eatstfrom 30 to 54 vol%. The shear
thickening behaviour was firstly seen in the voluireetion ®= 0.4. The shear stress is
no longer linear at the high shear rates and theowgity increases with shear rate, which
shows resistance to flow in the suspension in tgares4.56 and 4.57.

The Table 4.4 gives information about the zerdjccand maximum values of
viscosity, shear rate and shear stress of CTlaaiRylglycol suspensions in the
presenece of surfactant. The values\9foc, Nmax andomaxalso increase, whereas the

values ofy. andymax decrease whed increases as seen in the table.
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Figure4.56. Flow curves of the suspensions of CT1 inletie/glycol at different solids
contents with optimized amount of surfactant.

The fit of shear stress versus shear rate datawePLaw was applied on the plot
in Figure4.58. The dependence of Spran usually be represented by the Power Law
(see Equation 4.9) (Hunter, 2001).

S = Ky" (4.9)

The calculated K, n and?Rialues were listed in Table 4.5. The Power law was
utilised separately for shear-thinning and shemkéning regions. The results show the
n values are smaller than 1 for shear-thinningoregnd bigger than 1 for shear-
thickening region. Therefore, the Power law modeddid to be valid for the suspension

of CT1 in ethylene glycol with optimum amount offsictant.
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Figure4.57. The dynamic viscosity curves of the susperssppwder CT1 in ethylene
glycol at different solids contents with optimizashount of surfactant.

Table 4.4. The zero, critic and maximum valuesis€asity, shear rate and shear stress
of CT1-ethylene glycol suspensions with optimum antf surfactant.

@ Mo o Yo Ne oc Yc Mmax Gmax Ymax
0.3 | 0.1588) 0.0780 0.44 0.103 50.79 488[26 0.113®9.3B | 1499
0.4 | 1.2880] 0.641d 0.49 0.363 77.44 213|06 0.7B034.5D | 978
0.45| 6.2033] 29537 0.47 0.524 106.93 203(96 7.123&550.6| 498
0.48| 69.323] 17.61| 025 0.8803 161.50 183[43 7957A1193 | 266
0.5 | 47.693] 39.784 0.30 0.9920 55.058 168  101.01 7.815 213
0.52| 50.576| 11.934 0.22  1.334 163.563 122  190.46 9038 98
0.54 | 219.00 34.564 0.09F 11.24 11785 1033 15130234670 15.8
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Figure4.58. Flow curves of the suspensions of CT1 inletig/glycol with optimized
amount of surfactant (the solid lines represenpthweer law model).

Table 4.5. The model parameters of Power Law ferstispensions of CT1 in ethylene
glycol with optimized amount of surfactant.

Shear-thinning region Shear-thickening region
vol % K; Ny R’ K Ny R®

30 0.1308 0.9625 | 1.0000 0.0672 1.0706 1.0000
40 0.4830 0.9459 | 0.9998 0.0046 1.7349 0.9962
45 1.5299 0.7929 | 0.9959 | 5.2881E-025 10.3179 0.9838
48 8.0442 0.5612 | 0.9585 | 5.0266E-028 13.0523 0.8077
50 11.6695 0.2658 | 0.2712 | 3.8065E-017 8.5638 0.1200
52 15.6514 0.4708 | 0.9805 | 7625.8208 | 4.4046E-01D -2.9310E-
54 63.6091 0.2623 | 1.0000 | 2.2105E-005 7.2908 02114424
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Figure4.59. Calculated Kand K; values of the Power law model for the suspensiéns
CT1 in ethylene glycol with optimized amount offaatant at different
solids contents.

The comparison of Kand K; values is displayed in Figur&59. K values
increase with increasin@y and K; values initially decrease and then increase dt dhig
values (0.5, 0.52, 0.54) having low values &f R
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Figure4.60. Calculated,;rand ny values of the modified Power law model for the
suspensions of CT1 in ethylene glycol with optimizenount of surfactant
at different solids contents.
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The comparison ofjrand ny values is displayed in Figu#e60. The pvalues are

smaller than 1 which proves that this region isastieinning. The p values are just

like the symmetry of nvalues above 1. The and ry values are almost 1 dt=0.3

which can be assumed as a Newtonian fluid. Twalnes decrease whereasvalues

increase as the solids contents increase in thess®N.
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Figure4.61. Calculated;rand K values of Power law model for the suspensionsTdf C
in ethylene glycol with optimized amount of surtatt at different solids

contents.

The n values decrease with increasing solids contentsreds K values

increase as seen in Figue1l. The f values increase with increasing solids contents

while K values decrease for the valuesisf0.3, 0.4, 0.45 and 0.48 as seen in Figure

4.62.

The modified Cross Model viscosity function whiclasvproposed by Galindo-

Rosales et al. for shear thickening behaviour veasl @s a shear-thickening model. This

function (see Equation 4.11) was able to covertlinee regions characteristic of the

general viscosity curve exhibited by shear thickgnifluids as seen
Equation.4.10. There is no zone Il in our datachhis characterised by a steep shear

thinning behaviour for values f> ymax The second shear-thinning region is not seen

in the

in our data because the maximum torque capacitigeofheometre was not capable for

analyzing third region.
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Figure4.62. Calculated;pand K; values of Power law model for the suspensions of
CT1 in ethylene glycol with optimized amount offaitant at different
solids contents.

This model was applied to zone |, where a sligleaslthinning behaviour exists
up to a critical shear rate and zone I, in whibkas thickening takes place between
and a higher critical valug,ax, Where the apparent viscosity takes its maximuluweva

o mO) fori<ve
) = m@y) forye <y <Vmax
N (V) fOT ]./max < V

(4.10)
(MmO =mnc+ bl fory <y
14K (72 /T=v0))]
. . Nc—MNmax . . .
n(y) = 4 M) = Mmax + s, Sy for Ve <V S Ymax (4.11)

Nmax
K (V_Vmax)]nm

77111()") = 1+ f07" Ymax <V

The fit of the viscosity versus shear rate dattheomodified Cross Model can
be seen on the plot of in Figude63 and the calculated K, n and ®alues for both
shear-thinning and shear-thickening regions weatediin Table 4.2.4The fitting could
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not be applied on the data of the suspensions B4 wozonel and 52 vol% in zond
due to the lack of data. The curves do not seefit weell to the data although the’R
values are close to 1 in the shear-thinning regidrich could be because of the zero-
shear rate viscosity values. On the other handc¢uinees seem to fit well in the shear-

thickening region.
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Figure4.63. Dynamic viscosity curves of the suspensidr@Td in ethylene glycol
with optimized amount of surfactant (the solid rrepresent the modified
cross model).

Table 4.6. The model parameters of the modifieds€Model for the suspensions of
CT1 in ethylene glycol with optimized amount of faatant

Shear-thinning region Shear-thickening region

Solids K Ny R2 Ky Nt R2
content
40 vol % 0.7907 2 0.9990 0.0009 2 0.9176
45 vol % 4.3566 2 0.9882 0.0003 2 0.9920
48 vol % 6.5762 2 0.9991 0.0013 2 0.8432
50 vol % 4.7597 2 0.9978 | 3.1679E-005| 2 0.9969
52 vol % 3.4331 2 0.9976 - - -

54 vol % - - - 0.0060 2 0.8424
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Figure4.64. Calculated Kand K; values of the modified Cross model for the
suspensions of CT1 in ethylene glycol with optimizenount of
surfactant.

The calculated Kand K; values of the modified Cross model are displayed i
Figure4.64. The values of Kare greater than ;K The n values are constant which is
equal to 2 as seen in the Table 4.6.

The static viscosity curves of the suspensions ©2 @G ethylene glycol at
different solids contents are given in Figure 4.65.

The rheology measurements of the suspensions of i@Tethylene glycol
without any surfactant were done in the range dfime percentages from 25 to 54
vol%. The shear thickening behaviour was firstlgreat®= 0.4. The shear stress is no
longer linear at the high shear rates and the sigcincreases with increasing shear
rate, which shows resistance to flow in the suspenas seen in the Figurke66 and
4.67.

The Table 4.7 gives information about the zerajccand maximum values of
viscosity, shear rate and shear stress of CT2-@ibylycol suspensions. As seen in the
table when® increases, the values g, o¢c, Nmax andomaxalso increase, whereas the

values ofy; decrease.
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Figure4.65. Static viscosity curves of the suspension2 @ ethylene glycol at
different solids contents.
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Figure4.66. Flow curves of the suspensions of CT2 inletig/glycol at different solids
contents.
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The fit of shear stress versus shear rate datawePLaw was applied on the

plot in Figure4.68. The calculated K, n and’ Ralues were listed in Table 4.8. The

Power law was utilised separately for shear-thigrand shear-thickening regions. The

results show the n values are smaller than 1 fearsthinning region and bigger than 1

for shear-thickening region for thie values between 0.4 and 0.54. The 25 and 30 vol%

suspensions show a Newtonian fluid behaviour becausalues are almost 1. The

validity of Power law model can be concluded foe guspension of CT2 in ethylene

glycol.
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Figure4.67. Dynamic viscosity curves of the suspensidmwder CT2 in ethylene
glycol at different solids content.

Table 4.7. The zero, critic and maximum valuesistasity, shear rate and shear stress
of CT2-ethylene glycol suspensions.

@ Mo o Yo N oc Ye Mmax | Omax | Ymax
0.25| 0.1415| 0.7364 10.24p 0.057 67.386 11¥3 0/05B.518 | 1479
0.30 | 0.2127| 0.105§4 0.495p 0.082 86.180 1041 0/0826.76 | 1502
0.40 | 3.2513| 1.4953 0.4628 0.228 81.540 356.9 0/2318.86| 499
0.45| 27.306| 10.804 0.3918 0.462 98.610 213.03 3|087439 | 1438

(cont. on next page)
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Table 4.7. (cont.)

0.48 | 33.793| 10.939 0.331fy 0.725 11083 152.86

(o]

324160 499

0.50 | 8317.6] 31.603 0.1109 2.3%9 24016 101,80 31.26603 | 499

0.52 | 122.70| 25.649 0.2083 5.317 17466 32.846

a1

3.2B973 44

0.53 | 439.66| 155.64 0.3553 25.30 287.03 11.346 10383286 | 22.5

0.54 | 661.50| 179.7¢ 0.272y 1923 780.30 4.0570 3R524040 | 7.41
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Figure4.68. Flow curves of the suspensions of CT2 inletie/glycol at different solids
contents (the solid lines represent the power laadet).
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Table 4.8. The model parameters of Power law mecalelulated for the suspensions of
CT2 in ethylene glycol.

Shear-thinning region Shear-thickening region
Solids Ki Ny R Kn Ny R
contents
25 vol % 0.0785 0.9548| 0.9999 0.0480 1.0253 0.9999
30 vol % 0.1220 0.9427| 0.9998 0.0554 1.0573 0.9999
40 vol % 0.8523 0.7697| 0.9945 0.1043 1.1318 0.9993
45 vol % 2.7819 0.6570| 0.9758 0.0212 1.6930 0.9891

48 vol % 6.1884 0.5595| 0.9738 | 4.6252E-005 2.9575 0.9863

50 vol % 48.6680 0.3227| 0.9531 0.0408 2.0791 0.9879

52 vol % 46.3497 0.3516| 0.9437 | 2.4595E-020 14.0472| 0.9874

53 vol % 199.7283 0.1472| 0.3095 | 2.5933E-005 6.5708 0.9793

54 vol % 399.6772 0.5211| 0.9163 0.0454 6.5691 0.9837
le+3 3
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le24 o K, .
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8 o o) e}
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le-2 +
le-3 -
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L (o]
le-5 e B o B B
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@ (% volume)

Figure4.69. Calculated Kand K; values of Power law model for the suspensions of
CT2 in ethylene glycol.
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The comparison of Kand K; values is displayed in the Figu#e69. The K
values increase with increasidgvalues while K values almost remain constant with

exception ofd values of 0.48 and 0.52.
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Figure4.70. Calculated;rand ny values of Power law model for the suspensionsTdt C
in ethylene glycol.
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Figure4.71. Calculated;rand K values of Power law model for the suspensionsTi#t C
in ethylene glycol.
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The comparison ofjrand ny values is displayed in Figu#e70. The nvalues are

smaller than 1 which proves that this region isastiRinning. The p values are just

like the symmetry of rvalues above 1. The and ry values are almost 1 @=0.25 and

0.30 which shows a Newtonian fluid behaviour. Thevalues decrease whereas n

values increase with increasing solids contenteersuspension. The values decrease

with increasing solids contents whilg ¥alues increase as seen in FiglirElL.
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Figure4.72. Calculated nand K; values of Power law model for the suspensions of
CT2 in ethylene glycol.

The n; values increase with increasing solids contentsydver, K; values

remain nearly constant except the0.48 and 0.52 as seen in the Figlie2.

The fit of viscosity versus shear rate data torttaified Cross Model can be

seen on the plot for the suspensions of CT2 inreigw3 and the calculated K, n and

R? values for both shear-thinning and shear-thickgmégions were listed in Table 4.9.

The curves do not seem to fit well to the datehim shear-thinning region, although the

R? values are close to 1. The zero-shear rate viscwalues could lead to this. The

curves seem to fit well in the shear-thickeningoag
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Figure4.73. Dynamic viscosity curves of the suspensidrGT® in ethylene glycol at
different solids contents (the solid lines repréddadified Cross model).

Table 4.9. The model parameters of the modifieds€Model for the suspensions of
CT2 in ethylene glycol

Shear-thinning region Shear-thickening region
Solids Ki n R® Kur Ny R®

contents

25 vol % 1.3898 2 0.9367 0.0001 2 0.4729
30 vol % 1.9353 2 0.9129 0.0004 2 0.7702
40 vol % 6.2155 2 0.9697 0.0011 2 0.8886
45 vol % 1.4499 2 0.9999 0.0026 2 0.9303
48 vol % 4.9466 2 0.9982 0.0023 2 0.955
50 vol %) 0.1355 2 0.9676 0.0050 2 0.9318
52 vol % 7.7643 2 0.6795 0.0091 2 0.9972
53 vol % 3.4275 2 0.9915 0.0150 2 0.8357
54 vol % 0.4107 2 0.9795 0.0428 2 0.8512
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Figure4.74. Calculated Kand K; values of the modified Cross model for the
suspensions of CT2 in ethylene glycol.

The calculated Kand K; values of the modified Cross model are displayed i
the Figured.74. K values are greater than,Krhe n values are constant which is equal
to 2 as seen in the Table 4.9.
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Figure 4.75. Static viscosity curves of the suspension€®©8 in ethylene glycol at
different solids content.
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The static viscosity curves of the suspensions @Ehylene glycol at different
solids contents is given are shown in Figure 4T@hle 4.2.8 gives information about
the zero, critic and maximum values of viscosityea rate and shear stress of CT3-
ethylene glycol suspensions. As seen in the tablen increases, the valuesw, o,
Nmax a@nNdomaxalso increase, whereas the valueg.@ndynaxdecrease.

The rheology measurements of the suspensions of i@T&thylene glycol
without any surfactant were done in the range ddme percentages from 10 to 36. The
shear thickening behaviour was slightly seemat0.2. The shear stress is no longer
linear at the high shear rates and the viscosityeases with increasing shear rate,
which shows resistance to flow in the suspensicseas in the Figurek76 and 4.77.
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Figure4.76. Flow curves of the suspensions of CT3 coatenethylene glycol at
different solids.
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Figure4.77. Dynamic viscosity curves of the suspension3 i@ ethylene glycol at
different solids contents.

Table 4.10. The zero, critic and maximum valuegistosity, shear rate and shear stress
of CT3-ethylene glycol suspensions.

P Mo Go Yo Mc O Ye MNmax Omax Y max

0.2 | 0.06| 0.0244] 0.593¢ 0.0552 4.45013 80.6200 0.1077289 2691

0.25| 0.35| 0.1077] 0.5817y 0.1950 4.87B7 24.9¢67 1.Q77 509 473

0.28 | 2.17| 0.4683 0.5828 0.6470 6.0583 9.3653 4.1(787628 150

0.30 | 3.91| 1.2217, 0.571}y 1.3193 5.40P3 4.10p7 8.1583645 79

0.32 | 6.27| 1.4620 0.5720 2.3743 7.35B80 3.0997 212701096 515

0.34 | 6.60, 1.6727, 0.5730 1.66747 9.07(3 5.43p7 31/0761841 59

0.36 | 251| 15.643 0.432 81.350 213.06 2.6190 104.06 3562 | 22.6
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Figure4.78. Flow curves of the suspensions of CT3 inletig/glycol (the solid lines
represent the power law model).

Table 4.11. The model parameters of Power law mcalellated for the suspensions of
CT3 in ethylene glycol.

Shear-thinning region Shear-thickening region

Solids K Ny R2 K Ny R2
contents

20 vol% 0.0593 0.9831 | 0.9999 0.0494 1.1012 0.9982
25 vol% 0.3211 0.8416 | 0.9997 2.2511 0.8620 0.9838
28 vol% 1.3679 0.6466 | 0.9889 6.2072 0.8971 0.9941
30 vol% 2.2977 0.5617 | 0.9595 7.1820 1.0037 0.9782
32 vol% 3.6134 0.5745 | 0.9175 | 13.6016 1.0914 | 0.9918
34 vol% 3.6303 0.5036 | 0.9546 | 13.2103 1.1991 | 0.9855
36 vol% | 106.6289 0.6415| 0.8372 | 63.0670 1.1585 0.9997
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The fit of shear stress versus shear rate dataweiPLaw was applied on the
plot in Figure4.78. The calculated K, n and Ralues were listed in Table 4.11. Power
law was utilised separately for shear-thinning ahéar-thickening regions. The results
show the n values are smaller than 1 for sheanimgregion and some them are bigger
than 1 for shear-thickening region @t values of 0.2, 0.34 and 0.36. The 20 vol%
suspension of CT3 shows a Newtonian fluid behavimgause n values are almost 1

for both shear thinning and shear thickening region
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Figure4.79. Calculated Kand K; values of Power law model for the suspensions of
CT3 in ethylene glycol.

The comparison of Kand K; values is displayed in the Figu4e79. The Kand

Ky values both increase with increasibgalue,

10

0.1 T T T T T T T T
18 20 22 24 26 28 30 32 34 36 38
@ (% volume)
Figure4.80. Calculated;rand ny values of Power law model for the suspensionsTd C
in ethylene glycol.
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The comparison ofjrand ny values is displayed in Figu#e80. The nvalues are
smaller than 1 which proves that this region isasttkinning. The n values are very
close to 1. Thepvalues are only greater than 14st0.32, 0.34 and 0.36. Thewalues
decrease whereas; values slightly increase as the solids contentsease in the

suspension.

1000

100 + o

10 +

0.1 4

0.01 T T T T T T T T
18 20 22 24 26 28 30 32 34 36 38

@ (% volume)

Figure4.81. Calculated;rand K values of Power law model for the suspensionsTd C
in ethylene glycol.

The n values decrease with increasing solids contentke W values increase

as seen in Figur£.81.
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Figure 4.82. Calculated nand K; values of Power law model for the suspensions of
CT3 in ethylene glycol.
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The n; values nearly remain constant with increasingdsotiontents; however,
Ky values increase as seen in the Figugé2.
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Figure4.83. Dynamic viscosity curves of the suspensidrST@3 in ethylene
glycol at different solids contents (the solid Bmepresent modified cross
model).

Table 4.12. The model parameters of the modifiems€model calculated for the
suspensions of CT3 in ethylene glycol

Shear-thinning region Shear-thickening region

Solids Ki n R® Kur Ny R®
contents

20 vol% 7.4064 2 0.8096 0.0178 2 0.9550
25 vol% 3.1213 2 0.6820 0.0670 2 0.9414
28 vol% 6.1496 2 0.8430 0.1005 2 0.9111
30 vol% 4.0585 2 0.9170 0.3390 2 0.9087
32 vol% 3.3273 2 0.9373 0.2864 2 0.8761
34 vol% 5.2414 2 0.8806 0.4074 2 0.8900
36 vol% 4.5890 2 0.9663 0.0982 2 0.8683
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Figure4.84. Calculated Kand K; values of the modified Cross model for the
suspensions of CT3 in ethylene glycol.
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Figure4.85. Static viscosity curves of the suspensiorS1ef in ethylene glycol at
different solids contents.

The fit of viscosity versus shear rate data torttagified Cross Model can be

seen on the plot in Figu#83 and the calculated K, n and ®lues for both shear-
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thinning and shear-thickening regions were listedable 4.12. The curves do seem to
fit well to the data in the shear-thinning regidihe curves seem to fit well in the shear-
thickening region too.

The calculated Kand K; values of the modified Cross model are displayed i
the Figured4.84. K values are greater than,Krhe n values are constant which is equal
to 2 as seen in the Table 4.12.

The static viscosity curves of powder CT4 at ddfdr solids contents in
ethylene glycol is given in Figure 4.85.

The Table 4.13 gives information about the zericcand maximum values of
viscosity, shear rate and shear stress of CT4atkwlycol suspensions. The values of
Ne Oc, NMmax @Ndomax@lSo increase with increasidgvalues whereas the valuesypfind
Ymaxdecrease as seen in the table.

The rheology measurements of CT4 in ethylene glyethl sodium polyacrylate
surfactant were done in the range of volume peagast from 20 to 48 vol%. The shear
thickening behaviour was seen firstly slightly hretparticle volume&b= 0.3. The shear
stress is no longer linear at the high shear raelsthe viscosity increases with shear

rate, which shows resistance to flow in the suspens the Figuret.86 and 4.87.
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Figure4.86. Flow curves of the suspensions of CT4 inletig/glycol at different solids
contents.
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Viscosity (Pa.s)
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Figure4.87. Dynamic viscosity curves of the suspensidri@Ta! in ethylene glycol at
different solids contents.

Table 4.11. The zero, critic and maximum valuegisdosity, shear rate and shear
stress of CT4-ethylene glycol suspensions.

@ Mo o Yo e o; Ye Mmax Grmax Ymax
0.2 | 0.11| 0.055 0.463 0.065 22.433 3416 0.0739 .8B0Y 1486.3
03| 0.12| 0.059 0.494 0.149 26.483 17733 0.3787 .2368 1487.6
0.4 | 0.71| 0.348 0.490 0.346 24.296 70.773 2.0683 .5850 271.73
0.45| 356 | 1.727 0.483 1.088 39.776 37.220 38.6Y67443| 735
0.48| 225| 7.528 0.407Y 4.904 23586 4.8103 259.766B34.6| 8.9770
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Figure4.88. Flow curves of the suspensions of CT4 inletig/glycol at different solids
contents (the solid lines represent the power ladet).

Table 4.2.12. The model parameters of Power lawehncalculated for the suspensions
of CT4 in ethylene glycol

Shear-thinning region Shear-thickening region
Solids Ki n R Kn Ny R’
contents
20 vol% 0.0704 0.9884 | 0.9998 0.0374 1.0933 | 1.0000
30 vol% 0.1641 0.9805 | 0.9999 0.0014 1.7596 | 0.9962

40 vol% 0.5800 0.8713 | 0.9988 | 2.1638E-009 4.7630 | 0.9943

45 vol% 2.3999 0.7616 | 0.9931 0.0083 2.6936 | 0.0983

48 vol% 9.4791 0.6059 | 0.9568 0.0122 5.1247 | 0.2114

The fit of shear stress versus shear rate dataweiPLaw was applied on the
plot in Figure4.88. The calculated K, n and Ralues were listed in Table 4.14. The

Power law was utilised separately for shear-thigrand shear-thickening regions. The
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results indicate that the n values are smaller fthéor shear-thinning region and bigger
than 1 for shear-thickening. The 20 vol% suspenssbows a Newtonian fluid
behaviour because n values are almost 1 for baghrdhinning and shear thickening

region.
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Figure4.89. Calculated Kand K; values of the Power law for the suspensions of CT4
in ethylene glycol.
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Figure4.90. Calculated;rand ry; values of Power law for the suspension of CT4 in
ethylene glycol.

The comparison of Kand K; values is displayed in the Figude89. The K
values increase andyKirst seem to decrease then increase with inargaBivalues.

The comparison of jnand ny values is displayed in Figu4.90. The pvalues are
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smaller than 1 which proves that this region isastibinning. The pvalues are greater
than 1 which proves that this region is shear-#gmokg. The pand iy values of®=0.2
are almost 1, which shows a Newtonian fluid behawidhe nvalues decrease whereas
ng values increase as the solids contents increasheirsuspension. The malues
decrease andKalues increase with increasing solids contentseas in Figuré.91.
The n; values nearly remain constant; howevej, Wlues first decrease then increase

as the solids contents increase as seen in Higd2e
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Figure4.91. Calculated;rand K values of Power law for the suspensions of CT4 in
ethylene glycol.
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Figure4.92. Calculated jpand K; values of Power law for the suspensions of CT4 in
ethylene glycol.
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The fit of viscosity versus shear rate data torttagified Cross Model can be
seen on the plot in Figu#93 and the calculated K, n and ®lues for both shear-
thinning and shear-thickening regions were listed able 4.15. The curves seem to fit
well in the shear-thickening region but do nosbtgood in shear-thinning region due to

the zero-shear rate viscosity values.
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Figure4.93. Dynamic viscosity curves of the suspensidr@Tal in ethylene glycol (the
solid lines represent the modified cross model).

Table 4.15. The model parameters of the modifiems€model calculated for the
suspensions of CT4 in ethylene glycol.

Shear-thinning region Shear-thickening region
Solids K Ny R2 K Ny R2

contents

20vol% | 141.773d 2 0.0717 0.0019 2 0.8911
30vol% | 25.8582 2 0.2908 0.0007 2 0.9205
40vol% | 3.0638 2 0.7591 0.0010 2 0.9892
45vol% | 4.7766 2 0.6499 0.0020 2 0.9812
48 vol% | 10.2418 2 0.7592 0.0071 2 0.9970
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Figure4.94. Calculated Kand K; values of the modified Cross model for the
suspensions of CT4 in ethylene glycol.

The calculated Kand K; values of the modified Cross model are displayed i
Figure4.94. K values are greater value than.Khe n values are constant which is

equal to 2 as seen in the Table 4.15.
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Figure4.95.Comparison of); values of the suspensions of Fi@wders at different
solids contents.

The comparison ofi, Y¢, G¢c, NMmax, aNd 6max Values of the suspensions of CT1,
CT2, CT3 and CT4 at differedt values is given between Figures 4.95 and 4.108. Th

Ne values increase as the val@eincreases. CT3 has the greatest valug.adnd .
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values of the other powders are smalleaD.3 according to Figuré.95. CT4 and
CT1 almost have the same critical vicosity valud aalue of CT2 is a bit smaller than
those at®=0.4. Thenc values of CT4 become greater than CT1 and CT2 when
becomes 0.45 and 0.48. Tipevalues are close to each other utat8. Then. values
of CT2 become greater after thibsvalue. CT3 and CT4 have greatgvalues at some
® values. This could be due to the polydispersityhese powders. The decrease of

values of the TiQpowders with the increase in solids contentsvsmin Figure 4.96.
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Figure 4.96. Comparison ¢f values of the suspensions of the suspensiong®f Ti
powders at different solid contents.
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Figure 4.97Comparison o6 values of the suspensions of Fi@wders at different
solids contents.
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The change of. values of the TiQpowders with the increase in solids contents ésse
in Figure 4.97. CT2 reaches the highgstalue among the powders. The CT2 has the
greatestmax value compared to CT1 at high solids contents raaeg to Figure4.98.
CT3 has the greatest value at low solids contamth 8s®=0.3. omax Values increase
with increasing solids content according to Figdt@00. CT1 and CT2 reach the
highestomax at high solid loadings.
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Figure4.98. Comparison afmax vValues of the suspensions of Figbwders at different
solids contents.
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4.3. Synthesis, Characterization and Rheological Baviour of SiO,

4.3.1. Characterization of synthesized Sigparticles

The size of the silica spheres was controlled gnging the NH to alkoxide
molar ratio in the range of 4.4 to 1.1 and watealtamxide molar ratio of 17-14. The
reactions were conducted at total TEOS molaritfe® 28.

The SEM micrographs of SS1 are shown in Figure 4.T@e synthesized silica
particles are in spherical shape. Figure 4.102lajspa very sharp particle size
distribution for SS1 which proves the monodispgreit the synthesized silica spheres.
The average particle size by volume is 483 nm. Wk to alkoxide and water to
alkoxide molar ratios were 4.39 and 16.89 whichewntdre highest amounts used in
silica preparation in this work.

The size of the silica spheres is also increaseshwite initial NH molar ratio is
increased, (Harris et al., 1997; Bogush, 1988). diaeneter of monodispersed silica
spheres is mainly affected by the relative contrdyu of nucleation and growth
processes. Hydrolysis and condensation reactioogide precursor species and the
necessary supersaturation for the formation ofiggast The increase in ammonia
concentration leads to an increase in both hydiolgeid condensation reactions.
Intermediate concentration will be increased rapitlie to high hydrolysis rate while
the consumption rate also fast through the condiensaeaction after reaching the
supersaturation and this might shorten the nudegieriod that causes the decrease in
the total number of nuclei formed and the finalesghsize will be relatively larger.
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The particle size of the spheres was reduced ton2®Wwhen the Ni alkoxide
ratio was cut to 2.189 as seen in Figure 4.104e gdak is not as sharp as in Fig
4.102 which shows the patrticle size distributiorS&¥1.
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Figure «103. The SEM micrographs of SS2.
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Figure 4104. Particle Size Distribution of SS2.
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In the synthesis of SS3, tINH; to alkoxide was kept constant at 4.39 wl
water to alkoxide molar ratio was decreased f16.89 to 14.27 and alcohol ratio w
increased from 51.52 to 54.82 when it is comparitd 851.

The SEM micrographs of SS3 are seen in Figure 4.108.aMerage particle si:
by volume is 297 nm in Figure 4.106. However, iblvious on the SEM microgray
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Figure 4105. The SEM micrographs of SS3.

that synthesized SS3 powder is polydispersed. antcfes exist in the size of 250 a

400 nm also as seen in Figure 4.
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Figure 4106. Particle Size Distribution of SS3.
96



Ace M SpotMagn » Det, WD | —=—— : . : 8 1 AccV SpotMagn  Det WD ———— 500 nm
200Ky 3.0 20000x. TLDx 4.4 " IYTEMAM 5 20030 50000x TLD 4.4 IVTEMAM

Figure 4107. The SEM micrographs of SS4.
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Figure 4108. Particle Size Distribution of SS4.

The volume of the batches was reduced from 5(100 ml in SS4 and SS5. T
NHj; to alkoxide ratio was cut to 1.1 in SS4 when itasnpared with SS2. The partic
size was reduced to 140 from 201 nm which can ke & Figure «108. The SEM

micrographs of SS4 were also given in Figu107.
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Figure 4109. The SEM micrographs of SSb5.
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Figure 4110. Particle Size Distribution of SS5.

In preparation of SS5, ttNH3; to alkoxidewas same as SS4, but talcohol
ratio was decreased from 57.11 to 50.89. As a treduthis, the particle size wi
decreased slightly from 140 to 120 nm as seengdnrEi4110. The SEM micrograpf
of SS5 are given in Figurel09.
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The particle size distributions of all of the syesized silica particles are given

in Figure 4.111. The reduction in initial ammon&io makes the particle size of the

spheres smaller.
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Figure 4.111. Comparison of the Particle Size ihations of the synthesized silica

particles.

4.3.2. Rheology of Synthesized Sy pheres

The synthesized silica particles (SS3) were digueins ethylene glycol for the

investigation of the rheological behaviour. In artle obtain maximum volume fraction

®, for SS3, the relative viscosities were drawn dfedent solid loadings as seen in

Figure 4.112. Afterwards, the experimental poinesenfitted to the modified Krieger-

Dougherty equation and tid&, and n values were found as 0.47 and 0.5 witbfR..

Table 4.16. The model parameters of the modifietedér-Dougherty model calculated

for the suspension of SS3.

D,

R

SS3

0.47

0.5011

1.0000
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Figure 4.112. Relative high shear viscosity asnation of volume fraction of solids for
the suspensions of SS3 in ethylene glycol.
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Figure 4.113. Static Viscosity curves of the suspmrs of SS3 in ethylene glycol at
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100



The static and dynamic viscosity curves of SS3iff¢rént solids contents in
ethylene glycol are given in Figures 4.113 and 4.1The solids contents of silica
spheres changed from 20 to 47 vol% without anyastmht. The viscosity of the
suspension decreased for thevalues between 0.2 and 0.45 with increasing stzar
The shear thickening behaviour was seen firstlytha particle volumed= 0.47.
However, only one data could be taken due to trguoverload. The flow curves are
given in Figure 4.115. The Power law and modifiedsS model were applied to the
experimental data only for shear-thinning regioasause there is only on data at shear

thickening part of 47 vol%.
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Figure 4.114. Dynamic viscosity curves of the saspns of SS3 in ethylene glycol at
different solids contents.

The fit of shear stress versus shear rate dataweiPLaw was applied on the
plot in Figure 4.116. The calculated K, n anfdv&lues were listed in Table 4.17. The n
values are 1 a®=0.2 and 0.3, which indicates that they are Nevetorfluids. The
suspensions of SS3 whosde values are 0.4, 0.45 and 0.47 display shear-thgnni
behaviour, as the n values are smaller than 1.

The fit of viscosity versus shear rate to the medifCross Model can be seen on

the plot in Figure4.117 and the calculated K, n and Wlues for shear-thickening
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region of 47 vol% were given in Table 4.17. In siear-thinning region, the curve does
not seem to fit well to the data and thevRlue is 0.6878.
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Figure 4.115. Flow curves of the suspensions ofi8&8hylene glycol at different
solids contents.

Table 4.17. The model parameters of Power law mcalellated for the suspensions of

SS3.
® (% volume) n value for shear- K value for shear- R?
thinning region thinning region
0.2 1.0603 0.0241 0.9994
0.3 1.0243 0.0499 0.9998
0.4 0.9412 0.1282 0.9997
0.45 0.8490 0.4212 0.9996
0.47 0.5889 4.8570 0.9990
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Figure 4.116. Flow curves of the suspensions ofi8@®ylene glycol (the solid lines
represent power law model).
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Figure 4.117. Dynamic viscosity curves of the saspns of SS3 in ethylene glycol at
different solids contents (the solid line represehe modified Krieger-
Dougherty model).
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Table 4.18. The model parameters of the modifiems€model calculated for
the 47 vol% suspension of SS3 in ethylene glycol

Solids contents K )

RZ

47% (VIV) 108.2503 2 0.6878

The dynamic shear rheology of the silica dispersiaas investigated by stress

and frequency sweep tests. The stress sweep testsused for determination of the

linear viscoelastic region of the dispersion. Tresiress value was picked in the linear

viscoelastic region and used in frequency swedpateseen between the Figures 4.118

and 4.127. The dynamic shear rheology measurershotged that the solid part of the

suspensions became dominant over the liquid parsifca as the solid contents is

increased from 20 to 47.
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Figure 4.118. Amp- sweep tests of 20 vol% suspensi®&S3 in ethylene glycol.
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Figure 4.119. Freg-sweep graph of 20 vol% suspardi&S3 in ethylene glycol.
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Figure 4.120. Amp-sweep graph of 30 vol% suspensi@S3 in ethylene glycol.
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Figure 4.121. Freg-sweep graph of 30 vol% suspardi&S3 in ethylene glycol.
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Figure 4.122. Amp-sweep graph of 40 vol% suspensi@S3 in ethylene glycol.
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Figure 4.123. Freg-sweep graph of 40 vol% suspardi&S3 in ethylene glycol.
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Figure 4.125. Freg-sweep graph of 45 vol% suspardi&S3 in ethylene glycol.
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Figure 4.126. Amp-sweep graph of 47 vol% suspensi@S3 in ethylene glycol.
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Figure 4.127. Freg-sweep graph of 47 vol% suspardi&S3 in ethylene glycol.

4.4. Characterization and Rheological Behaviour oAl O3

4.4.1. Characterization of AbO3 Particles

The SEM pictures of the powders AL1 and AL2 arensespectively in Figures
4.128 and 4.130. The particle size distributiopa@fvder AL1 is shown in Figure 4.129.
The average particle size is found as 326 nm. Eigut31 displays the the particle size
distribution of the powder AL2. The powder has alygsperse particle size

distribution. The average particle size by volusi291 nm and 63 nm.

109



AccY SpotMagn Det WD |——— ] 500 nm AccV SpotMagn Det WD |——————— 23m
400KV 20 50000x TLD 6.3 IYTEMAM 4.00KY 20 15000x TLD63 ' IYTEMAM

Figure 4.128. The SEM micrographs of AL1.
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Figure 4.129. Particle Size Distribution of AL1.
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Figure 4.130. The SEM micrographs of AL2
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Figure 4.131. Particle Size Distribution of AL2.

4.4.2. Rheological Behaviour of AD3; Suspensions

The alumina particles were dispersed in ethylegeajlfor the investigation of
their rheological behaviour. The dynamic viscosib flow curves of the suspensions
of AL1 in ethylene glycol at different solids conte are given in Figure 4.131 and
4.132. The solids contents of silica spheres charfigen 20 to 58 vol% without any
surfactant. The viscosity of the suspension deecc&s thed values between 0.2 and
0.3 as the shear rate increased. The shear thickéhaviour was seen firstly in the
particle volumed= 0.4.

The dynamic viscosity and flow curves of AL2 atfeient solids contents in
ethylene glycol are given in Figure 4.133 and 4.1BHe solids contents of silica
spheres changed from 40 to 62 vol% without anyastaht. The shear thickening
behaviour was seen initially in the particle volude 0.615.
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Figure 4.131. Dynamic viscosity curves of the saspns of AL1 in ethylene glycol at
different solids contents.
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Figure 4.132. Flow curves of the suspensions of WLdthylene glycol at different
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Figure 4.133. Dynamic viscosity curves of the saspns of AL2 in ethylene glycol at
different solids contents.
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Figure 4.134. Flow curves of the suspensions of AL&thylene glycol at different
solids contents.
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4.5.Characterization and Rheological Behaviour of ZrC,

4.5.1. Characterization ofZrO , Particles

»
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Figure 4135. The SEM micrographs of zirconia

The SEM micrographs of the zirconia powder is sadfigures £135. The

average particle size is about 100

4.5.2. Rheological Behaviour of Zr(; Suspensions

The dynamic viscosity and flow curves of the suspmrs of zirconia powder i
ethylene glycol at different solids contents areegiin Figure £13€ and 4.137. The
solids contents of zirconia particles changed fBfhrto 53 vol% without any surfactal

The shear thickening behaviour was seen firstthéparticle volume= 0.4.
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Figure 4.136. Dynamic viscosity curves of the saspmns of zirconia in ethylene
glycol at different solids contents.

10000 E
[ f z &
AY
1000 n =
< i
a e o
1) 100+ T
7] 3 ek
o e
3 L et
= [ yo??
2 101 E
n 3
2
1A O 30% (v/v)
A 40% (viv)
B 50% (v/v)
& 53% (v/v)
Ol . .......I . .....HI . .....HI .I . E—
0.1 1 10 100 1000 10000

Shear rate (s&9

Figure 4.137. Flow curves of the suspensions ebmnia in ethylene glycol at different
solids contents.
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CHAPTER 5

CONCLUSIONS

The suspensions of submicron/nanosized calciumoonatb, titania, silica,
alumina and zirconia particles were prepared iglette glycol in order to examine the
rheological behaviour. Whisker like CagQparticles were synthesized via a
carbonization route. The particles were suspengetb #5% solid content by volume.
The shear-thickening fluid behaviour was obserwdach was verified by Power law.
However, the ballmilled natural CaG@articles with zirconia beads showed shear-
thinning behaviour. In fact, 30% was the limit bétsolid loading, since it was difficult
to disperse the ballmilled particles whose sizesatsed from 1-2um to 50 and 250
nm. Dispersant was used to suspend some of the emiaiTiO, powders in ethylene
glycol so that higher volume concentrations couéd drepared. Some of the TiO
particles have a polydispersed patrticle size thstion, which led to decrease the solid
volume content at which shear thickening was firsgéen. The maximum shear rate
obtained was 3259 Pa.s for BiGuspensions. Nonetheless, in the ;TgDspensions
which were composed of polydispersed particlesethgas not a severe viscosity
increase in the shear-thickening region. The ootshear-thickening was observed at
47% solid loading in Sigsuspensions which was higher than the solid volooment
in precipitated CaCg@and TiQ suspensions. The highest solid loading was actiigve
alumina suspensions as 62 vol%. Higher shear r&t&500 sed) could not be
performed in rheology tests owing to the rheoméinytations. As a consequence, the
maximum viscosities which the suspensions couldhregere not possible to record. In
addition to this, the third region in shear-thickenfluids where a steep shear-thinning
occurs for values o > y,4, could not be investigated. Thenax values were
calculated through adaptation of the modified Keiledougherty equation to
experimental viscosity data. Power law and modifiecsion of Cross model were used
in curve fitting of experimental data in the sh#@nning and shear thickening regions.
The best fit was achieved with Power law for bdikas thinning and shear thickening

regions for all powder suspensions. Besides, thdiffed Cross-model was examined
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not to fit well to the viscosity data in shear-thimg regions while the fitting in shear-
thickening region was quite reasonable. The modelddn’t be fitted to the data in
shear thickening region for some Gi@nd SiQ suspensions. Since there were not
enough data to apply curve fitting. The oscillattegts were only carried out for SIO
suspensions successfully. According to the resaftsdynamic shear rheology
measurements, the more solid volume content wasased in the suspension, the more
dominant solid part of the suspensions becametbedrquid part for silica particles.
Shear thickening fluids whose rheology researehhst topic nowadays, can be
employed as dampers, armours, brakes in vehicksoss, micro-fluidic materials,
vibration and/or noise reduction in vehicles, andsghetic limbs. Comprehending the
mechanism of rheological behaviour of the dispersis essential in the application of
the particulate suspensions. The rheological belawf the particulate suspensions in
non-aqueous media is required to be further ingattd so as to understand particle-

particle and particle/medium interactions.
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