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ABSTRACT

The rheological properties of complex fluids hagrb®ne of the interesting research
subject due to the macroscopic behaviour (namebarshhinning and shear thickening)
exhibited when they are subject to shear force. calhcentrated suspensions under right
conditions can exhibit the non-Newtonian flow babav, however, the required conditions
and the underlying mechanism are not well undedsioditerature. To this respect, this study
systematically investigates the effects of phydiemsical parameters on the flow behavior of
colloidal nanoparticle suspension (CNS) to shewlat lon the mechanism behind the shear
thickening behavior of CNS. We have also presetitecbutcomes of experimental studies of
CNS with a low particle volume fraction, and anisepic and flocculated microstructures
through measuring their viscosity and electricalsance under various shear forces together
with utilizing several relevant characterization thoels (i.e., Dynamic Light Scattering,
Transmission Electron Microscopy and Capacitancaddeement). It is observed that studied
CNS display shear thickening/thinning flow behavdepending on their microstructure forms
due to the interaction forces among particles asb@ated changes in floc sizes, which are
controlled by the shear induced hydrodynamical dercThe detailed evaluation of the
experimental results indicates that the shear émitig phenomena in low volume fraction,
anisotropic and flocculated systems is mainly ladiied to the increase in the total surface
area and the effective volume fraction of partides to both hydrodynamic and interparticle

forces.
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OZET

Kompleks akgkanlarin kayma kuvvetlerine maruz birakildiklarirgtestermg olduklar
kayma kalinlamasi ve kayma incelmesi gibi reolojik 6zelliklergiil cekici aratirma
konularindan bir tanesidir. Butin genlastiriimis stspansiyonlar dwou kosullar altinda
Newtonsal olmayan akidavrangi gosterebilmektedirler fakat uygun skdlar ve ardinda
yatan mekanizma literatirde tam olarak stdanamstir. Bu nedenle, c¢aima kapsaminda
suspansiyonlarin  kayma kalighaasi davragina ik tutabilmek icin fizikokimyasal
parametrelerin nanoparcacik iceren kolloidal sUsiyanlain aky davrangina olan etkileri
sistematik olarak incelenstir. Ayrica digik parcacik hacim fraksiyonuna sahip, anisotropik
ve topaklanny parcaciklardan okan sistemlerin deneysel sonuclargifekarakterizasyon
teknikleri (Or., Dinamik ¢ik Sacilimi, Gegirimli Elektron Mikroskopu ve Kap@ss
Olcumleri) ile birlikte viskozite ve elektirksel @ing dlgiimlerinin ¢iktisi olarak sunulgtur.
Suspansiyonlarin, parcaciklar arasi etkiderden dolayr meydana gelen mikroyapilara ve
bagli olarak kayma kalinkmasi/incelmesi aki davrangi gosterebildii gozlemlenmgtir.
DusUk parcacik hacim fraksiyonuna sahip, anisotrogktopaklanmy parcaciklardan okan
sistemlerin kayma kalingmnas| davragi gostermesi, yapilan deneysel gala ciktilarinin
detayli incelenmesi sonucunda hidrodinamik ve pakiar arasi etkilgm kuvvetlerinden
otura parcaciklarin yizey alaninin ve efektif hadnaksiyonunun artmasina §a oldugu
belirtilmistir.
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CHAPTER |
1. INTRODUCTION

The rheological properties of colloidal nanopagiduspensions (CNS) have been
attracting the attention of scientist and enginefers use in many important industrial
applications since these fluids exhibit complex -iN@wtonian flow behavior (either shear
thinning or shear thickening) when subjected t@ml shear forces. Blood and paints might
be listed as common examples of shear thinning natte Widely used in Li battery
technology, the mixture of polymer electrolyte aadhall size inorganic particles also
demonstrates a shear thinning behapig?]. Shear thinning is also a familiar phenomemon
polymer solutions and molten polymers, which faaigs the transport of these type of fluids
through processing equipment since the pressune drahe walls is reduced due to the
decrease in the fluid viscosity [3Contrary to the shear thinning, the shear thickgnin
phenomenon is not a preferred fluid behavior itagerindustrial processes such as polymeric
nano-composites manufacturing process since itradie affects the performance of the
process as well as the process-ability of matgtialStating otherwise, the shear rate and also
the viscosity of shear thickening fluid are maximatrthe walls of the processing equipment,
thereby causing pressure built-up therein. Nevéesise the shear thickening behavior of
colloidal suspensions can be advantageous for stinee specific applications and thus, have
resulted in a tremendous amount of industrial ardroercial innovations in many areas. For
example, shear-thickening fluids can be used fptiegtions such as biomedical, sportswear,
damping devices, shock absorbers for automotivesing and ballistic protection, among
others [5].

The structural transition from fluid to solid likeehavior of shear thickening fluid have
accelerated research into these fluids over theféas years. In literature, scientists have
published many articles that are related to therthef shear thickening mechanisms and they
especially investigate the effect of the chemicatameters. There have been significant
efforts devoted to the understanding of the stmattwrigin of the shear thickening
phenomenon. These efforts have led to two commaotgpted theories, namely, the Order-
to-Disorder Transition (ODT) and Hydrodynamic Chrstg [6-10,12].The ODT theory
primarily proposes that particles in concentratéabitzed monodisperse dispersions are
hexagonally packed within the fluid layers due @pulsive interparticle forces at low shear



rates. At higher shear rates, however, the magaitfdshear force becomes larger than
interparticle forces. As a result, the order in plagticle configuration gets disrupted, thereby
causing an increase in particle interactions artdrim a rise in the viscosity of the suspension
at a critical shear rate [7,8The hydrodynamic clustering theory on the otherdhamggests
the percolation of repulsively interacting partglelue to the hydrodynamic force in
concentrated hard sphere systems (i.e., commdwg%d) [9,10]. These two well known
theories are advocated relying on the resultsefigit/neutron scattering experimentsas well
as Stokesian Dynamic simulatiofigr the suspensions of sterically or electrostdifica
stabilized monodisperse spheres [7, 9,11,12]. tioied that even though these two theories
can explain the shear thickening mechanism in itdlosystems with high volume fraction
and non-flocculated particles (formed due to thectebstatic and steric repulsive
interactions), they do have difficulties in addiegsshear thickening in suspensions with low
volume fraction and flocculated particles [4,8,1REqgi et al. and Osuji et aleported the
existence of shear thickening in attractively iatging colloidal suspensions, and attributed
the shear thickening phenomena to the break dowdemde fractal clusters and a concomitant
increase in the effective volume fraction of paes in the system [14,15]. Although a large
body of study has been published on the rheologpldidal suspensions, given the fact that
many different types of colloidal systems can bemfed, it can be quite challenging to
develop a single theory capable of addressingspiéets of the shear thickening mechanism
for every suspension. Consequently, the drivingdsrbehind the shear thickening behavior
of complex fluids have not been fully understood wad have remained an ongoing
controversial issue in the relevant literature. the other hand, engineers focus on the
applications based on shear thickening fluids héheg examine the physical parameters and
their effect on the performance of the final praddderefore, it is obvious that the control
parameters and the underlying mechanism of sheakething behavior are not well
understood because of the lack of detailed ancemsyical study which investigates both

chemical and physical parameters.

In this regard, this study systematically invedtgathe effects of physicochemical
parameters on the shear thickening behaviour of @NShed a light on the mechanism
behind the shear thickening behaviour of CNS. s thirection, various physicochemical
parameters of CNS were investigated; namely, hysirdgonding capability of monomeric

fluids, the types and the molecular weight of payim fluids, mass fraction and size of



particle, preprocessing speed and the colloidaraations between filler and polymeric
liquid. It is known that the rheological behaviof @GNS is significantly controlled by
interfacial interactions between constituents duehe high surface-to-volume ratio of the
nanometer size particles. Hence, in addressingntbehanisms behind the non-Newtonian
flow behavior in CNS, the colloidal science and theology should be considered intimately
together since the colloidal science may answemthestions of why the surface chemistry
and interparticle forces play important roles ie @olloid rheology. Towards this end, we
have here attempted to reveal how interparticleraudtions result in the formations of various
micro structures in colloidal systems and consetiy@rhat influences these micro structures
have on the non-Newtonian flow behavior. To dove® have measured the viscosity and the
electrical resistance of various suspensions asingtibn of shear rate/time and time
respectively to shed light on their shear thickgmmechanism; these suspensions are of low
volume fraction, and flocculated structures inigiaklthough anisotropic particles are
sterically stabilized. The ODT and hydroclusterattyecan not be used to interpret the shear
thickening response of studied colloids reasonabiige they are appropriate for explaining
the shear thickening in monodisperse, sphericalhagiu volume fraction systems. Therefore,
in light of our experimental results, we proposat tthe dominant effect for the occurrence of
shear thickening phenomenon of the studied suspenss the decrease in the mobility of
polymer chains due to the increase in the totdhsararea and the effective volume fraction
of particles, which are controlled by hydrodynareftects and interparticle interactions as

elaborated in coming sections in detail.



CHAPTER Il

2. LITERATURE REVIEW

Nanometer sized inorganic particle filled polymeymposites are referred to as
colloidal nanopatrticle suspensions (CNS) when thigrperic matrix phase is liquid. These
filled polymeric systems in melt or in solution arery common and widely used in many
industrial applications, ranging from cement mixittg the manufacture of cosmetics and
filled polymers [16]. It is known that nano coliisi offer improved physical and mechanical
properties (i.e., strength, modulus, and heat-disto temp) in comparison to neat polymers
due to the fine particle size and the high surfaea of dispersed phase and the interfacial
interactions among constituents. On the other h&NSs exhibit complex rheological
behavior which is rather different from the rheglad neat polymers owing to the addition of
inorganic fillers to a polymer matrix. To be morgesific, CNSs in general exhibit non-
Newtonian (either shear thinning or shear thickghiand viscoelastic behavior unlike the
matrix phase which usually possesses a Newtoniaratdr [16]. Shear thinning is defined as
a decrease of viscosity with increasing shear @éspite being less common, the opposite
effect known as the shear thickening can also lsereled in various kinds of fluids. In this
regard, understanding and subsequently contralhiegmicrostructure and flow properties of
CNSs are of vital importance for their processgbilNumerous researchers have investigated
the rheological behavior of filled systems and rggubtheir steady state shear and oscillatory
shear flow properties [17-34]. Shear thickeningoften observed in highly concentrated
colloidal dispersions, characterized by significamirease in the viscosity with increasing
shear rate [5]The viscosity profile of a shear thickening fluil highly dependent on the
particle volume fraction. In the rheology profileyo Newtonian flow regions are separated
by shear thinning flow region at low particle volenfractions. Fluid viscosity does not
change at low shear rates, later on shear thinreggne emerges and flow shows again
Newtonian profile at higher shear rates. When glartoncentration exceeds a critical value,
the shear thickening zone appears at high sheas @&fter a shear thinning regime. The
critical shear rate, where the thickening behaigdirst observed, shifts to lower values with
increasing particle volume fraction. At sufficignthigh particle volume fraction, the critical
shear rate is such a low value that thinning regimsappears and the viscosity experiences a

sudden jump to higher values.



As for the structural origin of the shear tlankng, there are two different well known
theories; namely, the hydrodynamic clustering amtkleto-disorder transition [35]. These
theories are supported by previous experimental sintblation studies. Hoffman has
provided a direct evidence for structural changesuspensions under shear through light
diffraction experiments which confirm the orderatder transition [7]. The diffraction
pattern suggests that particles are hexagonallkgoaevithin the layers and their order
disappears after the onset of shear thickeningowieg to this theory, shear thinning is
observed at lower shear rates because of glidingerégonally packed particles over each
other layer by layer. At a critical shear ratewlmstabilities cause particles to break out of
their ordered layer. The disordered structure meguinore energy to flow thereby leading to
an increase in viscosity, which is referred to ab@ar thickening behavior. In other word, the
disruption of an ordered structure increases intenas among particles, and hence raises the
viscosity of the suspension. However, this theorghtnnot be applicable for explaining the
shear thickening behavior of polydisperse and utagparticle suspensions because it is hard
to develop layered structures during the flow whparticles are not monodisperse and
spherical. Laun et al. are the first researches have questioned the validity of this approach
[11]. The hydrodynamic clustering theory stateg #tavery high shear rates, hydrodynamic
forces drive particles into contact whereby compggotps of particles are formed. Bossis et
al. has utilized Stokesian dynamics simulation t@la&n flow induced hydrodynamic
clustering mechanism in the suspension of spheBecalvnian particles [12]. On the other
hand, the shear thickening nature of flocculatestesys is not predicted by these two well
known theories. Osuji et al. have explained thegiorof the shear thickening in flocculated
systems through the breakup of locally dense disistiethe fractal colloidal particles into less

dense structures [15].

Shear thickening phenomenon depends on sepleyalcochemical parameters such
as volume fraction, particle shape and size, iattigle interaction, among others, which
have been investigated to certain extent in diffengorks. Bertrand et al. showed that the
rheological behavior of colloidal suspensions ghhy dependent on particlelume fraction
[21]. Their examination of a suspension composelisthuth oxychloride (BiOCI) and poly
(sodium acrylate) solution indicates that the sosjms is a Newtonian liquid at very low
volume fraction. At moderate volume fractions, theological behavior of the suspension is

shear thinning at low shear rates, then shear éhiok at higher shear rates and shear



thinning again at the highest accessible shears.rafbey also indicate that all these
rheological behaviors of suspensions are perfeethgrsible. Other important parameters are
particleshapeand size Lootens et al. investigated the rheological beragf concentrated
suspensions of silica particles with controlled glomess [36]. At high enough volume
fraction, the viscosity of suspension increasesiathy when a critical shear rate is reached.
This transition from low viscosity fluid to a solitke material at a particular shear rate is
called as the jamming transitions. They indicatedt thigher surface roughness of silica
particles decreases the shear rate at which jamtrangition occurs. One of the very few
studies, where the effect of shape has been igatst systematically, is reported by Wetzel
et al. [37]. Experiments of Wetzel et al.demonstlahat increasing the particle aspect ratio
of ellipsoidal CaC@particles gives rise to a decrease in particleima fraction at which
discontinuous shear thickening behavior can be rgbde The nature of the interactions
between particles and the continuous media isal®ther important parameter. Harzallah et
al. investigated the rheology of suspensions ofrdpilic/hydrophobic TiQ in high
molecular weight polyisobutylene in decalin and lmwlecular weight polybutene in decalin
for the application of paints, cosmetics and textomanufacturing [38]. The low molecular
weight polybutene (in decalin) shows Newtonian éravhereas the high molecular weight
polyisobutylene (in decalin) indicates shear thmgnibehavior. When the hydrophilic particles
are dispersed in low molecular weight polybutenB)(Bolution (in decalin), the suspension
shows Newtonian flow behavior. However, the susipensf hydrophobic particles in the
same fluid with same volume fraction shows shemnthg behavior and also its zero shear
viscosity is higher than the former one. When tlgdrbphilic/hydrophobic TiQ particles
dispersed in high molecular weight polyisobutyldR¢B) solution (in decalin) with same
volume fraction, the viscosity profiles have thensageneral behavior; shear thinning. The
zero shear viscosity and degree of thinning bemawab the hydrophilic particle in
polyisobutylene (PIB) solution is higher than thesgension composed of hydrophobic
particles. Raghavan et al. investigated the dispeisf hydrophilic fumed silica in a range of
polar organic media [39]. Their results suggested hydrophilic fumed silica forms stable
sols or gels in liquids depending on the hydrogending capability of liquid molecules.
According to this hypothesis, particles in staldis sire coated by a solvation layer. This layer
forms due to the organization of liquid moleculéshe silica interface by forming hydrogen

bond with silanol groups present on the silica aeef When the liquid has low hydrogen



bonding capability, particle network forms in thalcid because silica particles are in direct
interaction with each other by forming hydrogen d®with silanol groups. Consequently, the
formation of network microstructure causes gelatahsuspension. It is clear that the

interaction between particles and liquid media ihetiee the flow profile of the suspension.

The applications based on the shear thickem@sgonse have attracted a great deal of
attention in many areas. For example, fluid fild@impers made of a shear thickening fluid
(STF) can be used as seismic protectors for bgi#dend shock absorbers for automotive
industry [40,41]. Additionally, shear thickeningiiffls lend themselves well to being used in
the design of body armor due to their excellenlityio absorb high amounts of energy when
shot with high velocity projectiles [5,42onventional body armors are composed of
approximately 40 layers of wowen fabric such as|&eY5]. Yarn rotation, lateral sliding,
uncrimping, translation, plastic deformation andcfure mechanisms describe the ballistic
and stab resistance of wowen fabrics [43]. Highfqgarance wowen fabrics are in general
bulky and stiff. Hence, they can not provide safgliwith the required mobility, agility, and
comfort when used as body armors. As well, thelitigiof these materials limits their use to
only the torso protection. However, battlefieldtistacs indicate that 70% injuries located on
extremities. This result brings on the requiremehflexible, lightweight, less bulky, and
protective body armor design because of the pdaticusk of extremities. Besides, new
protective vest should provide not only ballistesistance but also puncture and cutting
resistances. Lee et al. demonstrated that theegnption of shear thickening fluid (STFs)
improves the ballistic performance of Kevlar fabbecause this composite structure can
disperse the energy from a projectile or stab thbetter than neat Kevlar [5]. The structural
transition from fluid to solid like behavior in shrethickening fluid leads to considerable
interest in the field of body armor. As a conseaeerihe liquid armor idea has accelerated
the research on shear thickening fluids over tlst faw years. Houghton et al. have
investigated the penetration resistance of sheekehing fluid impregnated fabric under a
needle puncture [44]. The incentive behind thislgtwas to protect people such as medical
personnel who frequently come into contact with ddgrmic needles. Needles can carry
dangerous and infectious diseases. Thus, improvsnwnprotective gloves are of vital
importance because of particular risk to handsfaaggrs. As a conclusion of their work, they
reported that the addition of STF improves the te@dincture resistance of fabrics due to

decrease in yarn mobility.



Recent publications have also reported thgaus& STFs for the body armor. One of
them is composed of silica particles (450 nm avedigmeter) and ethylene glycol at volume
fractions ofp = 057 and 0.645]. Another one is a mixture of silica particles (45& n
average diameter) with a mass fraction of 67% ésponding to an approximate volume
fraction of 52%) and 200 molecular weight polyedmng glycol instead of ethylene glycol
[49]. Also, some other researches have investighiedheological behavior of different types
of liquid media and particles to improve the peaidn resistance under spike, stab, and
ballistics threats. For instance, Rosen ethalve studied the rheology of 500 nm kaolin clay
and glycerol [48]. Kaolin clay used in this workshaearly the same particle size as silica
particles reported in above given works, but hasedt geometry unlike the spherical silica
particles. This geometrical feature of clay paetiprovides higher spike and stab resistance
for Kaolin-STF-Kevlar composite than Silica-STF-Kavone since plate like particles can be
more efficient to disperse energy and distributesst laterally. Also, the resistance to
projectile was similar to the standart Si-STF-Kewtamposite. It is important to note that
kaolin clay is commercially available and low castterials so the clay based shear
thickening fluids applications area can be widenhwut financial anxiety. Another STF
formulation was reported by Kalman et al, whiclcaanposed of PMMA patrticles and the
polyethylene glycol [45]. They stated that hardtipkes used in previous studies might
damage the Kevlar filament and therefore softetiggas PMMA was used in their work as a
replacement for silica particles [49]. This formtida improved the spike resistance of the
Kevlar fabric. However, it showed significantly $esmprovement under ballistic tests
because the rheological behavior of this formulaBahibits a discontinuous rise in viscosity
at critical shear rate in contrast to Silica-STHrfalation. PMMA-STF showed second shear
thinning regime at the highest shear rate. Alsaosimopy analysis of Kevlar-STF composite
indicated that PMMA particles did not damage thenfient, but particles were deformed after
ballistic tests.

Referring to above given concise literaturaeey one can conclude that the addition
of a shear thickening fluid in fabric armor leads the design of a body armor with
comparable ballistic properties to a neat Kevlarlevibeing lighter and less bulky, and
offering higher flexibility. Shear thickening behaw is a reversible process such that the
rigidized colloid returns back to its initial fluitke nature upon the removal of the applied

shear stress. All concentrated suspensions undét gonditions can exhibit a shear



thickening behavior. However, in the literatureg #xact conditions and the origin of shear
thickening behavior are not well understood. Ii$ tfirection, we have conducted detailed and
systematic experiments to shed light on the orand the mechanisms of shear thickening
behavior of suspensions, which are flocculatediailhyt albeit being stabilized by steric
means, with the intention of being able to designogtimized liquid body armor system
using STF/woven fabric. The suspensions studigthisiwork include low volume fraction,
anisotropic, flocculated fumed silica particlesiwsimall fractal dimensions which correspond
to a more porous structure. As a result of our erpental works, we have concluded that the
two previously cited well known theories are notpepriate for explaining the shear
thickening behavior of colloidal suspensions stddrethis work since these two well known
theories can explain the rheological behavior ofspsmsions being composed of
monodisperse/ nonagglomerated hard sphere particléght of our experimental results, we
suggest that the dominant effects for the occugenic shear thickening phenomenon of
studied suspensions are the increase in the totilce area of fractal particles due to the
break up of compact flocs (hydrodynamic effect)d @he raise in the effective volume
fraction of particles. To be more specific, at Istear rates, there are compact flocs in our
colloidal systems. The application of higher shad#es breaks down compact flocs into small
aggregates and thus the total surface area ofisherded phase increases. The increase in the
surface area enhances the adsorption of liquidacutde on particles, and the fractal nature of
fumed silica aggregates facilitates the fluid gmtnant in porous structure. In what follows,
the amount of non-adsorbed free liquid moleculethan system decreases, the mobility of
polymer chains is also hindered by dispersed agdgegjlica particles, and the lubrication
effect among the aggregate particles deterior@dditionally, the decrease in the distance
between fractal fumed silica aggregates due tdbtkak-up of compact flocs increases the

probability of interactions among themselves.



CHAPTER Il
3. EXPERIMENTAL
3.1. Materials

The starting raw material was a commercial fdsiéca powder, which was supplied
by Wacker Chemie AG. Fumed silica is a synthetic] amorphous form of silicon dioxide
(SiOy) produced via flame hydrolysis of silicon tetraminde (SiClh) in a flame of H and Q.
The exposure of primary silica particles to higmperature during the production stage
converts its structure into the form of aggregatectvis unique properties of this type of
silica particles. Therefore primary flow units inspensions are aggregates, not individual
particles of silica (see figure 3.1). In this wotkio different types of fumed silica are used,
namely hydrophilic (hfsi, N20) and hydrophobic (§ipH15) fumed silica. BET surface areas
of hydrophilic and hydrophobic fumed silica are 228D and 100-140 (ffg), respectively. In
addition, the hydrophilic fumed silica silanol gm(Si-OH) density is 2 SiOH/nfrwhereas
hydrophobic fumed silica silanol group density iSiDH/nnf. Higher silanol density makes
the surface of fumed silica hydrophilic (Si-OH); wever, replacing silanol groups with
another functional group (-OSi(G)Z-) makes the surface of particles partially hydamhb.

In this study, the particle size and the distribtof fumed silica in various types of liquid
media have been characterized by transmissiorr@teaticroscopy (TEM) and dynamic light
scattering (DLS).

Aggregate Agglomerate Hydrophilic =~ Hydrophobic

OH CHs
OH

(@) (b)

Figure 3.1.Schematic representations of (a) primary flowsufaiggregate) and

agglomerate structures of fumed silica, (b) therbgtilic fumed silica (N20) which
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contains hydroxyl functional groups on the surfand the hydrophobic fumed silica
(H15) with both hydroxyl and methyl groups on theface.

In this work, four different types of continuoyphases (polyethylene glycol (i.e.,
M, =200, 300, 400, 600 g/mole, Sigma-Aldrich), etngelycol (Sigma-Aldrich), glycerin
(Sigma-Aldrich), and ethylene-propylene oxide cgpwr (Dow Chemical)) were used to
prepare colloids to be studied. Besides, LithiumloGte (Fluka) were used to make
conductive continuous media for the electrical stegice measurement experiments.
Molecular structure and viscosity of these liquads presented in table 3.1. The viscosity
profiles of continuous phases were determined tiivoa rotational rheometer (Malvern
Instrument CVO Rotational Rheometer). These liquids/e low viscosities and show

Newtonian flow behaviors.

Table 3.1.Properties of continuous liquid phase used inghisly.

Continuous phase Molecular Structure 1 at 25°C (Pas)
Polyethylene glycol 200 HO-CH,-(CH»-0-CH,-),-CH,-OH 0.056
Polyethylene glycol 300 HO-CH,~(CH,-O-CH,-),-CH,-OH 0.077
Polyethylene glycol 400 HO-CH,~(CH,-0-CH,-),-CH,-OH 0.102
Polyethylene glycol 600 HO-CH,~(CH,-0-CH,-),-CH,-OH 0.140

OH—C3Hs—0H
Glycerin | 1.500
OoH
Ethylene glycol HO-CH,CH, -OH 0.017
Ethylene-propylene oxide CHs

Y propy | 0.161

copolymer RO-[CH,CHO],[CH,CH,0],-H

3.2. Characterizations

The suspensions were prepared by adding esrtioto the associated liquids and

mixing them for about 30 min at 5000 rpm. All sdliconcentrations were reported on a wt/wt
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(silica/liquid) basis in Table 3.2. Rotational Rheeter (Malvern Instrument CVO Rotational
Rheometer), Dynamic Light ScatteringMdlvern Instruments Nanoseries Zetasizer
instrument) and Transmission Electron Microscopyel(FCompany Tecnai, G2 Spirit
BioTwin) studies were performed to study viscogifiles under the steady shear and
viscoelastic characterization under the dynamicashieydrodynamic radius (HR), and the
microstructure of fumed silica in various typesligiuid media, respectively. Rheological
analyses were performed using a rotational rheam@alvern Bohlin CVO) in stress-
controlled mode. All experiments were conductearabient temperature (25) by using a
cone and plate geometry with a diameter of 40 muh @rcone angle of 0.02 rad. In all
experiments, the distance between the tip of tlhe @nd the flat plate is set to be about 70
um for obtaining reproducible results. In order émove the experimental artifacts, preshear

(at a fixed rate of 1°5for 60 s) was applied on each sample prior to apgement.

Table 3.2.Formulations of studied suspensions.

Particle | continuous MWMO;;:;)M Particle Mass/Volume Preprocessing
Type Media (g/mole) Size Fraction of Particles Speed

M1 HFSi EG 62.07 30 nm 20 wt %, 11 vol % 5000 rpm
M2 HFSi GLY 92.09 30nm 20 wt %, 11 vol % 5000 rpm
M3 HFSi PEG 200 30nm 20 wt %, 11 vol % 5000 rpm
M4 HPFSi EPO-PPO 1300 30nm 20 wt %, 11 vol % 5000 rpm
M5 HPFSI PEG 200 30nm 20 wt %, 11 vol % 5000 rpm
M6 HFS;i EPO-PPO 1300 30nm | 20wt %, 11 vol % 5000 rpm
M7 HFSi PEG 300 30nm 20 wt %, 11 vol % 5000 rpm
M8 HFSi PEG 400 30nm 20 wt %, 11 vol % 5000 rpm
M9 HFSi PEG 600 30nm 20 wt %, 11 vol % 5000 rpm
M10 HFSi PEG 200 30nm | 25wt %, 13,75 vol % 5000 rpm
M11 HFSi PEG 200 30nm 30 wt %, 16,5 vol % 5000 rpm
M12 HFSi PEG 200 2um 20 wt %, 11 vol % 5000 rpm
M13 HFSi PEG 400 30nm 20 wt %, 11 vol % 11000 rpm
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Capacitance of the polyethylene glycol and ethylemdde-propylene oxide
copolymer within a parallel plate capacitor was suead by an LCR Meter (HIOKI 3532-50
LCR HiTester) in order to calculate the dielectanstants of these continuous media. For
the capacitance measurement, we have used a hodesjpaaallel plate capacitor that is
composed of two parallel plates (made of a brdsy)alith a surface area S and plate-to-
plate distance of d as shown in Figure 3.2. FigBr2 also shows the experimental
configuration for measuring the electrical resisw@f the colloid with a digital multimeter
during the viscosity analysis. For the data actjaisi a LabVIEW (Laboratory Virtual
Instruments for Engineering Workbench) program weten and used.

Liquid

|
Digital

Multimetel

N~

Figure 3.2. The schematic representation of a parallel plajgacitor (left), and the
integration of the rheometer with the digital mmiéter for the electrical resistance

measurements (right).
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CHAPTER IV
4. RESULT AND DISCUSSIONS

In light of our literature review, we are led topagciate the necessity of a systematic
and all-encompassing study which analyses the isha¥ and combined effects of a wide
variety of physicochemical and processing pararediies., suspended phasgarticle size,
concentration, surface chemistrgpntinuous phasemonomeric or oligomeric continuous
phases, molecular weight and preprocessing speetiecshear thickening behavior of CNSs
which are flocculated initially albeit being stabdd by steric means, in order to shed light on

the mechanisms of this flow behavior.

Towards this end, we classify control parameiets two sub groups; namely,
chemical parameters and physical parameters, whithe discussed in section 4.1 and 4.2,
respectively (see schema 4.1). The paper is stegtas follows: having described in section
4.1.1 influence of monomeric continuous phase andection 4.1.2 effect of oligomeric
continuous phase on the flow behavior of mixturds. section 4.1.2.1, results of steady
rheological experiments are discussed. Shear thicganechanism of colloids which are low
volume fraction, anisotropic and flocculated is lexped with the result of electrical
resistance and steady shear rheology experimescition 4.1.2.1.1. We have also attempted
to explain the studied rheological behavior of @iol$ referring to effects of hydrodynamics
(in section 4.1.2.1.2) and interparticle interagtia(in section 4.1.2.1.3). In hydrodynamic
part, the effects of shear induced mechanical ardrodynamical forces on the
microstructure of the colloid and the associatednges in cluster sizes are discussed. In
addition, the microstructure evolution is considetia view of interaction forces among
particle-particle and particles-oligomer througlkrthodynamics considerations are described
in effect of interparticle interaction part. In §ea 4.1.2.2, oscillatory shear experiments are
also described to support our finding from sectibf.2.1 about the microstructural and
rheological change of system. Effect of physicalameters such as particle mass fraction,
particle size, molecular weight of oligomeric phaaed preprocessing speed on the
rheological behavior of suspension are explaineskection 4.2. The presentation is concluded

with final remarks.
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4.Control Parameters

4.1.Chemical 4.2 .Physical
Parameters Parameters
I
| 1
4.1.1.Monomeric Fluids 4.1.2.Polymeric Fluids Molecular
(Effect of hydrogen bonding (Influence of interparticle | Weight of
interactions) interactions) Polymeric
Phase
I _ 1 _ _
4.1.2.1Steady Shear 4.1.2.2 Oscillatory Particle Mass
Rheological Analysis Shear Rheological [ |  Fraction
Analysis -
4.1.2.1.1Shear Thickening . .
4.1.2.1.2. )
Hydrodynamic Effect | Preprocessing
speed
4.1.2.1.3.

— Effect of interparticle
interactions

Schema 4.1A schema that shows experimental parametersddiest nano colloids.
4.1. Chemical Parameters

In this part of the work, influence of surfackemistry of particles and hydrogen
bonding ability of the continuous media with disget phase on shear thickening of CNSs,
have been investigated. In this direction, the Ibgpo of mixtures (M1-M6, see table 3.2)
composed of hydrophilic/phobic fumed silica andrfdifferent liquid media (i.e., Ethylene
glycol, glycerin, polyethylene glycol, ethylene-pybene oxide copolymer) have been
studied. To have comparable results, in these erpats, the weight percent of constitutes in
the mixture is fixed, namely, fumed silica (20 w).%he findings of these experiments are
summarized in Figure 4.1 and Figure 4.2 as a gdleiszosity versus shear rate. One of the
six suspensions (M6) shows shear thinning behdwioa wide range of shear rates whereas
remaining suspensions reveal shear thickening @hdwurthermore, it should be noted that
colloids M1, M2, M3, M4, and M5 appear to have mgable zero shear viscosities and do

not show shear thinning from the very lowest shates. This is an obvious and expected
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result noting that these colloids are composedanitiouous phases exhibiting Newtonian
flow behavior at this shear rate range and dispigebases with low particle volume fractions.
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Figure 4.1.Steady rheological behavior of suspensions in dalenderstand the effect

of hydrogen bonding capability of continuous media.
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Figure 4.2.Viscosity versus shear rate profile of suspens{M&M6) and
polyethylene glycol, ethylene propylene oxide copor

4.1.1.Monomeric fluids: Effect of hydrogen bonding interactions

As can be concluded from Figure 4.1, each addllosuspension shows a distinct
rheological behavior that can be attributed to diféerence in the molecular structure of
liquids and associated change of interfacial folwetsveen constituents, which are elaborated
in Table 4.1. The comparison of the viscosity pesfifor the M1 (20 wt. % HFSI+EG) and
M2 (20 wt. % HFSIi+GLY) clearly reveals the influenakthe interparticle hydrogen bonding
on the shear thickening behavior. Therefore, iprisdent to continue with our discussion
considering forces between particles in differ@nitinuous media. Note that the free energy
G of two particles in an inert atmosphere decreasebe distance between their centers gets
smaller since the surface energy is a functionotii Isurface tensiosm and the interfacial area
A; namely,G = ¢ A. On the other hand, the strength of the attradtivee strongly depends
on the nature of the particles and dispersion nmedidnen particles are in the liquid medium
[46].

Table 4.1.Schematic representations for microstructural gbarof suspensions under

shear.

At lower shear rates At higher shear rates

Shear

Thickening

Fluids
L_(I)_W shea_r ;‘orce can not destroy flocculategyos are broken up and the viscosity
silica particles. increases due to the higher surface area of

finely dispersed small aggregates.
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Shear
Thinning
Fluids

Bigger floc structures exist in shear thinnipglocs structures are disrupted and relatively
fluids due to the higher particle-particlesmaller size isolated agglomerates form when
interaction strength. a shear is applied on the system. Therefpre,
trapped liquid molecules are released whergby
the viscosity of the system decreases.

The van der Waals attractive forces betweetiges can be calculated by using a

relatively simple approximate equation given bya&dachvili [47] as

V=-A,(a/12H) )
F=-dV/dH= A, (/12 H) )
3, c(e-e) , 3w, (-rd)
Aefr =—KT 2 + = 3/2
4 (£C+gd) 16\/_2(nc2+n§) (3)

where A is the effective Hamaker constaatjs radius of spherd;l is a distance of
closest approach between two identical sph¥tés the pair potentialg is the dielectric
constant,n is the refractive index is the Planck’s constank, is the Boltzmann constant,

is the absolute temperature and the parameterefers to the main electronic absorption

frequency for the dielectric permittivity (3xI0s* assumed to be the same for both media
[52]. Here, subscripte and d in the above relation denote the continuous medinoh the

dispersed phase, respectively. It should be ndtatdthe above formulations hold correct for
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spherical particle geometry. Nevertheless, we hesesl these formulations to calculate vdwW
interactions between the particles in our colloadh an anisotropic aggregate neglecting the
particle geometry related errors in our calculatismce our interest is on the comparison of
the attractive vdW interactions between particleglifferent continuous medium. It can be

deduced from the effective Hamaker constant relatiat the closer the values @fand
&4to each other, the smaller the valueAf is. Hence, the attractive forces between particles

decrease. The above force formulation suggests dblididal particles attract each other
always unless the dielectric constants and refragtidex of particle and dispersion medium
are the same. Effective Hamaker constant of pesgich ethylene glycol and glycerin
environments were calculated through using digéeatonstants and refractive index of
constituents (see table 4.2) in order to understirodulation tendencies of particles due to

the van der Waals attractive force.

Table 4.2.Dielectric constant and refractive index of cainsnts of suspensions (M1,

M2, M3)
Dielectric Constant Refractive Index
Hydrophilic Fumed Silica 3.75 1.462
Hydrophobic Fumed Silica 2.60 1.460
Ethylene Glycol 37 1,431
Glycerin 47-68 1,473
Polyethylene glycol 200 16.13 1.459

Results indicate that effective Hamaker cortstard vdW attraction of particles in
M1 (2.286x10°J ) is very close to particles in M2 (changes fl2@6x10°*J t02.5x1G*J ).
As a consequence, we have to investigate origithefrepulsive forces that give rise to
different hydrodynamic radius of same patrticlestimylene glycol and glycerin environments.
Ethylene glycol has two hydroxyl groups, whereagcelin has three hydroxyl groups,
thereby possessing higher hydrogen bonding affitatyards silica particles. As a result of
this, oligomer-particle interaction of suspensiod M smaller than M2 due to existence of

smaller number of hydroxyl groups in the molecwiucture of the continuous matrix hence
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the flocculation tendency of particles is higherMd since vdW attraction of particles are
similar. It is known that in strongly hydrogen-bamgl liquids, the interaction between the
liquid molecules and surface silanol groups (Si-@H3ilica particles causes the formation of
a solvation layer on the silica surface, which tgeahort-range non-DLVO repulsions [44].
Such repulsive forces due to the interactions betvibe surface hydroxyl of silica and liquid
molecules precludes the aggregation of the silasigles, hence giving rise to a mixture with
particles of smaller Hydrodynamic Radius (HR), éandjer surface area. In what follows, one
should expect that the HR of silica particles ipcgkin is to be smaller than that in ethylene
glycol. This argument is supported with the reswfsDynamic Light Scattering (DLS)
measurements used to determine the HR of silicacjgam glycerin environment (147 nm)
and in ethylene glycol enviroment (193 nm). As exdapreviously, in M2, the strength of
particle-liquid interaction is greater than thetmde-particle interaction in comparison to the
M1 system; consequently, silica particles have Emalggregates and larger effective surface
area in glycerin. This is why zero shear viscosityM2 is noticeably higher than M1 as
presented in figure 4.1. As the shear rate inceeabe ethylene glycol system exhibits slight
increase in viscosity, whereas the suspensionlichsand glycerin shows shear thickening
after reaching a critical shear rate, see figulle Zhis difference is due to the fact that, the
glycerin system requires less shear force to bupafragment) already smaller agglomerates,
and in turn experience shear thickening at lowsicat shear rate due to the further increase

in the surface area.

The suspension M3 (20 wt. % HFSi + PEG) shoveharp transition from shear
thinning to shear thickening state while the calldfil (20 wt. % HFSI+EG) acts like a
Newtonian fluid. In addition DLS measurements shiweat the HR of colloids in M3 (164
nm) is smaller than that in M1 (193 nm) althoughhboontinuous media have two hydroxyl
end groups. This difference can be explained bydeanVaals attraction between particles in
different continuous media and steric stabilizatbomtrolled by the adsorbed layer thickness
of polymer on particles. Effective Hamaker constahtparticles in M3 (1.960x18) is
smaller than M1 (2.286x18J). Therefore, under these conditions the dispersid might
have higher tendency to flocculate than M3. Hawdmgplled on the strength of vdW attraction
forces, one should also consider the dispersiocefosince the adsorption of polymer on
particle surfaces reduce attractive forces at gflasations. The magnitude of the repulsive

forces arising from the presence of adsorbed lesyBnearly proportional to the density and
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molecular weight of the dispersion media on thdas. The density of adsorbed layer on
the particle surface in M1 and M3 might be siméance ethylene glycol and polyethylene
glycol have same affinity towards to particle sueaince both of them have two hydroxyl
end groups. On the other hand, the adsorbed lhygkness is thinner in mixture M1 since the
molecular weight of ethylene glycol is smaller thpolyethylene glycol. The cumulative
effect of stronger vdW attraction force and weadteric force due to adsorbed layer thickness
causes the formation of bigger flocculated struetur suspension M1. The zero shear
viscosity of M3 is greater than that of M1 as cam deen in figure 4.1. This might be
attributed to greater particle spacing within flaassM3 considering their adsorbed layer
thickness. In M3, the free ends of oligomer molesuhdsorbed on particles extend into the
oligomeric continuous phase and interact with amdd oligomer molecules and cause
entrapment of these molecules within flocculatedcstire formed due to the existence of
vdW attraction force. On the other hand, in M1, #Husorbed layer thickness is smaller in
comparison to M3 since the continuous phase is momer. Therefore, particles in M1 can

form more compact flocs that do not contain entegjjtuid molecules.

4.1.2. Polymeric fluids: Influence of interparticleinteractions

To address the influence of the colloidal riattions on the extent of shear
thickening, the rheological and microstructuraitt@f suspensions composed of fumed silica
with dissimilar surface chemistry and differentypokric media (table 3.2 & figure 4.2) have
also been studied. Rheological characterizatiors warried out using severaimple
controlled methods, steady shear, oscillatory shadrthe results of these tests are quantified
using material functions such as steady viscostgrage and loss modulus, respectively.
Considering the interaction abilities of constitugrthases, colloidal suspensions can be
classified as Lyophilic and Lyophobic. In Lyophikolloids, the dispersion media molecules
have higher affinities towards the surface molezukdispersed phase. In the following, we
present the rheological and the micro structueatgrof four Lyophilic colloids (i.e., M3, M4,
M5, M6) with different degrees of polymer-partictgeraction strength to clarify the effect of
the colloidal interactions on the extent of shdackening. Recalling that when there is a
strong interaction between silica particles andym&r molecules, solvation layers form on
silica surfaces, thus giving rise to short rangrilgive forces. The higher the repulsive forces
are, the smaller is the flocculation tendency dfiahaggregates (as received samples) and
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hence, less shear force is required to break ddwady small size flocs and subsequently
transform them into aggregates. Therefore, for ghlymeric/oligomeric colloids to show
shear thickening behavior, the polymer/oligomettipkr interaction strength should be higher

than the particle-particle interaction strength.

4.1.2.1. Steady shear rheological analysis

In the following, we have discussed the expentally observed non-Newtonian
flow behavior in suspensions of M3, M4, M5, and Mdight of above provided discussions
through referring to both effects of shear induoggthanical and hydrodynamical forces (in
section 4.1.2.1.2) and interpatrticle interactiondgection 4.1.2.1.3). Given that the suspension
M3 (table 3.2) shows shear thickening under stestulyar (figure 4.2), one can expect
preferential interactions between hydroxyl end gsoof the continuous media and surface
hydroxyls of silica particles (figure 4.3.a). Asatd earlier, referring to EQ.3, colloidal
particles always attract one another unless diétecbnstant and refractive index of particle
and dispersion medium are the same [52]. In additexistence of solvation layer on the
particle surface due to polymer-particle hydrogending interaction create steric repulsive
force [44]. For steric stabilization to be effeetigolymer should be attached to the surface by
strong adsorption to create dense adsorbed layks#ficient chain length should enable an
adequately large value of adsorbed layer. Thereforkyophilic colloids with low molecular
weight of adsorbed oligomer, the oligomer-particieraction through the hydroxyl creates
weak steric forces. These weak repulsive forcesuamble to prevent attractive particle-
particle interaction. However, they may changedinength of van der Waals attractive force.
In M3, the magnitude of the steric repulsive foregsing from the presence of adsorbed
layer is small since low molecular weight of potydene glycol (200 g/mol) cannot provide
an adequate steric barrier. Consequently, panpialéicle attractive interactions in the system
still exist, but weakened by steric effect. Thawisy small flocculated structures form in the
colloidal system. The three orders of magnitudéedénce between the zero shear viscosity of
PEG and the M3suspension (0.0055 Pas, 5 Pas regheat figure 4.2) imply the existence
of flocculation in M3 because highly flocculatedlo@s are known to posses high viscosity
values at low shear rates. The fact that measwétlynamic radius (HR) of particles (164
nm) in M3 is significantly larger than the aggregaize of as-received particles (~30 nm)
further supports floc formation even though perfognDLS on these suspensions require
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considerable dilution which can destroy some agglate or floc structure in suspensions. It
is a crucial to note that in contrast to previousigted two well known theories, the steady
rheological data of M3 show shear thickening betvaever a narrow range of higher shear

rates despite the fact that flocculated and aropatrstructures exist in the system.
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M3, (b) M4, (c) M5, (d) M6.

4.1.2.1.1Shear thickening mechanism

To be able to comment on the relation betwedioids’ microstructure and rheology,
we have measured the electrical resistance of ar shigkening suspension (M3) composed
of polyethylene glycol and hydrophilic fumed silicender a shear or without a shear. In
electrical resistance experiment, we used susperd® because it shows shear thickening
behavior. To make this suspension a mixture of laisyg particles and conductive
continuous media, lithium chloride (1 wt%) was dised in polyethylene glycol. In an
experiment, the electrical resistance of the dsparwas monitored as a function of time in
the absence of shear force as shown in figure HFigure 4.4 indicates that the electrical
resistance decreases rapidly during the first 2@rsds and then levels off. In an another
experiment, the electrical resistance of the suspanM3 was also measured under the
applied shear force during the viscosity measurénveith the purpose of examining
microstructural change due to the application ofreasing shear force. Figure 4.4
demonstrates that in the first 20 seconds, thetralat resistance of the suspension M3
recorded under a shear force shows somewhat siimglaavior with that measured in the
absence of a shear force. During the latter exparinwe have also recorded viscosity versus
shear rate and time data as plotted in figure 4greby it is observed that the viscosity
decreases between 20 and 50 second while theiedctsistance is nearly constant at this
time interval. At low shear rates, silica particlae in the form of densified flocs. The
free/lunadsorbed oligomer chains act like a lubtidzatween these flocs in shear thinning
regime since they are aligned along the flow dicggtthereby leading to an increase in the
flowability while a decrease in the viscosity ofetBuspension. Moreover the conducting
continuous media flows easily between adjacentasiliocs so the electrical resistance of the
suspension does not change. After this time inteth@ viscosity starts increasing
monotonically whereas the electrical resistanceeagpces a sharp jump over a short
processing time span and subsequently levels loffview of figures 4.5, and the pertinent
previous explanations, one can conclude that tleeastructure of the colloid changes due to
the applied shear force. As mentioned earlierpat $hear rates, the compact flocs exist in
colloidal systems. The application of higher shrades breaks down compact flocs into small
aggregates and thus the total surface area ofisperded phase increases (figure 4.5). Due to
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the increase in the surface area of the non condudispersed media, the distance between
the fractal fumed silica aggregates decreases, hwhrings about the higher interaction

tendency among particles under the shear wherabyisicosity increases. As for the increase
in the electrical resistance of the colloid, irétated to the fact that the conductive oligomer
chain cannot penetrate easily into gaps betweercanductive fumed silica aggregates. The
following argument might also have an effect on therease of the viscosity. Just as an
analogy if finely dispersed aggregates were comsdiéo be an array of obstacles in a flow
field, then they would hinder the motion of thegolineric phase. Therefore, the viscosity is
expected to increase in colloids with large pagtmlirface area (finely dispersed particles) due

to the reduced mobility of oligomer chains.
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Figure 4.4.The electrical resistance measurements of HFSiHRggamM chloride
dispersion under the applied shear during the gigganalysis, and without the applied

shear at the stationary condition.
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Figure 4.5.Viscosity and electrical resistance versus time pidhe
HFSi+Peg+Lithium chloride mixture and a schematpresentation for the

microstructural change in a mixture under the shear

4.1.2.1.2 Hydrodynamic effect

In this section, we will briefly discuss severalspible hydrodynamic mechanisms
which may contribute to the occurrence of sheackéming in CNS studied in this work.
Figure 4.6.a exemplifies the flow in a concentrad®d monodisperse dispersion. In such a
system, the flow takes place due to the partiadi;ng past one another given that particles
are nearly close packe@d<0.625; volume fraction, for close packing of spkgrat rest and
the liquid continuous media is sufficient to filbid spaces. If there were no adequate amount
of liquid to fill the additional void spaces genea by the application of high shear (figure
4.6.b), the direct solid-solid contact would be @maged and in turn the shear stress would
increase, thereby leading to a rise in the visgosith increasing shear rate [48,51]. It is
thought that the above described shear thickenieaghamism is also active to some extent in
our shear thickening colloids. In the present stbarkening colloids (especially M3 and
M4), the dispersed media is in the form of smalnpact flocs which can entrap a small
amount of polymeric/oligomeric liquid within thentges (figure 4.7.a), and the big portion of
the continuous phase in the colloid stays as uappéd and/or unadsorbed polymer/oligomer
chains. These free polymer/oligomer chains acta hgricant for the motion of each flocs

past one another since they are aligned along ltve diirection at low shear rates. The
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application of higher shear force breaks down carnflacs into small aggregates thereby
increasing the total surface area of the dispem®e. The increase in the surface area of
particles brings about the formation of large voidsbetween the branched structures of
porous aggregates as illustrated in figure 4.7ddi#onally, the fumed silica aggregates have
small fractal dimensions [13]. The fractal dimemsidescribes the size dependence of the
particle mass and the small fractal dimension spwads to more porous structure.
Therefore, fractal aggregates can be considerde ‘holes’. In view of these points, two
main reasons can be suggested for explaining ttrease of viscosity after the critical shear
rate; first, the amount of continuous phase is fiigant to fill the additional void space
generated by the breakdown of flocs into small egates due to the high shear applied, and
second, the continuous phase is consumed to odeol@g on the surface of fractal silica
aggregates. As a result, the continuous phase taehave as an effective lubricant between
solid phases, hence leading to the augmented dioatact and friction between particles and

in turn the increase in the viscosity of the calloi

Additionally, considering the amount of fluid tbheen flocs (present at low shear
rates) and between aggregate structure (presehightshear rate) may also provide an
alternative explanation for shear thickening. Oreyroonclude from figures 4.7.a and 4.7.b
that the thickness or the amount of fluid betweggragates is much less than that between
flocs since the surface area of the dispersed phaseancreased at high shears rates. The
decrease in the fluid thickness between adjacegreggtes leads to an increase in the velocity
gradients and the associated shear stress betweemetighbor aggregates. Consequently, as
the shear stress increases, so will the viscositiieofluid since there is a linear dependence

between them.

We previously noted that in our colloids, the@egates are of anisotropic structures,
and are aligned at different orientations with ezdpo flow fields as sketched in figure 4.8.
Assuming that the shear applied on a colloid leadsvelocity profile given in figure 4.8, the
upper and lower section of particles will experiemifferent velocity fields. When a patrticle

is at 90 to the direction of the shear field, its top anoktbm will move at velocities

Vi h(dV/ dZ) and V—h(dV/ dZ) whereV is the center velocity of the particle where

variables are defined in figure 4.8. The rotatiomaltions of anisotropic particles are strongly
dependent on the turning moment and hence the angelocity. The turning moment
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changes with the orientation of anisotropic pagti@lative to the direction of the shear field.
Hence, both moment and angular velocity is greatsn the particle is at 9@osition. On

the other hand, the rotational motion of the phetiwhich is parallel to the shear field is

slower than the particle that is 98ince h s bigger thah' . Consequently, motions of fast
particles are restricted by slower particles armvébility of constituents decreases. This

situation may also contribute to the increase énuiscosity of the colloid.

To further elaborate on the rheological attrilsutd M3 suspension, it is prudent to
consider the adsorption gqdolymers at the surface oflispersed particles since the this
suspension is of a lyophilic character. When disperparticle are covered by adsorbed
polymer layers, their effective radius and the @ffee volume fractions become greater than
that of the core particles since adsorbed polyrgers prevent particles from approaching to
each other. As stated previously, higher shearsrbteak down compact flocs into small
aggregates. Therefore, both the surface area dedtieé volume of particles increase
whereby polymer chains can find more availablesste particle surfaces for adsorption. It
should be noted that the adsorbed polymer chamdehs the motion of free polymer chains.
The effective volume fraction and the intrinsic aasity are related to the adsorbed layer

1+d/a)’ | n=25(1+3 fa)

thickness through equatiorﬁbs - ¢( , respectively wherél is

the particle radiusj is the thickness of the adsorbed polymer Ia?elis the volume fraction
of a particle and¢' is the effective volume fraction [49]. Noting thi@ear dependence

between the viscosity and the effective volume tioac (’7=2'5¢' /¢), the increase in
effective volume fraction at high shear rate insemathe viscosity of the system [54].
Essentially, the increase in total surface area affieictive volume fraction of particles
reduces mobility of polymeric chains due to the boration of above effects hence leading to
an increase in the viscosity of the system.

At low shear rates, the structure of the dispep®ake is control by the balance of the
Brownian and interparticle forces, while at higheahrates it is governed by hydrodynamic
forces. Therefore, it is sensible to consider tifeceof the flow field on the microstructure of
colloids. The hydrodynamic effects may cause alstdispersion to aggregate under certain
conditions by which the hydrodynamic clusteringatyewas explained in literature. When a
suspension is subjected to a simple shear, a ieglghir of particles is compressed along the

compression axis of the shear field and consequémtin particle clusters oriented at®45
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with respect to the flow direction if the drag feron particles are strong enough. Stokes drag
force acting on a collision doublet in a simple ahe is written

— 2 H
asfd =6rm7.2° (dV/ dZ) 2sin 450054. Here,To is the viscosity of medium? is the particle

radius and dv/dZ is the velocity gradient. One can note that theok& drag
forcef, :672770a2(dV/ dZ) increases with the square of the particle radbts. Thus,

particles withum level radius are expected to be much more seadit the shear-induced
aggregation than those with nanometer level ra@dk In light of this fact, one can conclude
that the hydrodynamic clustering theory can notuesttely explain the shear thickening
behavior of suspensions studied in this paper dineesizes of the dispersed phase in these

colloids are nanometer size in shear thickeningmeg

(a) (b)
Figure 4.6. A schematic representation for shear thickeningainoncentrated, spherical,
monodisperse and close packed colloid syst@nthe relative motion of particles at low
shear forces(b) the increase of the viscosity due to the formatébrextra void volume at

high shear forces.

@) (b)

Figure 4.7.A schematic representation for the shear thiclgemra concentrated,

29



anisotropic, polydisperse colloid systefa) the relative motion of small flocculated
particles at low shear forcg®) the increase of viscosity due to the increaseadige

surface area and formation of extra void volumeavieen them at high shear forces.
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Figure 4.8.Rotational motion of an anisotropic particle indddy a shear field.

4.1.2.1.3Effect of interparticle interactions

Here, we discuss the effect of interparticle foroeghe rheological behavior of colloids
since the interparticle forces also significantfyeet the microstructure and in turn the
rheology of nanocolloids. To do so, two importanestions need to be asked; namely, under
what conditions will dispersions flocculate or reman a dispersed state? Since answers to
these questions are closely related to the intecpaforces, it is vital to discuss the origin of
these forces with thermodynamics considerationsis@ering a colloid as a thermodynamics
system with a constant temperature and presswedogical state function for the colloid will
be the Gibbs free energ® . The free energy of two particles in a colloidreese when the
distance between their centers gets bigger dueetdarct that the surface energy is a function
of both surface tensiorg and the interfacial area; namelyG = g A. These two colloidal
particles attract one another and form an aggragateder to decrease the total surface area
and the free energy of the system. The stabilitgadoids is closely related to the shape of
total free-energy curve which depends on the redasitrength of attractive and repulsive
forces. Colloidal dispersions with high free enetgyd to move to a lower free energy state
spontaneously when the energy barrier between tbembdynamics states is reduced or
eliminated by adjusting the repulsive and attractiorces. In general, instability and

flocculation are caused by a small free energyidrarrThe colloid might be trapped at high
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energy state with a sufficiently high energy batrie this case, the colloid is said to be meta-
stable. However, the transition from this metadstaitate to a lower energy state will occur
over a very long time span, effectively, the systeam be considered at stable or the
minimum energy state. The stability of colloidalssgm is controlled by the factors that
determine the height of the energy barrier sucthasnical properties of the medium, surface

and physico-chemical properties of dispersed phi@seperature and pressufgl].

When particles are in a liquid medium, the strengththe attractive force strongly
depends on the nature of the particles and dispersedium, which can be calculated using

the relation given by Israelachvili et al. (seea@n 1, 2 and 3) [52]. It can be deduced from
the effective Hamaker constant relation that tlosel the values ofc and ¢ to each other,

the smaller the value of*"is. Hence, the attractive forces between partidessease. The

force formulation given in equation 3 suggests tballoidal particles attract each other
always unless the dielectric constants and refractidex of particle and dispersion medium
are the same. It should be noted that the fornaatihold correct for spherical particle
geometry. Nevertheless, we have used these foriongato calculate vdW interactions

between the particles in our colloids with an amguic aggregate neglecting the particle
geometry related errors in our calculations sinae iaterest is on the comparison of the
attractive vdW interactions between particles iffedent continuous medium. In order to
determine the dielectric constant of constitueotsttie calculation of Hamaker constants, we
have measured capacitance of the polyethylene Ighmo ethylene oxide-propylene oxide
copolymer within the parallel plate capacitor byingsLCR Meter. Using the measured

$=&&S/d

capacitance, the dielectric constant were caladilfteough the relatio where

C is the capacitance of the fluifi; is the dielectric constant of polyme?O, is the dielectric
constant of the free spaced& 8.854x10*? F m-1), Sis the area of the lower and the upper

plates, andd is the separation distance between the platededdie constant of particles
and continuous media and the effective Hamakertaahsre given in table 4.3 in order to
compare van der Waals force of attraction betweartigies within different dispersion

media.

Having addressed how particles attract each othershould also consider repulsive

forces (dispersion forces that give rise to thdooddl stability) especially when the space
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between particle surfaces is filled with liquid. s existence of liquid between particles
reduces attractive forces at all separations apdisie forces become effective, the free
energy curve is modified. Colloid particles may eemne another by the electrostatic
repulsive force. Many interfaces in aqueous systeans/ electrical charges and like charges
repel each other. Electrostatic stabilization im-4agueous media is not as effective as in
agueous systems. Morrison et. al and Raghavaal elemonstrated that the electrostatic
stabilization is strongly dependent on the partmd&centration in non-aqueous media and
indicated that the electrostatic stabilization & possible in non-aqueous systemshigh
particle concentration$44,50]. Since the particle concentration of owsteyns is 20 wt%, the
electrostatic forces play negligible stabilizatiae in comparison to the steric stabilization.
In view of the fact that all of our suspensions ggss a lyophilic character, the steric
stabilization effect should be significant in thesaloids due to the interaction between
polymers and patrticles. In steric stabilizatiore #tdsorbed layer may affect the interparticle
forces in two ways; that is, it may change thergjtle of van der Waals attractive force and
gives rise to a repulsive force between partiches. the steric stabilization to be effective,
long enough polymer chains should be firmly attalcteeparticle surfaces thereby forming a
compact layer there. Furthermore, in the case sdispension that is composed of patrticle,
polymer and solvent, adsorbed polymer chains exietul the solvent due to the similar
chemistry of the polymer and solvent. Consequestiyfaces cannot approach each other too

closely because of the extension of adsorbed chkigsre 4.9.a shows two particles with

adsorbed polymer layer wher@ the radius of the particle an@ is the thickness of the
adsorbed layer. The magnitude of the repulsivee@rising from the presence of adsorbed
layer strongly depends on the density and moleaukght of the polymer on the surface.
When the adsorbed polymer layer is dense enoughgahter of the particles is precluded to
come closer than 2(&r Brownian motion causes collisions between pladicand the
outermost parts of the layers start to mix as tbéaules interpenetrate. The interpenetration
of adsorbed chains increases the local densityobfner segments. Osmotic effect drives
surfaces apart in order to reduce the segment ntnatien. This situation can also be
explained by a thermodynamic consideration. Theeg®ed concentration of chains between
surfaces restricts the motion of them, therebyiteatewer possible configurations available
to each molecule. Consequently, the reduction tropg (AS) causes an increase in the free

energy. Entropic repulsion increases the centeetaer separation of particles. On the other
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hand, if polymer density in the layer is lower, ihattraction will be unaffected by the
presence of the surface layer (figure 4.9.b). Meeeoshort polymer chains on the surface
cannot provide an adequate steric barrier. Finallys clear that density of the attached
polymer chains on surface should be sufficient #imel chain length should enable an
adequately large value 6fin order to take the advantage of the steric ktaltion. The small
value of the adsorption thickne§q<6) and the polymer density of the layer are unable t
prevent the particles from approaching one anotherthis end, not only the existence of
polymer but also the molecular weight and concéntracreate different effects on the
system. As an example, the presence of an excesadsorbed polymer leads to decrease in
flocculation while the existence of high molecuhagight adsorbed polymer which are at low

concentration causes flocculation of particles bgding mechanisms.

To recapitulate, the total free energy of intexatsi between two colloidal particles can
be written as sum of energies associated with dearWWaals, electrostatic, steric, and other

LC=AGqy *AGHAGAHAG, \yhare the superscrip® and T

effects respectively a
denotes the attractive and repulsive natures oéiowe free energies, respectively [51]. The
cumulative effect of interactions between the lej@nd solid particles may change the
interparticle interaction, the microstructure amd turn the rheological behavior of the

suspension.

Table 4.3. Dielectric constant, refractive index of constiitteand the effective Hamaker

constant of mixtures. Note that dielectric consgtanof our particles are compiled from

literature.
Dielectric constant | Refractive Index Effective Hamaker constant (J)
Hydrophilic Fumed 3.75 1.462 M3 1.960x10%!
Silica
Hydrophobic 2.60 1.460 M4 4.172x10
Fumed Silica
Polyethylene glycol 16.13 1.459 M5 2.611x10%*
Ethylene oxide
propylene oxide 6.98 1.580 M6 3.810x10"
copolymer
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Figure 4.9.Schematic representations for particles with adsibtayers(a) a high
molecular weight polymer is adsorbed on the partstirface, hence forming a dense
polymer layer. This situation generates strong Ispei force,(b) low molecular weight
polymer is adsorbed on the particle surface, tbusihg a thin adsorbed polymer layer.
This situation generates a weak repulsive forcd,camsequently vdW attractive force

might become dominant.

In suspension M4 (table 3.2), in addition to hyadmodoonding between the surface
hydroxyl of silica particles and ethylene oxidetpmr of the polymer, there are van der Waals
interactions between methyl groups of silica p&tiand propylene oxide portions (figure
4.3.b). Preferential interactions between the pelyand particle favor the shear thickening
flow (figure 4.2). However, considering HR of desped phase which is measured to be

around 200-250 nanometer by dynamic light scatjerone may conclude that there also

exists flocculation. According to the previouslyte relatiorF = A (a/lZHZ), the vdW

attraction forces between the particles are liyearoportional to the effective hamaker
constant. For that reason the higher value of e¥fe¢iamaker constant of M4 (4.172x3Q,
see table 4.3) than M3 (1,960x%0J, see table 4.3) brings about higher attractoreef
between particles. This explains why hydrodynamadius of M4 is bigger than MS3.
Raghavan et al. states that sols have to be noodflated to behave as a shear thickening

fluid [44]. In some other relevant works, it was@kuggested that for a colloidal suspension
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to exhibit shear thinning behavior followed by tishear thickening, it should be a
concentrated suspension of non-agglomerating disdgrhase [4, 35Dn the other hand, we
have shown that colloids can be shear-thickenetowttthe necessity of having very high
particle volume fraction and non-flocculated dismelr phase. Stating more explicitly,
although suspensions M3 and M4 have relatively kpuaticle volume fractionsepE 0.11,
calculated from density) and contain small floctediastructures, they thicken.

Modifying surface chemistry of particles andite polarity of liquids alter the
interactions among the constituents, which leadbeéaeplacement of the shear thickening by
thinning or vice versa at high shear rates. Foamse, strong attractive particle interactions
increase the tendency of the formation of floccéatatand/or networks due to the inter-
particle linkages in suspension, which resultsha formation of a colloidal gel. Hence,
colloids with strong attractive particle interactsoare in tendency of showing high viscosity
at low shear rate, and shear thinning behaviorghien shear rates [4]n suspensions M5 and
M6 hydrogen bonding and/or van der Waals attractiveraction forces exist between
particles depending on the dielectric constantractive index and polarity of liquid
molecules [44]. The existence of these attractoreds induces flocculation in the system,
which results in the formation of a colloidal gel.

In suspension M5 (table 3.2), the partially toyghobic fumed silica particles, which
are prepared by replacing the half of the surfagdrdxyl with methyl groups, are used as
dispersed media. In this system, there are two ryges of interactions; namely, particle-
particle interactions through methyl groups (promgtflocculation), and particle-oligomer
interaction through the surface hydroxyl of siliparticles and OH end groups of peg
molecules (promoting dispersion) (figure 4.3.c).a&Aresult, the net attractive forces between
hydrophobic particles are sufficient to promote thenation of moderate size flocs through
coalescence of aggregates whereby M5 colloid etehébhigh zero shear viscosity compared
to M3 (figure 4.2). The network structure or lardlecs cannot be formed in this system due
to the existence of particle-oligomer interactidfhe comparison between the effective
Hamaker constant of M3 and M5 (table 4.3) pointshigher vdW attraction tendency of
particles in M5. The colloid M5 shows shear thimnibehavior over a wide range of low
shear rates because weak van der Waals interaetinosg hydrophobic particles can easily
be destroyed by shear force, and the entrapped liqolecules begin to be released into

continuous media. Alignment of free oligomer chainsthe direction of shear field also
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decreases the viscosity at low shear rates as Wi#rward the shear thickening flow is
observed over wide range of higher shear ratesugecemall methyl groups are incapable of

preventing the particle-oligomer interaction thrbwm effective steric barrier [51].

In the case of the suspension M6 (table 3.2), tfirdphilic fumed silica interparticle
linkage corresponding to large flocs structure @mfed in ethylene-propylene oxide
copolymer which is more non-polar than polyethylghgcol. The observation of very high
zero shear viscosity in M6 is attributed to thesty particle-particle hydrogen bonding via
silanol (Si-OH) group (figure 4.2 and figure 4.3.@he lower value of the Hamaker constant
of M6 compared to M5 (table 4.3) is also provingttithe hydrogen bonding is the main
contribution to the particle-particle interactionM6. One should note that in this system, the
hydrogen bonding between particles and the polyseot favored due to the high molecular
weight of the polymer. Strong particle-particleargction through hydrogen bonding prevents
the infusion of long polymer chains into gap betwggarticles, thereby decreasing the
possibility of interaction between the particle atid polyethylene oxide portion of the
polymer. The higher flocculation tendency of M6teys can be further concluded through
examining transmission electron microscopy imagesteown in figure 4.10 and dynamic

light scattering results presented in figure 4.11.
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Figure 4.10.Cryo-TEM image of M6.
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Figure 4.11.DLS results of the M4 and M6 suspensions.

To further elaborate on the shear thickening andnthg behavior of colloidal
suspensions, we have compared yield stress vatue® @elected samples (i.e., M4 and M6,
refer to figure 4.12), which might be used as apsencriterion for the existence of shear
thickening/thinning [52]. The yield stress of a eradl is usually defined as the stress below
which no flow will occur. Recall that the attractiyparticle interactions lead to flocculation in
suspension, and the network density or floc sizeedds on the strength of the particle
interactions. Yield stress value increases whenflihe size is bigger. For instance, M6
includes three dimensional networks (highly floedetl fumed silica particles) due to strong
particle-particle interaction, and therefore shoxesy high yield stress<(25 Pa) as can be
seen in figure 4.12. It should be noted that thglieg shear stress is to be higher than the
yield stress in order to overcome the interactiorcds between particles and in turn to
destroy the big flocculated structure. Flocculgtadicles entrap the continuous media within
the network. When colloids with network structuege exposed to shear forces, the network
can be disrupted whereby relatively smaller sizdated agglomerates form. Consequently,
entrapped liquid molecules are released into matmxich decreases the viscosity of the
system, and the colloid shows thinning behavior.otdghe removal of shear force,

agglomerates coalesce, thus forming space filliegwvarks reversibly. One can expect
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samples M6 can be shear thickened by the breakadwh agglomerates into aggregates at
very high critical shear rate. However, such a hegbar rate is not measurable in the current
commercial rheometers so these types of suspenaren®ferred to as shear thinning fluids.
As for the M4 suspension, the yield stress is afhsa low value that 0.03 Pa stress is
adequate to initiate the flow. In this suspensibe, shear thickening region starts at 19 Pa,
which is significantly lower than yield stress obMuspension even though M4 and M6 have
the same continuous phase, weight fraction, andyndee same primary particle size. This
rheological dissimilarity in both suspensions (MMG) is due to the different surface
chemistry of particles. Considering yield streskuga of both colloids, one should expect that
M4 shows shear thickening due to the affinity ofypter chains towards particle surfaces and
the formation of small size flocs which are nokéd into a network. On the other hand, M6

exhibits shear thinning owing to highly flocculataxad volume filling network systems.
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Figure 4.12.The viscosity versus shear stress profile of tf2eadd M4 suspensions.
4.1.2.2. Oscillatory shear rheological analysis

The results of dynamic rheological experimeots suspensions M4 and M6 are
presented in figure 4.13. The decrease in theielagidulus with the applied strain implies
the existence of flocs in M4 which even though stiekear thickening. This conclusion
might be supported by referring to the computaticetady that employs a coarse-grained

“dissipative particle dynamics” model by Raos et ialwas shown that the elastic modulus of
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flocculated colloids decreases over the narrowrstemnge (0-0.8) [53]0n the other hand, no
change in the elastic modulus was reported foredssal colloids [53]. Furthermore, as
concluded from figure 4.13, the colloid M6 (compdsef hydrophilic fumed silica and
ethylene oxide-propylene oxide copolymer) is ofr@ater flocculation than M4. It should be
noted that despite the fact that both M4 and M6ehtne same continuous media, initial
particle size, and volume fraction, M6 cannot shbe shear thickening behavior unlike M4
due to surface chemistry of particles and concarhithange of particle-particle interaction
strength. Depending on the size of the flocs, sti@aning or thickening can be observed in
colloids. If the applied shear rate is able to krdawn the flocculated structures, shear

thickening is observed, otherwise shear thinning.
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Figure 4.13.Elastic modulus versus strain profile of M2 and 8#épensions.

During steady-shear measurements, the viscasithe sample is measured as a
function of the shear stress or shear rate. Thexetbhese analyses may not give detailed
information about the microstructures present ihoatal systems. To be able to understand
the microstructure and its effect on the viscoeaptoperty of a suspension, we have
conducted dynamic oscillatory strain and frequeswgep experiments on different colloids.
Oscillatory shearing motion is a common form ofaflased to characterize viscoelastic fluids.
In dynamic oscillatory experiments, the suspensmrusually subjected to a sinusoidal

oscillating strain and the resulting stress is mess at various frequencies. During this
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experiment, the rheometer records the peak styaptiea, the resulting peak stress and the
difference between the strain and stress wave fameach frequency. The stress-strain

relation is given by the formuta= y[G'(«)sin(at)+ G’ (W) cost Jwhereo, y, w, G and

G' are the stress, the strain amplitude, the frequeslagtic modulus, and viscous modulus,
respectively. The stress component in-phase wiéth déformation defines thelastic (or
storage) moduluS' which is related to the elastic energy stored edyistem on deformation.
The component out-of-phase with the strain givesvihcous(or loss) modulu&’ which is
linked to the viscous dissipation of the energyaisystem. Detailed relation between the
elastic and viscous modulus with phase angle, cexnpiodulus, and complex viscosity is

given by Larson et.al. [54].

Linear and non-linear rheological responsesoofplex fluids are of great interest in
strain sweep analysis in which the deformation @ombé of tested sample gradually increases
at a fixed oscillatory frequency. This constangtrency should be selected such that it must
be in the middle of the frequency sweep range. Bamplitude oscillatory shear (SAQS),
based on the small amplitude strain imposed andttiess response, gives linear viscoelastic
region. Also the onset of nonlinear response ietqu at larger amplitudes of oscillatory
shear (LAOS) in strain sweep analysis. Conductiggstrain sweep test in linear viscoelastic
region gives information about the microstructurke tbe particles within a colloidal
suspension at a stationary condition. On the dtlaed, the non-linear viscoelastic region is
crucial to determine the microstructural changé¢hefsystem under the application of higher
forces in order to predict processing behavior offymer, colloidal system, etc. After the
determination of linear and non-linear viscoelastigion, a frequency sweep analysis can be
performed. During the frequency sweep test, freques increased at constant strain/stress
amplitude which is selected from linear or non-dineiscoelastic region of the strain sweep
test. If frequency sweep test is performed for de¢ermination of microstructure of the
suspension, the selection of strain/stress valwwes finear region in the strain sweep test is
required. The spectrum of the frequency sweep @asdparated by three zones; namely,
terminal zone, plateau zone (Wh&@ndG’ cross over) and transition zone. The simulations
of time dependent shear behavior of suspensiotecteéhe primary importance of frequency
sweep experiment. Short term behavior is simulatedapid oscillations (at high frequency)
and long term behavior is simulated by slow ostilzs (at low frequency). In the dynamic

oscillatory strain sweep test, the point wh&'eandG” increases/decreases abruptly is called
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as critical strain while the critical frequency fdynamic oscillatory frequency sweep can be
defined as the frequency which correspond to tist @rossing point of elastic and viscous
modulus. Critical strain/frequency is an importg@rameter since significant change of
microstructure begins to occur at these certaimtpoiln addition, the microstructure of
suspensions and intermolecular interactions theo@in be distinguished based on the
viscoelastic response. For instance, the decrea§ewith the strain amplitude is referred to
as thestrain softeningwhile the increase o6’ indicates thestrain hardeningbehavior [8].
The increase/decrease in storage modulus at lagess(strain hardening/strain softening) in
oscillation experiment corresponds to an incre&seghse in viscosity at high shear rates
(shear thickening/shear thinning) in steady shgpeement.

In order to explore the structural rearrangeimm colloids under increasing
strain/frequency value, in Figure 4.14 are presktibe results of strain sweep experiments
under oscillatory shear for various colloids, whiate plotted as elastic modul@ and
viscous modulu&’ versus the strain amplitude at different constagguiencies. The strain
sweep test of the suspension M3 indicates thattitieal strain shifts towards smaller value
as the frequency of the deformation increases r@gigil4.a).Nearly constant elastic and
viscous modulus at very low strains and the dradéicrease in elastic modulus at higher
strain values suggests the existence of flocculatadctures in the system. Figure 4.14.a
shows that both moduli of suspensions show anaserafter a critical strain value. The sharp
increase of elastic modulus after the criticaligtraalue indicates strain hardening behavior
which is related to the breakdown of internal dines. The breakdown of agglomerated
silica particles into aggregates and associategease in friction among them leads to the
increase in viscous modulus due to the higher gneigsipation. Friction between the
polymer matrix and particles should be also consdl@lthough energy dissipation is mainly
controlled by friction between aggregate particledse dynamic oscillatory frequency sweeps
under a constant strain were performed on the ssgpe M3 using the stress controlled
rheometer with a cone geometry (Figure 4.15.a)sTthst is carried out at high strain
amplitude value which is selected from non-line@ceelastic region. For M3, the long term
behavior of suspension is liquid-like sin€& << G'in terminal zone (at low frequencies)
while G' >> G" in transition zone (at higher frequencies) whictli¢gates that the short term
behavior of the suspension is more solid-like.dditon, liquid to solid like transition occurs
at a frequency where the complex viscosity beginadrease.
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As can be seen from Figure 4.14.b, the collidl shows a similar viscoelastic
behavior to M3 wheres' and G" are constant at very low strains, a@d exhibits a rapid
decrease at higher strain values. Both storagdaasdnoduli of M4 show a rapid increase at
a critical strain under the oscillatory shear. He strain sweep test of M4, the critical strain
also decreases with increasing frequency while dégree of strain hardening increases.
Figure 4.15.b. shows the frequency dependenceastieland viscous modulus at 0.1 strain

amplitude. At low frequencies, the value @fis greater than that &, which implies that
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the energy dissipatds} by viscous forces is larger than that stored withim structure of the

suspension. Otherwise stated, at low frequencles,stispension M4 mainly possesses a
viscous property thereby behaving liquid-like. Afteaching the minimum value of complex
viscosity, the rate of increase of elastic modigugster than viscous modulus. This behavior
shows that the transition from viscous to elas#d kaken place. Therefore, the crossover of
G" andG' at critical frequencydfc) in oscillatory shearing corresponds to criticaéar rate
where transition from liquid-like behavior to sclile behavior is observed in steady shear
experiment. Recall that the values of storage ma@l represent the intensity of elasticity
and the change of elastic modulus can be assoaiatkedhe structural changes from flocs to
aggregated structure. Hence, the suspension M4 ssimoave solid like character at high

frequency.

Figure 4.14.c shows the oscillatory shear resultviaf from which one can clearly
notice thatG’' and G” of M5 are not dependent on the strain amplitudeeay low strain
values while they are strongly dependent on thairstamplitude at higher strain values.
Unlike M3 and M4 which show strain hardening bebavbothG’ andG” decreases over the
whole range of the strain sweep at low frequency. (80 rad/s), which indicates the long
term behavior of the fluid. The drops in storagedaolas unlike M3 and M4 over the whole
range of strain points to the existence of modesate of floc in the colloid. At higher values
of frequency (i.e., 20, 50, 100 rad/s), suspenssbiasv strain hardening, which is nonetheless
not as strong as those in M3 and M4 owing to thistemce of moderate size flocculated
structures. Figure 4.15.c shows the angular frecpuelependence d&' andG” for M5 at a
constant strain value. Bot®’ andG"” exhibit very weaker dependence on frequency than M3
and M4. Reason behind this weaker frequency depeedef M5 can be explained by
attractive interparticle interaction between disgemphases which are strong enough to
develop more rigid and bigger size flocs. Theseydnigsize flocs are more resistance to
motion under applied stress. One can also noteGh#”, which suggests the formation of

gelation due to the particle interaction.

As seen from Figure 4.14.d, the strain sweell®fshows similar behavior to M5 at
the frequency range of 10-20 rad/s in terms offélcé that the elastic modulus decreases over
the whole ranges of strain. It is known that thedoios of strongly flocculated gels tends to
be highly-strain dependent as in the case of M@thEumore, it was shown by Larson et.al.

that the strain sensitivity increases when thecildettion becomes stronger since the strongly
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Complex Viscosity [Pa

flocculated gels are likely to be more brittle thaaakly flocculated ones [60]. As a result,
both moduli of M6 show variation even at very lotragh amplitude unlike M5 which might
be considered as an evidence for the existendeediighly flocculated/network structure in a
given system. It is important to point out that iBows only shear thinning behavior in
steady shear experiment while the same suspenbimnssstrain hardening in oscillatory
shear experiments with a strain sweep mode espeatlhigher frequency values which
simulates short term behavior of suspension (Sgeré-4.14.d). Barnes et. al. in their review
article concluded that all dispersions might exthéhiear thickening behavior under the right
conditions [4]. Therefore, we think that the calldVi6 can also be shear thickened at very
high critical shear rate. However, such a high shate is not measurable in the current
commercial rheometers so this type of suspenssns point of fact called as shear thinning
fluids. In the terminal and plateau zones of fremyesweep (Figure 4.15.d), M6 also shows
little frequency dependence, a@dis greater tha®”, which is a similar behavior to M5.
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Figure 4.16. (a)Complex viscosity of suspensions at frequency 80srduring strain

sweep analysis an{®) Complex viscosity of M6 at different frequencies.

Figure 4.16.a presents complex viscosity \&erstmain plots for suspensions (M3,
M4, M5 and M6). These suspensions exhibit strairddr@ng at high strain amplitudes (at
frequency 50 rad/s) since their complex viscosktgves an abrupt jump to higher levels at

particular strains. The graphs further denote thatcomplex viscosity of these suspensions
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was initially independent of strain at low stramgalitudes, then obvious decrease in complex
viscosity occurs, and finally dramatic strain hanidg takes place, which is followed by the
jump of complex viscosities to higher values afeaching the minimum viscosity level. The
change in the viscosity of the silica suspensiana &unction of strain is prudently attributed
to the microstructural change in these colloids.réMalearly, at small strain amplitude,
Brownian motion and the interparticle forces ardeatp restore the structure to the
equilibrium state during the oscillatory shear; rdfiere the viscosity almost remains
unchanged. As the strain increases further, tlexaéibn and the alignment of the molecular
chain of the PEG contributes to the decrease invigeosity in the thinning regime. At the
critical point, the structural breakdown inducedthg very high strain amplitudes becomes
significant and the Brownian motion and the intetipke forces are no longer capable of
restoring the microstructure, thus the viscosity@ases. Figure 4.16.b present plots complex
viscosity versus strain for M6 at 4 different camgtfrequencies. At low strain values, the
initial complex viscosities of suspensions decreaik increasing frequency amplitude due
to the breakdown of network structure. In essetive,application of 100 rad/s frequency
causes the formation of smaller agglomerate strectoan 50 rad/s thereby enabling the
entrapped liquid molecules to be released into dbetinuous media and consecutively
leading to decrease in the initial complex visgoskor all frequency values, the complex
viscosity keeps decreasing until reaching theaaiitstrain. After the critical strain values, the
strain hardening behavior can be observed forrgguency of 20, 50, 100 rad/s whereas the
complex viscosity is constant at 10 rad/s. Thiansexpected result since the application of
higher frequency on a suspension can break dowlomggate structure to aggregates much

more easily.
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Figure 4.17.Single frequency (1.59 hz) oscillator shear expents (at controlled
stress (10 Pa)pn) M3, (b) M4, (c) M5 and(d) M6.

In order to examine the flocculation rate oftigtes within different continuous
media, high pre-shearing with a shear rate of 1908 applied on colloids in order to break
down all microstructures and then single frequefic$9 hz) oscillatory shear at controlled
stress (10 Pa) was performed to determine thetyalwfi given suspension to recover the
microstructure. Figures 4.17.a and 4.17.b showttieelastic moduli of suspensions M3 and
M4 do not change with respect to time, which mehasthese structures slowly reform when
the shearing force is removed. On the other harilsMbws more rapid increase in modulus
in comparison to M3 although the liquid phase ofhbsuspensions is the same. The rapid
increase in modulus proves the existence of parpalticle interaction through attractive van
der Waals interaction in the system. Finally, floe suspension M6, it is clearly seen from
Figure 4.17.d that the elastic modulus becomestgreéaan the viscous modulus after their
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cross over, which suggests that there exists stpargcle-particle interaction and hence

tendency for the formation interparticle linkageM®.

Figure 4.18 shows the hysteresis behavior sfosity during the cycles of increasing
and decreasing shear rate. Flow curve is obtaimedsingle experiment in which the shear
rate is steadily increased at a constant rate fzemo to some maximum value and then
decreased at the same rate to zero whereby therégist loop is formed. The area between
the shear stress versus strain loop gives magndtideixotropy. Thixotropy is associated
with the rate of structure breaking (disruption)tire material when stress is increasing and
the buildup of structure with decreasing stresse Tlw curves of the shear stress versus
strain (seen in Figure 4.18) and calculation ofartall samples (M3, M4, M5, M6) display
the thixotropic behavior (see Table 4.4). Resoiitanalysis indicate that thixotropy is higher
in shear thinning fluids because attractive inteoas between particles cause development of
big flocculated structures which show higher stnalt break down with increasing shear rate
and faster buildup of microstructure with decregshear rate.
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Figure 4.18.Thixotropic analysis (preshear is applied at 5 BgHFSi (10 wt%) and
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Table 4.4.Results of quantitative thixotropic analysis.

Suspensions Area Calculation Results
HFSi (10 wt%) and PEO-PPO 2995.5
HPFSi (10 wt%) and PEO-PPO 84.52
HPFSi (10 wt%) and Peg 773.55
HFSi (10 wt%) and Peg 544.5

4.2. Physical Parameters

To examine the effect of molecular weight e tlegree of shear thickening, we

have studied M3, M7, M8 and M9 suspensions (taki?¢. 3o be more specific, in M3, the

difference between the minimum and the maximumoggyg is 8.63 Pas at the critical shear

rate, while in M9, it is 245.24 Pas (see, figurgd4& 4.20). Polymers with a high molecular

weight will result in an increased adsorbed layeckiness. Therefore, the hydrodynamic

50



radius of particles in different molecular weighigomer increases due to the longer
oligomer chains (see, figure 4.23). On the otherdhdigger floc structures, which exist in
high molecular weight continuous media, composeshudller number of bounded aggregate.
The adsorption of longer oligomer chains on pafictreates stronger steric forces and the
attractive interactions between particles are foeesaveakened. As a consequence, shear rate
value at which thickening transition is first obssst decreases when the molecular weight is
increased from 200 to 600 because it is easierdakbflocs which are composed of smaller
number of weakly bounded aggregate. In additionical shear rates for M3, M7, M8 and
M9 suspensions are measured to be 82.10, 34.780,22nd 10.80, respectively, see figure
4.20.

The effects of particle size, mass fractiod preprocessing condition on the shear
thickening behavior were also studied within thenteat of the current work. The
experimental results indicate that there is a miistirheological difference between
suspensions M12 and M3 although both suspensi@ansanposed of the same constituents
with the identical weight fractions. The fact thdtl2 mixture shows a Newtonian fluid
behavior in the viscosity profile (see, Figure 4.Blattributed to the greater particle size and
the concomitant decrease in the surface area daliipersed media. The effect of the weight
fraction on the shear thickening can be clarifiecbtigh comparing the rheological behavior
of suspensions M3, M10, M11. From Figure 4.22, caxe deduce that particles shows higher
zero shear viscosity due to higher flocculationdecy with the increased particle
concentration (see figure 4.23). Although biggecfstructures exist in the suspension, shear
thickening responses of M10 and M11 are enhangethd increase in the particle weight
percent (see, Figure 4.22). It is known in therditere that the critical shear rate is linearly
dependent on the interparticle distance and has\wamnse linear dependence on the surface
area [8]. Hence, the greater the weight percentoanlume fraction, the lower is the value
of the critical shear rate [39, 54], which is inrwgood agreement with our observations as
well. Preprocessing speed (mixing speed) is ortheoparameters that also have an effect on
shear thickening behavior. In Figure 4.24 are githenviscosity profile for suspensions M8
(preprocessed at 5000 rpm) and M13 (preprocessdd. (0 rpm). The M13 suspension
shows significantly larger increase in viscosite.(i248.04 Pas ) at the critical shear rate than
M8 (i.e.. 80.95 Pas). This is a quite expectedltesnce the higher mixing speed improves

the dispersion of particles. The HR for M13 was suead to be 210 nm, while for M8, it is
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262 nm. The decrease in HR of particles leads tm@ease in the total surface area of silica
particles. As a conclusion, it should be stated tha critical shear rate decreases when the

suspension is preprocessed at a higher mixing rate.
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CHAPTER V
5. CONCLUSION

The flow curve of polymeric colloids integrategth nano- or micro sized particles
shows generally non-Newtonian flow behavior (shtbakening or thinning) under shear. In
relevant literature, the shear thickening flow bebtein concentrated, monodisperse and
spherical systems has been scrutinized both expetatly and numerically in order to
understand the underlying mechanisms. In view et¢hstudies, two well known theories
have been proposed; namely, order disorder transénd hydrocluster theories. However,
the origin of shear thickening responses of lowuwzé fraction, anisotropic and flocculated
systems has yet remained unclear and hence nedus ¢éxplained on the basis of other
additional physical mechanisms. In this regard,sptochemical control parameters has been
investigated in order to understand the origithefshear thickening behavior of low patrticle
volume fraction, and anisotropic and flocculatedtegns. To be able to understand these
mechanisms, we have experimentally studied theloggoof CNS through measuring their
viscosity and electrical resistance under varidusas forces together with utilizing several

relevant characterization methods.

Result of steady shear rheological analysise giformation about the effect of
physicochemical parameters on the flow behaviolCtfS. Shear thickening behavior is
mainly controlled by particle size and mass fragctisurface chemistry of particle, type of
continuous phase, and molecular weight of oligomkguid phase and preprocessing speed.
Firstly, shear thickening behavior of suspensidret are composed of hydrophilic fumed
silica and monomeric / oligomeric liquid phase baen studied to understand effect of the
continuous phase. It was concluded that higherdgehr bonding capability of monomeric
liquid phase provide better performance but thanwgdt performance was obtained when
oligomeric liquid phase was used. STF samples werpared by dispersing nanosized silica
particles in a different molecular weight of polygene glycol (Mw: 200, 300, 400, 600
g/mol) as well, the shear thickening phenomenanase obvious when the molecular weight
is 600 g/mol. Suspensions with three different nfesgions (20 wt%, 25 wt%, 30 wt%) has
been studied and it is obvious that extent of stf@ekening increase with mass fractions due
to higher surface area. At the same mass fracsiespensions prepared with 2 micron silica

particles show Newtonian behavior while 7-40 nmtipks point out shear thickening
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properties due to higher surface area. In additothis, preparation of STF sample at higher
preprocessing speed provides better dispersionlamer critical shear rate. In addition to
steady rheological analysis, dynamic rheologicallysis performed in order to understand

mirostructural change under shear.

The relation between the interparticle interactma the non-Newtonian flow behavior
has been also identified. The suspensions studiedcl@osen such that constituents have
different interparticle interaction strength amotigmselves since the main focus of this
study is to reveal the effects of interaction feramong particle-particle and particles-
polymers/oligomer on the rheology. In our colloidsyo main interfacial forces were
considered; namely, the attractive van der Waalsek) and the repulsive steric forces.
Theoretical bases of these forces and their effectthe rheology of low volume fraction,
anisotropic, and flocculated systems have beerusksd in detail through considering the
particle-particle and the particle-polymer/oligomenteractions. At rest, a weak steric
repulsion exists through particle-oligomer interaat but small floc structures form due to
the existence of vdW attraction forces in sheackidming suspensions, whereas a strong
particle-particle interaction creates very largedulated structures in shear thinning systems.
Our experimental results suggest that the rheotddlie suspensions are strongly affected by
microstructures developed within colloids under tlwenbined effects of interaction forces
among constituents and shear induced mechanicaiyirddynamical forces. To be specific,
the high shear force applied on a flocculated abllreak down flocs into small aggregates
so that the total surface area of particles in@®ashereby the viscosity of the colloid
increases due to the combinations of several plessgasons. Namely, the friction among
particles is expected to be higher when particles fanely dispersed. Additionally, well
dispersed particles may act as an array of solglaskes for the motion of polymer chains.
Most importantly, finer particle distribution wilincrease the likelihood of chemical
interactions among constituents thereby leading taise in the effective volume fraction of
particles, which hinders the motion of polymeri@uts. All these points in essence contribute
to the development microstructures where the ntgboif polymeric chains is reduced.
Consequently, the net observable result is theeass in the viscosity of the system. In most
of the published relevant literature, it has betated that for a mixture to show a shear
thickening behavior, it should contain high volurdnaction, non-flocculated and spherical

particles, and the shear thickening behavior ohsonixtures has been explained through
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order-disorder and hydrodynamic clustering theoi@sthe contrary, it is in this work shown
that suspensions composed of low volume fractidagctilated, fractal particles and
polymeric continuous media can also display shieiakéning behavior, which makes such a
system a potential candidate for applications mogiishear thickening materials such as a

low weight liquid armor.

APPENDIX

The appendix section of the thesis is structasetbllow. In section A.1, investigation
of polymer-particle interactions with thermo-gragtry and atomic force microscopy

analysis have been described.

A.1l. Investigation of Polymer-Particle Interactions with Thermo-

gravimetry and Atomic Force Microscopy Analysis

The polymer-particle interaction in suspensioas be further supported by thermo-
gravimetric analysis and atomic force microscopyn thermo-gravimetric analysis,
suspensions M3-M6 were centrifuge for 5 hour andtigga with adsorbed polymers
precipitated. Then particles with adsorbed polymegrecipitated mixtures were burn at 800
°C in nitrogen atmosphere and residual mass thatdtel amount of silica particle in the
mixture were determined (see Table A.1). Residuedsof M3 is smaller than M5 as you can
see from the thermo-gravimetric analysis resulthis Tconclusion support rheological
observations which indicate the existence of steongplymer-particle interaction in M3
system. Comparison between the residual mass camMddM6 reveals that residual mass of
M4 is higher than M6 although polymer adsorption garticles is higher in M4. During
thermo-gravimetric analysis; in M4, only adsorbeolymers whereas in M6, entrapped
polymer molecules within the big flocculated sture were burn. In conclusion, this study
exhibit that amount of entrapped polymer molecuidd6 is higher than adsorbed polymer in
M4.

Table A.1 STA results of suspension M1-M4

Bdmple Name  9R%&sidual Mass %
M3 18.8%
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M6 8.22

Atomic force microscopy is another important mettod studying polymer adhesion

on surface as well as their intermolecular inteoast During analysis polymer is stretch

between a substrate surface and a cantileverrd-#yl shows the adhesion result of M4 and

M6 that obtained from AFM measurement. Accordingdsults, adhesion of M4 is higher

than M6 since more polymer cover the particle sigfalue to higher polymer particle

interaction in M4.

204nN

Adhesion nN

Height nm

M6

0-1.75

0-232

025

M4

0-226

0-269

0-21.8

0-214

1
1um

Figure A.1. AFM image of shear thickening flu@l Adhesion imageh. Height image
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