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Latin Letters

Symbol Unit Meaning

au mil2

A; au

C inM

ca mM

e mm

f H7
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r mm
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giayscale intensity of the bands
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intensity of neutioiis in the vorticity direction
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first normal stiess difference
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ladius
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apparent viscosity
zero shear viscosity

scattering angle
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Abstract

Surfactants are amphiphilic molecules, which can self-assemble into aggregates of dif¬

ferent shapes like spherical, cylindrical, lamellar, vesicles (uni and multilamellai), and

thread-like or wormlike micelles in aqueous media. Wormlike micelles can be obtained

by the addition of small amount of co-surfactants or salts to cationic surfactants. The

solution of wormlike micelles are viscoclastic and exhibit very rich rheological behav¬

ior with the formation of shear-induced structures (SIS). Hence these are considered

as model systems to study shear induced effects in complex fluids. Furthermore, the

flow properties of these systems play an important role in areas of application like

drag reduction in turbulent flows, in oil fields as fracturing fluids and in home and

peisonal care products.

An equimolar (40 mM) mixture of cationic surfactant, cetylpyridinium chloride

(CPyCl) and the salt, sodium salicylate (NaSal) forms wormlike micelles in water. In

the linear viscoelastic flow regime, the solution behaves as Maxwell fluid with a single

relaxation time. However, in the non-linear regime, the solution successively exhibits

three different flow regions with inci easing shear stress namely Newotonian, sheai-

thinning and shear-thickening. The optical properties of the solution also changes

in the non-linear flow regime. At equilibrium and in the subsequent Newtonian

region of flow, the sample is optically transparent. However, in the shear-thinning

region the solution turns slightly turbid. Above a critical shear stress, tc, where

the solution exhibits shear-thickening, alternating transparent and turbid bands are

formed, referred to as vorticity bands. A unique behavior of these bands is that they

oscillate in their position ovei a veiy long period of time, i.e. the transparent bands

become turbid and vice versa. As these bands oscillate, the shear rate and apparent

viscosity also oscillate with the same frequency and the sample never reaches an

equilibrium state.

In this PhD thesis, a combination of different experimental techniques such as rheom-

etry, flow visualization, rheo-small angle light scattering (rheo-SALS), rhco-small an¬

gle neution scattering (rheo-SANS), ultrasound velocimetry (UVP) and rheo-NMR

were used to investigate the different aspects of the shear banding phenomena in the

above mentioned surfactant-salt system. Rheology, flow visualization and rheo-SALS

measurements showed that these bands were shear stress induced and require certain

xii



Abstract

geometiical length scale to foim. A combined rheo-SANS and flow visualization study

showed a higher viscous behavior in the presence of turbid bands, even-though the

woimlike aggiegates are highly aligned in the turbid state Furthermore, a combi¬

nation of rheo-NMR and UVP showed that not only vorticity bands, but also radial

bands coexist in this system.

All these complementary studies indicate a stiong coupling of flow and structure in

this particular wormlike micellar solution. Moreover, such a system, which never

reaches an equilibrium state under shear flow, can be a good candidate as a model

system to study non-equilibrium properties of soft-condensed matter

xm



Zusammenfassung

Tenside sind amphiphile Moleküle, die sich in einem Dispersionsmedium wie zum

Beispiel Wasser spontan zu sogenannten Assoziationskolloiden, d.h. Emulgatoraggre-

gaten, zusammcnlagcrn können. Die durch Selbstaggiegation gebildeten Strukturen

(Phasen) können unterschiedlichste geometrische Formen annehmen. Typische Bei¬

spiele für sphärische Aggregate sind Vesikel und Kugclmizellen; asphärischc Aggre¬

gate sind zum Beispiel Stäbchen- oder Scheibchenmizellen. Stäbchenmizellen werden

gebildet, wenn einer kationischen Tensidlösung kleine Mengen Cotensid oder Salz

zugegeben werden. Lösungen, die Stäbchenmizellen enthalten, haben ein charakteris¬

tisches viskoelastisches Fliessverhalten und bilden sogenannte scherinduziertc Struk¬

turen (SIS). Daher gelten solche Tensidlösungen oft als Modellsysteme zui Untersu¬

chung von der scherinduzierten Strukturbildung komplexer Flüssigkeiten. Technische

Anwendung finden diese Tensidlösungen aufgiund der besonderen Theologischen Ei¬

genschaften zur Verminderung des Fliesswiderstandes in turbulenten Strömungen, in

dei Ölindustrie als sogenannte "fracturing fluidsöder in Hygieneprodukten der Kos-

metikindustiie.

Eine äquimolaie Menge (40 inM) von dem in Wasser gelösten Tensid N - Hexadecyl-

pyridiniumchlorid (CPyCl) und dessen Cotensid Natrium Salicylsäure (NaSal) bildet

Stäbchenmizellen. Im linear viskoelastischen Fliessbereich verhält sich diese Tensid¬

lösung als Maxwell-Fluid und besitzt eine singulare Rolaxationszeit. Mit zunehmen¬

der Scherrate wird das Fliessverhalten nicht-linear. Im nicht-linearen Fliessbereich

können mit zunehmender Scherrate drei Abschnitte in der Materialfunktion unter¬

schieden werden, die sukzessiv durchlaufen werden: i) newtonsches Fliessverhalten,

ii) scheiveidümieiides Fliessverhalten und iii) scherverdickendes Fliessveihalten. In

den drei Abschnitten ändern sich auch die optischen Eigenschaften. Im liiieaien- und

newtonschen Fliessbereich ist die Probe transparent, im schervcrdüimenden Bereich

nimmt der Trübheitsgrad der Probe leicht zu Oberhalb einer kritischen Schubspan-

nung, tc, geht die Probe in den scherverdickenden Fliessbereich über und es koexis¬

tieren alternierende transpaiente und trübe Streifen: sogenannte Scheibänder. Die

Einzigartigkeit dieser Scherbänder liegt darin, dass jedes Band über lange Zeitintei-

valle alternierend erst trüb und anschliessend wieder transparent wird. Diese optische

Oszillation korreliert mit einer rheologisch messbaien Oszillation der Sehen ate und

der Viskosität. Die optische und rheologisch messbarc Oszillation weisen beide eine

xiv



Zusammenfassung

übereinstimmende Frequenz auf; die Probe erreicht somit nie einen Gleichgewichts¬
zustand.

Das Phänomen der Scherbänder der oben genannten kationischen Tensidlösung wui-

de in der vorliegenden Dissertation mittels folgender experimentellei Techniken näher

untersucht: Rheometrie, Flussvisualisieiung, Rheo-Lichtkleinwmkelstreuung (Rheo-

SALS), Rheo-Neutronenkleinwinkelstrcuung (Rheo-SANS), Ultraschall- Dopplei Ge-

schwindigkeitspiofilieiung und Rheo-NMR Ergebnisse aus rheologischen Messungen,

Rheo-Lichtkleinwinkelstreuung und Flicssvisualisieiung haben ergeben, dass die gebil¬

deten Scher bändei aufgrund dei wirkenden Scherkräfte gebildet werden. Des Weiteren

werden Scherbänder nur dann gebildet, wenn bestimmte Dimensionen (Spaltbreitc)

gegeben sind Duich die Kombination von Rheo-Lichtkleinwinkelstreuung und Fliess-

visualisierung konnte ausserdem gezeigt weiden, dass die Viskosität der Probe erhöht

ist, sobald trübe Scheibänder sichtbar werden. Diese Erkenntnis scheint im Gegen¬

satz zum hohen Orientierungszustand dei Stäbchenmizellen in den trüben Bändeln zu

stehen. Schliesslich ergab die Kombination von Rheo-NMR und Ultraschall-Dopplcr

Geschwindigkeitsprofilieiung, dass in der Couette Geometrie nicht nui axiale, sondern

auch radiale Scherbänder gebildet werden.

Die Kombination all dieser sich gegenseitig ergänzenden Techniken weist darauf hin,

dass für das in der vorliegenden Arbeit untersuchte Stäbchenmizellensystem, Fliess-

veihalten und Strukturbildung bzw. Strukturveränderung eng mitoinandei verbunden

sind. Des Weiteren scheint sich die hier untersuchte Tensidlösung als Modellsystem zur

Untersuchung des Nichtgleichgewichtszustandes von weicher kondensierter Materie zu

eignen, da sich unter den oben genannten Strömungsbcdingungeii kein Gleichgewicht
einstellt.

xv



1 Introduction

This chapter gives a brief introduction to surfactant solutions and their flow behavior.

After a short comment on the packing criteria for surfactant self-assembly in general,
the particular case of formation of wormlike micelles is discussed. Several examples of

surfactant-salt systems forming wormlike micelles are given along with a generic phase

diagram. This is followed by a discussion on the flow properties of wormlike micellar

solutions, which include simple viscoelastic behavior (linear flow regime) as well as com¬

plex shear-banding transitions at higher shear rates (non-linear flow regime). Finally the

particular micellar system which is used in this PhD work and its unique flow behavior as

understood in the recent years is introduced.

1



1 Introduction

1.1 Surfactants and their self-assembly

The term surfactant originated from the wold "Surface active agent". Surfactants

are amphiphilic molecules having both, hydrophobic and hydrophilic parts. A typical

hydrophobic group is a long hydrocarbon chain of 8-20 carbon atoms, frequently
called a surfactant "tail". The hydrophilic group is usually short and bulky and is

often referred to as the "head"1. Based on the charged groups in the hydrophilic part

(head), surfactants are classified as cationic, anionic and nonionic* surfactants. If a

surfactant contains a head-group with two oppositely charged groups, it is termed

zwitterionic*. Some common examples foi these surfactant categories are given in

Table 1.1:

Table 1.1: Examples of some common surfactants

Classification Example

Anionic Sodium dodecyl sulfate (SDS)
Cationic Cetyltrimethylammonium bromide (CTAB)
Nonionic Fatty acid esters of polyalcohol
Zwitterionic Alkyldimethylamine oxides (C„DMAO)

When present at low concentrations in a system, surfactants adsorb on to the surfaces

or interfaces and hence alter the surface oi interfacial free energy. In the aqueous me¬

dia above a critical concentration, surfactants can self-assemble into aggregates such

as spherical micelles, inverted micelles, cylindrical and wormlikc micelles, vesicles,

bilayers etc. (Fig. 1.1). At higher concentrations, such aggregates can form other

structures like nematic, cubic, smectic, hexagonal oi other symmetries. The aggie-

gation behavior of these amphiphilic molecules plays an important role in a wide

range of practical applications like, detergents, paints and adhesives, inks and paper

coating applications, foaming and defoaming agents, agrochemical formulations, and

as omulsifiers in the food and phaimaceutical industry.

+ Nonionic surfactants are widely usod in food industry.
* The one area where these zwitterionic surfactants have become very populm is in skin-care

products.

2



1 Introduction

X

Surfactant Monomers Spherical Mirdle Inverted Micelle

mxmm
mmâm

Cy< ndnca Mu itll« Wumillke Mlcale

Figure 1.1: Different forms of aggregation by surfactant molecules in aqueous media

1.2 Packing criteria for surfactant self-assembly

The diffeient shapes of aggregates described in the previous section can be antici¬

pated based on packing parameter arguments2. If v is the volume occupied by the

hydrophobic tail, I is the maximum effective length of the tail, and Qq, the area on

the surface of the aggregate that the head-group occupies, then a simple dimension-

less moleculai parametei, shape parameter, P is given by P — v/l -a0. Based on the

different values for the shape parametei one expects various stiuctuies1'2 as shown

in Table 1.2.

Table 1 2: Packing parameteis and the respective shapes of surfactant aggregates

Shape parameter (P) Structures fonned

< 1/3 Spherical micelles

1/3 — 1/2 Cvlindiical micelles

1/2 — 1 Flexible bilayers, Vesicles

~ 1 Planai bilayeis
> 1 Inverted micelles

The volume (») and the length (I) of the hydrophobic tail is fixed for a given sui-

factant. However the effective head-gioup area, ao, can be tuned by vaiious external

parameters such as pH, temperature, amount and natuie of added electrolyte/salt oi

the presence of othei species in the solution. Above a critical micelle concentration

(CMC), and at low ionic strengths (in ultia puie water for example), the head-gioups

of ionic surfactants strongly repel each other and therefore occupy larger aieas on the

aggregate's suiface. This situation would lead to a spherical micelle The addition of

electrolytes (salts) tends to screen the electrostatic interactions resulting in weaker

repulsions between the head-groups (P « 1/2) which would lead to the formation

3



1 Introduction

of cylindrical or wormlike-micelles*. Some examples for those systems forming

wormlike micelles in aqueous solution arc listed in Table 1.3.

Table 1.3: Examples for systems forming wormlike micelles.

CTAB - KBr3

Lecithin - Bile system4
CTAB - Sodium salicylate (NaSal)5
Cetylpyridinium chloride (CPyCl) - NaSal6

CPyCl - Hexanol - NaCl7

Erucyl bis(hydroxycthyl) methylammonium chloride - KCl8

Tris (2-hydroxyethyl)tallowalkyl ammonium acetate (TTAA) - NaSal9

Lequeux and Candau10 have proposed a generalized phase diagram foi surfactant

- salt systems, which sclf-assembe in to various shapes in aqueous solution. This

is shown in Fig. 1.2. The ordinate axis in Fig. 1.2 represents the volume fiaction

of surfactant, <j>, and the abscissa, refers to the molar ratio of the salt (counterion)
and the surfactant concentration (C5/C). The location and the lines, limiting the

different domains in the phase diagiam, strongly depend on the chemical nature of

the surfactant and the salt. It is clear from Fig. 1.2 that as the concentration of the

surfactant (</>) is increased, the system shows two domains above the CMC: dilute

and semi-dilute. With further increase in <f>, more ordered states like nematic and

hexagonal structures are formed. Furthermore, at very low salt concentrations (above

CMC), the micelles are stiffer and smaller, which grow in size to become cylindrical or

linear at medium salt content and eventually form saturated interconnected networks

in the presence of excess salt10.

In the case of cationic surfactants, wormlike micelles are formed spontaneously at

room temperature without adding any additional salts. CTAB and cctylpyiidinium

bromide are the best examples for such cases11'12. But the transition from spherical to

wormlike micelles occurs only at relatively high surfactant concentrations. However,

the unidirectional growth of the micelles can be promoted at lower concentrations

in cationic surfactants by the addition of strongly binding counter-ions10'13'14. Well

known examples of these counter-ions are salicylate, tosilate and chlorobcnzoate, all

of which contain an aromatic group. Contrary to simple salts like NaCl or KBr, a

large proportion of these added counter-ions is assumed to be incorporated into the

micelles. Hence wormlike aggregates are formed at the CMC without passing through

an intermediate spherical morphology. Such wormlike micelles in cationic-counteiion

* lu the literature, t,ho terms worm-, thread- or rodlike have been used interchangeably.

4



1 Introduction

Figure 1.2: Generic phase diagram for surfactant solutions10.

systems can giow up to lengths on the order of 100 nm with a diameter on the order

of 2 - 5 nm and have been indeed visualized by cryo-transmission electron microscopy

(TEM)13'15'10.

1.3 Flow properties of worm I ike micellar solutions

1.3.1 Viscoelasticity and the polymer analogy

Transition from a spherical to a wormlike micelle corresponds to a drastic increase

in the viscosity17"19 of the fluid and moreover the presence of wormlike aggregates

imparts viscoelasticity to the solution6. The viscoelastic nature of the surfactant

solutions can be found not only in dilute and semi-diltue regions but also in some

concentrated domains of the above described phase diagram (Fig. 1.2), and is of

particular interest foi rheological studies. As early as in 1976 Gravsholt20 has shown

the viscoelastic behavior in surfactant systems and the author suggested that the

viscoelasticity had the same physical origin as that of polymei solutions and melts,

namely entanglements and reptation21.

5



1 Introduction

Pioneering works of Candau and Lequeux14, Rehage and Hoffmann17, Shikata et al.IS,

have resulted in the discoveiy of a viscoelastic behavior characterized by a single re¬

laxation time XR in solutions of wormlike micelles. In standard oscillatory rheological

measurements, the stress relaxation function G(t), the storage (G') and loss (G")
modulus for such a solution was found to be in the form:

G(f) = G0exp(-r/A«)

nil \ n
^ ^H i nlll \ ri

Lü^Kr
°iu}) - ^m%

and G (w)
=

Gott^w

where w is the angular fiequency. Go denotes the plateau modulus and XH is the relax¬

ation time. These equations describe the behavior of a Maxwell fluid. Figure 1.3

shows one example of Maxwellian behavior obseived for the 40 mM CPyCl-NaSal

system*. This solution shows a plateau-modulus Go of 6.3 Pa and relaxation time Xu

of about 0.02 s. Typical C16 wormlike micellar solutions such as the ones based on

CPyCl or CTAB surfactants have elastic moduli in the iange 1-1000 Pa and relax¬

ation times Xr between 1 ms and several seconds at room temperature, depending

on concentration and type of the counterfoils. The Maxwell behavior has been found

repeatedly in viscoelastic micellar systems. The behavior is indeed so general that it

is now become a thumb-rule that a Maxwellian behavior is a strong indication of the

wormlike character of self-assembled structures.

On the theoretical side, Gates23 25 in the late 80's proposed a reptation-reaction model

and scaling laws to describe the single relaxation time behavior of wormlike micelles.

The model is based on the assumption that in the linear viscoelastic regime, worm¬

like micelles foim an entangled network analogous to that of polymers. Moreover,

during the same period, a micelle-polymer structural analogy was demonstrated by

means of light scattering experiments26,27. Cates23 25 further suggested that unlike

most polymers, wormlike micelles dynamically bieak and re-form in solution. And if

this scission and recombination process is sufficiently lapid, the viscoelastic behav¬

ior can be well approximated by a Maxwell fluid model. Because of the breaking

and recombination dynamics, wormlike micelles are often described as equilibrium or

"living polymers". Even-though the idea of reversible breaking and recombination of

wormlike micelles may be valid for many systems3,27-29, the time scales involved is

* The upturn in the storage modulus, G", at higer frequencies indicates the role of Rouse-like

motion in the relaxation mechanisms1022.
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Figure 1.3: Storage (G') and loss modulus (G") as a function of angular frequency (oj)
at room temperature for a 40 niM CPyCl-NaSal solution. The solid lines

are the fit for Maxwell model with G0 and A^ being 6.3 Pa and 0.02 s,

respectively.

dependent on the system and the prevailing physicochemical conditions. Since small

variations in these conditions can significantly alter the microstructure of the micelles,

it has been lately found that the Gates model and the scaling laws may not be valid

for many systems forming wormlike micelles8'19,30,31.

1.3.2 Steady and transient rheology - Shear banding

When submitted to a steady shear in the non-linear flow regime, wormlike micelles

usually do not change their local morphology and the aggregates remain in their

cylindrical or wormlike shape. However, a number of publications suggest that the

solutions undergo a transition of shear banding. This is a transition between a

homogeneous and a non-homogeneous state of flow. The non-homogeneous flow is

characterized by a separation of the fluid in the rheometric geometry (Couette ge-

omctcry for example) into macroscopic regions of high and low shear rates. In the low

shear rate region the micelles will be only weakly aligned, while in the high shear rate

region they will be strongly aligned in the flow direction possibly forming a nematic

phase. This flow separation takes place in the velocity gradient direction or radial

direction of a Couette shear cell as shown in Fig. 1.4a, and hence it will be termed

as radial shear banding in the following chapters. Using flow-birefringence32,33

7
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outer wall

(a) (b)

Figuie 1 4: (a) A typical radial shear banding transition observed in the Couette ge¬

ometry for wormlike micellar solutions The mnei wall is jotating and

the outei wall is stationary. The gray legion represents the bright bire-

frmgent sheai band. The radial shear band nucleates from the rotating

(inner) wall and grows towards the stationary (outer) wall with increas¬

ing shear rate (fiom i to iv). (b) A schematic of representative flow curve

showing the stress-plateau resulting from radial shear badning

and NMR velocimetry34 the phenomenon of radial shear banding in wormlike micel¬

lar solutions has been unambiguously shown. Flow-birefrmgence experiments clearly
shows that a biréfringent band nucleates at the rotating wall of the Couette cell and

with mciease in shear rate, the band giows outwards towards the outei wall This is

schematically shown in Fig 1.4a.

The rheological signature of radial shear banding flow is the appearance of a stress-

plateau in the shear stress (t) versus shear rate (7) flow cuive as shown schematically
in Fig 1.4b. Figure 1.4b shows that the flow curve of the solution exhibits a discon¬

tinuity of slope at a critical value (71) followed by a stress-plateau that can stietch

over more than a decade in shear rates. Moreover, in this plateau region, there ex¬

ists two shear rates (72 and 72) for a single shear stress (rt). In general, this is an

abrupt change that occurs at a critical shear rate (%) or at a critical shear stress (rc)
The solution is Newtonian or slightly shear-thiiming before the stress-plateau, but

the apparent viscosity diops by several decades in the stress-plateau region Such a

radial shear banding flow with the stress-plateau has been observed m concentrated

wormlike micellar solutions'''^ 36 and has become the characteristic feature in the

nonlinear rheology of wormlike micelles

In the semidilute solution of wormlike micelles, the structural and rheological prop¬

erties are qualitatively analogous to those found for concentrated solutions with the

stiess plateaus and radial shear banding being still the main featuies. However, there

8
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Figure 1.5: Shear stress and apparent viscosity as a function of shear rate, measured in

a stress-controlled rheometer using a Couette geometry for the equimolai

(40 mM) solution of CPyCl-NaSal at T = 22 °C The flow curve shows

Newtonian, shear-thinning and the shear-thickening regime. The shear

rate and apparent viscosity oscillates in the shear-thickening region, (refer

Chapter 3 for details).

is one major difference: Contrary to the concentrated regime, wherein the shear-

thinning properties are observed, the noiilineai rrrechanical response in the semi-dilute

domain can be either shear-thinning or shear-thickening. Furtheimoie, in the sheai-

thinnmg category, the flow curves and iadial shear banding characteristics can differ

from one system to the other.

1.4 Scope of the present study

Even-though there is a difference between the concentrated and semi-dilute regime

with respect to rheophysical properties, both system show the "standard" radial shear

banding flow However, not all semidilute systems are in agreement with this "stan¬

dard behavior". A system showing a non-standard behavior is the equimolar solution

made from cetylpyridinium chloride and sodium salicylate. At a concentration of

40 mM, the CPyCl-NaSal is Maxwellian and shows a single relaxation time (A«) of

about 0.02 s (Fig. 1.3). Howovci in the non-linear regime, with increasing shear rate,

the solution first shear-thins, and the r vs. 7 shows pseudo-horizontal stress-plateau as

shown in Fig. 1.5. Further shearirrg the solution results in an abrupt shear-thickening

9
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behavior (Fig. 1.5), with almost a 2 fold increase in the apparent viscosity. This sharp

shear-thickening is associated with the appearance of transparent and turbid bands

stacked along the axis of the Couette sheai cell. Since this axis is called as "vorticity

axis" of the rheometric geometry, the transparent and turbid shear bands are termed

as vorticity bands. An unusual behavior of these bands is that, at a steady shear

stress in the shear-thickening flow, they alternate in their position along the vorticity

direction. This causes the oscillations in apparent viscosity (77), first normal stress

difference (Ni), shear rate (7) as well as in the flow-birefringence signal (Ani). The

double transition, shear-thinning and then shear-thickening, as well as the simultane¬

ous occurrence of bands along the vorticity direction is a unique feature in equimolar

(30-80 mM) solutions of CPyCl and NaSal wormlike micelles. But a very pronounced
effect is seen in 40 mM mixture and therefore this particular solution is considered

in this PhD thesis for a better understanding of the shear-thickening and associated

alternating vorticty banding phenomena.

To achieve our goal, we first carried out extensive steady and transient rheological

measurements to characterize the rheophysical properties of the 40 mM CPyCl-NaSal
solution. These results are reported in Chapter 3. Rheological experiments are per¬

formed in the transparent parallel-plate geometry which allowed us to carry out flow-

visualization and Rheo-SALS studies as well. The results provide a strong evidence

for a stress-driven mechanism for the formation of shear bands.

In Chapter 4, we report on the stiuctural characterization of alternating vorticity

bands by rheo-small angle neutron scattering (Rheo-SANS) and high-speed video

imaging experiments. From these experiments we show that, the turbid bands are

composed of highly aligned structures but have higher apparent viscosity as compared

to the transparent bands.

Finally, to better understand the local microstructures and hence the cause for the

shear-thickening behavior we analyzed the solution by local velocity measurements

in the Couette geometry. These local velocity measurements arc carried out using

ultrasound velocity profiling and NMR velocimetric techniques and the results are

reported in Chapter 5. Such experiments showed that not only vorticiy bands but

also radial shear bands are present in this system and the overall flow behavior of

this solution in the non-linear regime is rathei complex than first thought.

Chapter 6, gives summary and conclusions drawn from this work.
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2 Materials and Methods

2.1 Materials

In this PhD thesis the focus is on one particular wormlike micellar solution which

is made from cetylpyridiunum chloride (CPyCl) and sodium salicylate (NaSal). The

molar ratio of salt to surfactant was always maintained one (C„/C = 1) with the

concentration being 40 mM.

Both CPyCl and NaSal were obtained from Fluka (Buchs, Switzerland) and used

without further purification. For all the rheological, flow-visualization, ultrasound

velocimetry and Rheo-NMR studies, the solution was prepared in Millipore water.

The required amount of surfactant (1.432 g) to prepare a 100 inL of 40 mM solution

was weighed and mixed in Millipore water with continuos stirring. Once the CPyCl

was dissolved, the weighed amount of NaSal (0.6404 g) was slowly added to the

solution. The addition of NaSal causes the viscosity of the solution to inciease and

this viscous solution was carefully stirred for more than 4 hours. The stirring was

later stopped and the solution was allowed to equilibrate for 24 hrs before performing

any rheological measurements.

For the reasons of contrast matching in small angle neutron scattering experiments,
solutions were prepared in deuterium oxide (D2O) rather than in Millipore water.

For ultrasound velocimetry, glass spheres or polystyrene spheres were added to the

solution and the details of sample preparation can be found in Chapter 5.

2.2 Methods

Apart from rheology, many other experimental techniques were used to characterize

the shear banding phenomena of the wormlike micellar solution. All the different

methods including the details of the rheometer are given in the experimental section

of the appropriate chapters.
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3 Rheology Flow-visualization and

Rheo-SALS Studies

A 40 mM mixture of a cationic surfactant, cetylpyridinium chloride (CPyCl) and salt

sodium salicylate (NaSal) forms wormlike micelles in aqueous solutions. Under shear, the

solution shows a pronounced shear-thickening behavior, which is coupled with oscillations

in shear rate and the apparent viscosity. In this shear-thickening regime shear-bands

form in the vorticity direction, which also oscillate in position and intensity. These shear

bands are visualized by direct imaging and Rheo-small angle light scattering methods.

Temporal intensity fluctuations of the shear bands were evaluated using image analysis.

Fourier Transformations (FT) of the oscillating shear rate and intensity of the shear bands

showed a single dominating frequency in the power spectrum analysis. This characteristic

frequency as well as the amplitude of shear rate fluctuation was found to increase with

stress. From the rheological and optical measurements we propose that a stress driven

mechanism is responsible for the formation of shear bands. Experiments performed in

transparent parallel-plate geometry show dampening of the shear rate oscillations and

increase in the characteristic frequency with decrease in the gap. Power spectrum analysis
and the SALS measurements confirm the formation of different structures as a function

of gap size in the parallel-plate geometry*

*Part of this work has been published in: Herlo V, Fischer P, and Windhab E. J.; Langmuir

21(20): 9051-9057 (2005)
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3.1 Introduction

Sheai-thickening is an intriguing phenomenon observed in many complex fluid systems

like block copolymer solutions, colloidal dispersions and surfactant solutions. Surfac¬

tant solutions (dilute oi semi-dilute) consisting of cationic surfactants and strongly

bound counter ions form cylindrical or worm like micelles. Such aggregates show

pronounced shear-thickening properties with a steep increase in the viscosity above

a critical sheai stress37-47. In the dilute regime (very low concentrated solutions)

the increase occurs very slowly, sometimes with an induction time of 100 to 1000

seconds42,48"51. Shear-induced micellar growth by alignment and fusion of rod-like

to worm-like micelles and/or the formation of new shear-induced structures (SIS) or

gel-like phases are given as the common explanation for this behavior.

In the shear-thickened state one can observe large fluctuations of the apparent viscos¬

ity'" >42>4fl~52. The oscillation in the viscosity is usually associated with the formation

of shear-induced structures in the form of highly biréfringent state of material and are

termed as shear bands* 38,42,«,49,5j-55_ These shear bands are observed in both dilute

and semi-dilute concentration regime of the surfactant solutions and are characterized

using variorrs experimental techniques like, direct flow visualization55'56, ultrasound

velocimetry57, NMR velocimetry58'59, flow birefringence60'61, and scattering technique

like small angle light and neutron scattering62 65.

Although the shear banding flow is observed in the semi-dilute regime also, it is usually

not associated with shear-thickening. Most of the semi-dilute surfactant systems show

only shear-thinning behavior. Two prominent examples are cetyltrimethylammonium

bromide (CTAB)-sodium salicylate (NaSal) and cetylpyridinium chloride (CPyCl)-
NaSal that exhibit shear-thinning behavior coupled with shear band formations66 6S.

However in contrast to most other semi-dilute surfactant-counterion solutions, some

cetylpyridinium chloride and sodium salicylate mixtuies may exhibit shear-thickening

behavior associated with shear band formations41,45'52. In this case, it is important

to note that an equimolar mixture of surfactant and counterion in the concentration

regime 30 to 80 mM is necessary.

The shear- bands observed in these equimolar systems are different than the ones

observed in CTAB solutions. In the case of CTAB-NaSal solutions the shear bands

develop at the rotating surface of the Couette geometry and then grows towards the

outer wall (radial shear bands)65 with irregular oscillations in the observed apparent

"These are termed as radial shear bands as explained in Chapter 1

13



3 Rheology Flow-visualization and Rheo-SALS Studies

viscosity. But in case of the equimolar CPyCl-NaSal solutions, the bands appear

at once, in the foim of transparent and turbid ring like structures as soon as the

solution reaches a certain ciitical stress52. These bands aie observed in all standard

rheometrical geometries (Couette, cone-plate and parallel plate), with the bands being

arranged in the vorticity (neutral) direction (hence termed as vorticity bands). In

cone-plate and parallel plate geometries the bands appear as concentric rings and in

Couette geometry, they are stacked one above the other along the cylinder length45.

Additionally the shear bands occupy the whole gap of the geometiy in the velocity

gradient direction and are not in the form of spirals observed in case of Taylor vortices.

One unique behavior of these bands is that they alternate between their transparent

and turbid state in a very régulai fashion52. This leads to periodic oscillations in the

shear rate and apparent viscosity (in stress controlled rheometer) with the material

never reaching an equilibrium state.

In this chapter the flow property of an equimolar cetylpyridinium chloride-sodium sal¬

icylate mixture is investigated by rheology, flow visualization and rheo-SALS methods

at different confinements of the flow geometry. In a previous study by Wheeler et al.41

and Fischer et al.45, the same material was studied in different geometries and evi¬

dence of the presence of shear bands was shown with the help of flow visualization

technique. But a concrete link between the observed oscillations in the apparent

viscosity (or shear rate) and the shear bands was not established. To find this link

experiments were performed in a stress-controlled rheometer and shear bands ob¬

served in real time using a CCD camera. The intensity of the oscillating shear bands

was analyzed using an image analysis program. From the Fourier Transformation

of the oscillating rheological data arrd the intensity of shear bands, an attempt was

made to relate the formed shear induced bands to the bulk rheology. The exper¬

iments show that the shear barrds always appear at a certain critical shear stress,

tc, in different rheometrical geometries, suggestirrg a stress driven mechanism for the

formation of shear bands. Since these shear bands are a consequence of shear induced

structure formations, the geometrical length scales of the flow geometry also plays a

very important role. Therefore experiments were performed in different gap distances

of the parallel plate to understand the effect of length scales of the geometry on the

sheai induced band formations. In this chapter, we report that, the shear bands in

equimolar CPyCl-NaSal systems are stress driven and dependent on the length scales

of the geometry.
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3.2 Experimental

Materials

The cationic surfactant cetylpyridinium chloride (358.01 g/M) and the salt sodium

salicylate (160.11 g/M) were obtained from Fluka (Buchs, Switzerland) and used

without further purification. Solutions of 40 mM CPyCl and NaSal were prepared

using Millipore water. The ratio of salt to surfactant was maintained at one.

Rheology

The rheological experiments were performed using the stress controlled Rheometrics

Scientific DSR rheometer equipped with transparent paiallel-plate geometry of 40 mm

diameter. Although there is a radial variation of the shear rate in the parallel plate

device, this geometry was chosen for the experiments, as in, the interest was to

perform rheological, optical imaging and small angle light scattering measurements

simultaneously. All experiments were performed at 25CC.

Rheo-small angle light scattering (SALS)

Light scattering measurements under shear were performed using a home built SALS

set up desigired for the stress controlled DSR rheometer. The schematic of the set up

is shown in Fig 3.1a. To achieve the SALS configuration the rheometer was placed

on a higher platform. A 5 mW He-Ne laser (Melles Griot) provided a monochro¬

matic light of wavelength 632.8 nm. Using two prisms, one of which was fixed on to

the iheometer, the laser beam was deflected and passed through the sample placed

between transparent quartz parallel plates. The light propagated along the velocity

giadient direction thus probing the structirre in the plane of flow and vorticity. The

forward scattered light at small angles was collected on a flat translucent screen be¬

low the sample. An aperture in the screen allowed the unscattered, transmitted light

(main beam) to pass through. The scattering images formed on the scieen were cap¬

tured using a Sony CCD camera (DFW-V 500, Japan). The maximum angle of the

scattered light was about 6° which enabled an accessible lange of scattering vector, q,

from 0.02 to 1.0 /mi-1. The scattering vector q is defined as q - (in/X) sin(0/2), where

A is the wavelength of the laser light and 0 is the scattering angle. Since the plane

of the camera was not parallel to that of the scieen, the images obtained frorrr the
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(a) (b)

Figure 3.1: (a) Schematic of rheo-small angle light scattering and (b) flow visualiza¬

tion set up constructed for the stress controlled Rheometrics DSR rheome¬

ter. The camera is focused to the area marked by ROI (region of interest),
which is about 8 mm2.

camera were distorted. This distortion was corrected by a geometrical transformatioir

procedure using the SÂLSSOFTWAR.E program from Laboratory of Applied Rhe¬

ology and Polymer Processing, Department of Chemical Engineering, K.U.Leuven.

Also 15° sector averages were taken in the flow direction and the resulting average

intensity was plotted against q.

Flow visualization

Optical irrrages of the sheared solution were recorded rrsing a Sony CCD camera

(DFW-V 500, Japan) fixed below the bottom plate as shown in Fig. 3.1b. The

camera was focused to an area of 8 mm2 on the left side of the circular plate, shown

as region of irrterest (ROI) in the (Fig. 3.1b). The sample was illuminated from the

top using a halogen light source (IntraluxDCllOO) equipped with a fiber optic ring

to give homogeneous shadow free light. The images were recorded as MPEG movie

files and the intensity of the shear bands was later evaluated using the image analysis

program, Im,ageJ version 1.32a. 34
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Figure 3.2: Shear stress (r) as a function of shear rate (7) for the 40 mM CPyCl-
NaSal solution

.
Inset shows the oscillation of the free parameter, the

shear rate, in the shear thickening regime of flow.; T = 25°C; parallel

plate gap ^ 1 mm.

3.3 Results and Discussion

Stress-controlled rheological measurements

The flow curve of the investigated fluid in a stress-controlled rheometer with parallel

plate geometry of 1 mm gap at 25°C is shown in Fig. 3.2. At low shear stresses the

solution initially shows Newtonian behaviour followed by shear-thinning properties

and then as the shear stress reaches a critical value, rc, the solution enters in to a

shear-thickening regime with the oscillations in apparent viscosity and shear rate. The

measured points showed in Fig. 3.2 upto critical stress, are steady state values. At

stresses beyond the critical stress, it was difficult to measure the steady state values

as the shear rate and the apparent viscosity oscillate. Therefore the depicted points

in the plot above tc are the calculated mean values of the oscillating shear rate signal.
Inset in Fig. 3.2 shows a closer look at the shear-thickening regime, the horizontal bars

represent the minimum and the maximum values of the shear rate oscillations and

not the standard deviation or error in the measurement. The critical stress, which

is independent of the flow geometry but dependent on temperature, is about 13 Pa.

The maximum stress that could be reached at this temperature was 22 Pa above
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which the solution foams. The shear thickening behavior, which is coupled with the

oscillations of the free parameter, is attributed to the formation and destruction of

shear-induced structures (SIS) whose exact nature is still unknown41'45. In contrast

to the other surfactant solutions (dilute and/or semi dilute) studied uefore54>S6'fi5>69-74

this system does rrot show a stress plateau but instead shows a sudden upturn in the

flow curve.

Figure 3.3 shows the variation of the free parameter, the shear rate, as a function

of time and the corresponding optical images of the solution. In the shear thinning

regime (11 Pa) the shear rate does not change with time and maintains a steady value

(Fig. 3.3a). However in the shear thickening icgiine (18 Pa) that follows, the shear

rate oscillates drastically around a mean value with a certain frequency (Fig 3.3b).
These regular oscillations in the shear rate can be seen between 14 to 22 Pa and the

oscillations continue until the edge of the sample in the geometry dries out. This

indicates that the sample never equilibrates and the SIS are formed and destroyed

continuously. Simultaneous optical experiments showed a transparent (clear) solution

(completely black picture shown in Fig. 3.3a) in the Newtonian and the shear-thinning

regime and shear bands in the form of transparent and turbid ring like structures

(Fig. 3.3b) above the critical stress. These shear bands appear at the outer edge of

the parallel plate and with increase in the stress, more bands are generated at the

inner radius of the plate. It was found that the formed shear bands alternate between

transparent and turbid state with a period of approximately 1 s.

Rhcologically, others42,49-51'71 have also observed similar oscillations of the free pa¬

rameter but with a certain induction time and also the oscillations were not as regular

as the one found here. Furthermore, the SIS in other systems always developed at

the inner rotating cylinder of the Couette geometry and grew outwards to the outer

cylinder. In the present case the bands appealed at once in the Couette and parallel

plate geometry in vorticity direction and occupied the whole gap instantaneously.
The regular oscillations of the shear rate (and apparent viscosity) in this system can

be explained by considering the turbid band to have a different (higher or lower)

viscosity than the tiansparent one52. The continuous appearance and disappearance

of these bands cause the overall viscosity of the solution to change periodically, which

in turn causes the oscillations in the apparent shear rate.
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Figure 3.3: Transient behavior and the corresponding optical images of the solution

(a) below rc, at 11 Pa and (b) above r„, at 18 Pa. Completely black

area in the image represents the transparent state of the solution and the

grey areas are the shear bands (vorticity bands). Left side of each optical

image corresponds to the outer edge of the plate. (Parallel plate gap
— 1
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Analysis of the oscillating shear rate signal - Power spectrum

method

In a previous study of this system41,f'2 oscillations in the apparent shear rate were

observed and it was mentioned that the period of oscillation was about 1.8 to 2.0 s.

But a systematic study of the effect of stresses on the magnitude and the frequency

of the sheai rate oscillation was not done. One of the aims of this contribution is

to emphasize more on this aspect and relate this information to the formed SIS.

Hence, two quantities were used to analyze the flow curves; first, the amplitude of

shear rate oscillations and second, the frequency of oscillations. The amplitude of

sheai rate oscillations was defined as jhn/ft ~ iiow> &s shown in Fig. 3.3b. To define

the frequency, the power spectriim, (squared magnitude of the Fourier transform) was

calculated for each of the transient experiments performed in the shear thickening

regime (t 14 Pa) To obtain the power spectrum, the Fourier Transformation of

the oscillating shear rate signal was first calculated. This gives the magnitude, phase

and the frequency of the signal. The sqrrared magnitude of the signal (Powei) was

then normalized with the maximum value and plotted against the frequency. This

will be referred to as the rheo-power spectrum in the succeeding sections as it was

calculated from the rheological data.

Above the critical stress, for all the shear stresses till 22 Pa, a single dominating

frequency was observed in the power spectrum analysis with no higher order frequen¬
cies. A typical rheo-power spectrum for r — 17 Pa is shown in Fig. 3.4a and one can

see the presence of a single dominant frequency. Fischer et al.45 observed that in a

Couette cell the stress and the rate oscillations occurred simultaneously leading to

the build up of the shear bands. Since the banded structures are similar in Couette

and parallel plate geometry and appear in the vorticity direction, an attempt was

made here to verify this point more accurately. MPEG movies of the sheared solu¬

tion in the shear banded flow regime were captured, using the optical imaging set up

shown in Fig. 3.1b. From the individual frames, the greyscale intensity of the shear

bands was then evaluated at two positions as shown in Fig. 3.4b. Such rrreasured

greyscale intensities of the bands were plotted against time. Finally, from the FT

of the greyscale intensity signal, the corresponding power spectrum was calculated

which was termed as optical-power spectrum.

Figure 3.5a shows the variation of characteristic frequency, /, (where power is maxi¬

mum) as a function of shear stress in the shear-thickening regime as calculated from

rheo and optical power spectrum analysis. Frequency information obtained from two

different methods fall on the same line indicating that the formation of shear bands

were indeed the reason for the oscillations observed in the shear rate or apparent vis¬

cosity. Figure 3.5a also shows that in the shear-thickening regime, the characteristic
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Figure 3.5: (a) Variation of characteristic frequency, /, calculated from rheological
and optical measurements and (b) the amplitude of shear rate oscillations

as a function of shear stress in the shear thickening regime. (Parallel plate

gap = 1 mm)

frequency increases with shear stress, indicating that at higher stresses formation and

destruction of the SIS occur rapidly. Figure 3.5b shows the variation of the amplitude
of sheai rate oscillation with respect to stress in the sheai-thickening regime. The

magnitude of shear late oscillations increases with the stress, indicating the formation

of strongly alternating structures.

Effect of confinement

In the same system, using a stress controlled device, Wheeler et al.41 have observed

the formation of similar shear bands in the cone-plate geometry wherein the entire

sample is at a uniform shear rate. As these bands were veiy similar to the ones

observed in the parallel plate geometry they postulated that the shear barrds are

a direct result of drastic structural changes in the solution and not because of the

gradients in the shear rate. In the present study also, steady shear and transient

rheological experiments were performed in cone-plate geometry of 40 mm diameter

arrd 0.04 rad cone angle. Although the steady shear rheology, till tc, was exactly the

same as with parallel plate device, the transient rheology, above rr, showed irregular
oscillations in the shear rate and apparent viscosity This is shown in Fig. 3.6, wheie
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Figure 3.6: 'IVansient behavior of the solution above tc, at 18 Pa in a cone and plate

geometry. (Diameter of the plate - 40 mm; Cone angle — 0.04 rad).
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Shear Rate (s_1)

Figure 3 8: Shear stress as a function of shear rate for the 40 mM CPyCl - NaSal

solution at different gaps of the parallel plate in stiain-controlled mode

the transient shear rate is plotted against time for a shear stress of 18 Pa It is clearly

visible that as compared to Fig. 3.3b, the oscillations observed m the case of cone and

plate geometry is not legular. One can visualize the cone-plate geometry to consist

of different gap distances fiom outer edge to the centre of the cone and this can be

assumed to be the reason for the observed difference in rheological behavioi And

this led us to investigate the effect of length scale, i e gap si/e, of the geometry on

the formation of SIS in this solution

To focus more closely on this problem, rheological, optical and rheo-small angle light

scattering measurements weie done at different gap distances, i.e. 1.00, 0.50, 0.25 and

0.10 mm, in the transparent parallel plate geometry As it was difficult to maintain

the solution between the parallel plates at higher gap distances, the maximum gap

that could be achieved was only 1.00 mm. Figure 3 7 shows the flow curves for the

solution at different gap distances. With the increase in the gap size, from 0.25 to

1.00 mm, the solution shows pronounced shear thickening. For a very small gap

of 0.1 mm there was no tiansition to thickening, instead the solution showed pure

shear thinning behavior through out In experrments reported here, the bands were

observed to appear always at the outer edge of the parallel plate at all gaps and with

increase in the shear stress more bands weie generated at the inner radius The critical

shear stresses indicating the onset of shear thickening and sheai band formation, as

shown in Fig 3.2 and Fig 3 7 were found to be reproducible and independent of

the actual gap width. A typical flow curve obtained in a stiain-controlled rheometer

for the solution at diffeient gaps is shown in Fig. 3.8. If the bands weie sheai rate

dependent then one would have expected that the shear thickening transition start at

a particular shear rate in a stiain controlled rheometer. Contraiy to this we observed

the tiansition to occur at a critical stiess of 13 Pa, even in the strain controlled
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rheometer. Therefore, we propose that the shear bands in this system are stress-

driven and independent of shear rates. This is a preliminary but good assumption

for the behavior observed in this system

The transient behavior of this solution at different gaps showed dampening of the

shear rate oscillations with larger period of oscillations at smaller gaps. To qual¬

itatively analyze this effect the power spectrum method of analysis as mentioned

previously was performed. From the FT of the oscillating shear rate signal and from

the greysclae intensity oscillations of the shear bands at four different gaps, the rheo-

power spectrum and the optical-power spectrum were calculated. From the power

spectrum, the characteristic frequency was obtained and these results are shown in

Fig 3.9. The amplitude of shear rate oscillations shown m Fig. 3.9a is normalized by

the mean value. The amplitude increased linearly with shear stress and then leveled

off foi a gap of 1.00 and 0 5 mm. For both smaller gaps (0.25 and 0.1 mm), where

the solution is shear thinning, no significant oscillations in the amplitude about the

mean value were observed. In Fig. 3.9b, the characteristic frequency, /, was plotted

against the shear stress for different gaps. The frequency increased with shear stress

but decreased with the gap, except for a gap of 0.10 mm where the frequency of os¬

cillation was extremely low. At a particular stress, a decrease irr the gap from 1.00 to

0.25 mm lead to 1.5 times increase in the characteristic frequency and the frequerrcy

scaled with the shear stress as / oc r06"07. These results from Fig. 3 9 indicate that,

the SIS develop at higher gaps but lapid changes occur in the SIS at lower gaps and

that there is a critical dimension below which these SIS cannot develop.

Simultaneous flow visualization and rheo-SALS

To further understand these effects we examined the optical images of the solution

in the shear thrckening regrme. Figure 3.10a shows such images of the solution at a

sheai stress of 20 Pa. The left side of each image corresponds to the outer edge of the

parallel plate and the bright areas correspond to turbid bands. As can be seen from

Fig 3.10a, large turbid bands were observed for a gap of 1.00 mm. However, with a

decrease in the gap between the parallel plates the situatron was completely different.

A higher number of less intense turbid bands weie foimed at smaller gaps foi all the

sheai stresses studied. For a gap of 0.1 mm there was only one bright band at the

outer edge of the plate and a few less intense turbid bands closer to the centre

The coiiespoirding two-dimensional SALS scattering patterns are shown in Fig. 3.10b.

The white circle at the centre of each pattern is the beam stop and the plane of

scattering (flow-vorticity plane) is indicated in the lower right image. The scattering

volume is marked by a black dot in the optical images (Fig. 3.10a) and it was made
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1.00 mm 0.50 mm 0.25 mm 0.10 mm

Figure 3.10: (a) Optical images and (b) the corresponding 2D SALS patterns of the

solution at different gap distances (1.00, 0.50, 0.25 and 0.10 mm) in the

parallel plate geometry, (r=20 Pa).

sure that the scattering volume was always in a turbid band. The SALS scattering

patterns were isotropic at rest for all the gaps studied as shown in Fig. 3.11, and with

increase in stress, anisotropic scattering patterns developed as shown in Fig. 3.10b. In

the shear thinning and the subsequent thickening regime characteristic butterfly-like

scattering patterns were observed, with the wings of the butterfly patterns oriented

parallel to the flow direction. However, with decreasing gap, the width of the butterfly

patterns decreases and the pattern almost vanishes for a gap of 0.10 rnrrr. These

kinds of patterns have previously been observed in dilute polymer solutions and other

wormlike micellar systems and have been attributed to the concentration fluctuations

that couple to the applied rrrechanical stresses63'67'75-79.

The optical images and the 2D-SALS patterns of the sample were analyzed using

image analysis arrd SALS program respectively and the results are shown in Fig. 3.12.

The optical image analysis is summarized in Fig. 3.12a. The intensity shown here is

the calculated greyscale intensity of the outer most turbid band. Two trends were

observed with decreasing gap; for a gap of 1.00 mm only two turbid bands were formed

where as, about 6 bands were seen for the smallest gap studied. Rirther, the intensity

of the bands decreased drastically as the gap was lowered frorrr 1 to 0.1 mm.
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Figure 3.11: Isotropic SALS scattering patterns of the solution at different gap dis¬

tances in the parallel plate geometry at rest. The central white circle

represents the beam stop.

Figure 3.12b shows the normalized intensity of the 2D-SALS patterrrs in the flow

direction as a function of absolute q vector. First the 15° arc segment averaged

intensités of the patterrrs were calculated. The method used to define the 15° arc is

shown in the lower left image in Fig. 3.10b. The normalization was by subtracting

the intensity of the quiescent state frorrr the scattering patterns. Multiple scattering

is a concern while performing SALS experiments at different gap distances and this

makes the comparisons difficult. Therefore, the integrated scattering intensity was

first calculated as a function of gap. A linear relationship was obtained between the

gap distance and the overall intensity for all the gaps studied here. It can be seen from

Fig. 3.12b that the structure factor increases at lower q values, reaches a maximum

and then decreases with q. For different gaps, the normalized intensity scales with

q as I oc <7_1, indicating the absence of phase separation mechanism for which an

exponent of -4 would be expected64*. The main effect of variation in the gap is to

introduce a vertical shift in the scattering curves, without any marked change in the q

dependence. However, for a gap of 1.00 mm, one could sec higher scattering at larger

q values. The corresponding shear band picture shows that there are large bright
bands at this gap (Fig. 3.10a). Since the scattering vector is inversely proportional to

length, one can assrrme the presence of smaller length scale structures in these bright
bands seen in 1.00 mm gap. On a first glance one could assume that larger gaps result

in intense turbid bands arrd these bands are composed of small length scale units.

However one has to be careful in making such conclusions as it is possible that at

larger gaps more number of similar kind of structures, like the ones seen in 0.10 mm,

may be present and which might cause higher scattering.

* / (X q \ corresponds to a. randomly oriented rod like morphology. Set: Chapter 4 for further

details.
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3.4 Summary

The flow property of an equimolar CPyCl-NaSal was investigated by rheology, flow

visualization and rheo-SALS methods at different confinements of the flow geome¬

try, and is reported in this chapter.. Above a critical stress (rr) the solution showed

pronounced shear thickening behavior and SIS were formed in this regime of flow, in

the form of vorticity bands. The formed vorticity bands oscillate in their position

and intensity, which are coupled with the oscillations in the shear rate and apparent

viscosity. A Power Spectrum method of analysis was adopted to analyze the oscil¬

lating shear rate (rheo-Power spectnrm) and the greyscale intensity (optical Power

spectrum) signal. The characteristic frequency obtained from the power spectrum

analysis confirmed the proposed hypothesis41, that the oscillations observed in the

shear rate were indeed from the appearance and disappearance of the turbid bands.

Rirthermore, the appearance of these vorticity bands at the outer edge of the paral¬

lel plate above a certain critical stress and at all different gaps of the parallel plate
leads to a stress driven hypothesis for their formation. The experiments at different

gaps and the simultaneous optical and SALS experiments showed, that the SIS needs

certain space (gap) to develop completely and there might be a complex interplay

between the shear stress and space or gap distance.
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4 Rheo-Small Angle Neutron

Scattering and High-Speed Flow

Visualization Studies

This chapter reports the studies on the structural characterization of alternating vorticity

bands formed in a 40 mM solution of CPyCI-NaCI by rheo-small angle neutron scattering

(Rheo-SANS) and high-speed video imaging experiments. Below the critical shear stress,

re, only a partial flow alignment of the micelles is observed. However, above tc, where

alternating vorticity bands (transparent and turbid bands) are formed, triggered SANS ex¬

periments show pronounced anisotropic patterns indicating a strong alignment of wormlike

micelles. Furthermore, quantitative analysis of SANS scattering patterns show that the

turbid bands are composed of more aligned structures as compared to the transparent

bands. It is shown here that, in contrast to microscopic theories, a strong alignment of

long wormlike micelles in flow, as in the turbid state, is not necessarily a phase of lower

viscosity."'

*

Manuscript bawd on this chapter: Horlc V, Fischer P, Kohlbrecher J, Prist er B, and Whidhab

E. J.; is m preparation
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4.1 Introduction

Addition of small amounts of counter-ions or co-surfactants to cationic surfactants

leads to the formation of long threadlike or wormlike micelles. These wormlike micelles

are viscoelastic and may exhibit urrusual rheological behavior with the formation of

sheai-induced structures (SIS)39'55'79'80. Flow properties of these systems play an

important role in areas of application like drag reduction irr turbulent flows81'82, in

oil fields as fracturing fluids and in horrre and personal care products"3.

An equimolar (40 mM) mixture of cetylpyridinium chloride and sodium salicylate is a

well known surfactant-salt system that forms wormlike micelles in aqueous media41'52.

This solution shows a very rich rheological response with some unusual optical be¬

havior as well. At quiescent state and in the subsequent Newtonian region of steady

shear flow, the sample is optically transparent. However, further shearing of the

sample results in a giadual decrease in apparent viscosity (shear-thinning) and the

solution turns slightly turbid. When sheared above a critical shear stress, r0, alternat¬

ing transparent and turbid rings suddenly appear, in the vorticity dircctiorr. These

vorticity bands oscillate in their position (flip-flop), forcing the shear rate (7) and ap¬

parent viscosity (n) to oscillate with a certain frequency under controlled shear stress

conditions45'84. Rheological, flow visualization and Rheo-SALS studies of this system

have indicated that these oscillations are caused by the alternating bands and that

the system needs certain geometrical length-scales to develop these bands84. Nev¬

ertheless, two questions still remain unanswered: (a) Whether the transparency and

turbidity observed below rr are of similar structural or orientational origin as above

Tf. and, (b) is there a difference in the microstructure within the vorticity bands arrd

hence in the apparent viscosity of each band?

This chapter reports on the structural investigation of this system with Rheo-SANS

and high-speed video irrraging experiments. In contrast to other micellar systems

showing shear-thinning properties with strong orientation of rrricelles in flow, oirr

experiments indicate that there is only partial alignment of the micelles in the shear-

thinning regime. Furthermore, to clearly distinguish betweerr the structures in trans¬

parent and turbid bands, triggered Rheo-SANS experiments are performed. Such

measurements show that, both transparent and turbid bands have highly anisotropic

structures oriented in the flow direction. However, a significantly higher anisotropy

in turbid bands gives strong evidence that these bands are composed of long aligned
wormlike micelles.
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Figure 4.1: (a)Triggcr set up for the stress-controlled rheometer, with the laser beam¬

ing passing orthogonal to the neutron beam directiorr. (b) An example of

the laser signal obtained in the vorticity banding regime and the thresh¬

old value set to obtain the selective scattering information from individual

vorticity bands.
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4.2 Experimental

Materials

Cationic surfactant cetylpyridiunum chloride (358.01 g/M), salt sodium salicylate

(160.11 g/M), and deuterium oxide (D20) were obtained from Fluka (Buchs, Switzer¬

land) and used without further purification. A solution of 40 mM CPyCl and NaSal

was prepared using D20 and was allowed to equilibrate for 24 horrrs prior to any ex¬

periments. Sample preparation with D20 irrstead of H20 was dictated by the SANS

experiments in order to get a better scattering contrast between the aggregates and

the solvent.

Rheo-small angle neutron scattering (Rheo-SANS)

The experiments were performed at the SANS instrument of PSI, Villigcrr, Switzer¬

land. A stress controlled Rheometrics DSR rheometer equipped with a neutron trans¬

parent Couette shear cell made of Suprasilglass was set up in the neutron beam

at the Swiss spallation source SINQ. This shear cell is similar to the ones developed

in other works85-87 for simultaneous rheological, optical, and in-situ SANS measure¬

ments. The shear cell consists of a stationary outer cylinder of 32 mm and an inner

cylinder of 30 mm diameter. The sample was sheaied in the 1 mm gap of the shear

cell. The sample temperature was maintained at 22 °C which was controlled by wa¬

ter circulation around the outer stator. This shear cell was mourrted in radial beam

position, with the neutron beam passirrg through the sample along velocity gradient

(y) direction, probing the structure of the micelles in flow-vorticity (x — z) plane. The

neutron wavelength was fixed at 8À, and the data were collected on a two-dimensional

3He-dctector at distances of 2, 6 and 18 m covering a momentum transfer (q) from

0.003 to 0.15 Ä-1. The momentum transfer (q), given by,

<7-T-sin(Ö/2)

where X is the wavelength of neutrons and 9 is the scattering angle. At this q range

the diarrreter of the micelles and their orientation are measurable. After correction for

background radiation, empty cell scattering, and detector efficiency, and conversion

to an absolute scale using direct beam intensity, the 2D intensity was 20° section

averaged in flow (||) and vorticity (_L) dircctiorrs.
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Triggered Rheo-SANS

To elucidate the microstrirctuies in the alternating vorticrty bands separately, trig¬

gered SANS experiments weie desigired so that integrated scattering patterns could

be obtained exclusively from turbid or transparent bands, despite the transient os¬

cillations The triggering set-up is shown in Fig. 4.1a Triggering was achieved by
an external trigger signal, which in oui case was a He-Ne laser The laser beam was

passed orthogonally to the neutron beam to detect the nature of the bands, either

turbid or transparent. Measured laser intensity was then fed to a Labview based

computer program This progiam allowed us to enable or disable the neutron detec¬

tion depending on the transmitted lasei intensity Selective scattering information of

either turbid or transparent bands was collected by choosmg an appropriate threshold

value (Fig. 4 lb) of the laser intensity. Such experiments were performed for times

ranging from 30 min at a detectoi distance of 2 m to about 2 hours for 18 m detector

distances

High-speed video imaging

Since theie is a time lag of approximately 2-3 s durirrg the data transfer from the

rheometer to the computer the nrost vital time dependent information about the

formation of the bands and the associated shear rates and viscosities is lost. To

access this fast piece of information high-speed vrdeo imaging was performed. By

simultaneously imaging the shear bands and the lotation of the cylinder of the Couette

cell, one can correlate the appearance of the bands to the development of the viscosrty
in the system

Image analysis of the vorticity bands: The images of the vorticity bands along

with the rotating part of the irrrrer cylinder of the Couette geometry were taken using

a high-speed digital video camera (NAC MemreCam fx RX6) A white LED hght was

used to illuminate the sheai cell from the back, to make the vorticity bands visible to

the camera. A typical frame from the fast camera is shown in Fig. 4.2a The aveiage

greyscale intensity of the vortictiy bands was individually measured for each image

in a rectangular window as shown in the bottom part of the Fig. 4.2a. A higher

average greyscale mtcnsity corresponded to a turbid region and a lower value to the

transparent region

Angular velocity of the rotating inner cylinder: A rectarrgular piece of paper

partionned into two triangles, one black and the othei white m color as shown m

Fig. 4.2b, was carefully pasted onto the top paît of the îotating cylinder (dotted area
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Figure 4.2: (a)A typical video image of the vorticity banding along with the rotating

part of the inner cylinder of the Couette geometry obtained rrsing a high¬

speed digital video camera. The greyscale intensity was averaged along

a line shown in the upper part to obtain the angular position (6) of the

rotating inner cylinder. The intensity of the vorticity bands were analyzed

along a rectangular area as shown in the bottom part of the figure, (b)
Schematic of a rectangular piece of paper partionned into two triangles,

one black in color and the other being white. This paper was carefully

pasted around the top part of the rotating cylinder (dotted area on the top

part of Fig. 4.2a). z and x are vorticity and flow directions, respectively.
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on the top part of Fig. 4.2a). This is useful to locate the position of the cylinder under

rotatron. By image analysis of the greyscale intensity along a line on the black and

white paper strip, the angular position (0) of the inner rotating cylinder was moni¬

tored. From the angular position (0), the angular velocity (u) of the innei cylinder

was later calculated. Such simultaneous analysis of the position of the rotatirrg tool

and the corresponding intensrty of the bands was performed using the image analysrs

mode of a LabView based computer program.

4.3 Results and Discussion

Rheo-SANS in Newtonian and shear-thinning regime

Figure 4.3 displays the flow curve and corresponding 2D SANS patterns for the worm-

like micellai solution. At low shear stresses (r ^ 5 Pa) the solution exhibits New¬

tonian behavior. With an increase in shear stress (6 < r < 13 Pa) shear-thinning

becomes evident. A previous study4"5 on the same system showed that the sohrtion

is optically transparent in the Newtonian regime brrt becomes slightly turbid in the

shear-thinning flow region. The intensity maps (Fig. 4.3) show that the sohrtion is

isotropic in both, the quiescent state (0 Pa) and in the Newtonian regime (5 Pa). As

the shear stress is incieased (shear-thinning flow), patterns become marginally elon¬

gated in the voiticity direction (z) indicating shear-induced alignment of the worm¬

like micelles88. As the long micelles orient along flow directiorr (x), the projection

along x increases, resulting in a smaller intensrty over the measured q range giving

rise to higher scattering intensity along the vorticity (z) direction than in the flow

direction (x). However, compared to other semi-dilute and concentrated wormlike mi¬

cellar systems6-1'65'8''"92 wherein similar shear-thirmrng properties were observed with

anisotropic scattering patterns, the system at hand shows a very weak anisotropy.

This indicates only partial orientation of the micelles in the flow direction, which

is also supported by a gradual flattening of S(q) at low q legion (not shown here).
A striking feature of these patterns is that, even in the shear-thinning regime, no

two-lobed or butterfly-like scattering patterns are observed.

Triggered Rheo-SANS in shear-thickening regime

As shown in Fig. 4.3, (dotted ellipse) the apparent viscosity of the solution increases

(shear-thickening), above the critical shear- stress (tJ. In this shear-thrckcning regime,
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Figure 4.3: Shear stress r as a functiorr of shear rate 7 for the solution and correspond¬

ing SANS intensity maps at rest (0 Pa) and at different shear stresses.

The dotted ellipse in the flow curve shows the region where the solution

exhibits shear-thickening. Displayed scattering patterns were collected at

6 m detector distance, corresponding to a q range of 0.008 — 0.06 Â"1.

x, y and z corresponds to the flow, velocity-gradient and vorticity direc¬

tions, respectively. The neutron beam passes through the sample along

the velocity gradient (y) direction.
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Figure 4.4: (a) Formation of vorticity bands in the shear-thickening regime at 21 Pa,

as visualized by a high-speed digital video camera. The small white rect¬

angle in the middle shows the approximate position of the neutron beam.

(b) 2D SANS patterns obtained by triggering the Neutron detector for

transparent (left) and turbid (right) regions at a detector distance of 6 m

(0.008 ^ q < 0.06 Â"1) (see also Fig. 4.5). x, y and z indicate flow,

velocity-gradient and vorticity directions, respectively.

alternating vorticity bands appear in the form of transparent and turbid concentric

rings (Fig. 4.4a), coupled with oscillations in the shear rate and apparent viscos¬

ity. To elucidate the microstructures in these vorticity bands separately, triggered

SANS experiments were performed. Figure 4.4b shows scattering patterns obtained

by triggering the neutron detector for transparent and turbid bands, respectively.

Two remarkable features emerge from this triggered experiment. First, the intensity

maps show two-lobed patterrrs oriented in the vorticity (z) direction as compared to

the elliptical patterns in Newtonian or shear-thinning flow (Fig. 4.3). Such two lobed

patterns indicate a high degree of anisotropy with strong alignment of the wormlike

chains in the flow (x) direction. Second, there is a considerable difference betweerr

patterrrs obtained from the transparent and the turbid state. For the turbid state,

overall scattering intensity in the vorticity (z) direction is enhanced arrd the intensity

in the flow (x) direction is diminished as compared to transparent state. From this

qualitative observation it is quite clear that the turbid state is rrrore anisotropic than

transparent state.

To quantify these intensity maps, a 20° sector averaged scattering intensity (I) was

calculated in the flow (x) and vorticity (z) directions and plotted against momentum

transfer (q) as shown in Fig. 4.5a for both transparent and turbid regions. Figure 4.5a

shows that in the intermediate q range (0.008 - 0.06 Â~]) the structure factor S(q)
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Figure 4.5: (a) Scatterirrg intensity I as a function of momentum trarrsfer q for trans¬

parent (open symbols) arrd turbid bands (closed symbols) obtained from

triggered measurements. Scjuare symbols represcrrt 20° sector average in

vorticity direction (z) and circles represent the same in flow direction (x).
The solid lines are the model fit of sheared cylinders according to Hayter-

Penfold model, (b) The anisotropy factor (A/) as a function of shear

stress (r). The grey circles are calculated Af for r ^ tc and the triangu¬

lar symbols are for t
— 21 Pa. Open triangle corresponds to transparent

band and closed triangle to the turbid band.
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Figure 4.6: Scattering intensity I as a function of momentum transfer q for transpar¬

ent (grey symbols) and turbid bands (black symbols) obtained from SALS

and SANS methods. SALS measurements were performed using He-Ne

laser of wavelength 632.8 nm in a parallel plate device. The scattering

information in both methods in obtained in the flow-vortieity plane.

varies as g_1, corresponding to randomly oriented rods90,93. In the high q range, S(q)

is proportional to q~4, which indicates sharp interfaces in the system, meaning that

the overall structure of the wormlike rrricelles remains intact under flow. Furthermore,

the shape of the I us q plots remain unchanged indicating that the flow alignment

of the wormlike micelles take place without any significant change in their molecular

arrangement on the length scales probed by SANS.

The experimental data (both transparent and turbid) were fitted using the Hayter-

Pcnfold model for sheared solid cylinders94 shown as solid line in Fig. 4.5a. The data

are in good agreement with the model in the high q region which gives the diameter of

the micelles. An average micellar diameter of 44 A was obtained. This rrrodel did not

give any large differences in diameter or length of micelles for transparent or turbid

bands, meaning, the overall cross-sectional area of rrricelles remains iderrtical in both

states. As the vorticity bands are visible to the naked eye. orre would expect to see

a difference in the overall length of the rrricelles. However, our SANS measurements

are not very sensitive at low q values (> 200 nm) and therefore differences in such

length scales could not be probed. One way to obtain both the diameter and overall-

length information is by combining light (SALS) and neutron (SANS) scattering data.

Figure 4.6 shows such a plot of SALS and SANS data for both turbid and transparent
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regions in the flow direction. The SALS intensities were multiplied by a shift factor

irr order to compare them with the SANS scattering intensities. As can be seen, even

with such a method it was difficult to obtain the over all length information drre to

the absence of scattering information over a decade between the q range 10-4 to 10~3.

Employirrg an ultra small angle neutron scattering method would probably yield a

valuable information in the above mentioned q range.

To quantify anisotropy in the patterrrs (Fig. 4.4b) and also to compare these patterns

to the intensity maps showrr in Fig. 4.3, a terrrr called the anisotropy factor, A;, is

introduced, defined by Crocc et al.95 as:

where ix<z = / lXjZ(q)dq with Iz(q) and Ix(q) being the intensities in the vorticity (z)

and the flow (x) directions, respectively. An Af — 0 means no flow alignment and

Af = 1 implies a perfect alignment in the flow direction.

Figure 4.5b shows a plot of the anisotropy factor (Af) as a function of shear stress (r).

It is seen that, anisotropy index (Af) gradually increases with the shear stress (r)
until the critical stress is reached. Above tc, in shear-thickening flow, the calculated

Af is significantly higher (triangular symbols) indicating a high degree of orientation.

SANS intensity maps (Fig. 4.4b) and the anisotropy factor, Af, obtained for vorticity

bands indicate that both bands consist of highly anisotropic: structures as compared

to the structures in the shear-thinning regime. This answers the first question raised

irr the initial part of the chapter, that the optical properties (below and above rc) are

due to the orierrtation of the micelles under flow arrd that there is a higher degree of

orientational ordering of wormlike micelles in the vorticity bands.

High-speed flow visualization

The second question raised concerns differences in the microstructure and hence irr

the apparent viscosity within each band. As mentioned above, triggered SANS mea¬

surements give evidence that both barrds consist of aligned wormlike chains in the

flow direction and that the turbid state is composed of more highly aligned struc¬

tures than the transparent state. According to the microscopic models proposed and

discussed in literature, such alignment of the wormlike micelles (or any macromolec-

ular species) should lead to a reduction in the apparent viscosity. Hence, one would

expect a relatively lower viscosity in the presence of turbid bands as compared to the

42



4 Rheo-Small Angle Neutron Scattering and High-Speed Flow Visualization Studies

(a)

HHHH^^^HHMHiMi^HI&SHI

Figure 4.7: (a) View graphs of vorticity bands as visualized from high-speed video

imaging. From ? to v is one period which approximately 1 s. The white

dotted rectangle shows the area used to exctract the average greyscale

intensity of the bands. The corresponding intensities of the images i — v

are shown in Fig. 4.7b. (b) Average intensity (I) of vorticity bands (open

squares) and angular position (0) of the inner rotating cylinder of the

Couette geometry (closed circles) as a function of time. A higher intensity

corresponds to a turbid band and a lower intensity to a transparent one.

(e) Average intensity (/) and angular velocity (uj) of the rotating tool

(closed circles) as a function of time. Regions marked A and B indicate

appearance of transparent and turbid bands, where the angular velocity

(uj) of the tool increases and decreases, respectively.

fully transparent region. To address this point, the banding regime is investigated by

flow-visualization methods with the same Couette shear' cell used for Rheo-SANS.

Figure 4.7a shows a series of snap-shots of the vorticity bands captured from the fast

camera. In Fig. 4.7a(?'), the bottom part represents a turbid band and the top part a

transparent barrd. The image sequence from i to v corresponds to one period which is

appioxiurately 1 s. It is clear from the images that orrce a turbid band is formed in a

particrrlar positiorr of the Couette cell, the system passes through a stage wherein the

whole solution becomes fully transparent, before the appearance of the next trrrbid

band at the opposite position. This can be understood by following the intensities

from ?' to v in Fig. 4.7b and relating it to the images shown in Fig. 4.7a.
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The square symbols in Fig. 4.7b show the intensity of the vorticity bands calculated

using image analysis. A higher intensity corresponds to a turbid band and a lower

intensity to a transparent one. The angular position, 0, and the angular velocity, ui,

of the inner cylinder are calculated by image analysis and are shown in Fig. 4.7b and

Fig. 4.7c, respectively. Figure 4.7b shows that the rotating cylinder of the Couette

geometry displays a pulsating motion41, which is correlated to the appearance and

disappearance of the bands (a plot of 0 vs. time should be linear if the rotation

of the tool is continuous). The region A marked in the Fig. 4.7c shows the region

wherein the angular velocity (u;) of the tool gradually increases, which corresponds

to the appearance of a fully transparent region. In region B (Fig. 4.7c), the angular

velocity (uj) of the rotatirrg cylinder decreases to zero arrd everr sometimes shows a

negative sigrr. This correlates with the appearance of a turbid band (square symbols

in Fig. 4.7c). As the angular speed (u) of the tool can be directly related to the shear

rate (7 = Ku; K - geometrical constant), these resrrlts indicate a higher viscosity for

the system in the presence turbid bands.

However, this observation is in disagreement with the micro-structural investigations

by Rheo-SANS, wherein it is shown that turbid bands are composed of highly aligned

structures in flow which should lead to a decrease irr apparent viscosity. Such puzzling

results which contradict the microscopic theories are not new for wormlike micellar

solutions. Fischer and Callaghan96, have shown by NMR spectroscopy and velocime¬

try that in a rodlike micellar solution, a shear-induced nematic phase exhibits high

viscous character. The authors resolve the contradiction by hypothesizing that micel¬

lar association gives rise to a mesoscale ordering, aided by alignment or by formation

of higher order texture. This hypothesis may be valid in this system as well. However,

we propose that possible answers for this behavior can also be found by focussing on

the process of formation of these shear-induced vorticity bands instead of the relative

values of the apparent viscosity. A closer look at Fig. 4.7c suggests that, the process

of strongly aligning micelles (formation of turbid bands) rreeds energy, and this man¬

ifests itself as an increase irr apparent viscosity (resistance to flow). As the micelles

become oriented in the flow directiorr (when turbid bands are fully formed), the ap¬

parent viscosity drops, causing the shear rate to increase once again, which results

in the formation of transparent regions. However, we caution that this is purely a

hypothetical explanation and further detailed studies are necessary to confirm this

hypothesis.

A comment on Fig. 4.7c: A striking feature of Fig. 4.7c is a phase shift of ~ 7r/2
between the two signals. It is only because of such a phase difference between the

driving force (mechanical) and the effect (microstructure, turbidity) that the system

never reaches an equilibrium state and continues to produce these alternating vorticty

bands. Such a system which never equilibrates can be a model material to study non-

equilibrium phenomena in complex fluids.
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4.4 Summary

Using high-speed video imaging and rheo-SANS methods, the formation of vortic¬

ity bands in a 40 mM solution of CPyCl-NaSal is described and discussed. Struc¬

tural investigations by Rheo-SANS indicates only a partial flow aligimrent of the

wormlike micelles below the critical shear stress, 7>. However, above tc, where the

alternating vorticity bands (transparent and turbid bands) arc formed, pronounced

anisotropic SANS patterns are observed indicating a strong alignment of worrrrlike

micelles. Quantitative analysis of the scattering patterns in the banding regime show

that turbid bands are composed of more highly aligned structures as compared to

transparent bands. Such an alignment of the wormlike micelles should lead to a reduc¬

tion in the apparent viscosity in the turbid bands. In order to strengthen this point,

high-speed video imaging experirrrerrts are performed. However, these experiirrents

show that there is an intermediate state between the appearance of turbid bands and

that the solution is completely transparent in this intermediate step. Correlations

betweerr the bands arrd the angular speed of the rotating geometry indicated a lower

viscosity in the system, in the presence of turbid barrds, contradicting the rheo-SANS

measurements. An attempt is made to address this contradiction by focusing on the

process of formation of these vorticity bands rather than on their absolute viscosities.

The experiments reported here clearly indicate that the issue of vorticity banding in

40 mM CPyCl-NaSal solution is far more complex than first thought.
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Rheo-NMR Studies

In this chapter, the local velocity measurements carried out on 40 mM CPyCl-NaSal
solution using high-frequency ultrasonic speckle velocimety profiling (UVP) and NMR

velocimetric methods in a Couette geometry is discussed. Previous rheological, flow visu¬

alization and small angle light scattering experiments of this system showed the presence

of stress driven alternating transparent and turbid shear bands in the vorticity direction.

Further structural investigations by Rheo-SANS suggested that the turbid bands are com¬

posed of highly aligned wormlike micelles as compared to transparent bands. Such strongly

aligned structure should lead to a lower viscosity in turbid bands. Hence one aim of ve¬

locimetric measurements was to determine the local viscosités in each band. However,

with the help of UVP and Rheo-NMR we observed the presence of an additional type of

shear banding, which is radial in nature. In contrast to other wormlike micellar systems,

these measurements reveled homogenous flow inside the gap of the Couette cell in the

stress-plateau region. Only when the solution was sheared beyond the critical shear stress

(i.e. in shear-thickening region), in stress-controlled experiment, a two-banded situation

appeared in the gap of the Couette shear cell. Furthermore, Rheo-NMR and UVP mea¬

surements under strain-controlled mode did not show significant shear banding behavior

in the shear-thickening flow region.*

* Manuscript based on this chapter: Horlo V, Manneville S, Fischer P, and Windhab E. J.; is in

preparation.
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5.1 Introduction

The unusual flow properties of wormlike micellar systems have been widely stud¬

ied in the past 20 years by several authors using many different experimental tech¬

niques37'41 'r>2'66,97_luu. A strong flow can indrrce a variety of complex structures in these

systems resulting in shear-induced structures (SIS) and/or shear-induced phase tran¬

sitions (SIP)38'39'45'64'91'101'102. One of the classical phenomena observed in wormlike

micellar systerrrs is shear-handing. Under shear banding situation, it has been shown

that there exists two phase region inside the gap of the shear cell. That means,

in the radial direction of the shear cell, regions of locally high and low viscosities

coexist 55'57,9fi 103'104. To measure local viscosities at microscopic resolutions inside

the gap of rheometric geometry, noninvasive velocimetric techniques are necessary.

Ultrasound velocity profiling (UVP) and rheo-nuclear magnetic resonance imaging

(Rheo-NMR) are the two best techniques to investigate opaque or turbid samples

under shear flow.

In this chapter the focus is on an equimolar (40 mM) cetylpyridinium chloride-sodium

salicylate, surfactant-salt system in the semi-dilute concentration domain, which

forms long wormlike micelles. Urrder linear flow conditions this particrrlar solution be¬

haves as a Maxwellian fluid with a single relaxation time. However, the rhcophysical

properties become more complicated in the non-linear regime, with the development

of SIS. With increase in shear stress, this solution exhibits Newtonian, shear-thinning

and shear-thickening behavior with the appearance of a pseudo-horizontal stress-

plateau in the flow curve (r vs. 7). The most unusual optical behavior of this

solution is seen in the shear-thickening region of flow wherein alternating transparent

and turbid bands are formed in the vorticity direction, i.e. along the axis of the Cou¬

ette shear cell. Rheology, flow-visualization and Rheo-SALS experiments showed that

these bands are stress induced and that certain geometrical length scale is required

for their formation84. Even-though extensive investigations were carried out for the

analysis of the vorticity bands, the system was never studied for the presence or ab¬

sence of so called radial bands. Furthermore, structural investigations by Rheo-SANS

experiments have shown that turbid bands are composed of long aligned wormlike

aggregates as compared to the transparent band. Such a flow alignment and the

structural arrangements in the bands should give rise to locally differing viscosities,

which can only be determined by local velocity measurements.

Here, we present the results of local velocity measurements performed irr the 1 mm

gap of the Couette geometry with arr ultrasonic velocity profiling (UVP) and rheo-

NMR techniques. The UVP technique is based on time-domain cross-correlation of

high-frequency ultrasonic signals backscattered by the tracer particles seeded in the

flowing solution. The rheo-NMR imaging uses magnetic and spirr properties of atomic
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nuclei (in our case hydrogen atoms of the solvent water), in a strong magnetic field.

Experiments in both controlled sheai stiess and shear rate conditions are described

and discussed. With the help of UVP and rheo-NMR, for the first time, we observed

the presence of radial shear bands which coexisted with the vorticity bands in this

system. Moreover, the pointwise local velocity measurements reveled a homogenous

flow inside the gap of the Couette: cell in the stress-plateau region which is in contrast

to other shear banding systems. Only when the solution was sheared beyond the crit¬

ical sheai stress (i.e. in the shear-thickening regime), in stress controlled experiment,

a two banded situation appeared in the gap, with a high shear rate band (^i) at the

rotating wall and a low sheai rate band (72) at the stationary wall of the Corrette

shear cell.

5.2 Experimental

Materials

Cetylpyridiunum chloride (CPyCl) and sodium salicylate (NaSal) were obtained from

Fluka (Buchs, Switzerland) and used without further purification. A solution of

CPyCl-NaSal in water is usually transparent to ultrasonic waves. Thus, in oider to

measure the velocity profiles, 1 wt% hollow glass spheres (Sphericel, Potters Indus¬

tries) weie added as tracer particles. The reqirired amount of CPyCl to prepare a

40 mM solution was first weighed and dissolved in Milipore water. Then, the glass

spheres of mean diameter 11 /an were added to this solution. Once these particles

were homogeneoirsly dispersed in water, NaSal was slowly added. This helps in slow

build up of viscosity in the sample due to the growth of wormlike micelles in the

presence of dispersed glass spheres. A homogeneous solution without included air

bubbles is difficult to prepare by adding glass spheres directly to the already pre¬

pared wormlike micellar solution. Hence it is important to add the particles before

allowing the growth of wormlike micelles, meaning before the addition of NaSal. For

the Rheo-NMR studies, no tracer particles were needed and hence a 40 mM solution

of CPyCl-NaSal prepared irr Millipore water was directly used.

* Highly mono-disperse polystyrene spheres of diameter 9.61 fim obtained from Micro Particles

GmbH, Germany, were also used as tracer particles However, these particles were found to

have a tendeony to aggregate while being sheared and hence these solutions were not used for

measurements.
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Figure 5.1: Ultrasourrd velocity profiling (UVP) experimental set-up. Figure adapted

from Manneville et al.'05

Magnet bare

X

'' pi IE-

Figure 5.2: Rheo-NMR experimental set up (left) and the shear cell used for the NMR

imaging (right), (a) Rotating inner (hollow) Teflon cylinder, (b) Station¬

ary outer glass Couette, (c) Sample inside the gap, (d) NMR imaging

window, (e) Water filled inside the hollow Teflon cylinder as marker fluid.
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UVP - Experimental setup

Simultaneous rheology and local velocity data were mcasuied in a stress-controlled

rheometer (TA Instruments AR 1000), equipped with a transparent Couette geom¬

etry. The Couette cell was made of smooth Plexiglas with an inner cylinder radius

of 24 mm, a gap 1 mm and a height of 30 mm. This whole cell was surrounded by

circulated water whose temperature was kept constant at 21 °C. Figure 5.1 shows

a schematic of the UVP experimental set-up. A PVDF piczo-polymer transducer

(Panametrics PI 50-2) immersed in the water in front of the stator generates focussed

ultrasonic pulses of a central frequency of /=36 MHz. The transducer was controlled

by a puiser-receiver unit (Panametrics 5900PR). Ultrasonic pulses traveled through

the 1 mm gap of the Couette geometry and were scattered by the glass spheres.

Backscattered signals were then collected and stored on a high-speed PCI digitizer

(Acqiris DP235), and transfcred to the host comprrtcr for post processing. The spa¬

tial resolution of the experimental setup is of the order of 40 i/m and the temporal

resolutiorr ranges between 0.02 and 2 s per profile. Details of the experimental set-up,

calibration procedure and data analysis are given in Manneville et al.lü5

Rheo NMR - Experimental setup

Figure 5.2 shows a schematic of the cxperirrrerrtal set-irp used for rheo-NMR. All

the experiments were carried out at 21 °C in a Bruker AMX300 NMR spectrometer

equipped with a special imaging facility. The Couette shear cell was made of a glass

outer cell (20 mm diameter) and a inner rotatirrg hollow Teflon cylinder (17 mm

diameter) with the sample being sheared in a gap of 1.5 mm. A small glass vial

corrtaining water as marker fluid (part marked e in Fig. 5.2) was inserted inside the

hollow Teflon cylinder to have a reference for the velocity measurements. This cell

was then inserted into the rf and gradient coil assembly situated inside the bore of

a 7 T superconducting magnet as shown in Fig. 5.2. The inner cylinder of the sheai

cell is driven by a stepper motor and a gear box located above the magnet. A pulsed

gradient spin-echo imaging sequenceluf) was used to obtain the velocity imaging. The

images were recorded on a 64x64 pixel array in velocity gradient-vorticity plane. The

spatial resolution of this 64x64 window was about 0.15 mm.
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Figure 5.3: Flow curve for the 40 mM CPyCl-NaSal solution (1 < t < 10 Pa) with

1 wt% tracer particles. The inset shows the full flow curve including the

shear thickening region (5 Pa < r < 30 Pa). Horizontal dotted lines

represent the stresses where the steady state UVP velocity profiles are

recorded.
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Figure 5.4: Rheological test sequence used to nreasure UVP velocity profiles, (a)

Step stress method for shear stresses t ^ 10 Pa and (b) Pre-shear and

step stress method for shear stresses r > 10 Pa; ti — 40 s.
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5.3 Results and Discussion

Stress-controlled experiments

Rheology and UVP measurements (t < 10 Pa)

Figure 5.3 displays the flow curve of the surfactant solutiorr seeded with 1 wt% glass

spheres. The overall nature of the flow curve did not change with addition of the

paiticles, however the critical stress, tc, where the solution exhibits shear-thickening

behavior is found to be 10 Pa as compared to 13 Pa observed for tracer particle

free solution. As described in the previous chapters, the solutiorr exhibits Newto¬

nian, shear-thinning and shear-thickening behavior. For reasons of clarity, the shear-

thickening regime is not shown in the main figure, but the inset shows the entire flow

curve including the shear-thickening regime. As shown in Fig 5.3, the viscosity drops

drastically between 8 and 10 Pa and it is between these shear stresses that a quasi-

horizontal stress-plateau is observed. Such a platearr irr t vs 7 has been accounted

for shear-induced transitions or formation of shear-induced structures (SIS)60'66'69'70'73
arrd studied in the framework for shear banding theories72'107'108. Further shearing the

solution above the critical shear stress (tc = 10 Pa), leads to shear-thickening behav¬

ior (see irrset) and this region extends up to r — 17 Pa. In this regime of flow, strong

temporal oscillations in apparent viscosity and shear rate have been observed which

correspond to fast structural changes in the system52'84. To further understand the

structural transitions in these regimes of flow (shear-thinning and shear-thickenig)

pointwise local velocity measurements are carried out inside the gap of a Couette

cell.

To begm with, shear stresses below tc are chosen to measure the velocity profiles

(dotted lines in Fig. 5.3). Figure 5.4a shows the rheological test procedure rrsed to

measure such profiles. At t = 0, a shear stress of r rs irrstantly applied and the velocity

profiles arc recorded for a minimum of 200 s. These are then averaged and such

tirrre-averaged velocity profiles are shown m Fig. 5.5 for different shear stresses. The

variable, r, denotes the radral distance in the gap of the Couette shear cell (r = 0 at

the rotor and r — 1 at the stator). The error bars correspond to the standard deviation

of the velocity measurements. Except for r
— 10 Pa, foi all the other shear stresses

studied here, the flow is stationary and homogeneous. For t — 2 Pa, the profile is very

close to a straight line, consistent with the Newtonian behavior of the mrcellar solution

at low shear stresses. However, for r = 5 and 8 Pa, the data do not exactly fall on

the Newtonian velocity profile but rathei deviates slightly. This is in accordance with

the rheological data displayed in Fig. 5.3 showing a weak shear-thinning behavior.
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Figure 5.5: Time-averaged velocity profiles for different shear stresses in the Newto¬

nian and shear thinning regime. Error bars correspond to the standard

deviation of the local velocities and mainly account for temporal fluctua¬

tions in the velocity, r denotes the radial distance to the rotor; r = 0 at

the rotor arrd r = 1 at the stator.

A closer look at the velocity profile for t—10 Pa, irrdicates a hourogenous flow of

the solution in 1 mm gap of the shear cell but with a significant curvature in the

profile due to the sharp shear-thinning effect. Furthermore, temporal fluctuations

of velocity come into play at this shear stress. These temporal fluctuations in the

measured velocity profiles are due to oscillations in apparent viscosity which start to

appear at this critical shear stress (r0 — 10 Pa).

In most of the experimental works dealing with surfactant systems, it has been ar¬

gued that a strong flow-structure coupling induces new organizations like nernatic

phases or onion textures or other flow-induced phenomena48'1"2'100"111. With the evo¬

lution of these new structures, the systems exhibit a stress-plateau in steady-state

flow crrrve (t vs 7). In the plateau region there exists two values of shear rates

(ihigh and 7(om) for a single shear stress and the fluid is strongly shear-thinning.

Under such flow conditions it is believed that the sheared fluid separates into two

differently sheared regions arrd such a behavior is termed as shear-banding flow. In

a Couette shear cell under shear-banding situation, one observes a highly sheared
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band near the rotating cylinder and a weakly sheared band at the stationary wall.

Those systems exhibiting the stress-plateau behavior have been investigated by ul¬

trasound velocimetry57'104'112, flow-birefringence60, small angle neutron scattering65,

particle image velocimetry (PIV)113'114 and NMR velocity measurements115, and an

inhomogeneous flow in the gap of the Couette cell has indeed been observed with the

presence of high and low shear barrds. Since such an inhomogeneous flow behavior

has been experimentally observed in many surfactant systems, the appearance of a

stress-plateau is considered as characteristic of shear-banding flow. This generality

has motivated many recent theoretical works involving phcnomenological models as

well as microscopical approaches11^119. In our case, Theologically, a quasi-horizontal

stress plateau is indeed observed between r
- S and 10 Pa. However, in contrast to

other works mentioned above, this solutiorr does not show any in-homogenous flow

in the plateau region. This is a surprising finding arrd thus questions the universal

feature of existence of shear bands in the stress-plateau legion.

Transient UVP measurements (r > 10 Pa)

Time-averaged velocity profiles

As shown in the inset of Fig. 5.3, the investigated sohrtion exhibits shear-thickening

behavior above a critical shear stress (tl) of 10 Pa. Previous studies of the system

showed the formation of alternating vorticity bands irr this regime as well as the

oscillations in the apparent viscosity and shear iateR4. Hence one expects a rich

variety of time dependent phenomena, like large tempoial oscillations of the velocity

or rheo-chaos etc. in the shear-thickening regime of flow. To investigate the time

dependent behavior, careful rheological protocols should be used while measuring the

velocity in the annular gap. Figure 5.4b, shows such an experimental protocol used to

measure transient velocity profiles. A stress step of 5 Pa is applied at time t = 0 and

the solution is pre-sheared for 40 s at this shear stress. Then the sample is subjected

to a higher stress (r > tc) for more than 1000 s, arrd in this time period, transient

velocity profiles arc recorded at a rate of 20 profiles per second. Such measurements

enable us to capture the fast dynamics and to possibly measure the respective local

viscosities in the transparent and in the turbid bands.

Figure 5.6 shows four time-averaged velocity profiles foi different shear stresses in

the shear-thickening region. Typically more than 200 profiles have been averaged to

obtain each data set. All the four profiles show large temporal fluctuations which is

not shown in this figure for reasons of clarity but will be discussed irr the later section.

Figure 5.6a shows average velocity profiles measured for 11 and 12 Pa (close to tc) and

Fig. 5.6b shows the same for 14 and 17 Pa (away from tc). Measurements above 17 Pa
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Figure 5.6: Time-averaged velocity profiles for different shear stresses in the shear-

thickening regime. Dotted vertical lines indicate position of the interface

(o) between the radial bands

could not be performed due to stronger viscoealstic effects (rod-climbing). Compared

to the homogeneous velocity profiles from Fig. 5.5 (r ^ t0) the profiles depicted in

Fig. 5.6 clearly reveal an inhomogeneous flow with an unambiguous banding structure.

In the following paragraphs, the interface between the bands is derroted as 6.

For shear stresses close to 7>, (Fig. 5.6a) two differently sheared barrds coexist in a

1 mm gap of the Couette geometry. A highly sheared band is located at the rotor

and a weakly shear band is located near the stator, with the interface of the bands

being at ö ^ 0.6 mm. This observation of two radial shear bands is in accordance

with the classical picture of shear-banding flows7,6o,no,iii,ii&,i2n_

However, velocity measurements at shear stresses far away from tc, indicate the pres¬

ence of moie than two bands in the annular gap. Figure 5.6b shows such a velocity

profile for r - 14 and 17 Pa. This plot displays three radial shear barrds, viz., a highly

sheared band near the rotor, a shear band in the middle and a weakly sheared band

near the stator. The interface between the middle and the weakly sheared band is

again approximately at 0.6 mm. This suggests that with increase in the shear stress

from 11 to 17 Pa, the overage position of the interface, S, does not move towards the

statoi as observed by other authors107'110'111.

This is the first report on radial shear banding in 40 mM CPyCl-NaSal wormlike

micellar sohrtion which is a new phenomena observed for this system. However the

point to be noted is that the radial shear banding situation appears only in the

shear-thickening flow region and not observed in the stress-plateau regime.
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Temporal evolution of local shear rates and interface dynamics

In Figure 5.6, time-averaged velocity profiles are displayed, however, as mentioned

above, large temporal fluctuations in the local velocity are observed in each band.

Let us denote the highly sheared band near the rotor with index 1 arrd the weakly

sheared band near the stator with index 2. Assuming no wall slip, if v,(f) arrd v%(l)
are the local velocities in each band, 5(t), the position of the interface and v(ö(t),t),
the velocity at the interface, then local shear rates in weakly sheared band, 72, and

in high shear band, 71, can be calculated using the following equations1":

(RL + of + R\ v(5)
72 "

(Rl + S){ßx-Tn2 + &)' (t-S)

. _(Ri+Sf + R\ i>i - 7&T "(«*)
71

Ri(2Rx+ö)
'

S

where, Ri and /?2 are the inner and outer radius of the Couette geometry and e =

(«2-Wl)-

Figure 5.7 shows the evolution of local shear rates and the position of the interface

as a function of time. Because of the fluctuations in the local velocities, vi (t) and

v2(t), one observes oscillations in the local shear rates (71, 72) irr each band. For shear

stresses of 11 and 12 Pa, the relative fluctuations (coefficient of variance, CV) of the

local shear rates are about 1.5 times as large in the weakly sheared band as in the

highly shear band (£71/71 — 14% and Ä72/72 — 24%). The position of the interface

between the two bands also oscillates around a mean value of ö 2; 0.6 mm. A closer

look at these oscillations show that 71 and 72 are anti-correlated but 6(1) seems to be

in phase with 72 (at-least better correlated than to 71). Figure 5.8 displays similar

results for r = 14 Pa. Here the oscillations in 71 and 72 are not as regular as for r

— 11 and 12 Pa (Fig. 5.7). Furthermore, the amplitude of oscillation in S(l) is higher

than in Fig. 5.7 with the positiorr of the interface, o(t), seems to move closer to the

stator at certain time intervals. The relative fluctuations in the weakly sheared band

$72/72 — is about 46%, which is twice as large as for r = 11 and 12 Pa. Also, the

relative fluctuations of the interface position is about 22% as compared to 10% for 11

and 12 Pa. It is quite clear that an increase in shear stress causes larger fluctuations

irr the local velocity and also in the position of the interface which is a sign of more

chaotic like flow behavior.

This poirrt is further supported in Fig. 5.9a, which shows the local shear rates for r

— 17 Pa. Here, instead of two bands we see a three-band situation arrd it becomes
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Figure 5.7: Local shear rates (71, 72) and the position of the interface, 6, for (a) 11 Pa

and (b) 12 Pa. 71 (black line) corresponds to a highly sheared band and

72 (gray line) corresponds to a weakly sheared band.
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difficult to determine the exact positions of the interface Figure 5.9b shows the

regions of velocity profiles which are used to calculate three local shear rates (7^ 72,

and 7.3) Similar to Fig. 5.8, the highly sheared band, 7l7 and weakly sheared band,

73, are anti-correlated and the correlatron betweerr the third band in the middle to

the two other bands is far frorrr perfect. At certain time intervals the local shear rates

m all the three bands are equal and the flow seems to be homogenous However, such

an homogenous flow rs very short lived (not more than 2 seconds) and three-band

scerrario appears agam.

Co-existence of vorticity and radial shear bands

The primary aim of the UVP measurements was to determme the local vrscositres

in the alternating vorticity bands. However, upon the addition of the glass spheres

as tracer particles, the solution became entirely trrrbid (milky) arrd the vorticity

bands were impossible to observe at least through the naked eye. It was described

previously in this chapter, that the macroscopic rheological signature of the glass

sphere added CPyCl-NaSal solution was similar to that of particle free solution (even

m the transient measurements). This irrdicates that there exists the vorticity barrds,

for the solution with the tracer partrclcs, but were simply not visible. Based on this

argument it can be quantitatively said that when sheaied above a critical shear stiess,

both voiticity and îadial shear bands appeal in this system. For a qualitative answer,

one should measuie local vélocités at different heights of the Couette cell

Strain-controlled experiments

In this section, we report on the local velocity measurements carried out in strain-

controlled mode of the rheometer. Similar to the experiments in the earlier section,

here also, the measuiements are carried out m the Newtonian, shear-thinning (stress-

plateau) and shear-thickening flow regime. As shown in Fig 5 10, the flow is ho¬

mogenous in the Newtonian and shear-thinning flow legions, howevei, the velocity

profile is somewhat in-homogenous in the shear-thickening regime (Fig. 5 11). But,

a very pronounced two-banded situation, which was observed in stiess-controllcd ex¬

periments (Fig 5 6) is not seen in shear rate controlled measurements. It seems that

either the flow is alrrrost homogenous or chaotic in the shear rate controlled rrrode.

Moreover, m shear rate contiolled experiments one can see slip at the rotating wall

at a shear late of 15 s_1, such slip persists until about only 20 s_1. In recent years,

there is a school of thought in the field of sheai bands in wormlike micelles, that
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Figure 5.10: Time-averaged velocity profiles for different shear rates in the Newtonian

(2, 6 s-1) and shear-thinning(10, 15 s"1) regime. Error bars correspond

to the standard deviation of the local velocities and mainly account for

temporal fluctuations in the velocity, r denotes the radial distarrce to

the rotor; r = 0 at the rotor and r = 1 at the stator.

state the stick-slip phenomerra at the walls as the reason for the observed flow insta¬

bilities100'121. However, with our measurements irr the Coirette shear cell we did not

observe a systematic wall slip and hence it is difficult to relate the slip phenomena to

the observed shear banding flow.

Rheo-NMR velocity imaging

Rheo-NMR was used to strengthen the local velocity observations made in the UVP

experiments. It should be mentioned that the spatial resolution of rheo-NMR is ap¬

proximately 0.15 mm as compared to less than 40 um for UVP. Herrce only a qualita¬

tive and not quantitative comparison can be made. NMR velocimetry measurements

were carried out for a range of shear rates from 20 to 75 s_1 (strain-controlled) which

cover both, the shear-thinning arrd shear-thickening region. In all these velocime¬

try measurements, water was placed as as marked fluid in the inner rotating Teflon
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interface between the radial bands and the solid lines are guide to the

eye. r denotes the radial distance to the rotor; r = 0 at the rotor and

r = 1 at the stator.

cylinder. This enabled us to determine the reference Newtonian profile of an un-

sheared material (rigid body motion). Figure 5.12 shows velocity profiles obtained

for the CPyCl - NaSal solution in 1.5 mm gap of the Couette shear cell at differ¬

ent shear rates. No wall slip is apparent at the rotor wall, however a small amourrt

of slip can be observed at the stator. The solution exhibits homogenous flow for

7 < 20 s"1 which is below the critical shear stress (rc), which is in the Newtonian and

shear-thinning regime. However, at higher shear rates, at shear-thickening regime,

20 s"1^ 7 < 65 s"\ the solution exhibits heterogenous flow with typical two-banded

structure. Close to the inner wall (rotor) there exisits a region of high shear, further

out towards the outer wall (stator) a low shear rate band can be observed. Such a

two-banded structure is reminiscent of that seen in a cylindrical Couette shear cell

nreasuremnts (rheo-NMR) on wormlike micelles115'120'122'123.

The velocity profiles measured with Rheo-NMR in shear rate controlled nrode is

similar to those measured by UVP but still is very different from UVP proflles under

stress-controlled measurements. This discrepancy again confirms that shear bands in

this system are stress-controlled and under strain-controlled mode either the solution

behaves differerrtly or the shear baud occupies the whole gap instantly. Such different

behaviors under two different commanded parameters (shear stress oi shear rate)

have been observed in wormlike micellar systems39 arrd have beerr argued on the

lines of feedback loop of the rheometer. Further experiments irsing a laser sheet or
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position of the radial shear band for 7—40 arrd 60 s_1.

other forms of bright light sources to detect simultaneously, the birefringence in the

vorticity and in the radial bands is necessary to clearly understarrd this behavror

5.4 Summary

In this study we have described and discussed two complimentary local velocity mea¬

suring methods namely, UVP and Rheo-NMR, in the case of an aqueous equimolar

(40 mM) CPyCl-NaSal solutiorr forming wormlike micelles. With increase in shear

stress this solutions exhibits Newtonian, shear-thinning arrd shear-thrckcrnng behav¬

ior. Pointwise local velocity measurements using high frequency speckle velocimetry

techniqrre, reveled a homogenous flow inside the gap of the Couette cell m the stress-

plateau region. This is in sharp contrast to othei wormlike micellar systems, wheie

a significant two-banded flow has been observed" However, when the solution is

sheared beyond the critical shear stress (shear-thickening regime), a two-banded situ¬

ation appears in the gap of the Couette cell showing the preserrce of a highly sheared

band (71) at the rotating wall and a weakly sheai rate band (72) at the station¬

ary wall. Wrth further increase in the shear stress, the flow inside the gap becomes

even more complex wrth the presence of more than two shear bands and the physical

meaning of such a profile becomes questionable Furthermore, Rheo-NMR and UVP

measurements under shear rate controlled mode of the rheometer did not show signif-
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leant shear banding behavior in the shear-thickening flow region. These experiments

indicate that the flow behavior of this 40 mM CPyCl-NaSal is very complex and

sometimes far from understanding. A systematic UVP and Rheo-NMR experiments

on various wormlike micellar systems under different commarrded parameters (shear
stress or shear rate) appears to be necessary to obtain a more generalized information

about the flow behavior of these solutions.
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6 Summary and Conclusions

Under the appropriate thermodynamic conditions such as temperature, surfactant

concentration, pH, type and concentration of counter-ion etc., surfactant molecules

can self-assemble into long, flexible chains referred to as wormlike or threadlike rrri¬

celles. An equimolar (40 mM) mixture of cetylpyridinium chloride and sodium salicy¬

late forms wormlike rrricelles in aqueous media When subjected to strong shear flow,

this solution of wormlike micelles undergoes structural changes, which in-turn give

rise to a double transition in the rheophysical properties, namely, shear-thinning and

shear-thickening. The shear-thickening transition is associated with the appearance of

transparent and turbid bands termed as vorticity bands. A unique behavior of these

bands is that they oscillate in their position ovci a very long period of time. Simul¬

taneous to these oscillations, the rheological parameters such as shear rate, apparent

viscosity and normal stresses also fluctuate as a function of time.

In this PhD thesis, a combination of different experimental methods like rheometry,

flow visualization, rhco-small angle light and neutron scattering, ultrasound velocime¬

try arrd NMR velocimetry are used to investigate the flow properties arrd the vorticity

banding phenomena irr the above mentioned system. While scattering methods give

information about the structure of the system, other techniques are useful in the

systematic characterization of the flow properties.

The transient rheological characterization of the system confirms that the oscillations

observed in the shear rate and apparent viscosity are indeed directly related to the

appearance arrd disappearance of the vorticity bands. Furthermore, rheology, flow

visualization and rheo-SALS measurements show that the vorticity barrds are stress

driven and require certain geometrical length scales to develop.

Structural investigations by rheo-SANS indicate a strong flow alignment of the long

rrricelles in the turbid bands. According to microscopic models, such flow alignment

should lead to a lower viscosity. On the contrary, high-speed flow visualization studies

indicate a higher viscosity in the system in the presence of turbid barrds. Arr attempt

is made, to address this contradiction by focusing on the procest of formation of the

vorticity bands rather than on their absolute viscosities.
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6 Summary and Conclusions

Ultrasound velocimetry and NMR velocimetiic techniques are used to determine the

local viscosities irr the vorticity bands. The pointwise local velocity measurements

indicate that not only vorticity bands, but also radial shear bands exist for this system

in the shear-thickening flow region. Moreover, the radial shear banding situation

seerrrs to appear only irr the shear-thickening flow region and is not observed irr the

stress-plateau regime.

Although marry different experimental techniques have been combined in this thesis to

characterize the flow-structure coupling in 40 mM CPyCl-NaSal solution of wormlike

aggregates, a final conclusion could not be drawn about their behavior. It seems

that, as this solution is explored irr more detail, it presents rrew and puzzling results,

questioning the universality of the well established mechanisms for the formation of

shear barrds (radial or vorticity) in worrrrlike micellar systems.
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