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Abstract

The structure and dynamicstbe smecti€A liquid crystal8CB (4 cyane4;
octylbiphenyl)when sheared armmbnfined to mesoscale gafwith crossed cylindrical
geometry and mica confining surfacesyre studied using a Surface Forces Apparatus
(SFA). Triangular shear patterns wittequencies of 0.01, 0.1,dlard 10 Hz and
amplitudes of 62 nm, 625nm and 6.2%m were applied to samplesgsp sizes of 0.5
and 5.0mm. The study was performeat room temperature (20 C) andat two higher
temperatures (2Z and 27C). In orderto minimize thehermalfluctuations within the
test chambeand hence to allow fdherapid reinitialization of test runghe SFA was
modified to allow for quick, precise and remote control of the confining surfaces. The
proceduranaximizeal the number of testhat could beindertakemwith a single pair of
surfaceso that a single gap geometry could be maintained for the duration of the test
run. In order to run the SFA remotebgripts written with a commercial software
packagel.abVIEW, were used taontrol ofthe SFA conponentsits FECOmonitoring
cameraand allits peripheral electronic equipment as w&kamples were agitated to
disrupt any sheanducedliquid crystaldomain alignment from previous testing
following each shear test, andethodologiesvere developdto ascertain the extent of
confinement quickly andemotly following agitation. Separate methoasre
developed for gap sizes at each extreme of the mesoscale,rediene the transition
from bulklike structure and dynamics to nacunfinement occurs @ween 1 and 10

microns for smecti@ 8CB).



The results reveatlthat the greater amplituelgap aspect ratio and surfamedomain
contact associated with smaller gaps facildagorientation of the domains the shear
direction Evidencewas also presenteaf domains at the higher end or outside of the
mesoscale regime that, while straining and accretvege unable to reorient and thereby

led to an overall increase of viscoelastic respofi$e effective viscosity was found to
obey a simfg power law with respect to shear raié#) = K ¢" *, and the flow behaviour

indices n, slightly in excess of unity indicate shear thickening occurs \aithel enough
shear amplitude, arttiat the viscosityeached @lateaunear unityover shar rates of
0.005 to 500 S within the mesoscale regim®ifferentK andn values were observed

depending on the shear amplitude used.

Unlike bulk smectic 8CB, whose domains do not align well in the shear direction with
large sheastrain amplitue, atmesoscale levels of confinement large amplitude shearing
(up t012.5 shear strain amplitudeps found to be very effective at aligning domains.

In general domain reorientatios found to be much more rapid within the mesoscale
regime than hakeen reported in bulkAggressive shearingas found to result in a
completedropin viscoelastic response withincemds, while gentler shearing found to
produce a very graduadcreasehat persists for more than six hours, with individual
shear pends exhibiting frequent and significant deviations from the expected smooth

shear path that may be a productlistretedomain reorientations.

From these findings, certairaits of he smectic 8CB domain structures under

mesoscale confinemewere deduced, inlcding how theyrespond to shear depending on



thelevel of confinement, and how their reorientation due to shear variesiyowith

shear rate but also independently vatiear amplitude. An equation describing the
viscosity change as ariction of both shear rate and shear amplitude is proposed. The
shear amplitude dependenn&oduces the nain of shearing beyond the proposed
smectic 8CB fvi s avesshHownstd exhibit Helhawdurtintegdaneen i ¢ h
with Large Amplitude Ostiatory Shea(LAOS) techniques developed for Fourier
Transform rheology The findings providé an understanding of the behavioural changes
that occur as one reduces the level of confinement of smectic materials from bulk to

nanoconfinement.
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amplitude 6.25m, shear frequency 0.1 Hzand gapnbé ¢ ¢ ¢ é é é ée e . 91

,,,,,,

,,,,,,,,

XXii



Appendices

Figures Al.1af: Shear response over the first five shear cycles for smectic 8CB with
various shear periods and with gap sizes and shear amplitudes of:

(c)5.0mmand6.25m, respectivelyéééeealgecéeéececé.

(d0.5mMmand 62.5nm respectivel yééeéééalgeéeceeece.

,,,,,,,,,

Figures Al.2af: Shear response overlain with Burgers Model fit for the first five shear
cycles for smectic 8CB with various shear periods and with gap sizes and shear
amplitudes of:

(@ 5.0mmand 62.5nnrespet i vel yééeééée&a&e&aed . 523

(c)5.0mmand 6.25mMm, r espectivel yééééécbdeeceeeceé.
(d05mm and 62.5 nm, réespectéiéwe |553¢é ¢ éé

rrrrrrrrrrrr

Figures Al.3af: Burgers Model fit parameters as a function of time for smectic 8CB
with various shear periods and with gap sizes and shear amplitudes of:

(@50mmand625nm respectivel yééeééeedgéceécée.

(c)5.0mmand 6.25mMm, r espectivel yééééécreceeece.
(d)05mMmmand 625nm respectivel yééeéééedkréeceécée.
(e)05mMm and 625 nm, Eégpeéectieél weae

rrrrrr

() 0.5Mmand 6.25mMm, r espectivel yééééécdaeeceeece.

Figures Al.4af: Overlay of peak to peak amplitude and first harmonic amplitude as a
function of time for smectic 8CB with various shear periods and with gap sizes and shear
amplitudes of:
(@ 5.0mmand625nm respectivel yéééééécdéeeeeceé.
(b)) 5.0mmand 625nn, especti vel yéééééé&éé5 3
(c) 5.0mmand 6.25mm, r e s p ecteieveecléyé é é € . 663
(d)0.5mMmand 625nm respectivel yééééécbeéeeeeeéeeé.
(e)0.5mMmand 625npr especti vel yééééééeeéaxreéeeeeé.

"""

(H 0.5Mmand 6.25mm, respectivelyéeééééccgeceeece.

Figures Al.5af: Overlay of peak to peak amplitude and texponential fit as a
function of time for smectic 8CB with various shear periods and with gap sizes and shear
amplitudes of:
(@ 5.0mmand62.5nn respectivelyééeééééiéeceeece.
(b) 5.0mMmand 625nn, especti vel yéééeéeéeeé.71 3
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(c)5.0mmand6.25m, respectivelyééééeceéldeéeéeéececé.
(d)0.5mMmand 62.5nm respectivel yééeéééélgéeeeeece.
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Figures Al.6ab: Shear response androesponding Split Model fit over the first five
shear cycles for smectic 8CB with various shear periods and with gap sizes and shear
amplitudes of:

(@50mmand6.25m, respecéiceelgééécée. 763

"""

(b)0.5Mmand 6.25mMm, respectivel yééééééleeeceecece.

Figures Al.7ab: Split Model fit parameters as a function of time for smectic 8CB with
various shear periods and with gap sizes and shear amplitudes of:
(c)5.0mmand6.25m, respecéiceekgééée. 783

"""

(d0.5mMmand 6.25mMm, respectivel yééééééligeeeececeé.
Figure A2.1: The Burgers Model, consisting of a KelWoigt component (with a
spring and dashpot in parallel, comprising the central portion with stegtdh series

with a Maxwell component (with a spring and dashpot in series, comprising thedeft a
right portions with combined streteh+e,) é é é é e é & éeééeééeé. 803

////////////////////////////

Figure A4.1: Heat flow as dunction of temperatureofr 8 CB as obt @0 ned by
Figure A5.1: A fluid being deformed by two plates moving relative to one another,

giving rise to a velocity gradient within the fluid which, in simple scenarios, is

proportional to the shear steawith proportionality constarft, t he shea®3 vi scosi
Figure A5.2: A schematic of the geometry for a single cylinder, from which the distance

between the cylinder surface and the plane of coritacgn be calculated as a function
ofr, Randge é é e éééeecééeeééeecééeeééecéeéecéee. B

,,,,,,,,,,,,,,,,,,,,,

Figure A5.4: Geometric constang, as a function of sample radiusfor various gap
sizesg, and constant cylinder radi®&(2 cm), for largerand mal | er s a40p |l e r adi
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Figure A5.5: Plot of the percent difference in calculated geometric constant values,
for crossed cylinder and sphepkane geometries as a fiion of sample radiugg . 405

Figure A5.6: Geometric constan€cc, as a function of sample radiusfor various

"""

Figure A5.7: Schematic of the crossed cylindrical getntypand how its shear forcEBec,

relates to the pl anar Fpéhéecatré éfécérécéee éod08 Ne wt o n 0

Figure A5.8: Plot ofgo.00€Ccd/0x as a function of sample radiusfor various gap sizes,
g, and constant cylinder radi&&s(2 cm), forlargeand s mal | er s a#ipl e r adi

Figure A5.9: Plot of gap size as a function of sample radius for various sample volumes

presented aslinearandsdogar i t hmi ¢ pl ot séééeéeéééédlséeeceeceé

Figure A5.10: Plot ofgo.004C/0k as a function of sample radius for various gap sizes,
and constant cylinder radils(2 cm), with overlays of cant ant v ol um&5 1 i nes é é
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Introduction

This thesis will examine the structure and dynamics of sheared stAe®@i& under
mesoscale confinement, which for this material occurs in gap sizes of approxim#dely 1
mm. It follows experiments involving similar shear parameters and performed using an
X-ray Confinement Cell (XCC), the results of which indicate that domain reorientation
occurs discretely over the course of several hundred or thousands of seconds when
sheared using small shear amplitudes and frequencies at the lower end of the mesoscale
(0.5mm gap size). All three oscillatory shear parameters, including gap size, shear
frequency and amplitude, are varied. Two gap sizes representing the extrerses of th
mesoscale regime, OmBn and 5.0mm, were selected, corresponding to the two values
used in the XCC experiments so that direct comparisons could be made. Shear tests were
performed over all combinations of three shear amplitudes (62.5 nm, 625 nm and 6.25
mm) and four shear frequencies(D, 0.1, 1.0 and 10 Hz) as well, so that shear rates of
from 0.0005 to 5005and sheastrain amplitudes of from 0.0125 to 12.5 were

examined. Triangular shear profiles were used to provide a constant strain rate.

Because variations in the confining volume geometry can lead to measurable
differences in response, it is desirable to use a single pair of confining surfaces for the
duration of a test run. In an effort to minimize the thermal settling time whbitest
room and thereby maximize the life of the delicate confining surfaces, the SFA was
modified to allow for quick, precise and remote control of the confining surfaces.

Specifically, a remotely controlled DC stepper motor was affixed to the difigrent



micrometer via a custoibuilt coupler to enable the user to reach gap sizes in the
mesoscale range within a few seconds. Also, the standard spring connecting the fine
micrometer to the pivot stage was replaced by a stiffer spring to allow for matdingp
adjustments in the mesoscale regime. Finally, two equations given by Israelachvili
determining gap size at each end of the mesoscale were adopted in the gap size
acquisition process in such a way that by aligning specific fringes tasgrgned

markers overlaid on the camera output feed, the exact gap size could be determined

within a few seconds.

The strain gauge response to shearing is demonstrated to be proportional to the
effective viscosity of the material under shear, and the ol$enep in this viscosity
during aggressive shearing is attributed to the annealing of smectic 8CB domains and
their reorientation in the direction of shear. The SFA mesoscale results are compared to
bulk results reported by other groups, and the influefgap size on domain
realignment is evidenced by how much faster asymptotic viscosity is reached while
shearing within the mesoscale regime. The characteristic turbidity indicative of randomly
oriented domains reported for bulk smectic 8CB undergongyg lamplitude oscillatory
shearing (strain amplitude of 5 or more) is not observed in the mesoscale, which may
indicate domains are more constrained by confining walls as the gap size approaches the

length scale of the smectic domains.

For the gentlst shearing conditions (for all combinations of smaller amplitudes and

lower frequencies, and for both gap sizes tested), very slightimendent thickening is



observed, suggesting that domains within the sample are becoming less ordered. This is
contrasted with earlier tests under similar conditions and performed usingRay X
Confinement Cell (XCC) in which domains were observed to align and anneal, smoothly
nearer the higher end of the mesoscale regime and in discrete jumps nearer the lower end.
It is argued that because the XCC results are restricted to the vicinity of tightest
confinement while the SFA results consider the entire sample, that the bulklike domains
are being strained and are annealing but do not have sufficient energy imparésd to th

fully realign in the shear direction and hence will tend to increase the overall effective
viscosity. Thus, while domains within the mesoscale tend to reorient slowly, this
contribution does not outweigh the bulklike contribution which tends teaser with

time.

The effective viscosity is observed to undergo shear thinning only at smaller shear
amplitudes (62.5 nm for the results presented here), while slight shear thickening is
observed for shear amplitudes on the order of the length dahle smectic 8CB
domains. This amplituddependent effect is attributed to the stiffening of the material
once it has been drawn beyond its viscoelastic limit, the point at which the material
ceases to exhibit viscoelastic behaviour and begins to flElyfr This limit has been
associated with a characteristic kink only becomes apparent when shearing at larger
amplitudes (625 nm and 6.28), which marks the switchover from viscoelastic
response to purely viscous response. The onset of the kink depiesding on the shear
parameters used, and tends to be sharper with gentler shearing and broader with more

aggressive shearing.



The response data is fitted with the Burgers Model, a viscoelastic model consisting of
Kelvin-Voigt and Maxwell elemerit series with one anothefhe fits indicate a post
viscoelastic limit viscosity that drops significantly during aggressive shearing but rises
very slightly during gentler shearing. The kink, described primarily by the k¥lwigt
term, tends to softeover time regardless of the aggressiveness of shearing, indicating
that a spectrum of viscoelastic limits are being exceeded as shearing proceeds, as might
be expected in a geomeirywhichthe gap size varies throughout the sample volume.

The softenig of the kinks with time indicates that the viscoelastic limit of domains
further out radially from the crossed cylindrical center are being exceeded, which may be

a direct result of domain reorientation progressing into the bulklike regime.

One dawback to the Burgemsodel is its assumption that pure viscous behaviour
(associated here with sliding behaviour) begins immediately upon reversal of the shear
direction. For this reason, a second model is proposed, the Split Model, in which early
behavour within the haHcycle is described using a Kelviroigt Model and later, purely
viscous behaviour is essentially linear (with weakigighted higher order terms
handling fluctuations in the signal due to n

within the haltcycle.

The influence of shear amplitude also appears in the evolution of effective viscosity
over time. Viscosity vs. time curves for the various shear parameters are fitted to two

exponential fits, and the smaller time constarglotted vs. shear rate, revealing similar



but distinct loglog relationships for different shear amplitudes. By extracting the fit
parameters from the latter, an equation demonstrating the shear amplitude dependence of
effective viscosity over time isedteloped, reinforcing the idea that shear amplitude plays

a quantifiable role in the evolution of smeefABCB viscosity.

The large shear amplitude results are Fourier Transformed to compare them with
results obtained using FT rheology, in whichusioidal shear profiles produce responses
with odd-harmonics containing information on the material undergoing shear. Deviations
from the fundamental higher harmonic amplitudes of the SFA response data are seen to
increase with shear amplitude at all sHeaguencies and for both gap sizes. This
indicates that the techniques being developed within FT rheology are likely applicable to
SFA results. Further, by Fourier Transforming data during testing methodologies may be
developed to determine the ampliéuat which the viscoelastic limit is exceeded and the

onset of LAOS occurs.



Chapter 1

A History of the Study of Confined Liquid Crystals

The history of scientific study of liquid crystdlsCs), while relatively brief (spanning
only one and onguarter centuries), is nonetheless a complex and interesting one that
involves several key figures from diverse scientific and cultural backgro@rdg.a
general overvievis provided here, including those topics most germane to our current
understandingfahe liquid crystal-cyano4 -@ctylbiphenyl BCB) as a smectiander
various levels of confinement, from naconfinement, where only a few layers of
material are preseand the confining walls play a significant role in the molecular
behaviour out tobulklike confinement. Included as wellttseas yet not fully
understood regime known as mesoscale (or mesoscopic) confinement, encompassing a
gap size of approximately 1 to bén, where the transition from bulklike to extreme
confinement structure angimlmics occurs. This dissertation hopes to shed light on this
latter confinement regime via an analysis of shear tests upon 8CB under various levels of

confinement using Surface Forces Apparatus (SFA).

The early history of the scientific investigation of liquid crystals by Reiritzer
Friedef, Lehmand, Mauguirt ®and Grandjedh’, including their attempts at orienting
them is given in Sections 1.1 and.1:2.2.3 A brief discussion of the most common
varieties of liquid crystals is afso given h
pioneering worlon the competition of surface and magnetic forces on nematiciamate

and, hence, the varieties of motion available to them. Zo¢Raédseelt, Tsvetkov?



and Frank & treatments of the elastic theory of liquid crystaldetailedn Section

1.2.3, and ELP Theory is outlined in Section 1.2.4. The work done by Tsvetkov
Tsvetkov, 1942 #324Maier* *> Saup& ' Lippmanrt® and de Genné%* on

characterizing liquid crystals in terms of an Order parameter is described in Sections
1.2.51.2.6. The experimental work dbreyer’®, Shend” 28 Jébme?**? and Pieransk?

and others on liquid crystal ordering near surfaces is discussed in Section 1.2.7. This
leads naturally to the research done on liquid crystals under confinement, beginning with
the fundament al3®*3Sectitn 1.8.1), whichinguonieads o the more

142 Klein***® and others

modern work on cyanophenyls by Israelachviii*°, Horr*
using the Surface Forces ApparatBection 1.3.3)a device that has also been used
extensively in the research presented in this dissertaftimer methods of exploring the
role surfaces have on liquid crystal behaviour are @gdscribed (Sections 1.3.4 to

1.3.10).

The structure and dynamics of layered systems (such as smectic liquid crystaig)
di scussed, begi ffiamdmarkareatntent dsing eBergy and sntropy
(Sections 1.441.4.2), leading to the concept of layer distortions and undulations, first
seen experimentally by Cldtk*®and developed into testable experimental parameters by
Helfrich (Section 1.4.3%°%. These parameters were used to test cyanobiphenyls and
other smectic materials by several groupsh l@iperimentally and theoretically
(Sections 1.44.4.6). FinallySection 1.5 is dedicated to the research performed on the
materialmore specific to thdissertation, smectic 8CB, while under confinement, using

the SFA and XSFA (also used for the pregesearch) Safinya® >*demonstrated the



presence of fluctuational forces usingay scattering (Section 1.5.1), while Idziak
demonstratedsing xray patterns from the-xay Surface Forces Apparatus (XSFRAt

under mesoscale conémenfs hear ed 8CB domains exhibited t
orientatiors (Section 1.5.2) Of the two gap sizes sheared (BB and 51m), only the

smaller,if sheared gently enough, tended tereent in the shear direction in a stidge

fashion andshowed a periodic tilting of the mosaic at the same frequency as the shear

rate This was attributed to discrete domain reorientatibhe current study investigates

this level of confinement and hence tlisearing phenomenon directly (via strain gauge

response) using the Surface Forces Apparatus.



1.1 Confined Liquid CrystalsAn Introduction and Early History

The history of liquid crystal studies begins with Austrian botanist Friedrich Reinitzer
who, while researching the chemical properties of cholesterol derivatives in carrot roots
in 1888, found one (cholesteryl benzoate) that exhibited two distinthgel
temperatures: one, at 145.5°C, was a cloudy material, while another, at 178.5°C, was
cleal °> Both transitions were preceded by a colour change, from cloudy (145.5°C) or
clear (178.5°C) to violdblue, which disappeared aftdie transition was complete.
Althoughthe results were presented at a meeting of the Vienna ChemicalySbatet
year, the field did not advance significantly until decades later when, in 1922, French
crystallographer Georges Friedel published his seminal tre@lisdylesomorphic States
of Matter, cementing the notion that what was being studied and discwsseal new
phase of matter, the liquid crystal pifas® During this tumultuous early period, much
of the publicity for theenovel materiad was undertaken by crystallographer Otto
Lehmann, who despite his young age had recently taken over as department head for
Heinrich Hertzattt Uni ver sity of Karl sruhe. Reinitze
March and April of 1888, with the hope that
shed some light on the mystdrg had uncoveredLehmann in turn performed several
experiments over theemt few decades, characterizing the growing number of similarly
behaving materials, of which thiffve had been documented by 1906addition,he
founded the first liquid crystal summer school in 13h2&ough which helirectly
influencedmany of the iminaries that would follow him (such as Grandjean, Mauguin

and Friedel), and openly espoused his Haeckelian belief that liquid crystals &ere th



origin of many life processes. Ultimately, thoughdied a few months short of seeing

the publicationof fre de |l 6s wi del ¥ i nfluential treatise

Thanks in part to this pioneering wotks now knowrthat liquid crystals come in a
variety of types, distinguishable by the position and orientation of their constituent
molecules In the nematic phase (Figure) lfar example, they are devoid of positional
order but have longange orientational order.h@t is, while the center of mass
distribution follows no specific pattern, the molecules tend to align in a specific direction,
represented by the dimensionless unit vestoknown as the director. Smectics,
meanwhile, have both onéational order and orgimensional positional order, a result
of the moleculesd tendency to nant@sirengge t hemse
isotropy within eacllayer. These layersr laminaare often able to slideasilywith
respect to one ather, making smectics a frequent candidate for lubricants. There are
several types of smectics, the two most common of which are speatid smectieC.

With the former, molecules are aligned with their lengths perperditmthe smectic

layer (Figue 1B, while the latter have their molecules tilted some angle with respect to
the layer (Figurd.c)>. Maurice de Broglie (the less famous brother of physicist Louis de
Broglie) and Echond Friedel (son of the aforementioned Georges Friedel) in 1923
demonstrated the existence of smectic layering by performing the first liquid cryatal x
experiments, in their case on a sodium oleaeer mixturé®>® with a stack of layers

they detemined to beequally 43 A thicR”. Over the next half century many more

varieties of smectics were discovered, ahed $mectic notational convention, largely

1C



developed by Sackmann and Deffipkists the materials alphabetically (Smeaiic

SmectieB, etc.) based on their order of discovéry

a) b) n

Nematic phase Smectic-A phase

Chiral {cholesteric) phase

Columnar

Smectic-C (Discotic) phase
phase

Figure 1.1: Common types of liquid crystals.
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The chiralphase describes an arrangement wherein the molecules are pdsitooe
a chiral center (Figure Yethe director in this case rotates helically about the center, and
if it does so sinusoidally the material may also be called a cholesteric. The full length of
the sinusoid is known as the pitch (the hmatth p/2is shown in the figure). The pitch
often falls within the range of visible wavelengths, and since it is also very temperature
sensitive, chiral materials generally display vibrant reflective colours that themselves
vary with temperature, a property which makes them useful to the etgtical
industry. Both smectics and nematics can be chirahd those phases which exhibit a
chiral structure have traditionally been labeled with an asterisk (e.g. Si@érto
differentiate them from nowhiral phase¥. The first studies on molecular chirality were
performedn 1848by Louis Pasteur in his doctoral work describing the chiral separation
of tartaric and pantartaric acids in the sediments of fermentingwindj@ugh 1t wasnoHl
until 1893that or d Kel vin first defined a chiral booc

superi mposed oHf. its mirror i magebd

A more recent discovery in the field of liquid crystals is that of the columnar phase,
first studied by Siaramakrishna Chandrasekhar in 187 0ften referred to early on as
the discotic phase, this term has in recent years fallen into disfavour following the
discovery of several columnar systems not made up of disoniganents” ©3%. In
such systems, the liquitke direction is to be found along thelamn (as represented in
Figure 1dby randomlyspaced discwithin each colum)) while orientational ordering
(along the stack) and twadimensional positional ordering (due to the hexagonal

placement of the columns in the plane perpendicular to the director) is present.

12



1.2 Methods of Orienting Liquid Crystals

1.2.1 Early Experiments in Orientation

While the first seventyive years of the history of liquid crystals remained relatively
uneventful, the discovery by Richard Williams in 1963 that such materials often exhibit
interesting electrmptical properties led to a resurgence of interesieérfield®,
ultimatelyculminating in the development of the naliquitous Liquid Crystal Display
(LCD). Attempts at manipulating liquid crgds$ in order to orient them begauch
earlier than this, however. In 19Ftench mineralogis€harlesVictor Mauguin
published resut canmenting on his findingasing a petrographic microscope equipped
with a stage temperatuo®ntrolled by a high current{80 amps), with the samples
(azoxyanisole and azoxyphenetole) sandwiched between two glas$ slideddition to
noting that liquid crystals had birefringences in excess of those found in liquids in electric
and magnetic fields (the Kerr and Cottlouton effects, respdutly), he found that the
cleanliness of the glass alone could change the optical properties of the samples
considerably. Furthermore, he reported that by adjusting the size of the gap and training
monochromatic convergent light on the sample, he cowddg#hthe number of
interference fringes observed from twaith 10 mm samplethickness) to twelvewith
150 nm samplethickness). Finally, he described an experiment wherein the cover slide
was rotated with respect to the sample slide and noted thasiible Wlomains were
relatively insensitive to the ation of the slide, providing mudimentary example of a

shear experiment involving liquid crystals

13



In a paper later in the year, he presented his findings on the orientation of
azoxyanisole in the presence of a magnetic it in a similar setup as before save for
the addition of a small electromagnet pierced so that the microscope would have an
aperture to observe the sample. The magnet was positioned such that the lines of
magnetic force would be perpendicular to the glass slides. He found that without the
magnetic field gap sizes exceeding 0.2 mm would never yield material of uniptical o
alignment, while with a field of 2500 Gauss applaignment was rapid and uniform,
resulting in an optical axis parallel to the lines of force. Similar results were found with a
magnetic field of similar magnitude placed parallel to the glass slides, and in both
orientations strong birefringence was detected using the microscoparefimgence
increased as the field was increased to 5000 Gauss, at which point it Stapeasing
He finished his paper by mentioning an experiment wherein a magnetic field was applied
to a thin film containi ne@sufacewhichdunlkdthecr yst al |
rest of the film, resist reorientation by the applied field, a topic taken up five years later

by French mineralogist and geologistancois Grandjean.

In 1916 Grandjean presented a survey of five liquid crystals andriaees effects
observed when they wedeposited on nine different minerals, each with a cleavage
plane exposed. During this series of experiments he made the discovery of what he
called theterrace phenomenagimade up of what are known today@sandjean
terraced™® a series of plateataid one on top of another, with each successive layer
smaller insurface area. The layers were always of constant thicknegspied, and all

had weltdefined contoufs
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Figure 1.2: Grandjean terraces (recreation of the original figure in Grandjean

This series of experiments was the first to idergifyectics as a distinct type of liquid
crystal (given thisname in 1922 Br an dj e a n 6 sFrietlef)| ahchabtiersamie o r
time showed the signdant effect surface forces have on orienting such materials. It is
also interesting to note that Grandjean published a very early discussion of an order
parameter in liquid crystdlsa quarteicentury befordRussian physicist Viktor

Tsvetkows importantwvork (discussed in Section 1.2, But the treatment seems to have

been either forgotten or dismisseylhis contemporarié$

1.2.2 The Fréedericksz Transition and Frank Constants

In 1929Russian physicis¥sevolod Fréedericksz presented his landmark paper

guantifying the competition between confinement and electromagnetic force in liquid
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crystal$ at the 58 annual meeting of the American Electrochemical Society in Toronto.
Fréedericks and Zolinghaddeveloped an experiment wherein three materials (p
acetoxybenzaline,-psoxyphenetole and anisaldazine) were confined between a flat glass
plate and a convex glass lens, and a magnetic field was applied perpendicular to the
plane. In thisvay a weltdefined transition radius could be determined for each material
to test the role surface forces play in orienting the liquid crystal. The Fréedericksz
transition can be thought of g product of two competing forcesirface forceghat

tend to keep the director aligned parallel to the confining surfaces and magnetic field
forcesthat tendo re-align the director perpendicular to the surfaces. A derivation
following Jones6 treatment of a° dlefrdei ned nen
energy per unit volume of a single domairented in the directionwould consist of the

two dorementioned competing energgrms:

1 auan(z)s” 1 - -
F=>K,,& ——6 - —p@DGE
2 ¢ Hz =+ 4p

where a splay elastic modulus tetgiay and a slight shift to the director in the z

direction,uan(z)/uz,have been introduced-orierdatiohescri be th
elastically. The fieldp = e_(un ¢e i , oriented in the direction as well, can be

substituted ird the above by letting = dn ¢E SO thatdx = dn GIE + ddn ¢E = dn GE |,

giving:

1 auan(z)s 1
F=—Kg,a@& ——0 - —fe,xdx

2 ¢ Hz =+ 4p

C

1 suan(z)s e, ; C.Cp
=—K splay & O - (dn OE)

¢ Mz =+ 8p
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[
And sincean and E are parallel to one another:

C 2
L apan(s)g el
F = _K splay & O -
2 ¢ Hz =+ 8p

One mustlecide on an appropriate distortion shape#fr) to proceed further.

Considering the boundary conditions®f(0) = an(d ) = 0 (whered is the thickness of the
sample) and the assumption that the greatest field effect occurs at the center (i.e. furthest
from both surfaceand hence least affected by them), a sinusoid fits the requirements

well. That is,an(z) = ansin (pz/d ) and the tadl free energy can be obtained by

integrating the above over the film:

d o 2 2
e apzg e._E apz 69
E, = ﬁép ~K_,, (@n ? cos gblg. S (an)” sin 2aep—(‘)udz
, a2d ¢d = 8p ¢d +y
2 2
1% . e,E 2
= —K (an)” - (an)
4d p

When the competinfprcesare balanceda , = o, so the critical fieldE; can now be

solved:

2p  |PK e
Ecm = _p —ply (1)

d e

It should be noted that the more complicated situation of a twisted nematic system
follows the same derivation, and yields results usable fatglaelopment of liquid

crystal display technology (although generally alternating electric fields are used instead,
as they have a greater effect on liquid crystal orientation; the principles for both,

however, are the saffe The critical field is given by:

2p | p e 1 [
Ecrlt = d_\/e_gK splay +Z(Kbend h 2KIWIS‘ )8 (2)

a
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where two new elastic constants must be introduced to represent the additional motions

possible in a twisted nematic, the twist and B&rghown in Figure 1.3:

Wby -
00600 -
o B Q -

Figure 1.3: The three types of motion in nentaliquid crystals: Splay, Twist and Bend

The concept of treating liquid crystals as elastic materials was first proposed at the
1933 Faraday Symposium in Lond&nBoth German chemistans Zicher andSwedish
physicistCarl Oseen presented papers (the former in person and the latter in absentia)
that considered the molecules from a mechanicaitdiview'> > This mechanical
theory ultimately replaced the only widekgceped theory of liquid crystals that existed
at that time, and one that was a central focus at the 1933 Symposium: Swarm Theory
The nowlargely-abandoned theoryn iwhich largescale order comes about by dipole
dipole interactions between molecules, leadngpproximately microsized, relatively
stable, randomly assorted regions, each with a constant dife®avasfirst proposed

by Emil Bose in a series of papers published between 1907 antf 9@@d first
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established as a viable quantitative theory by Max Born in®#9%6 Despite Bcher and
Oseends i nt r ovel way bficomaderind the probles, Swayrm Theory
persisted for many years with many scientists in the field falling into one camp or the
other, and it remained a topic of discussion even into the 1970s, as evidenced by de
Genneé(albeit disdainful) treatent of it in his seminal 1973 workhe Physics of

Liquid Crystals in whichhe refers to it a8 t h -eallexl 8warm Meory which has

plagued the field of nemd® ¢ |liquid crystals

Russiarpolymerphysicist ViktorTsvetko#? made some preliminary measurements
of liquid crystal elastic constants irgzoxyanisole n t h e e, aut theynotian®# 0 6 s
an elastic theory of liquid crystals only truly took root after a treatment in 1958 by the
British physicist Frederick (CGirles) Frank’. Frank used the abe\elastic moduli
explicitly in his revision and reformulati on
cholesterics, and gave them their current nomenclature as splay, twist and bend
coefficients, and as a result today they are known as Frank coristafesproposed that
for small changes (relative to molecul e size
density can be represented entirely by elastic t&rms’’

C C, 1 CCC)z

1 Co 1 )
F :—Ksplay(DmC) f 2K, (M@ n)+ =K, ("2 pen
2 2 2

tot (3)

twist

Often, the splay, twist and bend subscripts are replaced by the numbers 1, 2 and 3 (using
Zocherés notation) or 11, 22 and 33 (after Fr
derivation didnot preclude thexistence of what he called a sadsigay term K»4), but

he noted that in bulk nematic materials its effect would be negftgiblie 1991 and 1992

deuteron NMR experiments on nematic 5CB performed by Crawford, Allender and
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Doané® demonstrated that th&4 term could in fact,be measured under weak anchoring

conditions within higkcurvature (submicrodiameter) cylindrial cavities and that the

director pattern is dependent Kig under such conditiod’ Oseendés derivatio
further term,K1,, which he assumed in all simple cases could be approximated t§ zero

and this assumption has been used as well by Frank. In the event that larger changes to

the director occur, the above treatment can be modified to allow rogtier terms of

pn than areshowrf’.

1.2.3 Surfacelnduced Order: Early Experimental Work

It is often stated that, aside from the two notable contributions of TsVétkoy
Mi 11 s ¢Wi(disaussed latdn separate sections), very little progress was made in
liquid crystal science over the quarter century period of 1988°® ® During the
Second World War, however, French mineralogist and crystallographer Pierre Chatelain
performed important experiments in epitaxial ongigiof azoxyanisole due to the rubbing
of substrates. While he waot the first to develoihis techniqug *°, his results
represent the first published systematic attempt at quantifying the relationship between
experimentapreparabn parameters and the resultanentation. The amount of
rubbing and the rubbing agent, the method of cleaning, the type of substrate, the type and
age of liquid crystal used were all varied and the results recorded the reasons for
varying results were discusgediving future scientists techniques for preparation that
are still in use today. By 1962, with the publication of

was well established that the substrate on which a liquid crystal is placed and the means
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of preparing it could markedly affect its behaviour and structure several microns out from

the surfac®.

1.2.4 Ericksen Leslie-Ericksenand ELPTheory

The problem of fluid flow has been a topic of interest to scientists and engineers for

centuries, garnering the interest of no less than Sir Isaac Newton, who posited that the

.de ... . .
stressF, and rate of strain,— , in liquids are linearly mportional to one another:
dy

., de @)
dy

where# is the viscosity of the fluid. Fluids that obey the above relatiokrave/n as

Newtonian Fluids, but there are sevdhaids that do not follow this simple model, liquid

crystals being one example. Apart from an early and only partially successful attempt in

1933 by Oseenods studenwouhdomlot Arzehniuas 196
how to describe the motion of nemat{sse Section 1.1 for details on this liquid crystal
phaselundergoing shear would be tackled by American physicist JerakisEr{®

He began by assuming the nematic consisted of an ensefnigil, rodlike molecules,

and then further assumed an infinitesimal perturbation (that is, a force much smaller than

the interaction forces between molecules in the ensemble) on this vMuaigpds with

surface are&, could be described by the WelEnergy Theorem. By assumgithat

nematic areincompressible and rigid, and with considerable mathematical perspicacity,

he was ald to express his solutionimae mar kabl y succinct form, si

Anzeliusd® solution
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d dn - -
gﬁsEdv =ﬁ(G+g)iV+Qst (5)

wheren is the director,c; ands are the perturbative body and surface forces causing
the flow, andg is the intrinsic director body for&®®which arises frm the interaction

of the director with external (for example, gravitational and electromagneticffields
This equation, combined with the conservation of energy, mass, linear momentum and
angular momentum equatidhsallows one to write a set of four differential equations,
which, when thermal equilibrium is assumeeduces to:

- W
o B (6)

«Q |

where W is the work done on the system giwla proportionality constafit

Ericksends theory assumes the rods generall
do not take into consideration surface influences which will lead to distortions in the
nematic. This more generalizedcasewh er e Eri cksendés fl ow equat
with Frankdéds elastic constants, was derived
Frank Leslie and first published in 1986 By assuming the material properties of the
system were singlealuedand indifferent to the frame of reference, and by assuming the
system was incompressible and isothermal, Leslie was led to the following constitutive
equation, expressed by Larson in terms of tefors

=aynnn D +anN +ANp +D +apn O +dD (7)
wheres is the viscous stress tensoiis the director fieldN is the rotation rate af, D is
the symmetric part of the velocity gradient tensor, anditlerns arewhat are known as

theLeslie viscositigsa mostly independent set of terms that describe the possible
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viscosities affecting the splay, twist and bend motions given by Frank during nematic
flow. Although the original theory predicted $etms Paodi later showed that only five
are independent, leading to a simplified Erickkeslie-Parodi (ELP) theof. If the
director field is not uniform, Frank distortional stresses arise, leading to (after assuming
the angular momentum of the system is conserved):

m oo - (a,-a, XD nnn D )-(a,-aN) o (8)
whereh represents what is referred to asri@ecular field made up of the three Frank

components’:

=K_ D)

wa = Ko [(AD D D2 (A )] (9)
s = Kool 2 @0 )+D2 (0B )]

wherea=s dph )and = 3 (pn ). Itshould be noted that in the special case of

o , LeslieEricksen theory reduces to Ericksen thédryf a magnetic field strong
enough to keep the director inzpbaoeigéenal ap
experiments (seeetion 1.3.1for more details), thavi scosi ti es reduce to
viscosities in the following wdy:

a,+a,t+a -a,ta,t+a
3 4 6 _ 2 4 5
bl hc_ (10)

2 2

hla_4 h
2

a

If the director is not held in place by an external electric or magnetic field, of course, the
overallstresses in the system are not necessarily proportional to the shear rate, and in fact
the LeslieEricksen equations anticipate the possibility of shear thinning because they

contain nonlinear terms that are functions of the gradient of the directomfield,
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Leslie-Ericksen theory has been used with considerable success to describe nematics
under shear since its development in the 89a8d 1976>'°", Despite theelative
simplicity of the fivefold viscosity, LeslieEricksen theory does also allow for the
possibility of many types of interesting behaviours in nematics. While the tdprdo®
vast to be discussed here, one commonly occurring resultant phesmgufiesctor
tumbling has been studied in some detail, with thorough discussions having been

published by Burghardt and Fulléf 1%

1.2.5 The Order Parameter

In practice, liquid crystals will not be perfectly ordered, and it is useful to introduce a
long-range order paramete3, to describe how well oriented a sample is, ranging from 0O
for a perfectly isotropic material to 1 for a perfectly ordered material. Values in between
are described using the second Legendre Polynomial, first propogadbian polymer

physicist ViktorTsvetkov?
s = (P,(cos g)) = <%> (11)

wheregis the angle between the director and the long molecular axis negion being
studied. The glynomial chosen is second order since, were the first order chosen (

P, = cos ¢ ), the cosine term would average to zero since the direatut its negative are
equivalent to one another (that is, liquid crystals are symmetric about their preferred
axis). The order parameter has been related to various experimentally verifiable values,

from early studies of birefringenty Chatelaif® and diamagnetism via linear dichroism
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by Saupe and Mai&¥, to more recent experiments using Raman scatt&tjras well as

EPR% "and NMR® spectroscopy.

German physicist WilhelrViaier andhis doctoral student, AlfreSaupé® *% worked
with Tsvetkovdéds order parameter degyofniti on i
the system by making the assumption that the interaction energy between any two
molecules and the order parameter are quadratically related while the entropy can be
obtained from the standard Boltzmann treatment, integrating over all space,ao that

transition from isotropy to anisotropy would lead to a change in free enéfgy of

2

DF

+ ke TRf (@)in 4pf (g)ldw (12)

whereu is a molecular coupling tednlarger values ofl represent increasingly

favourable interactions between molecélemndt (¢ )is a function representing the

fraction of molecules in solid angld; note that for a completely isotropic systera th
number of molecules in any given volume will be constant aneL @) = 1/4p . Also

note that the above equation provides justification for a material to convert from a higher
to a lower entropy state, through its favourable energy interaetionleading to a

potentially overall lower free energy. After some calculations in which valueg df

are determined that will minimize free energy for a given fi@eahe can determine the
relationship between the free energy perauole and the order parameter, and from it
characteristics of the isotropiematic transition may be determined. The above is

known as MaieiSaupe Theory, and was first used in 1958 to make sense of experimental

data on the phase transition eépoxyansole collected by Tsvetkov in 1957
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A more generalized order parameter \edsrdeveloped for nematits*® wherein

each molecule is represented by a tersavith elementsS; given by its moleculdixed
Euler coordinatesFrench physicist and Nobel Laure&ierreGilles de Gennes took a

similar approach, generalizing Tsvetkovds or
. 1
S; ’= <; (B'Da j)b - 4, dab)>

wheret and | are orthonormal vectors describing the orientation of the molecule, while

a andp are indices representing the laboratory frame. By introducing what he refers to

as the Order Parameter Tensor for magnetic susceptibility:

1
Q,p = Cup - gcggdab

and wsing it to perform a Landau Expansion of the free energy per unit volume:

B

1 1 1
= FO +;AQabea +gBQabegan+o(Q )- EQabHaH b (13)

whereH is the external magnetic field, can be minimized with respect to the order
parameter to obtain the birefringence of a given anisotropic medium. In a similar
fashion, by assuming an order parameter that varies gently over space so that elastic
components ofF may be added, one can deresgressions for the anisotropic scattering

intensitiest, and 1, %

1.2.6 Orientation through Spinning

German physicistians Lippmantf performed some of the first tests on the

orientation of liquid crystals by spinning the sample, during his experiments involving
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the NMR of nematics in 1958. He showed that there exists a critical speed above which
orientation due to a magmefield disappears. The potential energy per unit volugage,

of a nematic in a magnetic field, can be expressedeas 'y combi ni ng Saupeds
with the firstorder Zeeman dipoldipole interaction energy term for two rigid rods of

identical spin:

1 a1 -
E,=-1—-DcH 25 —[3cos?a - 1]y (14)
i3 yi2 y

wherelx is the anisotropy of the magnetic susceptibility ard the angle between the

nematic director and the main magnetic field. The potegjitias rise to a torque given

by Courtieu a5

1
t =—DcH *sin 2a (15)
2

The realignment of the rods will not be instantaneous; rather, it will take a finite,
measurable time due to viscous effects, described by $%&Hn terms of viscous
torque, fy:

t,=ga (16)
whereg is a viscosity coefficient and is the rate of change of direction of the director.
Equating the two torques gives:

. DcH”®
4= —sin 2a a7)
29,

With this equation onean determine the rate at which a sample must spin in order to
counteract the torque exerted by a magnetic field, and hence one can orient a bulk sample
to be studied by NMR. With confidence buoyed by conversations with Saupe and

Englert®?, Diehl and Khetrapal undertook NMR experiments on nematics with
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Li pp mann 0 snndnd, randwerd able to show experimentally via NMR that the

order parametef;, of anisole azophenyl-capronate depends both on temperature and on
concentration, as well as spinning sp&€d They later demonstrated that an electric field

could effectively reorient a nematic director despite the presence of the main magnetic
field, providing an al' &hefirst expementatsoccessi p p mann 6
of homogenously orienting a nematic at any angle with respect to an external NMR

magnetic field was performed by Courtieu in 1982, using nemaiengpylphenyl 2

chloro-4-(p-pentylbenzoyloxyl)benzoat¥.

1.2.7 Surfacelnduced Order: Working Towards a Theoretical Model

Dreyef® 11°

reported in 1971 that even simulated rubbed surfaces can sometimes
induce orientabn in nematicssuggesting that the cause of surfamiced alignment is
geometrical in nature rather than chemical or intermolecular. Berreman assumed a

sinusoidallyridged surface roughness and a nematic material approximately equal Frank
constants irorder to derive an expression for energy density,and total energy per

unit area,r , *°. Taking typical experimental parameters (quartz glass of roughness
amplitude 1 nm, a rulmduced sinsoidal roughness wavelength of 20 nm and all elastic
constants equally 10(cgs units), typical for zoxydianisol&’), he calculated an energy
density discrepancy of30° erg/cnf and a total energy per unit area of 0.08 erg/am

the surface £ = 0). That is, iwould take 0.08 erg/cfrmore energy to aligacrossthe

ridges tharparallel to them, corresponding to an aligning electric field of@ N/C or
magnetic field of 700 T, both much higher than would be used in typical experiments.

Hence, he concluded, withe simple assumptions he has made one can expect a strong
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surfaceinduced ordering of nematic materials. He stressed thattho#ind temperature

will affect nematic surface orientation, and presented his own data where, for p
azoxydianisole on rubbed glass, the surface molecules aligned parallel to the rub

direction at 134C and vertically at 13&*°.

Sheng’ published early results on the effect that substrates have upon phase
transitions in nematics. Workingoin Landaude Gennes theoly*" % he was able to
show that there is a critical thickness above withehphase transition exhibits critical
behaviourfone example of which, a divergent specific hegiacity, is discussed in
Sectionl.36wi t hi n I annacchione et alods results) a
continuous. Sheng calculated as an example, the critical thickness of nematic MBBA,
which he found to be 100 nth This property of nematics was emtled to curved
substrats by Kralf'”. Sheng later demonstrated thia@ nematiesmectic phase transition
temperature will shift dwnwards with the presence of impurities and elastic strains, and
will shift upwards due to surfageduced ordering in the nematigthin a range of

substrate potentiathat are dependent on the substrate propé&tties

Experiments on nematic domain oridrda via crystalline substrates (generally alkali
halides) continued in static systems with Tikhomireval'® *°and Frolovd?® who
showed that anisotropic surfaces play a major role iotileatation of nematics
Dynamic domain reorientation studies eft Ainethoxybenzylidena-butylanilin
(MBBA) and 5CB were performed by Blinov and Sdfirby placing a single drop (0.1

1.0 mm diameter) on a muscowvteca substrate and observing the reorientation into
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domains using optical microscopy, a process that generally took only a few seconds. It
was observed that the mica divided the drops into six domain sectors, and similar
experiments with NaCl revealeduiodomain sectors. The group also performed
experiments confining the nematics between two aligned NaCl surfaces and applying an
electric field to trigger a Fréedericksz transition to test the field needed to reorient the
material from one preferretbman direction to another. Finally, they tested local
Fréedericksz transitions by depositing Langnilvdgett staircases of stearic acid (on
which the nematics would adopt a parallel alignment, due to-sdoge steric forces) on

a mica substrate (whichud to van der Waalsteractionsaligns the nematics
homeotropically) followed by a drop of the nematics (MBBA and 5CB) to find at what
thickness of acid the liquid crystal switched from planar to hometropic orientation, and
hence the rage at which thelispersive forces from the mica substrate were screened.

The phenomenon, first proposed by Dubdislette and de Genn&$, was showrto
follow the relationr, = \/A/2w , whererc is the range of the dispersive forées the

Hamaker constant of the mica/nematic interaction,\&nslthe anchoring energy of the
nematic with the stearic ac¢fd. Theprinciplethat 5CB (and, as it turns outher
cyanobiphenyls) tersto adopt either a planar or homeotropic orientation on mica has
often been used by liquid crystal experimentalists, particularly those using the surface

forces apparatus (SFA) and surface forces balggeB)*>**° discussed in Section 1.5
Jéome and PieransKistudied the interaction of nematics with two types of mica

(muscovite and phlogopite), and stressed that the substrate must be considered from a

threedimensional point of view. Noting that the mica cleavage plane is along the K
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layer, beneath whh lies an Si@tetrahedral hexagon substrate with octahedral cavities
containing either three Mg (for muscovite) or two A" (for phlogopite) ions, they
considered the symmetries involved in each case and concluded that the surface is
effectively hexagnal Gy (also known as hexagonal pyramid) symmetry for phlogopite
mica and G (also known as reflective) symmetry for muscovite. In the former, the
sublayer is considered since it is nearer to the surfaebeneath the top layer) while in
the latter itis ignored since it is further away from the surface (13.9 A beneath the top
layer). The symmetries lead ultimately to four possible anchoring positions in muscovite,
two of them stable and two quastable, and one tristable anchoring position in
phlogopite. They also performed microscopy experiments of nematics on various
substrates and demonstrated the dependence of anchoring on relative Atinmidtipg
thatata critical humidity point the liquid crystal orientation may jump from one
anchoring position to another. The behaviour is explained by deriving a formula for the
grand potential of the system dependent on the chemical potential, temperdture an
azimuthal ankg, and then using Landdsinzbug theory to develop a secoondder
anchoring transitioli*>. A later studyby Jébme, Pieranski and Bechhoefesing second
harmonic generation techniques revealed fibvacyanobiphenyls (5CB and &B were
used) on muscovite, bulk samples maintained a single orientatidroBdthegaxis,

while monolayers of the material oriented in several possible directionscassbd
above. Normesogenic impurities were found to align when present in the
aforementioned liquid crystafé. Lejcek, Bechhoefer and Oswatelculated a critical
volume for smectic drops depositedsubstrates below which the layers lie parallel to

one anothercreating facets and surface step®] above which angular matching can
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occur at the surface, creating a smooth, dilashape. Edge dislocations can occur

within the volume at intermediat®lumes as welf®

Barberi et d** performed experiments on the wetting and surfadaced premelting
(that is, material diffusion that occurs in a solid due to interactions with the substrate)
properties of both smectik and solid 8CB on three surface types (glass coated with
silver, SiQ and silicon wafer). Small drops of 8CB were deposited on each surface and
their thicknesses and radii were observed using optical microscopy and ellipsometry over
time at various tempatures. In general, the radii were found to vary with time as
R = /Dt wheret is the time and is the diffusion constanB) was found to increase
with temperature. The solid phase was found to spread out as well in a precursor film in

accordance with premelting behaviour predicted by Xue'&t al
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Figure 1.4: a) Slid 8CB near the solidmecticA phase transition premelting on a solid
substrate at three different times following deposition. ReproducedBarbert**. b)

Smectic 8CB prewetting on a silicon wafer after three days of sprea8ymgbols> and
2. refer to the thickness of a monolayer and bilayer (together forming a trilayer)

bic

respectively.Reproduced from Barddi.
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In their paper, Xuet al** predicted that the 8CBCN end group would be absorbed by

the polar surfacand subsequently covered by a homeotropic interdigitated bilayer of
8CB, creating a thin fluid layer sutnding the solid Bardon et &f° studied prewetting
phenomena of smectic 8CB microdrops on silicon wafers using ellipsometryragd x
reflectivity. The gradudbut continuous increase in thicknesstse edges of the structure
wasattributed to an increase in density or tilt in the material. The outer plateau thickness
corresponds to a monolayer of material tilted® @3, while the middle plateau

corresponds to the thickness of a bilayer atop th®immost monolayer, together

effectively forming a trilayéer’®.

Alkhairalla et al investigated the role the surface field has in anchoring monolayers of
liquid crystals by using evanescent wave ellipsom&iriollowing earlier experiments
performed on 5CB and 8CB by Evans ét%l The feld, h;, was modified by varying the
chemical composition of the substrate, isotropic and nem@tc(with n = 5- 9) were
used and an evanescent wave ellipsometric technique developed by the group were used
to measure the Brewstangle as &unction of temperature. In all cases, the Brewster
angle changed sharply at the isotrep@natic transition, and the group was able to
construct a phase diagram with temperata@ndh; for the axes. Notably, the
anchoring transition from planar kmmeotropic alignment as the surface became more
hydrophobic was observed in the nematic phase and was mapped out. For a given
temperature, this anchoring transition occurs upon less hydrophobic surfaces as

increaset’”.
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Olenik et at** studied the evaporation tifin layers o8CB on polymeric (poly(vinyl
cinnamate), or PVCN) and glass substrates using Breasge reflection ellipsometry.
They foundthat the first layedeposition is dominated by adsorption onto polar sites on
the surface, with thBCB head groups pointed towale surface When the polar sites
are saturated, areas in between them arefillehwith pairs of molecules, one pointed

away from the surface and the other towartd it
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1.3Liquid Crystals under Confinement

131 Earlyworkand Mi nsowicz Orientations

Within a decade of Reinitzerds discovery, ¢
understand why the properties of liquid crystals seemed to change when proximal to
surfaces. Otto Lehmann, in 1904, successfullyesuded tiny (submicron diameter)
droplets of nematic liquid crystal droplets within a viscous material and presented the
results in hiFlissige Kristallg(Liquid Crystalsy. He differentiated between several
phases as a result of these and other experi
crystals, spherical and reghaped molecules corresponding to smectics and chadester

respectively), 6Kristalline FIl ¢ssigkeitd

o
—~

o

=

Kri st al |Heming(iquid oysthlse dorresponding to nematics) differentiating

them by the shapes he could see under his micro¥cdge also documented fdre first

time what is now known as tiMemory Effectwhere properties of the liquid crystal

under confinement (in Lehmanndés case, |ight
reappear after having been removed by heating and subsequently coolearigiriaé

temperature. While he attritad this effecto residual crystals adhering to the surfaces,

it is now known that the surfaces themselveteothe liquid crystal neao theni®, a

phenomenon that will be discussed in this section.

Mari an Minsowi c z-feld-affected kquid anystaisaugdare t i ¢
confinement during the period 193935 produced a trio of papers that laid the basis for
understanding viscosity in such systems. The first, published in a Polish journal, received

little attention, but was followed up with an article in Natfir& both described the
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method and equipmén Mi hsowi cz used to cond2dmmih hi s
glass plate was immersed in a temperatamrolled bath of the sample liquid and

allowed to oscillate with a period of five seconds at amplitudes of up to 0.5 cm, creating a
shear measuddby analytical balance. The sample vessel was straddled by the two poles
of an electromagn& The peliminary results showed a field of 2400 Gauss caused the
viscosity of pazoxyanisol to increase by actor of 3.5, but it is witlthe third paper
containinghis follow-up results, writen roughly in 1938 but withublicationdelayed

until after WWII, thatthe concept of orientatiedependent viscosity begn Three

possible director orientians for the layered material weegiven: one in the direction of

shear flow; one in the direction of the velocity gradient; and one perpendicblathto

shear flow and velocity gradient. The three possihbkentations are shawin Figure 1.5

for both nematic and smectic systenihe lavender dividelis the smectic diagrams

represent lamellar layers.

36

exp



Surfaces

Shear

I

5
L

=
SAE

@6 orientati®f orientatigon orient

Surfaces Shear Shear

y 2
¥ n

% %'

—
\"

% % %
<\|‘

A

I

@6 orientati®f orientatigosn ori ent

n
—)
—)

\"

Shear

N~

—

\'
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¢ nomenclaturéor (top) Nematics and (bottom) Smectics He/d ei, s 6t he
(vel ocity)nédiirse ctthieondiarnedc téor .
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The three orientations are now knowrMis N's 0 Wi Cc z sand the¢hree radirig o n

viscosities /1, iy andAicasMi n's o wi ¢ zin kis henow.Anisatrope dielectric

permittivities originating from these three orientatipa_ , e, ande_ are also of

scientific relevancé®. While he remained interested in the field up until his death in

1992 (he attended conferences quikl crystals in Bordeaux in 1978 and Bangalore in

1982), the destruction of his lab by invading German forces during the Second World

War led toMi 1 s oavanging fields entirely and he became a professor of nuclear

physics in Krakéw after the wir Section1.4contains more information on the theories

behind the phenomena observed with smecticsrgodey shear, as developed by de

Genne¥’ and others.
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1.3.2 Liquid Crystal Technology and Williams Domains

Richard William&®, during his timeat RCA laboratdes,in 1963publishecthe
advancements he had made in the study of the influence electric fields (both ac and dc)
haveon confined liquid crystals. He useéhpoxyanisole confined between glass plates
with a spacing varying from 10 to 20@n, and an elgric potential of 10 V (the ac
frequency used was 1 kHz as, he mentions, it produced more stable patterns). At fields
above 1000 V/cm, he found that within about 2 milliseconds patterns formed in the
nematic, readily apparent due to their distinct oppeaperties: Sections outside the field
appeared dark, but sections immediately adjacent to it and inside the field transmitted
light. Upon removing the field the patterns disappeared within about 20 milliseconds.
He named the sections domains (now domes also referred to &illiams Domaing
and stressed that because of the rapidity of the transformation the phenomenon is not the
result of multiple phases; rather, it is the result ofenular reorientation. He addtuht
the reorientation cannot be due solely to a shift in the Boltzmann fB¢&ince, using

the experimental parameters he provides:

nDE  (3.3356 210 *C &m )32 10°V /m)
o
kT (L.382 10 * 3 /K Y400 K )

4

DB = ©1.81310°

which implies that only one if.812 10 *) " ° 5500 molecules has been aligned by the
field, far fewer than what one might expect wobh&lnecessary treate a maroscopic
effect. He postulatethat the effect is due to a torque exerted by the field on the net
dipole moment per unit volume in the area that was, before the field was applieel] align

parallel to the confining wall. Since areas adjacent to that exposed to the field have no
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torque upon them, they do not reorient, and this sharp divide between the two sections

leads directly to domain formation.

Figure 1.6. Confinednematic ina magnetic field; the fields and magnetic dipold
produce a torque which aligns the molecules with the field.

Willamsal so proposed a reason for nematic Othre
irregular disclination lines that often result during the transition from the isotropic to

nematic state and at low shear rates. He hypothesized that growing neighbouring

domains whee boundaries abut will minimize their collective surface energy, and to do

so they must align their directors either parallel or perpendicular to one another, which

will lead to the densest packing of boundary molecules. Parallel alignment would lead to

a coalescence of the domains, and perpendicular alignment would lead to a nematic

thread or similar structuf With the help of Williamsd pio
di splay technology, RCA was able to produce

liquid crystal disphy in 1968.
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1.3.3 Modern Method®f Studying ConfinementThe Surface Forces Apparatus

Horn and Israelachvili performed experiments with the SFA on both an isotropic

d'?® (ocamethylcyclotetrasiloxane, or OMCTS) and a nematic liquid cAj<ta#iné

liqui
pentyl 4cyanobiphenyl, or 5CB), to study the nature of structural forces (also known as

solvation forces). The samples were cosdino several monolayers by mica surfaces

glued to cylindrical lenses. The top lens was mountedpezaelectric tube whictwith

a pair of micrometers, could control the separation between the surfacesfogsitmm

levels. The bottom surface wasumbed on a spring mount with known stiffneélssand

by adjusting the lower disc by a specific amount (using either the micrometers or the

piezoelectric tube) and recording the actual displacement (determined optically from the

FECO fringegroduced by whe light passing through the sample and confining

surfaced see Chapter 2 for more detajlthe difference between the two measurements

multiplied bykgave the normal force exerted by the
decreasing the gap size and recordimgresulting force, the group was able to observe

the solvation forces as a function of separation. In particular, oscillatory behaviour was

recorded below a certain separation (which varies depending on the material being

tested), representing the ejectiof individual layers. As a layer is being ejected, it will

exert a repulsive force, but once the layer is ejected there will be a jump inwards to the

next stable layer.
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Figure 1.7: Forcemeasurement for nematic 5CB. Inset shows the amplitude of the
oscillations as a function of separation. Reproduced from Horf''et al

Theamplitude increase that occurs as the separati@diced was attributed to the
increased orering at each successive laydihe pattern is analogous to the radial
distribution function about any point in the immediate vicinity of a molecule in a
liquid*** Horn, | sraelachvil i @erdent®representbhe af or e m
first to study thermotropic liquid crystals usiag SFA*. Similar experiments have
been performedince theron 5CB and 8CB by Ruths et al, using mica as a sub$trate
and gold*®, andboth show similar behaviouPresmectic ordering was first observed
using the forceneasurement technique in 1994 by Moreau, Richetti and B&rasing a
mixture of water and caesium perfluorooctanoate (CsRE@)e sampleonfined by two

identical mica surfaces and later by one bare mica and one cbgtieanGeotropy

inducing polyl-lysine)mica surfac¥’. According to Frink and van SwiF, oscillatory
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solvation forces have been detected in several liquidmatg since then, including

water*®, ethano™, cyclohexane and-pentme™! and tetradecane and hexadec¢ane

Frink and van Swol treated the problem theoretically, using a grand canonical Monte
Carlo simulation of a rough but patterned walled system interacting with a fluid obeying
a LennareJones potential, and found solvation oscillatiorsd tecreased proportionally

to the degree of roughness of the surfé€es

Janik, Tadmor and Kletf® ***reported on shear experiments performed on nematic
4-cyanc4 0 he x y | bi p h e orgsbed ¢yltha@iBagonfinemenbatween mica
sheetsstudied with a surface forces balaff§&B), a device similar in design and
performance to the SFABoth planar and homeotropic orientations were studied (the
former using mica with minimal exposure to air and the latter using mica exposed for
more than three hourdwo types of planar onmgation were used, simple (with the mica
sheets parallel to one another) and twisted (with the mica sheets perpendicular to one

another) as shown in Figure 1.8

=== 3°2°27 000008
e o @ @
y - 4y 4

Planar Planar Twisted Homeotropic

Figure 1.8 The three orientations of nematics on mica: Planar, Planar Twisted and
Homeotopic. Adapted from Janik, Tadmor and Kfgéh
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The different orientations were readily identifiable by the FECO patterns they anete
the force profile they producePlanar orientations create FECO whose doublets are
closely spaedresulting from the two distinct refractive indices (the ordinary and
extraordinary) arising from the sample geomgpiginar twisted and homeotropic
orientations both produce widely spaced doublets, but while the former exhibits
monotonic repulsion roughly below 30 nm gap size, the latter exhibits an attractive well

when the gap size reduces to roughly the dimer length.

The group reported that tloeientation of the sample, as determined by their
characteristic FECO pattercan reorient over time due to exposure to air; Pieranski and
JéiAme had demonstrated previously that water can penetrate nematic films and reach
dry mica substrates over timad ultimately nucleate orientee@maticdomains above
thent>. Janik et al showed thdtis effect can be achieved from atmospheric water over
the course of days. Initially homeotiocglly-oriented 6CB, for example, would begin to
shift to a planar orientation, althglnonly the onset of the effect could be detected after
three days. The reorientation would generally occur on a timescaterdhan this,
typically one tathree days Similar phenomena were also observed with 8CB and the
non-polar nematic sexyk4-ethylazoxybenzerté® Lateral $iear behaviour of confined
6CB was later reporteby the group as welith gap size typically below abou©3
nm)?*. Theyfound that tlere was a measurable anisotrapshe friction across the
nematic believedtob@e pr oduct of the Minsoak®30% Vvi scosi
variation in response depending on the direction of shear relative to orienf&tien

shear response was found to vary roughly linearly witmtmmalload placed on the
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sample suggesting a solidlike system which would imply pinning of the molecules near
to the surfaceShear tests were also performed in which, after the surfaces were brought
together under a large load and sheared in one idmethey were separated and sheared
in a direction perpendicular to the first. The anisotropy persisted during the latter shear,
indicatingthatat the levels of confinement tested (smaller than 10 nm) the shear (of
frequency 1 Hz and amplitude 560 nmgsanable to reorient the sample in the original

direction®*

Ruths and Granick® reported results on the effect surface alignment has on the static
and dynamic behaviowf nematic4 -@-pentyt4-cyanobiphenyl (5CB) under shear while
confined to a few moleculdayers. The mica layers were rotated relative to one another
anangleg, and this angle was measured according
relationship®®

/ -/
cosg = 227 (18)

where/ and/,  are the wavelengths of doublet fringgand b when the mica sheets

are oriented at an angigto one another, and/ _ . is the maximum separation gand

b. Forcemeasurement experiments revealed oscillatory forces similar in quality to those
described by Horn and Israelach{ilivere present, but with oscillatory amplitudes

dependent on twist angte
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Figure 1.9 Oscillation amplitude of planar 5CB as a function of distance for various
twist angles. Solid circleg:= 2° 2" ; squaress =19 ° 1 ; diamondsy = 40.2° 0.5 ;
trianglesy = 60.4 ° 0.3 ; inverse triangleg. = 72.6 ° 0.1". The dotted line represents an
exponential decay with decay constant of 10 A. Reproduced from RutiGramidk >
The oscillation amplitude for twist angles below tecays exponentially with gap size.

The variance of load force with twist angle reinforééBsmea nd Shends concl usi

that above the bottommost monolayer several orientations may be fresent

Oscillatory shear experiments were performed as well, at two film thicknessed (10
and 15+ 1 A, corresponding to two and three layers, respectively), with shear amplitudes
of a few Angstroms and in the frequency range 0.13 to 130 Hz. fiHu#iee storage and
loss moduli are large (indicating a rubbery material) and stay relatively constant over the
range of shear rates save for high twist angles and low frequencies in the two layer
system, where the viscous response dominates over thie,etalicating liquidlike
behaviour is present; the moduli also generally decrease with increasing twist angle. In

experiments where frequency is kept constant (2.6 Hz) and the amplitude is varied over
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the range of 0.2 to 1900 A, however, both of thevatfiim thicknesses exhibited

nonlinear viscoelastic behavidft:

T T T T T T T T T T —
ase. g sew .., 10°F
ll]E' ,- e | o g
Sew v an
E O-Om——grﬁrg;t 10°F
10°F v —
o £
% 2 g
.—."E“ 104 | c_:
?, =8 .
5 10°F
T 3
ED-. 10}_
10? ] ul il 1 4 ] I 1
0.01 0.1 1 10 100 0.1 1 10 100 1000
T T T 10 T T
10°F
E O—0-000—0.gg
. e e e g9
: Lo A
s 10°F 0°F SRt S
o E — av UV aleTe .
5 £ “tAla
i £ PYT—T iy AT
£ o'f J AR S
Z % .
o 10'F
L}
EDB 10°F 4
b b
F I 1 1 1 L 10 . 4 L . L
1o 0.4 1 10 100 1000

0.01 0.t 1 10 100

Effective strain. v Effective shear rate, ¥, (s”)
fotal

Figure 1.1Q Viscous and elastic moduli for 5CB films of 10+1 A (top) and 15+1 A
(bottom) thickness. Solid symbols represent the elastic moduli and open symbols the

viscous moduli. Circleg:.=2° 2" ; squaresy =19 ° 1 ; diamondsy = 40.2° 0.5 ;
trianglesy = 60.4 ° 0.3 ; inverse triangles: = 72.6 ° 0.1 . Reproduced from Ruths and
Granick?,

By comparing thetsear moduli and asymptotic shear stress for the two films and finding
them to be lower in general for the thicker film than the thinner one, and by noting that
larger limiting strains occur for the thicker film, they conclditieat the molecules one
layerfurther out from the surface are noticeably less strongly confined. In addition, the
shear response profiles for the thtager film showed smooth sliding while that of the

two-layer film showed sticlslip, indicating once again that the thiayer is kess strongly

confined?®.
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Kitaev and KumacheV&' performed SFB experime&ionmesoscopicéy confined
5CB and 6CHgap sizes of 200 to 1200 nto)investigate their optical properties for the
orientations described by Janik, Tadmor and KféinThey measured the birefringence
as a function of film thicknedsr a twist angleof 27 between the liquid crystal and the
fully alignedmica The results wergn agreement witlbirefringencepredictions
calculated by the groujpr ananisotropi¢ uniformmaterial. The results werenowever,
less satisfactory for mica surfaces orientedwh respect to one anothevith a 10%
disagreement between theory and expent, and the group attributéais to the
formation of surface@riented domains Deviations between theory and experiment
(specifically, for gap sizes below 60 nm where the experimental FECO fringes become
singlets while the theory predicts doublets, and above 1450 nm where the experimental
birefringence values begin tdifashile theory predicts they should continue increasing)
for the case where the mica sheets were aligned perpendicular to one &eother
attributed once again to the presence of domains and to equipment limifations
Foll owi ng Jani K5 Ktaev and Kumactetdmmorlitaresl the n s
birefringence of 6CB and observed that while, in a crossed mica setup exposed to
ambient air, the birefringence decreases but remains a doublet (indicating a planar
molecular orientation), if the same system is exposed to saturated ainthecrghifts

from a doublet to a singlet, and hence from a planar orientation to a homeotropic one.

Cho and Granick* ***combined a homébuilt SFA with an impedance analyzer in

order to study the dielectric spectra of both static and sheared nematf€.5BB
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addition to comparing planar and homeotropic monolayer dielectric spectra and finding
the homeotropic peak to be three orders of magnitude slower than lHeepl@nar peak
(attributed to dielectric anisotropy), they reported that shear has little effect on the
dielectric profile for homeotropic monolayers of 5CB, with the only difference (a 15%
shift) between the shear and no shear profiles occurring whedestbetric frequency

and shear frequency correspond, in their case, approximafedgd0 Tests at other

shear frequencies never resulted in shifts larger than the 15% seéset'10°

Zappone, Richetti and Barberiet3p er f or med experi ments on ne
n-pentylphenyl4d-methoxybenzoate (ME10.5/Z10245) confined between mica surfaces
separated bypto 250 nm. Both planar and homeotropic orientations (the latter from a
cetyttrimethylammoniumbromide (CTAB) coating) were studie®y considering the
anchoring geometry of the system and develop
confinementnduced achoring transitions® (itself a product of Franioseen theory) ,
they were able to rdevelop the theory for a curved surface as occurs in the SFA system

and found the vertical force in such a system to be given by:

2

p 5 K K
F=2pa08 —- 4p— (19)
c2+ d Ja

whereK is the Frak elastic constanthichassunesk ° k ° K

Splay Twist

° K Bend ) and

d = 2D /R whereD is the separation arillis the surface radiusThe first term on the
right is the anchoring contribution and the second is the curvature contrjkarichn
together they lead to a possibly attractive or repulsive force dependmgitme

observed strong attraction at separations below 10 nm coyldaweever, be explained
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by the theory as it predicts a repulsive force at that length scale, nor could it be explained
by van der Waals interactions, since the range is too short. A theory was proposed in
which a confinemenrinduced structural transiticio a thin biaxial layer systemay have
occurred leading to the attractive fordrut a full solution to the mysty has not yet been

put forth™".

Mizukami et at>® reported results on a studymématic6CB confined between mica
surfaces within the SFA using shear resonance. By laterally moving one of the surfaces
with respect to the other by a piezoelectric element wssigusoidal shear patteand
measuringhe deflection of thether surfacethey obtainedhe resonance response for
both 6CB and, for comparison, the liquid octamethylcyclotetrasiloxane (OCMTS).
Differencesin resonance patterietween the twonaterids at various levels of
confinementffom 104 nm down to 3.9 nm gap size) indicated that the samipkeand
intermolecular interactions differed between the two materlalghe confinement range
of 5.7 to 7.9 nm coupling between the surfaces was ob$éov 6CB, resulting in the
resonance peakos di sappearance; tasie peak
gap size was decreasikelow 5.7 nm, indicating the sample was becoming more

structured.

1.3.4 X-ray studies

In order to study liquid crystals withpay scattering it is necessary to understand the

scattering crossection associated with it. Following the treatment byMilson et
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al'®® g otherd®® %0 f  Cai | | &%, sne thaybegin with thegeneral

formula for the Fourier Transform of the structure factér):
S(F)z <eiqo[u(r)-u(0)]> (20)

whereu(r)- u(0) is an undulation representing a Helfrich deformatabestribedn

Sectiors 1.4.2 and 1.4)3hifting the position fron® to r, andq is the displacement in
reciprocal space. Assumingr) is randomly distributed one can apply a Gaussian

distribution to get:

e-§q5<\u<r yu))

s(r)=e'@ = (21)

where1 (q) is the scattering intensity. Making use of the Equipartition Theorem,

(l

scattering intensity cape written as:

2
q

> = ikBT , With equation 21) and assuming no magnetic field ¢ o), the
2

@)=

4% Vk T
iy il o wherfur) - Sy

Integrating over reciprocal space, the scattering intensity becomes:

- k,Tq2 "™ *° [L cos(q”z+(i O;)]
1(a) = A Al - dq,dgdg .,
(Zp)qumoo a, +/°a;

wheregis the angle betweeq, andthe density function; . Using

- coslalb- b 2 |- e * cos(ab)], the first integral disappears:

? x> +c?
R k Tq 2 Umax 2p p
1(q)= > ﬁ ﬁ ﬂ exp( /q; z)cos{q r cos q}}jqdq

(20)'B
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Applying Bessel relationship (x) = p " fcos (x cos (g ))d g , the intensity becomes:

0

-k Tal apge2p-2pexp( /q2z), (q. r)a
()= &0 n| udq
(p)yBg2+, lq; y

And by substituting the series expansion of the Bessel function,

&(a,r)" (1) o

J,(@.r)=4 e u» the integral simplifies somewhat to:
e 27 () g

- e " 5o
1(q)= KeTd &p 8n’,fe ! a-exp(79’2)y Mguﬁdq
(210) B 92 _OI , n= Og 2 (n') _uy

where the integration bounds have been replacé&ddoglqy to represent the layer

dimensions over which the scattering occurs. The integral must be performed term by

, which has solution

term. With the help of the exponential functiofx) = ﬁe du
u

X -u

1- : A
E(x)=-g-hx+p S (wheregi s Eul er 6 sintegmicantbaerarittgn, t h
u

9o -1q’z

as ﬁe—zd (a9’z)=E(,)+g_Mh(q,) ,and, by way of an expansion of the Bessel
Lz

function, the structure factor can now be written as:

- - a4d o]
s(r)= e o g %—2 8e e (a)/arz (22)
¢/ =
qzk T
wheren = ——>— . In the asymptotic limit ag <<+//z andr >>+//z (thatis, very
8pB/

large and very small penetration depths relative to the smectic layer dimensions), the

structure factor reduces to:
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f(dz//zz for r <<+/z 23
fd/r) for r >>+//2

In the abover < <+//z corresponds to the longitudinal limit amd> >+/7 z corresponds

to the transverse limit. This asymptotic behaviour resulésructural factor singularities

aboutgy, (where m is any integer), resulting in:
s @, - a,)"" (24a)

for the longitudinal mode (witly, ° 0), and

s @q,""" (24b)

for the transverse mode (witfy - g, ° 0) . These singularities will show wgs wings in

Il
the scattering profif8®'% In this way one can study smectics by way of their

perturbativeHelfrich undulations, asliscussed in section 14

Different types ofiquid crystals will produce different scatiteg profiles as shown in
Figure 1.11 Here, the double ring indicates scattering from two length scales: the outer,
from the width of the molecule and the inner from the length. Hence, even in the
isotropicphase Figure 1.18) one expects to see the concentric scatter rings unless the

constituent molecules are spherical.
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Figure 1.11 X-ray scattering profiles for: a) an isotropic liquid; b) a nematic; c) a
smectieA and; d) a smecti€. Reproduced fror@haiken and Lubensksy.

In the nematic phas€&igure 1.1b) the preferred direction ¢fie molecules restricts

scattering so that a diffuse arc segment will be all that remains of the inner ring at the

position of the directorp , while the outer ring will be devoid of intensity in that

direction (since the majority of eecular widths will be aligned perpendicularly to the
director and hence wonot sA(kiguted.tlcwilln t hat dir
resemble the nematic except the inner scattering peak will be-alegieed and hence

appear as a spot, whileestsmectieC (Figure 1.11dwill have a tilt angle between the

i nner spot representing the direotamdr and the

representing the molecular alignment relative to the diréctor
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Als-Nielsen and Safiny&” ***performedx-ray scattering experiments on magnetic
field-aligned octyloxycyanobenzylidene (80CB) in the sme&timesophase,
demonstrating that it was a suitable exangblea LandadPeierls system in that its Bragg
line peaks, particularly near to the smect@natc transition temperature, exhibited
wings describable by thergtture factors given above in equation ($jmilar results
were found with Np-cyanobenzylideng-octyloxyanilene (CBOOAS®. Later studies
with 4-n-pentylphenylthiot4 -@ctyloxybenzoateds s ) near the second order smedfic
to smectieA transition once again demonstrated thespnce of the Helfrich undulations,
and revealed both planar spacings and molecular tilt in the sample. The ratio of spacings
in the two states was found to remain constant through the traf¥iti&till later,
experiments with smecti& and smectieC heptylphenyl nitrobenzoloxybenzeat
(DB7NQO,) reveal regions of periedarying translational symmetry
(incommensurabilityf® while tests of the multilayer membrane system consisting of
sodium dodecyl sulfate (SDS), pentanol, water and dodecane showed the characteristic
LandauPeirels structure factor powkaw dependence, indicating Helfrich fluctuations

dominate the intermembrane interactidis

A study of homeotropicalkpriented smecti® 8CB and ferroelectric smectic
A/smecticC* materials ZL+3041 and CBC confined to 2Bn diameter glass pores by
Mang, Sakamoto and Kumtd?demonstrated thathile the smecti€* layers are formed
parallel to the confining walls, the 8CB molecules form a cheshaped layer structure;

the size of the layers themselves, furthermore, are dependent on temperature.
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Clark and Bellini et af* performed xray experiments on 8C&onfined to low
density silica Aerogel (with a volume fractioor fractionof 8CB volume to total
volume,of 0.79) while undergoing the nematic to smeétiphase transition. The
experiments followed light scattering and calorimetry experimgigsused in Sction
1.3.6, and showed an evolving scattering peak as the temperature is decreased through
the isotropienematic transition, as well as coexistence of smectic and crystalline 8CB
during the smectié\-crystalline transition. In the former phadenge, smectié
domains increased in size with decreasing temperature, but were found to be restricted by
the surfaces to 4 nm correlation lengths, well below the pore size of 17.5 nm, and this
restriction persists even well below the transition poimdnv@rsely, in the latter phase
change, the length scales are on the order of the pore size, indicating an individual pore is

either occupied by smectk or crystalline material, but not both simultaneously.

Panizza et al*performed xray scattering experients on smectic 8CB withim
Couette cell geometry, which will give a constant sheargate/p , wherev is the rotor

velocity andD is the gap gie. Here the gap size was 5@ and the shear rate was

varied from approximately 3 sé¢o 1150 se¢. It was noted that upon lowering the

temperature from the smectice mat i ¢ transi tion point that tF
evolvestoamixofthé ad and O6cd6 orientations, and that
critical point (700set) , t his 6a6 and O6coapuelypadf orient at

orientation. The shear stress,vs. shear rate curves for these bulk samples showed
nonlinearbehaviour at low shear rates (below 700%3edheres - ¢, while at high

shear rates (700 to 1150 $¢cs © ¢, indicating that the sample phase is Newtonian.
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Similar results were found by Negita and Uchusing a vicometeand 8CB confined to

a 1 mm gam few years latéf

MartinezMiranda "* performedgrazingincidencex-ray scattering (GIXS)
experiments othesmecticC* mixture mx5112 deposited on a glass substrate wiim 9
period gratings of 1.6m depth and 6.6m width, andwith this techniqudéound that two
regions ofconfinement wer@bservable. The firstrom one to five microns in thickness,
was associated with the geometry of the grooves, while the other, from five to twenty
microns in thickness, was associated with the cooperative alignment of the grooves as a
whole. This behavour was attributed to the density of the grating channels and to the

thermal history of the sampf@

Leheny et di® studied nematic and smectic 8@Brosil dispersions with varying
densities using-xay scattering, and found all casegwith densities varying from 0.025
g silica/cn? 8CB to 0.341 g silica/cABCB) thatthe correlations remained shoange,
indicating that the dispersion had disrupted order within the system and thereby

dramatically altered the nematic to smectansition.

A theoretical treatment afematic 8CB under small amplitude sheas undertaken
by de Andrade Lima and R&to characterize the temperature dependence and to
understand thehear alignment transition. They used ELP thédiscussed earlier in the
Ericksen and Lesli&ricksen Theory sectiond describe the oscillatory Poiseuille flow

observed, and found that 8CB is flalgning abovea temperature #8.36 K and non
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aligning below that temperature, obtained by finding the point at which the loss angle
d=tan"'(G"/c)( where GO6 and G066 are the storage and
invariant with respect to frequency. The storage and loss moduli were found to be

characteristic of a viscoelastic material with a single relaxatiorftirfesimilar

approach was developed earlier by Rey to describe cholesterics under small amplitude

sheat’’" 178

Hamley, Castelletto and Parfassed xray scattering to study 8CB confined to a
homebuilt capillary flow cevice. By lowering the temperature to the nematic tumbling
transition temperature of 38.36 K, calculated by de Andrade Lima (where the Leslie
viscosity coefficienta; changes sidfi, they were algl to observe the transition from the
60bd Minsowicz orientation to the 6c6 Minsowi

and a similar transition at a lower temperature with a flow rate of 6.0 Mfif/min

1.3.5 NMR studies

Nuclear magnetic resonance offers plossibility of studyingn situ samplesion
invasively, since it gives information about molecular structure and dynamics solely by
the monitoring of spin properties while in a large (usuallyZD1I') magnetic field. The
prime difference between the NMR of liquids and the NMR of liquid crystals is that,
while in the former, motional averaging of the interactions between spins avéirages
local magnetic field vector to zéf6*®%, in the latter the partially oriented molges, and
hence noseero local field, become a major factor in determining the NMR spetifum

similar to solid samples. NMR can be used not only to obtain information on the director
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field, but the density of singular point defects, on the streoigsirface anchoring, and

on the surface elastic constdfits The history of NMR and liquid crystals begins with
Spence, Moses and Jain who, in 1953, collected a proton spectrum of nematic p
azoxyansole and published a brief article of it, interpreting the triple peak they had found
as a product of rotational hindrance of methyl grotfpsA paper later that year by the

same group correctedein misinterpretation and indicated that because the triple peak
was fieldindependent it arose from ordering in the matgAa® The field of liquid

crystal NMR did not take off until 1963, however, when Saupe and Efigletilished

their landmark paper propimg that liquid crystals might be used as solvents for studying

small molecules.

In 1989 the NMR study of liquid crystals under confinement was improved by the
implementation of controlled pore glass (CPG), originally developed for use in
chromatography experiments in 1965 by Haffet®” CPG consists of small (usually
borosilicate) glass beads; btas of welldefined size are leached from the silicates either
by heat or acid treatment, leaving cylindrical cavities of narrow pore size distribution.
Commercially available CPG comes in a wide variety of diameters and hence surface to

volume ratios, miang it a very useful tool in understanding surface physics via NMR.
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Figure 1.12 Schematic representation of a nematic liquid crystal confined to CPG.
Reproduced from Vilfan et &f.

Variations of CPG include Aerogel, Nuclepore and Anopore membranes. Alternatively,
a polymer dispersion can be prepared in which the liquid crystal is combined with a
pol ymer i c -bieacrywaylbighenyl or, BAB, for example) of fibres to act as a
surface which tends to align the liquid crystal in which it is immersed. In general, in such
systems the amount of surfaiceluced ordering will be proportional tbhe amount of

polymer dispersed in the samfjfe

A brief description of the basic equations of liquid crystal NMR follows, focusing on
applications to samples under confinement using frequamay/timedomain NMR.
Traditionally two nuclei have been used as probes in the NMR study of liquid srystal
Protons (spin %2) and deuterons (spin 1). The Zeeman splitting of isolated protons and

deuterons in rigid moleculesn, is given by Vilfart®:

pn=>c¥Geos?q - 1] (25)
2 2 g
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whereQ is the angle between the interproton vector (for protons) or the electric field

gradient tensor symmetry axis (for deuterons) and the magnetic field, and C is a

g'h e’aQ
= = for protons anct , =
pr h

proportionality constat equal toc , for deuterons.

Here,gis the proton gyromagnetic ratiois the interproton distance, afg is the static
guadrupole coupling constant. In a nematic, however, the term in braces is averaged for
molecular motions faster than the angular splitting frequépeoy: ) . The uniaxiality

of the system leads to a more complicated equaiiem by Doan¥®:
= —C, (3cos a 1)Lj < Bcos’ b - 1)>+ i(Sxx - S, Jsin * b cos 2d>g (26)
2 a

whereSis the order parameta,is the angle between the director and the magnetic field,
b anddare the azimuthal and polar angles of the interproton vector (for protons) or of the
electric field gradient tensor symmetry axis (for deuterond)the long molecular axis,

ands, - s describes the deviation of the molecular shape frofegecylindrical

symmetry. Because this last value is generally an order of magnitude small@rttiean
latter term can usually be disregarded. In practice, because-efjnoralent proton

pairs in most systems, proton NMR spectra often result irddraekgrounds that can
obscure peak details, and so deuteron NMR experiments are usuatyquteif

possible. Equation @ indicates that the order (via the order parameter) and the director
angle are both a function of Zeemsplittingand so both gabe monitored via standard

NMR techniques.

Vilfan'® gives the modification to line splitting of a nematic under constraint:
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o, ()= Dn} = [eos®a (r)- 1fs(r) (27)
i2 y

whereDn is given by equation @ with s =1anda = o, replaced by the local order
parameters(r ) and director angle (r ) to accommodate reorientations due to surface

effects or other perturbations. Examples of line splitting for various nematic director

fields are given by Crawfotd
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Figure 1.13 Deuteron NMR line splitting characteristics for various nematic cylindrical

and spherical confinement scenarias.refersto the external magnetic field. a) Parallel
axial structure in a cylindrical cavity; b) Radial distribution in a spherical cavity; c)

Planarpolar structure in a cylindrical cavity, director perpendiculag tod) Cylindrical

cavity, director parallel tos ; €) Escapedadial structure in a cylindrical cavity; f)
Isotropic phase in a cylindrical cavity. Reproduced from Craiord®

It should be noted that the external magnetic field may distort surface effects according to

the magnetic coherence length:

X, = (28)
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whereK is the relevant liquid crystal elastic constait,is the anisotropy of the

magnetic susceptibility, arBlis the magnetic field strength. The above equation
indicates that line distortion will occur in s with diameters larger thag or at

distances larger thaw from the surface, and Crawford cites 5CB in a 1T field as having

a magnetic coherence length af®*.

The three most common measurements obtained frorib@sed NMR are the spin
spin relaxation timesl,, spirlattice relaxation timesl;, and spidattice relaxation
times in the rotating fram@&;,. The first represents the decay of magnetization
transverse to the external magnetic field due to energy exchange between spins, the
second represents the decay of magnetization due to energy exchange with the
environment (i.e. the lattice) and the third represents the decay of magnetization while it
is spinlocked to the rf magnetic field 1% Together, they yield information on local
magnetic fields within aamnple since any local inhomogeneities present will either
facilitate or retard relaxation compared to that which takes place within the rest of the
sample, thereby affecting the overall relaxation. In a sample that contains bound
molecules (close to a gace, for example), the exchange of bound and free molecules
will lead to two (dedly) distinct relaxation rates so that the overall ratewill be a

weighted average of the two constituent rates

(29

2 bound T free

where/ represents the fraction of bound molecules in the sample. Similar relations may

be made foil; andT;,. Fromequation (2pa simple relaxation experiment can give
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information on the strength and extent of molecular binding in a known geometry. The
technique is useful not only for confinement experiments, but for transition experiments
as well; Martin et al obseed a temperaturdependent increase © when decreasing

the temperature to within 5 K of the bullkngethoxybenzylideng-n-butylaniline

(MBBA) nematicisotropic transition, for example, and attributed the shift to nematic

fluctuations in the isotropiphasé®.

Crawford et a™ performed experiments comparing the sgiin relaxation behaviour
of parallel and perpendicularlyriented 8CBad, confined within cylindrical glass pores
(note thatthead,s uf f i x here raderldsydrooddsitdindn rcshagi rorp
having been deuteratedY hey found thain the isotropic phase, the two orientations
differed significantly in behaviour, in that while the paralieichored molecules were
relatively temperaturevariant, the perpendicularyriented molecules varied

considerabl{?>.
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Zlil%gre 1.14 8CB-ad, confined to 100 nm radius nanopores. Reproduced from Vilfan et
This phenomenon was not seen in nematic-8@pB and indicates a diminished surface

8CB interaction for the latter case, likely due to the {4@OOH coating on the pore

walls being used to achieve the perpendicular orientation. FofaslgBt was found

that both proton and deuterondTs wer e generally the same for
samples, while thezland T, values were higher in dispersion than in bulk. This

indicates one or more dynamical relaxation processes were occurring in the dispersion. A
relaxation time of 4 1 nsec was calculated for the isotropic phase, likely related to the
average lifetime of a surface molecule, and the surface order parameteumcofbe
approximately 0.1 and did not fluctuate near the isotropimatic transitiolt>. A later

study of 8CB by Vilfan et 4f within 15 nm diameter CPG pores revealed 4aitice

relaxaion values an order of magnitude larger than that found in bulk, a property
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attributed to molecular reorientations that are mediated by translational displacement of
the moleculesWhile the group was unable to conclude anything with certainty on long
range diffusion, they were able to determine that the local translational diffusion of
molecules, despite the confined environment, was just as high as that observed in the bulk

state.

Cramer et af° performed™C and proton NMR as wedis broadband dielectric
spectroscopy on 5CB confined to 2.5, 5.0 and 10 nm diameter CPG to study its transition
temperature suppression and found that even within the smallest pores nematic dynamics
similar to that found in bulk was still detectable; thelectric spectra indicate that the
system is best described as being of two states, one of which is bulklike and the other
surfaceinfluenced, whose relaxation rate is slowed dow130fold from that of the
bulklike material. The transition to the stglline phase occurred at no higher

temperaturehan 220 K.

Kralj et al'®’ reported on deuteron NMR on 5CB and 8CB confined to CPG of various
pore sizes Theyconcludel that in pore sizes of radius smaller than 25 heidotropic

nemdic transition is retarded by an amount roughly ingreroportional to radius,

DT, ~ R, which they attributéto an increase in therderparameterS. Tests were

done on &B treated with silane, which promotes homeotropic orientation, and it was
determined that the degree of smeotidering was much more suppressed by the
confining surfaces while in the planar orientation than when in the homeotropic

orientatiort®”. These results are in agreement with thastainedon 8CB within 100 nm
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radius Anoporesising calorimetry by lannahibneand Finotelld®® A later joint NMR

and SAXS study on parallaligned 8CB confined to CPG with a much larger diameter

(400 nm) by Kraljds group reveeahmthyet hat t he
spacing under such confinement is very similar to that found in bulk, while
homeotropicallyaligned 8CB in the same system showed a smectic ordering that

increased with increasing temperatdte

Ogaki et &°° performed NMR measuremes on deuterated smectic 8CB confined
between two glass slides separated by f@nd fitted with electrodes to produce an
alternating electric field between the plates. The electrode field, placed at 45° to the main
magnetic field, creates a walefined director orientation in the sample, which is weakly
coupled with the untreated electrode surface. They performed an experiment which
started with the electrode field off so that the director aligned with the main field. The
electrode field was themitned on and the sample left for a time varying from zero to two
days, after which a fremduction decay was performed. By measuring the change in
guadrupolar splitting of the phenyl and backbone groups, they were able to determine that
the smectic expantial relaxation time constant within a main field of 7.05 T and ac
electrode field of 100 Mus at 10 kHz was approximately one million times larger than
that found with equivalent experiments aenmatic 8CB®, on the order of 1100 seconds
at 30°C and 2000 seconds at 25°C. The phenomenon was adttitibe introduction

of long range translational order introduced at the nersatiectic pase transitiof?”.
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1.3.6 Calorimetry

The principks behind the calorimetric study of smediphase transitions

(particularly second order) in pores began in 74nd 1972wi t h de Gennesd

Mc Mi |l Il an6s analogy of their behaviour t
communicationPe Gennegrew a parallel between the phase behaviour of the two

materials while near phase transitions (both can be described in termsdin@msional
massdensity waves with complex phase, so ;thatly |e” ; for smectics, the wave vector
is in thedirection of the director, and the period represents the layer spaanag)y
performing a Landainzbug expansion of the free energy of the liquid crystal about

the nematiesmectic transition point he was able to derive relations between specific heat

Cp, and temperaturd, summarized by Johnsth

?ii[ti_ai-l]+8i+C0(T) T <7y
CP=‘|aA' (30)
T,_[t|'a-1]+B+co(T) T>T,

I a

wherethe transition temperature range is bounded;landTc, the fitting parameters
below T, are ai, Bianda iand abové¢ areA, B anda (with critical exponents and

a iapproximately zero)c  (T) is a background parameter that is wWedhaved (fitted by
c,(T)=a, +aT +a,T,, Whereay, & anda, are fitting parameters) and spans the

transition zone, antlis a reduced temperature parameter definec:ky - t.)/T. .

Johnson et gherformed early liquid crystabdorimetry experiments on
octyloxycyanobiphenyl (80CB). The techniaihey used had been used many times

previously on other materials, and was developed by Sullivan and%&ideworks on
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the principle that the sample, kept in thermal contact with a heater, thermometer and bath,

if given small enough oscillatprdoses of heat by the former (typically a few mK at

most), will have a constant specific heat capacity which allows a steady state solution to

be written. The solution contains two terms
conductance, and the otreer oscillatory term inversely proportional to the specific heat

capacity of the sampi¥. With this technique]ohnson et al were able to confithat

thenematis mect i ¢ transition generally foll ows de
wealyfirst-or der i n nature; inconsistencies with o

to the transition beingf 1% order and to impurities in the sample.

Bellini and Clark et & reported on both the light scattering and calorimetric
properties of 8CB confined to silica aerogel over the temperature range 68° C to 7° C. By
comparing the plots of specific heat capacity for confined 8CB to those of bulk and
finding them qualitativel similar but with the confined isotropieematic and nematic
smecticA transition peaks suppressed to 59%hef bulk peak amplitude, they were able
toconclude hat 41% of the material had been O6pinn
hence could not undgo the transitions. The transition peaks were found to be
continuous rather than divergent, as one see
the nematiesmectic peak (compared to the bulk peak) was attributed to local smectic
ordering occurringvithin the pores. It was also reported that crystallization of the
sample, which would normally occur at about 21°C in bulk, was suppressed to below 0°C
while confined to the silica aerogel. From Puglielli and Erthe turbidity obtained

from light scatteringould be converttto a correlation length, and thiss found to
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vary continuously from 3 nm at the isotropiematic transition to 18 nm dte nematic
smectic transition. fAis latter value did not greatly excetbe pore size, 17.5 nm,
indicating the sample is muitiomain with domains limited to the dimensions of the
pores®. The Bellini modelas used by Olenik et al to explain the glassy reorientation

observed in a nematic 5CB aerogel system within an alternating electrf€’field

Finotello and lannacchiofi€ performed a series of experiments looking at phase
transitions within thexCB group under various degrees of confinement with axial and
homeotropic anchoring, primarily using AC calorimetry. Their first jmalblon looked at
confinement ir00 nm aluminum oxide Anopores, aihé general trends reported
include, for the isotropimematic transition in 5CB, 7CB and 8CB: a rdivergent
specific heat capacity at the transition pdant effect predicted earlier by Shéfjga
rounder, shorter peak for radialbyiented than for axiallpriented material; peaks from
axid orientations exhibit a sharp pesansitional drop, indicating the material remains
bulklike, while those from radial orientations are shorter and symmetric, indicating
continuous nematic ordering; the peaks also exhibit-argnsitional increase, lger for
radial orientation than for axial orientation, indicating-pensitional nematic ordering is
occurring (likely near the surface) and that it extends deeper into the pore in the radial
orientation; the transition temperature is suppressed foriadatender confinement,
more so for radial orientation than axial orientation, attributed to suoideeted
molecules forcing more central natit molecules to arrange themselt@sinimize
elastic energyan effect proposed a decade earlier by Kuzntalabes for nematic-p

cyancp -®-nonylbiphenyl (K27) and4eyancep --pentylbiphenyl (K15) within
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cylindrical poresstudied using optical microscof¥> and the larger the moldey the

broader the transition.

Figure 1.15 Specific heat capacity as a function of (a) temperature and (b) reduced
temperaturet = (T - T.)/T. , for radially, axially-oriented and bulk 8CB in 200 nm

Anopores, about the (a) isotropiematictransition and (b) nematemecticA transition.
The inset shows the same data (bulk data removed in (b)) as a function of the reduced
temperature. Reproduced from lannaccHithe

The peak suppression is attributedte6 pi nni ngdé of mol ecul es due
surfaces whichas a resulffail to undergo transition with the rest of the material. The
nematieSmectic A transition results are shown for 8CB, and demonstrase&ibah

similar to the previous transition. The peak suppogswa found to beconsiderable,

from which they concluded the transition to smectic ordering may only have been
occurring near the surface, while molecules closer to the center remained ndrhatic
attributed thigo the high energy cost of transitioning to the smectic state as the
molecules attempt, unsuccessfutlyform a single layer spanning the pore dianitter

The transition from isotropic temecticA in 10CB and 12CB was also studied; results

showed only weak surface effects (as evidenced by the slight peak broadening), with no
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peak or transition temperature suppressiorSimilar behaviour was found for 8CB

confined to CPG with diameters ranging from 20 nm to 400 nm using calorfietry

A later studyusing ACand differential scanningalorimetry(ACC and DSC,
respectivelyas well as small angle neutron scattering (SANS) involved 8CB confined to
Vycor glass containing 70 A cylindrical pof&s The AC calorimetry work showed that,
despite crossing both the bulk isotropiematic and nematismecticA transition points,
no signs of a phase transition were apparent (a result similar to that obtained with 5CB
and 7CB previougf*?), indicating a continuous increase of orderimgdcurring with
decreasing temperature. The DSQulessshow a broad hump below the bulk isotrepic
nematic transition, likely further evidence of this continuous evolution. SANS
measurements were made slightly above and below the bulk siAettystalline
transition and showed no evidence of smecticrimgdeingpreserft*2. Finally, an ACC
and SANS study of 9CB liquid crystals confined to cellulose acetate Millipore filters of
300 nm cylindrical diameter was published. The calorimetry data showed a prominent
peak at the nemat®mecticA transition, differing from the aforementioned resudt
8CB in 200 nm Anoporé¥®. The difference was ascribed to the different substrates:
while the aluminum oxide Anopore membranes provided a solid substrate which
introduced consigrable elastic constraints, thereby constraining the smectic order, the
fibrous Millipore substrate allowed the smectic layer to form relatively unhindered. The
SANS results confirmed the presence of smectic ordering in the $yténater study
of 8CB and 9CB confined to Millipore filters of various diameters trackednfmatie

smecticA transition temperature as function of pore size, from bulk (306.95 K and
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321.21 K, respectively) down to 25 nm diameter (306.18 K and 320.81 K,

respectivelyj'* #°

A combined calorimetry and smahgle xray scattering (SAXS) study of 8CB
confined to CPG was performed by Kralj €0l From the calorimetry resultagy
concluded that the nemaistnectic transition is strongly suppressed for 8CBiwipore
diameters smaller than 24 nm; the isotrapgenatic transition is similarly affected below
diameters of 11.5 nm, but the effect disappears below diameters of 75rom the
SAXS results they concluded that the order parameter obeys similarecoahtrelated
temperature behaviour below diameters of 24 nm; the order paranagistion
behaviour relation obtained here is similar to those results obtained by Kralj et al using

NMR (discussed in the NMR sectidit) *%°

1.3.7 Polarization and Atomic Force Microscopy

Kol evar, Bl I"used&wonic Fetoegviicroscopy (AFNK study
presmectic layering of isotropic 8G a glass substrate coated with homeotropy
inducing N,NdimethytN-octadecyl3-aminopropyltrimethoxysilyl chloride (DMOAPR
By using the AFM in force sensor meavith a DMOARcoated glass tip and measuring
F/R (where R is the tip radius) as a function ofsipface separatiaisimilar to what has
been described before for SFA fomreasurement tesfthey were able to determitteat
the 8CB layer closest to tleenfiningsurface exhibited a stiffness twoders of
magnitude larger than the layer above it, with a compressibility modgjlo$,10° N/m?,

typical of smectic 8CB. From the second layer upward, regular oscillatory forces with a
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period of thamolecular long axis indicated that the system was ordered well away from
the substrate, despite the bulk portion of the sample being in the isotropic phese.
resuts were later corroboratéxy the group using ellipsomefy. Carbone et af* 143 219
laterperformed this same experiment with an improved AFM systeeasuring the
presmectic force by cantilever deflection and applying the Derjaguin approximation. In
addition to the presmectic force, the smectic correlation length and smeletic or
parameter were also measured as a function of tempéfatukesimilar test was also

performed on isotropi c®? &aBdtHeempératire var and Mu

dependence of the amplitude and range of an observed prenematic force were reported.

Br a| i?stuelied capillary condensation (the phenomenon wherein a phase
change occurs solely as a result of confinement) in 5CB and 868 ABM on a
DMOAP-coatedglass substrate coated. The capillary condemsatas induced by
periodically increasing the confinement, and the transition was detected using the AFM
in force sensor mode via deflection of the cantilever. By keeping the temperature a
constant temperature above the isotragmatic transition they e able to reduce the
gap size until they found a sudden jump in attractive force, which they interpret as being
due to a structural change within the system, detectable even at separations above one
micron. From these force curves the surface charggtgesurface potential and Debye
screening length were all determined by fitting to a superposition of the approximate
PoissorBoltzmann solutions for constant surface charge density and surface potential,

respectivel§?®
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Pfohl et af** reported on two techniques they had developed, microcontact printing
and polyelectrolyte adsorptiorg tonfine and align biological materials and liquid
crystals on microstructured surfacd® demonstrate the effectiveness of the method,
they deposited nematic and smectic 8CBhannels3 nm and 20yhm wideand 2mm
deepon a silicon substratmated with poly(ethylene imin€PEI) to promote
homeotopic alignment with the surface and studied the structures present within the

channels using polarization microscopy.
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Figure 1.16 Polarization microscopy images of 8CB confined withmm3by 2nm
channels on a silicon substrate coated with PEl. The nematic structure is pictured on the
left, and the smectic on the right. Reproduced from Ffhol

While the snectic 8CB deposited on the unmodified silicon substrate formed the well
known structures knowas focal conics (see Figure 114&low for an exampleand

within the 20mm channels formetairly uniform-sized toroidal and spherulitie

(onionlike) defed (the latter being relatively rare in smeghienaterials) within the3

mm channelghe layers were found to align parallel to the bottom of the channels with the

long molecular axis perpendicular to the channel bottSpherulitelike and toroidal
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defects occasionally interrupdthis alignment, and were found to be very uniform in

sizeé?*

Choi et at*® confined smectid 8CB to silicon wafer ritrochannels etched by
photolithography and studied the resultant defect domains using polarized microscopy
and atomic force microscopy. Three channel widths (5, 10 amth2@nd two depths (5
and 10mm) were used, and the walls were coated with polyetigymine (PEI) to orient
the 8CB homeotropically. Three images taken using polarized light mogysdearly

revealingfocal conicsare shown in Figure 1.17

E
20 um =L 10 um
1 e

+10 um

8CB 8CB

Figure 1.17 Polarized light microscopy images of 8CB confined to silicon wafer
microchannks, illustrating the focal conic structures that form along the confining
surfaces. Reproduced from Choi étal

The defect domains were studied using tapping mode AFM, and were shown to be
funnetlshaped toroids, in contrast tetlensshaped defect structures that were observed

by AFM in a droplet of 8CB atop a PEbated flat silica surface.
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Figure 1.18 AFM images of a defect in smectic 8CB a) confined to ex@0vide, 10
mm deep silica microchannel; and b) on a flat silica surface. The AFM scans numbered

in these images is shown in ¢) and d). A schematic of the toroidal structure is shown in e)

with the green symbols representing the molecular orientatioproB@ced from Choi et
al225.

These toroidal structures must have stored energy and so would be stiffer than a
similar volume of bulk 8CB®. Guo et & have reported a simple and effective method
of reliably generating focal conics using silicon substrates upon which a thin gold film
has been evaporated, partially masked to create arbitrary regions of gold (which promotes
homedropic alignment) anddre substrate. Whesmectic layer covered by an air
interface (which also promotes homeotropic alignment) is applied to the substrate, focal
conics occur where the air and underlying interfaces promote different alignments (i.e.

thebare substrate).
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1.3.8 Broadband Dielectric Spectroscopy

Aliev, Nazario and SinHf&’ studied isotropic, nematic and smectic 8CB confined to
200 nm diameter cylindrical Anopores using broadlbdiatbctricspectroscopy. Tests
were first performe@n nematic 8CB in a random porous structure, and a peak not found
in bulk dielectric spectra was detected, corresponding to a slower relaxation process than
that found in bulk material. It was attributed to rotation of 8CB near tsutface,
slowed dowrdue toan increased viscosity in the region. A second peak not found in
bulk was attributed to polarization relaxation within the interfacial 8CB |ay=ts were
also performed on lecithitreated pores, as the coating promotes homeotropic alignment
of the mdecules. B placing the Anopore filter with pore axis either parallel or
perpendicular to the electric fieldne can thus obtain molecular alignment either
perpendicular or parallel to the field, respectively. Spectra of the two orientations
showed peaks higher in frequency than those found in bulk, with the radial orientation
exhibiting peaks of such high fregncy that they could only be attributed to the
librational (tumbling) mode. This librational mode was also monitored as the sample was
cooled from the isotropic phase down to below the bulk smAgtlbase lower
temperature limit. e observed decreaserelaxation time throughout the nematic
phase was interpreted as being due to an increase in order that facilitates the relaxation
process, while the observed increase in the supercooled state was attributed to the
increasing viscosity of the system, whiwould inhibit relaxation. Maier and Met2r

provide a relationship between order parameter and dieletergth,
S°1- DekBT/m2 (wheremis the dipole moment parallel to the long molecular axis), so

that by monitoringdbet one can gauge changes in order parameter due to temperature.
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Aliev et af?’ showed that the order parameterréased gently throughout the smectic
phase and most of the nematic phase, but dropped rapidly as the nsotiatjuc

transition point was approached.

Aliev and Bast?® performed dynamic light scattering experiments on the same system
and found the autocorrelation functions for confined nematic 8CB followed a double
stretched exponential decay curve, as opposed to bulk 8CB which followeglea sin
exponential decay curve, and concluded that the longer relaxation of approximately one
second was due to fluctuations of the director due to interactions between the liquid
crystal and the pore surface. The stretch of the decay curve would therebawdub to
a distribution of liquid crystal to wall distances producing a distribution of relaxation
rates, and the greater amplitude of the slower relaxation component for radial orientation

(A = 0.4) than axial orientationA = 0.18) indicates that the 8C®all interaction is

stronger for the former orientation than the latter orientation. Similar tests on 5CB within
an aerosol network produced similar resultswering the temperature from 306.7 K to

305.5 K only slightly changkthe relatively flat, smectitike results for the axially

oriented sample, but for the radiattyiented sample the relaxation dpgglconsideraly

with this temperature shiftAs this early relaxation is characteristic of nematics, Basu

and Aliev conclude that smectization of 8CB in a radial orientation transition from the
nematic to smectic phase at a lower temperature than those in an axial orientation do. By
varying the 8CB conceration (and hence the ratio of surfaaffected to centrally

located 8CB and finding an increase in the ratio of amplitudes of the slow to fast
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relaxation rate, they were able to conclude that the slower rate must be associated with

thesurfacé®,

Negita, Inoue and Kond® ***confinednematic and smectic 8CB a 1 mm gap

within the concentad cylinders of a viscometandperformed dielectric spectroscopic

experiments upon them tmderstand the relationship between shear and structural

changes in both phaseBy comparing the temperature dependences of the viscosities

and dielectric permittities at a shear rate of 329.5 Sahey were able to assign various

regimes of sheanduced orientations around the smect&natic transition teperature,

as shown in Figure 1.19
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Figure 1.19 Dielectricpermittivity, & and viscosity 4, as afunction of temperature for

confined 8CB (1 mm gap)Statea-br ef er s
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orientationswhile a(b), a., as anday, referto various sheainduced structures discussed
by Safinya et &f. Reproduced from Negita, Inoue and Kotiflo
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The transi & obdoforone ntthaet idGon wi t hin the smect

Panizza et al*and Negita et al®and mentioned within the review ofray studies

above was attributed to undulation instabifit§:

Dielectric spectroscopy tests also performed by Ewiss, Moawia antSiall
isotropic, nematic and smectis 8CB containing 5% (by weight) nanopatrticles of SiO
while within a 50 H alternating electric field. Thegund that a stronger field was

necessary to align the material in the sme#gtghase (1.6 \fflm) than was needed for

the nenatic phase (0.2/mm).

1.3.9 Infrared and Raman Spectroscopy

Soga, Dhinojwala and Granick reported on results obtained with sheared nematic
5CB under mesoscale confinement (@9) by three types of molecularly flat smooth
surfaces (silicon, germanium and zinc selenide), all of which minimally attenuate infrared
light, so that IR spectroscopy can be performed. The sample, oriented normal to the
surface by the application of &Dvoltage, was sheared sinusoidaiigh an amplitude of
240 nm and frequencies in the range of 25 to 40Qgitzg a homdbuilt device, and
observed using FTIR. They concluded from their observations that so long as the
frequency of oscillation exceeddtktrelaxation rate of the molecules in the sample, the
shear response amplitude would be proportional to the shear amplitude, not the shear rate.
A later experiment on the same setup showed that the 5CB aligned only slightly without
the DC voltage compadeto when the sample was homeotropically aligned prior to

sheaf*®
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Boinovich and Emelyanenkd performed infrared spectroscopy experiments on
nematic 5CB confined between fluorite (Gpaplates, using a confinementuilee built
by them that allowed a range of gap sizes from tens of nanometers to tens of microns.
Their results, analyzed using a tfraction model that accounted for preferential
orientation both on the inclination angle and on the direction in thefdme, showed
that a more complete description of order within a nematic system should include not
only the order paramete$, but also information on the degree of ordering of various

molecular fragments of the mesogen as 3#ef*

Fehr et &' studied the polymorphism of solid 8CB confined to silica aerogel pores
(of 10, 17 and 20 nm diameter) using Raman spectroscopy, and found thataven at
temperature of 100 K, quenched from the isotropic phase, evidence of a possible smectic
like phase could be observed. Two distinct smectic mesophases were observed, one
which they named ¥ and the other (occurring in pore sizes of 10 nm or less)nteed
Ks s They argued that this is due to the sudden increase in viscosity associated with the
guench preventing the director from relaxing to an equilibrium crystallinéigrasi
thereby freezing it in enetastable phase. A later report by Fehr esialg!°C on
nematic 5CB confined to silica aerogels (with pore sizes of from 10 to 50 nm diameter)
indicates that the order parameter decreases with increasing confinement due to
topological defects and to a larger number of distortions in the nematringrdee to

strong anchorig at the wall&®
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1.3.10 Other Method®f StudyingConfinement

Several experimental methods have been developed to study liquid crystals in bulk
and under confinement to understand their static and dynamic properties. While a
complete discussion of each here is not given for the sake of space, a brief ovérview o

some of themore successful and fruitfuésults obtained has been provided here.

Hsiung, Rasing and Sh&fperformed evanescent wave ellipsometry experiments on
5CB confined to silaneoated glass surfaces with a gap size ofrfi@Qslightly above
the isotropienematic transition. A weak nematic layer was found as the transition point

was approached, with tleerrelation length defining the thickness of the layer varying

-1/2

with temperature ag1)" (T/T. - 1) 7°, whereT is the temperature af@ is the

C

transition temperature, in nearly exact

FI4O, 241

regardiry isotropic liquid cystals close téhe nematigsotropic transitio as

developed from Landade Gennes theoty " ? itself developed by de Gennes from

GinzburgLandautheory*2

Borzsonyi et & studied homeotropicaltgligned nematic 4-pentyt4 6
cyanobiphenyl (K15) confined between two parallel plates while undergoing oscillatory
rectilinear Couette flow (resulting in displements varying sinusoidally with time) using
frequencies from 0.01 to 10 Hz and gap sizes of 10 toi80The sample was
monitored by passing paralleéams of light through it and meaisigy the transmitted

light intensity with a semiconductonedimensional detector, while the receiver plate

was monitored by a set of three accelerometers to measure acceleration in all directions.
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The observed response was found to compare favourably with theoretical predictions

from Kozhevniko¥*, that instabilities in the system would occur above amplitudes of

Ao d/(qutdtv), wheret is the director relaxation timéy is the viscous @mping

time, d is the gap size andis the angular frequency of oscillation. In this instability
regime spatially periodic rolls perpendicular to the shear velocity were observed with a
period size on the order of the gap $t2eBy performing similar experiments with
oscillatory elliptical Couette flow (obtained by oscillating both top and bottom
sinusoidally and perpendicularly éach other) they were able to observe a slow
precession of the directdr.

Guégaret af*°

performed neutron scattering experiments on sméc8€B within
aligned nanochannels of porous sicfilms; the channels were approximately 30 nm in
diameter and 3@m in length, and had disated surfacewith roughness on the order of
1 nm They were able to track the correlation length associated withrsinge smectic
ordering from above thieulk isotropic phase transition temperature of 306.7 K (310 K)
to more than 50 K below the bulk nemadimecticA transition (255 K). Incoherent
guasielastic neutron scattering tests on a similar systenesltloat there is a strong
reduction in moleculamobility due to the confining surfaces, which consistently
increases with decreasing temperattireNeutron and xay diffraction as well as small
angleneutron scattering (SANS) and D®&&periments were also performed on 8CB
confined to porous aluminum and silicon with 30 nm nanochaffiels F eéndikss K

mesojmased’’ were both observed (theskonly in silicon channels), in addition to two

crystalline phasnecicAphésédand K6 and the s
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1.4 Layered Systems under Shear

1.4.1 Energy and Entropy of Layered Systems

Layered systems under shear have been a focus of research since at least the early
197@s"" 4850 51.2%0. 221t the topic gained considerable popularity in the &9@Qh
studies of a wide variety of systems using a wide variety of techniques being pblished
52,172, 25210 4 trend that continues to this 4dy?’? With theirl ayer s6 abi l ity t o
easily with respect to one anothhnile undergoing sheasmectics have found
considerable use as lubricaiité’”. While the response to shear can vary depending on
the material being studied, one common trend that emédkat for many systems, low
shear rates tend to orient the layers parallel to the confining walls while at higher shear
rates the layers tend to either orient perpendicular to the walls or reorient into
multilamellar vesicles, reminiscent of onionstfie way the layers are organiz&d Leist

et al have reported that these reorientation effects are a function of shear rate,

g = 4An/D (whereAis the shear amplitud®, is the gap size andis the shear

frequency) rather than shear frequenty

Using a similar apppach to that which Ericksen used to describe the flow of nematics
under shear (see Section 1.2 de Gennes presented a derivation of the dynamical
equations for smectics and other lamellar materials under'&h&aginning with
conservation equations for mass, momentum and energy and assuming local equilibrium,
while making use of entropy treatments applicable to simple fitfidse was able to

express the entropy in terms of dissipative fluxes:
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ds T o :
T s sy, s it h W (31)

dt T ab”a a

a

whereT is the temperature s the time Sis the entropy densityy . is the energy fluxe

is the energy density, is the stress tensor (with dummy variabland b representing

elements of the tensomwy,is the velocity tensor (and hencg,, is the velociy gradient
tensor) his a measure of the flux in rotational ordér,is the rate of change of the layer

displacement and is the rate of change of rotation of the system. The first term of the
right-hand side represents the dissipation due to heat transport, the second due to friction,
the third due to permeation (that is, the motion of fluid crossing the layers via
imperfections and interstitials in the lamellae, described by Hefftiahd developeth

Section 1.4.Delow) and the fourth due to rotational motidnBy assuming negligible

external fields, the above entropy equation gives way to four relationships:

Say =N 0ol (32a)
30 =K,,E, +m,g, (32b)
u, =m,,E,+/,,9, (32c)
w! =n_,h, (32d)

where/1,p4 IS the viscosity tensor containing the six components (five of them
independent, as demonstrated by Parodi for a nematen$§sind discusseith Section

1.2.4), K, is the thermal conductivity tensom, is the thermodiffusion tensor; is

the generalized twist viscosity tensor dng is the permeation tensor, whig, g, and
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d
a

h, are the force tensor equivalents of the fluxes introduced earfier,i ¢ andw® ,

respectively. For a smectik system, the stress tensor equation simplifies to:

sl =a.d, A, +ad, A, +a,A,, +.. -
+a5s(d A, +d, A )+a7(d a,._A +dabAzz)

az' ‘zb bz " “za az " bz" “mm

wherea; are the Leslie coefficients arqy is the symmetric velocity gradient tensor

A, = i(pxuy +u,u,). The five independent Leslie viscosities further reduce to three
2

Xy

using the assumption that the fluid is incompresslbsajing one with the three

Mi H's owi gities digcusser me8tion1.3.1.

1.4.2 Distortionand Undulations

One smectic property that has received continued interest in modern research is that of
distortion, first discussed in theory by de Gennes in ¥988d demonstrated
experimentally by Clark et al in 1973*by observing characteristic light scattering
effects in gently distorted smectic systems (in their cabait@ybenzylp-(b-
methylbutyl) aniline, or BBMBA). Two types of distortions are allowable in sméctic
sysems: Splaying of the director (equivaléntoending of the layers), and compression

of the layer?®. From de Gennes, the energy distortion penalty is giveh by

2
1 auuj 1 ..C)z
smectic distortion = Esd = - B& 0o +— K Splay (D O] (34)
2 ¢ HZ + 2

whereB is a compression modulusjs the lamellar displacemersglative to the original

unperturbed position along theaxis,andzis the position coordinate parallel tobut
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assumed to be perpendicular to the layer pl&yeminimizing fe, dv using the

calculus of variations, an Euléagrange solution yields

2

H I"lEsd H “Esd

L _ =0
uz ppu/pz)  px® pfeu/px?)

Combiningthe dove solution with Equation (34)elds:
R G L (35)
[T04

which has a simplanalyticalsolution ofu = e"'** cos kx , Wherez2p /k is the period of

undulation, and = /B is thelength scale known today as thermeation lenty,

K Splay
first developed by de Genrféand later by Martin et &°. This value is usually on the

order of the layer thickness, and #ignificance lies in the fact that it defines the length

scale at which the two competing forces, compression and splay, are equal to one another
in the event that a macroscopic distortion has been introduced into the smectic system;
that is, a bendingfdhe layers will result in compression or dilation of the layers if the

bend radius falls below, orin splaying of the layers if the radius stays abb¥e From

the same solutian exponential decay constamte can define thgenetration deth as

well, 2 | = 1//k?, which describes the length scale over which an undulation extends

from a surface before dying away The characteristic distortions observed in nematics

(represented blgengandKryis), conspicuously absentheregar 6t per mi tt ed i n ¢
if one assumes the layers remain paralleh distortion of the layers in the form of a

thickness change of the smectic stack greater2jparneads taundultional instability®,

studied by Helfrich and discussed betwThis effect is independent of the stack

thickness, as sl by Delaye et &' and Clark and Meyétin 1973, when the former
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demonstrated experimentally that observable distortions could be creategang
benzilidenep-octyl-oxy-aniline (CBOOA) in stacks above %@n thick with thickness
changes of only 22 0.3 A, and so will potentially have significant influence on smectic
dynamics.

1.4.3 Short and Long Range OrderliayeredLiquid Crystals

Oneinteresting propertpf multilayer membrane systems such as smestit®eir
inherent sensitivity to external conditions, leading to the aforementioned undulational
instabilities. In addition to their dependence on dilatation,-lange van der Waals
interactions and sherange repulsive hydration and screened electrostatic forces between
the layers can lead to perturbations in lvagge homogeneity in the layers arahcause
instabilities as weff® 2®® Upon joining RCA Laboratories in 136ftera postdoctoral
fellowshipat the National Research Council (NRC) in Ottawa from 1964 t0°$966
Wolfgang Helfrich tackled the problem of liquid crystals and membranes, and, spurred on
by ideas from de Genrf@sproposed in 1973 that lamellar matesiafith diamagnetic
anisotropy exposed #n eleatomagnetic field will lead to undulations now known as
Helfrich undulationsor Helfrich deformation¥. This notion of an oscillatory
mechanism for turbulence withaonfined liquid crystals arofeom communications
with his colleague at RCA, George H. Heilmeier in 186¢ho, with Helfrich, had
observed the effect using light scattering with confined nematics perturbed by an ac
signaf®" %2 |f one considers these fluctuations as-dimeensional waves either along
the director (aligned with theaxis) as would occur with smectfcmaterials, or at some
anglef to it as one would see with smeeticmaterials, the overall perturbation can be

broken down into a longitudinal mode and transverse mode:
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Figure 1.20 Longitudinal and transverse modes in layered liquid crystals

It should be noted that for a partiaulayer, the longitudinal mode experiences a net
undulationy(q), whereq is the displacement from equilibrium along thdieection,

while the overall amplitude in the transverse mode case averages to zero tooséennd
The overall energy contribution for the longitudinal mode is that of a simple spring

oscillating about equilibrium:

1 -
Elong = ;Bq ||2u2(q)

9(



whereB is the compressibility of the layer ardis the displacement in the longitudina

direction. To find the energy contribution from the transverse mode one must probe the
free energy of the system (since, to first order, the layer fluctuation amplitude is zero),
which yields the secordrder term:

l -
Eans = ;quuz(Q)

whereK is the nematic splay elastic constant. It is interesting to not&tisatlentical

for nematics and smectics near the Sbh&ansitiort®. An external magnetic field,

H = Hz , Will interact with the aforementioned lamellar volume diamagnetic
susceptibility anisotropy (represented dy that arises from the nematic ordering so that

the interaction energy is:

2 2 2

1 -
E e =;caH q.u’(a)

Note that both of the coefficienBsand c,H* have dimensions of energy per unit length
so that one can imagine the smectic phase as hawhgracteristic lengthssociated
with it. The total free energy will then be:

F=E, +E, +E

long trans mag

1 2 2 2 4 27
:;[Bq” +c Hq?+Kq'h?(q) (36)

and the characteristic lengths associated with smAatiaterials are:
i) The Sample Dimensiqri.

i) The Density Wavelengthd (represented in Fourier space y= 2p/d )

i) ThePenetration Depth = \/k /B (as mentioned in&tion1.4.2)

91



iv) TheMagnetic Coherence Length, = ,/K/caH :

It has been demonstrdt¢éhat/ determines the decay of an undulation distortion, while

determines the longiavelength cutoff of diverging fluctuations r°,

Equation (3§ represents the Hamiltonian of a smectic system, and with it one can

estimate longange positional order. Assuming a negligitdenpressibility(s ° 0):
1 2 2 4 2 (7
F = ;[caH a’ +Kq'b’@) (37)
The Equipartition Theorem reveals that the mean value of each quadratic term in the

above equation must éﬂ(BT . That is:
2

(F)= kT = ={c,Ha + ka ! )u* @) (38)

2 2
One can now solve for the average of the squared undulation size to estimate the

positional order of the smectic:
1 -1
<u2(qc)> = kBT \Tﬁ[caH 2q/\2 + Kq f] qudq”
\
a a

© T fda, ﬁ[caH 2q2 + Kq '] dq.

- do Ymin

And, recalling that, = K /c H

(*(@) ~ Tl ox T v,

Amin

Integration at this point leads to two possible answers, depending on the magniside of
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~n .~ 6Th(,,L/2p) for x =0
2 N max m 39
<u @ )> :'T n(2x_q,..) for 0<x_<L (39)

wheregmaxis the cutoff wavevector, above which the initial assumption of the layers
behaving elastically no longer realistically holds. From the aboeecan see that the

mean squaredisplacement divees logarithmically with length scalésandx,. That s,

they fall away slowly over large translations, and consequently, it may be concluded that
there is no true longange positional ordering within smectic systems in the absdnce

an external magnetifield. This conclusion is known as thandauPeierlsinstability™

283,284 1t should be noted that similar calculations for crystalline and columnar systems

yield results of:
(u*@) " Ta,, (40)

for crystals and:

(o7 @) 7 (41)

for columnar liquid crystals. That is, within both systems the mean squared displacement

stays finite for larger length scales and so is controlled by-shoge force’S, exempt

from the LandatPeierls instability.Sirota et al have measured the undulation amplitude
directly in multimembrane systems viaay scattering for freestanding films of
dymyristoylphosphotidylcholine (DMPC) and the ternaygtem of sodium dodecyl

sulfate (SDS), pentanol and wat8r

1.4.4 Experiments with Smectics under Shear
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Sincehe establ i shment “antlClatke MaBip, Delagesadd t heor i es
Hel frich et al 6s ear | yvemlstudies ave busltroetheiri ¢cs unde
idead” 851 220 21 gome of the more relevaexperiments and extensions of the theory

follow.

In 1978 Horn and Klém&hpresentedheometryresults showing large amplitude
oscillatory shear tends to remove defects and align bulk smectic la&ysrg two
differentgeometries (simple planar as well as cone and plate) and homeotropically
oriented (by lecitm) smectieA 8CB as a sample, they found that while with perfectly
smooth surfaces no structural changes were observed up to shear rates uptp 60 sec
even small surface defects produdexture® i n t he material that werl
rates as lovas 0.1 set. These textures resembled undulational modes resulting from
dilatation. The nucleation of this texturehich was found to be rectangular in shape)
however, differedrom that arising from dilatations, in that it occentlocally rather than
globally, as observed in optical micrographs taken of the sémpl@ese local seeds
were foundnot to grow beyond a certain point, but ratttemigrate,overlapand mesh
togetheras shearing progssedthis inability to grow meant that the structures as a whole
could be erased simply by shearing in the opposite direckionite yield stresses
observed from the rheometry results demonstrated that in samples at rest shear must
overcome immobilizabn forces (likely resulting from defescand impurities in the
sample) ®# Horn and K|l ®mands experiments, this ir

focal conics on the order of a micron in diameter which they observed in tHé 8CB
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In 1980 Cagnon and Durafipresented results on the shear response of
homeotropicallyaligned smecti®A and smectieB butyloxy-benzylideneoctylanine
(40.8) confined between glass plates fogérencies betweenHz and 1kHz. The
stress strain relationship was established for both, and the former phase was found to
behave viscously and the latter elastically, as determined from the observed shear

modulus.

In 1982 Oswald and BeAbrahani®” #*®reported that shear forces on smectics that lie
in the flow direction increase the dilatation threshold that leads to undulafibey.
startedrom the NavierStokes equation for an incompressible fluid as it applies to a
lamellar systemvith molecules oriented homeotropically to the surface (and hence with

layers parallel to shear flow):

av C c

r o hpV - DP+G (42)

dt

wherer,handPar e t he mass density, viscosity (assu

are identical) and pressure, respectively, wﬁilandg are the velocity field and

volume force density arising from elasticity of the lsy@espectively By assuming

slow variations in functions perpendicular to the wall and negligible permedteyn, t

were able to demonstrateat while in a static confinement case undulations may occur in
any direction parallel to the surfa(®@nce alldirections parallel to the surface are
equivalent) under shear conditions this symmetry is broken and undulations will occur in
a preferred directigrspecifically, in the direction transverse to the shéatheshear

case where an additional dilatiahows fortwo-dimensional undulatics)the secondary

undulation must be in the direction of shaarthe undulations must be perpendicular to
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one anothéf” %8 This effect was demonstrated by Oswald et al in the sam@%ydar

should be noted that if permeation were allowed in the above treatment, then there would
exist a critical velocity of shear dependent on the permeation depth above which
dislocations would be unable to follow the shear flow, potentially leading talatr@hal

instability?®,

In 1984 Ramaswaniyf showed that, at low frequencies, four of the five Leslie

viscosities diverge for smectic systems such that for a small velocity gradient:
: , b .
ai(g):ai +ﬂ fori=1,2,45 (43)
g

whereb; is a coupling constant between the velocity field and the layer displacement
field, g isthe shear rate and’ is thei™ Leslie viscosity with no flow. Since, = s /g

this implies:

s=a'g+@flop (44)
which indicates that, unlike a fluitke system, smectics require a certain minimum yield
stress; in order to flow in the layers. The effect waresaged by Kifi' et al and
Bhattachary&@? who found in capillarflow experiments that after an initial applied
pressure was removette residual pressure in the system waszen in siz€°. The
phenomeann of a minimum yield stress was not new to the scientific community at this
timed Bingham had reported on viscoplastic materials, which exhibit solidlike mhravi
at low stresses but liquidlike behaviour above a critical stress value as early 2%51916
but Ramas wa mdigabed that thessaurceé of this behaviour may be the

breakdown of hydrodynamics within the system rather than a solidlike resistance to
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flow®’. Ramaswamy also showed that shear promotes stability in smectic systems by

rotating wave fronts from undulations, thereby shortening their wavelength and leading to

a reduced undulation lifetifi€. While the notion of sheanduced fuctuation

suppression was first proposed in this context by de G&nties phenomenon has its

origins with James Clerk Maxwell 0s experi men
viscous materials, begun while he was an undergraduatensatdbe University of

Edinburgh, and for this reason has been nameMéxevell Effect™.

Ramaswan®¥?l at er, using Helfrichés theory of el

of steric repulsion fronthe confining surfaces, calculatétht the undulation suppression

. . . kiT? . .
regime has an upper shear limit such gtvat—>——, whereT is the temperaturég is
K2 hd

Bend
the Boltzmann constant,is the viscosity and is the layer spacing, above which point

the layers compress and collapse. The phenomenon was later confirmed by Al kahwaiji
and Kellay using dynamic light scattering on a mix of the ionic surfactametims hexyl
sulfosuccinate (AOT) and brine, creating a lamellar compound, confined to aeCarlktt
geometrg®™. Marlow and Olmsted demonstrated that shear in lyotropic smectic materials
results in fluctuation reduction due to a combination of interlayer frictiomyection and
bilayer collisions which lead to an effective anisotropic surface tension. The exact
consequence of shearing was found to depend on the level of permeability of the
materiaf®® They later demonstrated that strong shear flow can give rise to other effects

in lamellar systems via couplings between the system parafiéters
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The frequencydependent shear modulus of 8CB confined by aerosil gel (spherical 7
nm diameter hydrophilic Siparticles sonicated with acete to create the gel) was
reported by Bandyopadhy&S}, using a temperaturand stressontrolled heometer in

the cone and plate geometry.
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Figure 1.21 Storage and loss moduli for 8CB confined by aerosil gel. a) Storage
modul us, GO&6, as a fgforasheaorate of X radssdcr.ebalow (salichp | i t u d

circles) and above (crossdéb nematiesmectic transition temperature of 306.97 K. b)
Storage modul us, GO0 asadumdionofffrequeadprovarious d ul us, GG
temperatures. The solid circles in c) represent the difference between the spectra and are

fitted with a powe law function. Taken from Bandyopadhy&y

At low temperatures the storage modulus was four tmore than three orders of

magnitude larger than those moduli reported in bulk 8CB. It also possessed a power law
component with an exponent that diminished with increasing gel density but not
temperatur e, charact er i smdindoanosfemtldioesadds of t gl a

suspensions. While the nematic and isotropic 8CB exhibited predominantly elastic

behaviour, the smectic 8CB at low temperatures was found to be elastic but dominated by
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structural defects as determined by the amplitude, tetoperand gel densityariance

of ®Go

In 1993 Diat, Roux and Nalfét published a broad series of experiments on the
influence of shear obulklike lyotropic lamellar materialsonfined to concentric
cylindrical shear celléwith gap sizes varying from 10@n to a few millimeters)using
light andneutronscatterimg, rheometryand microscopic techniques to observe their
results. They were able to concludieat the prime difference between low and high shear
(which are themselves defined relative to the concentration of the lyoti®he)
resulant orientation of thenaterial: for low shears, domain orientation was found along
not only the direction of flow but also the rotation axis as,wetlile with high sheathe
orientation is almost exclusivelyt a f i xed angl e Miamowwhezocd ¢
An isotropic orientation was observed between the two extremes, with the notable

presence of spherulites whose size was a function of the shear rate.

1.4.5 Smectics under Shear: Theoretical work

Building on previous work that demonstrated shear flow affected phase transition
characteristics 2°°**%, in 1992 Bruinsma and RabBffistressed that Ericksdreslie
Parodi theory (ELP) is incomplete in that the flow distortion of the structure faatis le
to a torque on the director that cannot be explained solely with the Leslie viscosities.
They redeveloped the theory near the nermsatiectic A transition by considering the
observed phenomena geometrically, and by assuming constant relaxatiomtinaes a

simple flow field unperturbed by fluctuations. With this ELP modification they showed
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that fluctuations in lamellar systems under shear flow undergo a gradual shape change,
from elliptical under very slow shear (that is, with shear rates much sittalfethe

longest characteristic relaxation rate of the shear system) to a very anisotrepic one
dimensional shape at rapid shearing rates (greatly exceeding the relaxation rate of the

system) by analyzing the structure facts(q ), as a function of the Deborah Number,
(o = gt , wheret is the relaxation rate). They also demonstrated that the-isitesed

suppression of fluctuations, occurring at shear rates above a critical value of

5/2
g-= T—S (with temperaturd, viscosity/ and layer spacingd), leads to an

- K3/2

Bend
increased nematsmectic transition temperatunghich will be dependent as well on the

orientation of the layers. They indicdtidat because, at equilibrium, fluctuations change

the layer spacig (as discussed by Ramaswarty they will necessarily increas&seng

andKnyissa s wel | . Furthermore, because shearing
in the presence of fluctuations, it will also necessarily increas&Vhile under shear,

however KgengandKryist tend to decrease, and under the condigianx ~ 1 (where

a, = 2p/d with d being the layer spacing anteingthe anisotropic correlation length),

where the onset of distortion ags,as is reduced, an indicatidhatshear thinning may

be occurring anthay leadtaa mi x of 6ad6 and ODba@mqge~yiitoent ati on

ot ~1 3%

A later study by Bruinsma and RaBflhcompared the Maxwell Effect (as developed
in Section 1.4.%to an opposing phenomenon, fReynolds Effechamed for and first

described ¥ one of the pioneers of fluid dynamics, Osborne Reyriiddhe Reynolds
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Effect (as it appés to lyotropic liquid crystals, or to any two component system with
internal degrees of freedom) refers to the generation of instabilities due to shear and is

due to the generation of viscous stresses, of egdein whichfluctuatiorsin flow arise

due tofluctuationsin concentrationwhich themselves arise from variable interlayer

spacings, a topic first considered by Helfffth By combining Helfricho
density with cocepts developed by Martin, Parodi and Persfigand simplified by

Nallet, Roux and Pro¥P) and integrating a concentration dependence, they demodstrate

the Reynolds Effect for a twoomponent lyotropic system. From these findings they
furtherdemonstrated that sheiaduced fluctuation suppression within thermotropic

liquid crystals leads to their transforming to an orthorhombic solid state, while shear flow
enhances shoewavelength concentration fluctuations within the lamellar, Qr L

lyotropic liquid crystal®®? in agreement with experimental results published by Nallet et

a|306.

Auernhammer, Brand and Pleif@&r following on the work described abdVe'® 2%
288,290,302,303.307 o j t erated that de Gennesd derivati
not on its own adequately explain the reorientation of smectic layers that had been
observed, and cited t he ptorthateaahn lagescantbei ng de G
represented by a twdimensional fluid. They reconsidered the sheared smectic problem
from the point of view of irreversible thermodynamics under the condition that the layers
remain of constant thickness and quantity, ang géaallel to the confining walls. By

f ol | owi n®fstavidanmd terivatidrsand incorporating the Gibbs and Cihliem

relations involving both nematic order and smectic ordeletvelop a dissipation

101



function, they were able to show that shear flow tends to reorient the director such that it

tilts slightly in the direction of flow (x direction):

1+/
nngBi +2 (45)

1

whereB; is a coupling constant between the director and layer nogmalthe shear

rate,q is the rotational viscosity andis the flow alignment parameter. The director

component perpendicular to shear flow and parallel to the confining kgyes nil, and

that perpendicular to both musthe= \J1- n? © 1- =n?.

Figure 1.22 Shear in the xdirection causes a tilt toccur between the directar, and
the layer normalp , leading to an effective dilatation of approximate siz¢2 which is
prevented by the confining walls. Adapted from Auernharhffier

The tilt to the director is equivalent to a dilatation of the layers, siniedess than unity,

but the dilatation is prevented by the fixed confinisnger boundary condition. The

result is a critical tiltn, ¢, and shear flowg_, which would induce undulations,
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4B K s . 4B B K spia . .
ne. = p—\/ > andg, = : p—,/ > whereB is the smectic
" B-2B,d B @+7/), \B- 2B, d B

compression modulus aids the gap size. The undulations are perpendicular to the
shear direction while the director is tilted in the direction of flow, prohibiting coupling

between the flow and fluctuation wag&s3

NoireZ® reported on shear experiments (using shear rates from 0.1 t0'50 sec
performed on a smectic sidbain liquid crystalline polymer system (PMAC;Ho)
confined within a shear caib mesoscopic scale gap sizes (the exact gap size is not
mentioned), studied using neutron scattering with a setup which allows observation of the
flow and layer normal directions, and observed a slight reduction indageing (a
decrease of 2% of the initial | ayer .spacing)
In studies of sheared lamellar lyotropic systems by MulleF¥tuing polarizing
microscopy, viscometry, smadingle light scattering and deuteron NMR spectroscopy,
and by Zipfel et &P° using rheology and smadingle neutron and light scattering, both
groups found that the transition from parallel alignment to vesicle exhibited an
intermediate state corniténg flow-oriented cylindrical structures that resemble the

undulations described by Auernhamfiér

In a later analysis of the same system, but considering couplings between the velocity
field and orientabnal and positional order terms, Auernhammer 88df°found the
order parameter is most affected by undulations near to the confining surfaces. They also

found that by ncoupling the director field from the velocity field, certain anisotropic
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viscosity conditions could lower the undulation instability threshold. Lauref°8t al

studied bulk lamellar diblock copolymer poly(styrdmésoprene) undergoing large

amplitude shear (shear rate of 15and strain amplitude of 98%) using transmission

electron microscopy (TEMand smalangle xray scattering (SAXS) and found a

uniform paralleloriented lamellar structure extendingn® beyond the confining

surfaces, consistent with Auernhammer et al 0
peaked near to the surfaces. Sodatlemnd Auernhammer etHireported on their

investigations of smectics under shesing both molecular dynamics simulations and

macroscopic hydrodynamic theory, and found that while they behave as predicted by

Auer nhamméi®*nalytecdl golstion at low shear rates, both methods lead to

sheafinduced instabilities in the layers above a critical value, indicating that the director

can have dynamics independent of the layer normal.

1.4.6 Static Smectics reisited: A new analysis with some old ideas

Stewart'? presented results on the equilibrium state of a smectic system where the
layer normal does not coincide with the directdhis layer normatliredor orientation
di screpancy, ari singpfa=0 Wwhe@aigtheriayesnoomalnst r ai nt
vector) in the absence of layer deféttsannot usually be handled by standard
treatments, and so Stewart achieved this, ta
formulation'®, by considering the energy density of the smectic system. He presented
resultsfor three different configurations: A simple planar hotnggic orientation; a
planar orientation away from the walls with a fixed orientation at the wall referred to as a

6fixed bookshel fé configuration; and a si mi/l
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allowed to be incoincident with the wall, knowea a o6vari abl e bookshel fo

configuratiori™?. Sketches of the three orientations are given in Figure 1.23:
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Figure 1.23 The three configurations considered by Stewart: (left) homeotropic;
(middle) fixed bookshelf, and; (right) variaddeokshelf, withgthe angle between the

long axis and the wall angt dthe angle between the long axis and the layer normal.
Reproduced from Stewatt.

He found that in most cases the penetration depth as it pertains to the director (i.e. the

distance from the surface at which the director has changed direction from the-surface

induced tilt to being oriented with the layer normal) was on the order diitti@éss of a
smectic layer (with dimensionless penetration depihm, where B is the

coupling constant between layer normal and director ansl tBe layer compression
constant), in agreement with experimental redtflts=or the third case, however, with a
strongly anchored director tilt, he was able to show that two boundary eftetsate
different length scales, may exist: The first is the reorientation of the layer normal and
director to coincide with one another, occurring at a penetration depth of roughly five or
ten layer spacings following the= m relation,and the second is a reorientation of

the layer normal and director to the bookshelf alignment, much further out from the
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surface at a penetration depth of on the order of 200 layer spacings, typically

corresponding to approximately Gmh.
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Figure 1.24 Director angleg, and layer normaly as a function of number of layer
spacingsz, for various stiffnesseg, and ratiosg = B,/B, for a strongly anchored

smectic system in which the layer normal and directoaboe/ed not to coincide.
Reproducedrom Stewart'?

This analysis has as of yet only been applied to the strong anchoring case, but may also

yield realistic results for the weak anchoring condition as’\ell
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1.5 Confined 8CB Studies with the SFA and XSFA

1.5.1 Early XRay Work withSheared3CB Under Confinement

Safinya, Sirota and Plarfo®*performed synchrotron-say experiments on sheared
8CB (4cyana4 -@ctylbiphenyl) near the nematic to smeghidransition This system
was considred an ideal candidate for a study of structural changes, since it was known

that for values obr greater than unity, wherg is the shearrateand s t he f |l ui dos

fluctuation relaxation time, the material shoakperience distortions in structure, and for
larger molecules should be large enough for this to be accomplished with reasonably
small shear rates. Furthermore, nematics neantleeticA transition had been shown
previously to have exhibited expandemirelation lengthsy*!* and that o x¥2%'% A

Couette cell geometry was chosen with gap sizes of 0.5, 1.0 and 1.5 mm; the inner
cylinder had a 10 mm radius and was fixed, with the outer cylinder rotating at shear rate
of 50 to 300 set ** >3 The group wished to study previously s&8pretransitional
flow-induced fluctuational forces, and reported that steady state regimes occurring due to
the combination of these forces with viscous frictional forces could be observedayia x

scatering.

1.5.2 XSFA Investigations oEmecticBCB Under Mesoscale Confinement

Idziak et al* performed several synchrotrorray experiments with 8CB under
Omesoscal ed conf i nesethetrange df oaghly d.1¢o,Xnjvi t h gap s
using an xray Surface Forces Apparatus (XSFA). The mesoscale range is distinguished

by its spanning the gap between distinctly Hikke behaviour and distinctly well



confined behaviour. The XSFA allows scatteratigdies to be done at precise

separations°(1 A) over several orders of magnitude (from a few Angstroms up to 10

mm), and in the first tests two crossedhgh diameter cylindrical capillary tubes with 10

mm thick backsilvered mica sheets gld¢o themwere used as surfackstween which

the sample was placed. The cylinders were placetb4®e shear direction, and the gap
of~0.4mm**’was obtained by m&ings paternicreaed bylpassinge wt on 6
sodium light through the cylinders. The triangular shear profile was generated by a
piezoelectric bimorph lateral sliding device, and four shear rates were reported (0, 0.17,

10 and 30 séb. Three orientation directisrwere seen in each case, one with the

smectic director pointed towards the top surface, one towards the bottom, and one in the
direction of shear correspondi fsgeSeciont he 06bod
1.3.1) The latter had not been seeppously in large gap shear studies due to the large

energy penalty associated witfiit and was found to be made up not of a single-well

defined orientation, but rather a mosaic of discrete domains centered about the expected
peak. The 6bé orientation observed at zero

orientinginherent withthe loading of the sampfe.

Koltover and Idziak et & *°used a similar device for the next study of confined
8CB (this time not under shear), but two new types of surfaces werenusgdition to
the aforementioned capillary tubes: Both resembled the standard cylindrical lenses used
in SFA studies (20 mm diameter), but were made of aluminum and had a small (1 mm
diameter) hole drilled through the center (perpendicular to the baw&)ptarough which

x-rays could pass. The hole in one was covered with a glueesbaeted thin (56 mm
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thick) mica sheet, acting as a soft surface, while the other was first covered by a8hin (4
mm thick) glued quartz sheet, which was covered inwith a 35 mm thick glued mica

sheet, adhg together as a hard surface:

Cylindrical ~ Confined X-ray scatter
disc Sample pattern

- Iw .

Conical _
Cavity Thin, mica-
covered glass

Figure 1.25 Diagram of the XSFA sample setup. Adapted fridziak®"’.

With the soft surfaces the 8Glignment was continuous from gap sizes of 1 mm down

to 3-4 mm, but brokeup into multiple domains below this separation; trasisition, it

was reported, is reversible. With the hard surfaces, however, no transition was seen at
any point. The reasonrfthe difference, they propas$es that while the hard surfaces

can easily squeeze the 8CB out, the soft surfaces distort upon attempting to break up the
3 mm domains, in turn breakirthemupinto smaller and less oriented ones. Soft

surfaces were also seen to have considerably smaller mosaicitias (@mpared to 3.5

for hard surfaces), a result, they postudatd soft surfaces being able to adjust to
accommodate domain-mientationwhich in turn allows the domains to coalesce and

orient themselves optimally.



ldziak et al?” provided shear results on the same setup as above, with shear rates of
500 set and mesoscale gap sizes of @M. Equally strong sheamduced ordering and
alignment were found for both hard and soft surfaces, indicatingifiduced forces
dominate wer surface forces at the sheate used. The study reinforcéad notion that
confinementnduced and flowinduced structures are distinct from one another, in that

the former are static while the latter are not at equilibrium.

Koltover et af?° presentedurther results of 8® confinedby atomically smooth
surfacewith the XSFA. They comparedorcemeasurements (that is, measurements of
F/R as a function of gap size, whérés the normal force and is the radius of the
confining cylinders, based on experiments pioneereddim and Israelachvftt %9 of
the smectic and nematic states. In the nematiabgém sizes of 6 nm, the force sva
oscillatory with periodicity of 910 A, the approximate diagter of an 8CB diméf’. The
oscillations increagkbwith decreasing gagize, indicating the molecules mee
positionally ordereas layers within 2@0 A of the surfacé® and the last two layers
(corresponding to 17 A thickess) could not be removedhd& smectic measurements
were more difficult to obtain due to the high viscosity of the material causing a long
range force that obscured any squeezeforces above 35 A, but faint kinks with similar
periodicity to the nematic could be seen down to 25 A, below which flattenthg of

surfaces due to their slight elasticity obscured the results.

X-ray results of smectic 8CB in bulike confinement (between two crossed

cylinders) and confined to amdn gap showdsignificantly different peaks; in bulk, the
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peaks wee broad,indicating the domains we only slightly oriented with the cylinders
(possibly due to flow during loading) hie the confined material showstarppeaks,
indicating the material veawellaligned with the cylinder walls. -Xay results were also
shown of8CB confined to a Inm gap, comparing stationary diffraction patterns to those
obtained under 150 séshear rates. The stationary mosaicity was found te8be

while four minutes of shear produced a mosaicity of less tham 2ate which lasted for

hours after the shear was complete.

ldziak®'’ built on the previous studies by developing thea) Confinement Cell
(XCC)*? which uses capacitor feedback translation stages angregtsion optical
encoders to gauge gap sizes between two crossed cylinders identical to those used with
the XSFA. Xray experiments were performed at two gap sizesn®.and 5mm, at
various shear rates. The shear amplitude used for the former gap was, Hfsl for
the latter was 7.5m. For the larger confinement, at the higher shear rate (39 sec
reorientation towards the 6ab6é orientation wa
obtained, as indicated by the peak position, amplitude and mosaicity; wifhmriutes,
all three had reached asymptotic values. For the lower shear rate (0'D6 sec
reorientation was much slower, and an asymptote is not reached by any of the measured

parameters after 1200 seconds.
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Figure 1.26 Peak Position and Mosaic for cordsh8CB as a function of time for 5 um
gap size at various shear rates (shown in legend). Reproduced froni‘fdziak

Within thesmaler gap size, reorientation waelatively sbw at the higher shear rate
(24.8 set), with an asymptote reached in peak position after roughly 1000 seconds,
while for the lower shear rate (0.01 Spthe asymptote didot appear to have occurred

evenafter 6000 seconds.
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Figure 1.27. Peak Position and Mosaic for confined 8CB as a function of time for 0.5
Um gap size at various shear rates (shown in legend). Reproduced fromt(dziak

112



For both shear ratesiteresingly, the reorientation occurred discrete steps rather than
smoothly, as it had h the larger gap size, and it svéheorized that these steps are due
to domain reorientation. Furthermore, at the smaller gap size and at low shear, the
diffradion peak amplitude oscillatdtbm positive to negative with periodicity identical

to the shear period.
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Figure 1.28 Diffraction peak amplitude as a function of time for sheared 8CB for 0.5

nm gap size and 0.01 skshear rate. Reproduced from Niewand Idziak?®

This, they theorized, indicated that the scattering plareasgaillating as well, which

demonsrated thatlhe domainwe e bei ng gently Onocwesheagedd bacl
This behaviour waialso responsible fdine fluctuating intensities observeath the

larger gap at low shear, but whichsmaeaker due to the greater number of differently

oriented domais present in the-ray beam radius. The effect svaot seen at higher
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shear rates because it wobhlavebeenaveraged out over therlg (50 second) exposure

times®,

1.5.3 Later Shear Experiments with the SFA

Ruths, Steinberg and IsraelachVliperformed experiments that examined both
normal and frictional forces as well as the viscosity of nematic and smectic 8CB while
highly confined by two mica surfaces in the SFA. Surface roughness and hydrophobicity
were modified in order to study theirfedts on the resultant 8CB epitaxial ordering.
Both parallel and perpendicular alignments (with respect to thignaag surfaces) were
studied the former by using untreated surfaces, and the latter by using
dihexadecyldimethyl ammonium acetate (DHB/#and cadmium arachidate. It wa
known that DHDAA forms a looselgacked monolayer on mica surfaces, while
cadmium arachidate forms tightly packed monolayers. The group observed that ordering
occurs even without previously shearing or bringing the surfatesontact, as
evidenced by FECO discontinuities near to the point of closest approach. By bringing the
surfaces into contact or shearing the 8CB with large amplitudes (above 5000 nm), the
discontinuities gradually diminish and disappear, and this dooraformity remains
even after the external stimulus is removed, until the surfaces are separated enough (on
the order of microns) to allow randomly oriented domains to flow to the point of closest

approacfr™.

Forcemeasurements were performed on the samples of both orientations and both

nematic and smectic mes%wirka halscasestperiodicd i n g
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oscillations of amplitude near to the dimer length aftividepending on orientation)

were seen extending from the surface: For parallel orientation, the nematic and smectic
penetration depths were similar to those given by Koltover, while for the perpendicular

orientation, the DHDAA monolayer resulted in p&tion depths of 25 nm for the

nematic and considerably further for the smectic (an exact value is not given). The

cadmium arachidate monolayer led to penetration depths of at least 45 nm in the nematic

and at least as far again in the smectic. Fumbeg, the innermost layer of 8CB was

reduced in size from the approximately 31 A (or one dimer length)-252%,

attributable to the DHDAAOs | oosely packed n
the anchored layer of 8CB. This trait was not seexpe@ments performed with the

tightly packed cadmium arachid&te

The group alséound that the parallerienied 8CB exhibits peculiar anigopic
optical properties: the wavelength of the ordinary component of the FECO fringe doublet,
fbb varies with gap size as would an isotropi
compomenghi fits to | onger wavel engatetial mor e qui
The crossing period (that is, the range over whishifts to the same relative position
with respect td, as it had been to,.1) of this doublet splitting was found to occur over
a separation change of approximatelyrin®é. This differs withperpendicularlyoriented
8CB, which behaves as would an isotropic material in that-tpeéoublet splitting

decreases as the gap size is incréd3ed
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Experiments were performed wherein one surface was vertically oscillated and the
response of the other was measured, in order to gauge the radial viscosity. The parallel
orientation in this type of expeandnedho6 gi ves
Mi hsowi cz viscosities, while the perpendicul
viscosity. Israelachvili previously derived an equation describing the vischsity,

measured in such an experintént

_ . ) 1/2

kD €3A, 6 a
h=————ee >0 -1 (46)

12p Rnég A = ¥

wherek is the stiffness of the surface mount,is the average gap siZRjs the

hydrodynamic radiusyandA, are the applied frequency and amplitude of oscillations,

-1/2
. . 2p R 8aA, 5 P
andA is the amplitude of the response. Hence, by plot}éHﬁf]@l—'7 PAALE: S
k ~ A - N
g 7 - ¢
versusb one will obtain/™* from the slope. Ruths et al presented such plots for various
shear rates and found in each case that above a separation of approximately 300 nm the
relation was linear, while below that point the curve exhibits continuously changing
positive curvaturelt was also noted that the linear portion of the responses had

increasing slopes for increasing shear rates. Both situations indicate that vigcosity

increases witmandD, and hencéothare evidence of shear thinniy

The group’®notedthat the smectic form generally exhibited a viscosity an order of
magnitude larger than the nematic form, unlike what is typically seen in bulk, where
smectics and nematics have similar viscosities. They addhlseto increased coupling

of the surfaces, a result of the response being dependent on the bulk laystioerm
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modulus in the smectic mesophase, a phenomenon repéstdry Okano and
Yamamotd** 3% The modulus reduces the amount of permeation that occurs between
layers, leading to strongeoupling between the surfacdesthe smectic than in the

nematic, and, they assed the longrange force reported in smectics by Koltd&r
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Figure 1.29 Viscosity curves for nematic and smectic paradieénted 8CB for various
shear rates (Nematig: = 0.05 sec * [closed circles]y = 0.1sec™* [open circles];

n = 0.2 sec " [filled diamonds]. Smectic:n = 0.1sec” ' [Open squares}; = 0.2 sec”
[closed squares]). Reproduced from Ruthst.al

1

Lateral fiction expeiments were also performed by Ruths &t°alThese eperiments
were performed on paralleriented two monolayer thick nematic and smectic 8CB
sydems at various speeds and loads, and it was found that the friction force measured in
the smectic system was invariably much smaller than in the nematic (

° 0.21- 0.24, while m °© 0.08-0.09) , a result of the smect

nematic smectic

ordering kading directly to a moreuid system. The force decreaseith shear speed,

which they attributd to the molecules not having enough time to relax to an entangled



state during the sheagignificant friction forces were also observed even with no load

applied, as seen below in Figure 1.30:

? T T I I T | 1 ¥ T I

Friction Force, F (mN)
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o 4 8 12 16 20

Load, L (mN)

Figure 1.3Q Friction force as a function of load fperpendiculdy-oriented smectic
8CB confined to 2.2 nm, sheared at 60 nm/sec. Reproduced from Rutii3 et al

Experiments performed on thin layers {22 A thick) of perpendicularkpriented 8CB
revealed that such an orientation leads to deformation of the surfaces if oriented with

DHDAA ( me° 0.6), and stickslip motion if oriented with cadmium arachidate { 0.1).

Herke, Clark and Handscfy **’performed dynamic surfaderce measurements on
homeotropicallyalignedsmecticA 8CB to study its response to laysyrmal stress using
a surface forces apparatus modified to include capacitance micrometry and electronic
detction to improve on normal force measurent&htsCompressive and dilatory force
measurements were performed in increments ofglrim at initial separations ofrdn
and 1.4nm, respectively, and an incremental response was obséandezhting the 8CB

stiffness wa at least an order of magnitude larger than the spring mount used. By
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a 2 B
calculating the effective spring constant of the samplg,= 2pRB In 4 + Lo o where
c 2RD , +

B is the average bulk compressibility of the 8CRaxis the effective radiusyis the
radius d the cylindrical surfaces arid, is the jumpin distance, they were able to
estimate the effective radius as being on the order afrbth order to generate such a

large spring constatft" >

Herke et a*® **"also studied the phenomenon of plastic flow in the normal direction
where, when the force on the sample exedadcetain point, it momentarily stopped
resising to its full extent and fetib a new level of rediiwe force. The response leeva
sigmoidal with respect to time, and waften preceded by what the authorsechdl
6foreshockd event: a small pertur batée on i n t
drop, which, while it dichot seem to be the caudelve dropimmediately precedeit
The drops were usually found to be equivalent to the thickness of a single monolayer of
8CB (although several multilayer events were seen as well, especially at smaller gap
sizes), indicating it is analogous to the squemteefiects first documented at much

f.29

smaller separations by Horn and Israelachvili®81 ", and the force needed to cause

the plastic flow was similarly found to increase witlt@asinggap size asvell*? 32
Simulations of the various possible defects evolving with stress were performed, and the
GlabersorClemOswaldKIéman helical instability of screw dislocations model was

found to be in best agreement with the data obtained. The model, first proposed in 1974
by Glaberson in describing flow in superfluid vortex lines in liquid Helium Il aret iat

1977 by Clem in describing vortex flux lines in type 1l supercondutfors’ was

applied to smectid systems in 1984 by Oswald and Klérf&n It had been shan
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previously that a screw dislocation evolves into a helical structure with the addition of a
compression or dilatation force in order to remove or add layers of material, a unique

property of layered systems where the energy cost in doing so°f&.low

Artsyukhovich et df° perfomed shear experiments on thinner layemnseshatic8CB
at 23°C, compressing the mica surfaces as much as reasonably possible and finding only a
single momwlayer (10.2 A thick) of materiakmaining between them (determined
optically via FECO) before applyg the constant velocity shear (with shear rate
approximately 300 sécand period of 10 sec) at both high and low loads (controlled by a
homogeneous magnetic field combined with a magnet affixed to double cantilever
springs beneath the lower surface, mgelesigned by Christenson and Salmeron’ét al
334 For all loads, the response behaved linearly up to a critical defiettiohich point
under low loads (.5 MPa) a single small decrease in frictional force followed by
continuous slipping was observed, while at higher loads2Z.81Pa) repeated stie}ip

behaviour occurred until transitioning into continuous slip betey
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Figure 1.31 Monolayer 8CBSFA shear response data. (Left) Low load response as a

function of time. kand F refer to static and sliding friction, respectively. (Right) High
load response as a function of receiver bimorph displacement, showing the various
O0Transition@lprefers

observed

behavi

our s.

regime and contimus slip regime. Reproduced from Artsyukhovith

Differences between these low load results and those obtained under similar conditions

by Ruths et &> were explained as being due to differences in sample preparation and

maintenance of thsample during experimentation. Specifically,slp i t e urglngt h s 6

of the SFA with dry nitrogen to absorb residual water vapour, Artsyukhovich claimed the

method would not keep the sample completely dry, leading to their observed liquidlike

response.

Artsyukhovichos

group

ree pt

molecular sieve, and so, they claim, observdistinctly nonliquidlike respons€®.

ArtsyukhovicH*°also found that while the first cycle exhibited viscous traits,

t

he

subsequent cycles exhibited more solidlike traits. Shear experiments performed parallel

to the molecular axis were found to have differ@rtical shear stress levels (0.28 MPa at

low load and 0.6 MPa at high load) than those performed perpendicular to the molecular

axis (0.42 MPa at low load and 1.2 MPa at high load), demonstrating the anisitropy

frictional properties. It wasuggestethat the increasing critical shear stress observed
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with increasing load malyavebeendue to an increasing pressuneuced dissociation of
the 8CB dimer, leading to chemisorption of the 8CB with the mica surface and hence a

different surface8CB interactn'>°.
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Chapter 2

The Surface Forces Apparatus

The majority of results presented in this thesis were performed on the Surface Forces
Apparatus (SFA).For this reason it is worth understanding the device in some detail, and
the following chapter breaks the device down into its components to discuss each part
individually. The SFA chamber and base are discussed first (Section 2.1.1), followed by
the optts stand, which guides the light to the spectrometer (Section 2.1.2), the various
micrometers, with which the level of confinement can be obtained (Section 2.1.3), the
Forcemeasuring spring and piezo mount, which allow vertical forces to be determined
precisely (Section 2.1.4), the bimorphs, which direct the bottom surface in various ways
(Section 2.1.5), and the Friction Device, which allows horizontal forces to be measured

precisely (Section 2.1.6).

Most SFAOGs ar e c on tsumpliedbytde manufactueer, whawhis r o | par
connected to the SFA and its electronic equipment via several c&ulelk a setup is
impractical for tests that require lotgrm thermal stability, since the operator must, from
time to time, be in the room with thé-& in order to run experiment8ecause the
confining surfaces are very delicate and typically only last a few weeks at most before
degrading to the point where they are unusable, it is desirable to maximize the amount of
time they can be used for testiagd hence minimize the amount of user interference,
which inevitably result in large thermal fluctuations that take hours to stabilize. For this

reason the SFA has been fully automated and hence can be sealed off for weeks or
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months at a time while beirgpntrolled outside the room via a desktop PC fitted with a
National Instrument data acquisition caSection 2.2and Sections 2.4-2.4.5 discuss

the electrical connections that were necessary to create such an automated system.
Section 2.3 developsearequations that were used to calculate the gap sizes using the

threefilm interference relations that describe the optical path within the gap.

A calculation of the gap sizman typically take several minutes, as fringes of equal
chromatic order (FECQjust becounted and their wavelengths measured. This can be
disadvantageous for experiments in whicte must begin as quickly as possible after
setting the positions of th@wefining surfaces. For the results presented Iielteyving
each shear test the sample was agitated to remove any prieirghesd domain
ordering. To begin each subsequent shear test with a consistent degreeagitatish
ordering, a method ofaéculating the gap size semmutomatically following the surface
positioning was developed. Section 2.4.6 describes the methodology behind this novel

preparation technique.
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2.1 Overview

The Surface Forces Apparatus (SFA), developed by D. Tabor, R. Winterton and J.
Israelachvili, has been used to investigate molecular, sustatace and surfae@edium
interactions since its creation in 1§72 It distinguishs itself from other nanoscale
measurement instruments, the Atomic Force Microscope (AFM) for example, by its
ability to measure, over several orders of magnitude of distance (from Angstrom level up
to tens or hundred of microns), the forces between twacs rather than between

surface and tip.

|

)

.
.y
L &
0

3

g S |

N
”-

~

I,

-
'l
—
-
g

Figure 2.1: The SFA in its standarcbnfiguration
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This complex instrument (a picture of which is shown above in F@arand a diagram

of which follows below in Figur@.2) is made umf several components, each of which

warrants a separate discussion, following below.

SPECtomtr 3 s iferea
Camera ' '
J Prism (I\l/élotorlzed) e (Motorized)

J \
‘ffE:H ——————————— - < Manual
.) " - j Micrometer
Piezo— ﬂ
Mount

FECO Crossed |

Fringes  cviind _4
ylinaers /

N
Force Springs/ \ N

\\ 0 2™ Heaters

Main Stage

N e i Maln
( A | ‘ Chamber Pivot Point

Stage Fixed to Top of

S|
White Light e M?;ror Chamber (Green Arrows)
Source Collimating

Lens

Figure 2.2: A diagramof the SFA and the light path from source to spectrometer

2.1.1 The SFA ChambeBase and Legs

SFA experiments take place within the M@hamber, a roughly cuboidal space

3 32 10cm in size centered within the SFA body proper. The front of the chamber is
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accessible by a front plate that screws into the rest of the SFA, creating digtigkal.

There are several entry and exit partsviding access to the SFghamber even while

the front plate is in place: A Vapour Pressure Port, within which a plug recessed to
contain a vapour bath can be inserted; an electric port through which various wires (most
commonly those associated with thienorph mounts) may be inserted; an air hole
positioned near the surfaces through which screwdrivers and other tools may be passed to
manipulate the surfaces and mouatsga liquid port used to fill the chamber or to purge

it with inert gas (typically dy nitrogen). A small circular window in the bottom of the
chamber directly beneath the surfaces allows white light to pass into the chamber, and a
large port at the top allows the top mount to be secured to the SFA and the light to exit
the chamber. Twholes at the top allow the micrometers to be secured to the SFA as
well. Two cylindrical holes running beneath and parallel to (but separate from) the
length of the chamber allow for the insertion of two sniijtyng heaters to alter and

maintain theemperature within the chamber. The SFA body can be attached to a solid
plate (the Base) which in turn can be attached to three adjustabledecmn set the

height of the SFA so that the exit prism is at the same height as the spectrometer.

2.1.2 Optics Stand

The optics standds primary purpose is to f
pattern from the SFA and towards the spectrometer. It does this by the use of an optics
tube which sits recessed irgiiherthe friction device or piezo moufwhichever is used
to hold the upper surface) so that the objective lens can leetoltise surfaces but still

independentrom it and adjustable in all directions. At the top of the tube sits a prism



which redirects the interference pattern from theie@rto horizontal direction (i.e. along
the spectrometerdés di ffr acahdiswiveltabld, gving ) ; t he
the prism two more degrees of freedom to improve the precision of the light path. The
table is connected to a stepper anpas is the vertical fine adjustment of the optics arm,

so they can be used remotely using the control box or by computer (both can also easily
be adjusted manually as well). The entire optics tubeatiti swiveltable and motor

casing is connected the stand via a rotation clamp, allowing the entire arm to be
swiveled away from the SFA to all for easier access inspect the surfac€s order,

for example, to locathl e wt o n 6 and, Rence,dhs point of closest approach of the
confining surfaeg and to load the upper mount. The entire stand is clamped firmly to
the floating table surface to ensure that the prism resmaationless to avoid blurring of

the FECO pattern.

2.1.3 Differential and Fine Micrometers

The SFA is usually equippeudth three micrometers, with each having its own range
and turn/deflection ratios. In the standardwggtthe differential micrometer is manually
controlled and is comprised of the coarse and medium micrometers, the former with a
positioning accuracy d200 nm and the latter with a positioning accuracy of 50 nm. The
deflection is obtained by the shaft pushingloret | ower mountdés pivot st
affixed a sapphire disk to protect both the mount and the micrometer). By pushing the
pivot stage dwnward and creating an angtg between its original and new position

(with the pivot point as the center dittraceebut circled see Figure 2)3 the lower
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mount will deflect in the normal direction an amougt whereL is the length between

the pivot point and the surfaces.

Fine Micrometer

Differential
Micrometer

Bending Mode

D

Buckling Mode

Figure 2.3 Bending and buckling modes implemented by the differential and fine
micrometers, respectively. The lower mount depicted is the foeasuring Spring
mount, described in the sectibalow, although the bending and buckling principles
apply equally well to the Bimorph mountblere 2D and G refer to the deflection in the
lower mount. Adapted from Israelachvifi®.

The fine micrometer, conversely, is metamtolled, pushing against a pivot stage
closer to the pivot point of the lower mount. Unlike the differential micrometer, then, the
deflection caused by the fine micrometer occurs as a result of buckling of the cantilever

spring on the stage while the rg@vot stage remains in contact with the differential

micrometer, leading to a deflectidn, that translates to a rougtyp deflection in the
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surfaces. The fine micrometer has a spring in place between the pivot stage and the
micrometer shaft, and so thatio of turns/deflection can be adjusted for it by swapping
one spring for one of different stiffness. By this method the surfaces can be deflected

with a positioning accuracy of approximately 2 A over a range of 8*fnm

The fine micrometer stepper motor allows the user to control the amount of surface
deflection by way of the Control Box, resulting in the considerable accuracy mentioned
above. To protect both the micrometer and the lower mount, limit switchesdawe tad
the stepper motor preventing the micrometemftarning beyond limits impesl by the
user. The limit switches, each made up of a small strip of metal, are triggered by a single
prong that sits between themmum and maximum range pointshd& strps slide on a
track along the length of the micrometer casing so that they can be set by the user, and if
the strips are pressed beyond a critical point by the prong during operation they trigger,
interrupting thestepper motor circuit and therebtpppingthe micrometer from moving
any further. The Friction Device described below has a similar stepper motor system,

completewith limit switches, to those that have bekscribed here.

In theexperiments presented in this thesis, thditronal micreneter and DG@notor
setup has been altered in order to be able to perform experiments remotely for extended
periods. The first and most noteworthy adjustment entails removing the stepper motor
from the Friction Device and affixing it to the differential micrometehe Teason for
this is to provide the user with as much variability in deflecting the bottom surface (and

hence adjusting the gap size) as possible. To accomplish this, two couplers were
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designed and manufacturedino u s e, t o0 ¢ 0 n n e céxcdugleeto athee pper mi
the head of the coarse micrometer (a stainless steel cylindrical cap approximately

in height andLO mm in diameter) or to the fluted handle of the medium micrometer

(which has no cap to it, as it sits at the bottom of the diffedemicrometer). The

stepper motor sits above the differential micrometer in both configurations, connected by

the coupler, and is attached to the floating table as well via a clamped retort stand in order

to provide a fixed reference point byieh it can turn Both connectors were made from

alumi num, with one end connected to the f1l ex
and with the other end connected to the differential micrometer by a set screw within the

coupler itself. A schematic of the ntbfied SFA setup is given below in Figure 2.4:
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Figure 2.4: Schematic of the Differential Micrometer couplers and stepper motor limit
switches.
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With the differential micrometer only providing either medium or large deflections of
the lower surfae, the poblem arises as to how to fitene the gap size quickly and
relatively accurately at the separations used in the set of expesipresented. In the
standardsetup the fine micrometer can only adjust separations fairly slowly and with
more acctacy than is needed at 500 or 5000 nm separations, and so a stiffer spring was
inserted to give a more rapid determination of separation over a larger total range, at the
expense of a slight decrease in accuracy (which would not likely be noticed at the

separations used)A sketch of this change is presented in Figure 2.5:

<— To Encoders

0

Output cables ’ Differential micrometer

Stepper motors

e < Motor/
Limit Switch - Micrometer
Friction Device Adapter
Fixed
StTi
) !

= =
\ Light spring |
‘ L ‘ Strain gauge J ‘ Heavier springJ ’

Figure 2.5 Conversion from the standard SFA setup to the remote operation setup.

2.1.4 Forcemeasuring Spring and Piezo Mount

The simplest option for holding the lower diskpiace is the forceneasuring spring,

which, after having been calibrated and instalfethe SFA (see the discussion of SFA
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calibration in ®ction3.1.1), will deflect normal loads exerted by the top surface and
hence (since the stiffness of the mourkriswn) will give the normal force transferred

through the sample.

Fixed . Piezo
to SFA Mount
D ) ‘ Surfaces Fixed to SFA
; Db
1 Q
Confined
Fluid 10

e
T
(651

F, =k(D- D"

Cantilever Spring _ T
(Stiffnessk) Pivot Stage

Figure 2.6. Forcemeasuring Spring and Piezo Mount performing a normal force test.

The stiffness of the cantilever spring to which the lower mount is attached can be varied

over more than four orders of magni-tude due
beryllium composition. The Piezo Mount, holding the upper surface, is typitsstyin

conjunction with the Foreemeasuring Spring to perform normal force measurements. It

consists of #ZT-5A piezoelectric tube that is clamped by a butterfly ring to the top

aperture of the SFA, allowing the tube itself lateral adjustment andorotatalign the

surfaces as desired. The mount consists of two parts: The top cylindrical stainless steel
chambeywhich holds the piezo controls, and the bottom (separated from the top by a

watertight Teflon bellows)another stainless steel piece whasttends into the SFA

Chamber and holds the surface disk in place. The Piezo Mount has a positioning
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accuracy of less than one Angstrom, making it more accurate than the aforementioned
micrometerd®. A typical forcemeasurement experiment involves adjusting the
separation by a known amouBX, using the calibrated piezoelectric crystal, and then
measuring the amount the sep@amabetween the surfaces has chang@edby noting the
FECO positions before and after the shift. Since the stiffness of the cantilever spring is
known, the change in force between the initial and final positlgsan be determined

usi ng Ho ork es- pb)Hw:

2.1.5 Bimorph G@mponents

There are two bimorph mounts typically used with an SFA: The Bimorph Slider and
theBimorph Vibrator. While the Bimorph Slider was used exclusively for the
experiments presented in this thesis, both devices will be discussed here. The
piezoelectric bimorphs used with the Slider consist of two thin, parallel sectored sheets
set up in a duble cantilever geometry; the bimorphs were obtained from Morgan
Technical Ceramics (formerly Morgan Matroc). The sheets consist of two flexible
piezoelectric ceramic elements glued to a central metal (or similarly conducting material)
sheet, or vane, Wi each element glued with reverse polarization to the other, so that
should an electric field be present, one of the sheets will expand and the other will
contract. Since they are fixed together, this collective action will result in a net lateral

displacementAg, as shown in Figure 2.7
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Sector Break

Figure 2.7: Schematic of the Bimorph Slider (Top ViewAdapted from Luengo et &F.

The outer portion of the bimorph is covered in a protective conducting coating which will

provide a surface to which electrical connedioan be attached. On its own, an applied

voltage will create a pure bending motion in a bimorph coupler as desg@iiove.

Sectoring the bimorpldsby scraping a small strip of the coating in the middle of the

bimorph pair and reversing the wiring on the inner and outer sheets, thereby splitting the

voltage between the two sectdrsauses the two sectors to bend inagie directions,

creaing a nedy linear (lateral) displacement. The field is provided by a voltage applied

via wires at the back of the device, and can be either a dc offset or a more complex

driving pattern chosen by the user when connected to adorg#nerator. Surforce
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Corporation, the maker of the SFA used in these experiments, recommends the bimorph
move with constant speed for best results, which is equivalent to a triangular voltage
profile. Triangular voltage profiles were used for all steegoeriments presented in this
thesis. The resonant frequency of the bimorphs, while it will vary depending on the
number and length of the sheets used, is typically on the order of 250 Hz, and so periodic
functions up to that frequency can be used itwedthe Slider (Surforce Corporation
recommends no higher than 200 Hz be &&pdFor potentials below 100 V the bending

of the bimorphs is linear with voltage, and the maximum lateral displacement allowable

is 1 mme.

The stiffness of theimorph varies proportionally to the inverse cube of its active
length (that is, the length between the clamps fixing the sheets in place) and to the square
of the maximum lateral displacement of the surface. The stiffness of the cantilever spring
holdingthe surface mount was reinforcedhause using a 3 mm thick stainless steel
block screwed into the frame in order to increase the overall stiffness and thereby reduce
possible vibrations in the experiments described in this dissertation. The pie&oelectr
effect can also work in reverse, so that a deflection to the bimorph (generated, for
example, by a mechanical stress) will produce a voltage across the electrodes which can
be measured; hence, the Bimorph Slider can also work as a force sensor, dtihthuagh

experiments described in this thesis this particular application was not used.

The Bimorph Vibrator performs a function similar to the Bimorph Slider in that it

provides a dynamic motion for the bottom surface, but while the Slider mogesligt



the Vibrator moves exclusively in the vertical direction. As a result, while the sample
experiences ahearflow with the Slider, it will experience squeezéow with the
Vibrator. Despite this difference, both systems will give rise to singitprations of

motiorts’.

Pivot Stages

Fixed to SFA

Deflection Stage

B l

Disk Deflection Coaxial Cable
AB

Figure 2.8 Schematic of the Bimorph VibratoAdapted from Israelachvif{®.

Bimorph Vibrators are generally used to perform oscillatory experiments, and the
response is usually measured either by monitoring the FECO response with 4tathera
or by using a lockn amplifier to measure the amplitude and phase of the input signal
with respect to the output sighl The Bimorph Vibrator \&s not used for any of the

experiments discussed in this dissertation.

2.1.6 Friction Device

The Friction Device, usually used in tandem with the either the foeasuring
Spring mount or the Bimorph Slider during oscillatory shear experimentsistonf top

and bottom sections, the former consisting of the electronics protected by a cylindrical
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stainless steel housing, and the latter consisting of an interchangeable friction barrel, to
which friction springs are attached. The friction springsirn hold the disk mount plate

to which the top disk is affixed.

. To Spectrometer
Optics Tube __ T P

(Optics Stand)

<— Housing

Four-pin
Connector
<— Friction Barrel
Objective Lens
ti tan [
(Optics Stand) | | - I <— Strain Gauges

<— Disk

Incoming Light ——

Figure 2.9 Schematic of the Friction Device, with the Optics Tube of the Optics Stand

in place. Adapted from Ishraelachvift®

The friction springs contain stragauges, which can be of two different types: Resistive,
which are less sensitive but sturdy (obtained from Vishay Measurement Group), and
semiconductor, which are more sensitive but also more fragile than their resistive
counterparts (obtained from Miardnstruments). The strain gauges are set up in a
Wheatstone bridge configuration to improve their sensitivity. Strain gauge materials vary
in resistance as strain is applied to them, resulting in a bridge imbalance represented by

the strain sensitivitjormula®**:
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(1)

Re

whereR s the resistance of the unstrained materaljs the resistance of the material

undergoing straineis the strain on the gauge agdhe strain sensitivity factor (also

known asthe Gaugeact or ), i s a dimensionless quantit:
response to applied strain. A deflection of the friction springs will result in a small bridge

voltage imbalance that is produced as an output votgggyen by (for the Waatstone
bridgeconfiguration§*:

_ Sev,

(2)

4
whereVs is the bridge voltage pplied by the signal conditioningreplifier. The

resultant signias read and amplified by the signal conditionimgpdifier, and then

passed either directly to the connector bltarkd hence the DAQ card in the computer)

or to the lockin amplifier, where the signal is further processed. In this way the Friction
Device can be used as a receiver for shearing motions generated, say, byotipé Bim

Slider, as shown in Figure 2.10:
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Figure 2.10Q Bimorgh Slider working in conjunction with the Friction Deviokdapted
from Israelachviff*®,

Alternatively the Friction Device can be used to generate shear motion which can be
monitored using, for example, the Bimorghder (see 8ction2.1.5 for details on how

the dider can be used as a receiver). It achielisshty the addition of a D@otor
systemwith encodesimilar to theone described above (see Section 2.Wldch, by
inputting the appropriate signal, caengrate custom oscillatory shear patterns via the
micrometer attached to tlmotor, which presses against the translation stage contained

within the top section.

Equations of motion can be developed for the Bimorph Slider and Friction Device
systemby assuming an effective mass,and stiffness, for both components (where a
B subscript stands for Bimorph and SG stands for Strain Gauge). Each component will,
at any given time, have a lateral position, x, velocityand acceleration#, and the

shear will produce a friction forcéy, where v is the relative velocity, - %, andkis
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the damping coefficient of the sample, as well as a damping force on each component.
The bimorphwill provide an external forcE, so that the equations of motitor the

bimorph and strain gauge components, coupled by the sample connectingithem,

be®3%:

Mok + K xg + ko # + k(% - # )= F (€)

and

Moo ey + Koo Xog *+ koo W = h(Hyg - %o ) =0 4)
Rest Frame

W Msg
F W

kSG
» |
F=Fe 1]
mB
11— kB

Figure 2.11 Schematic of the Friction Device (with Strain Gauge) and Bimorph Slider
showing the various parameters used to set up the equations of motion for the system.
Adapted from Luengo et &F.

In most cases both the mass terms and component damping terms are negligible when
compared to the other terms (although they may become a factor if oscillations are near
to the resonant fregency of the Slider or Friction Device). Furthermore, since both the

right-hand term and the spridifse term inEquation (3 are much greater than the liqu

damping term in general, Equations (3) andrétluce t3**
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X, = — = 0 (5)
KB KB
and
# - #
o = AV Xee) ®
K

where, in the rightmst term of (5 one assumes an oscillatory driving force with

frequencyf = w/2p and amplitudd=o, providing a bimorph deflection amplitude of
A, = F,/K, . This demonstrates that the shear created by the Bimorph Slider manifests

itself on the Friction Device by way of the friction force of the fluid, leading to deflection
in the friction @rings. Substituting Equation (5) into Equatiof if6turn leads to (with
some further derivatiofj>

F,exp li(wt + )]

Xee = = Agg exp [i(wt + 7] (")
Kol )l e
a- K. 8 : . .
wheref = tan *&—=¢3. The above treatment has assumed a simple fluid, but quite
¢ w k -

often a sample may exhibit viscoelastic propertiectiill alter Equations (3) and X4

by the additon of an elastic component (assuming linear viscoelasticity), which will give
rise to a complex viscoelasticity,= #i- in i, and complex shear modulus,= G i+ iGii

, With components:

K, Asin f Gii

hie WW[A - (2Acosf - 1) w (®)
and
i = KSG(Acosf-l) :E )

) wW[A? - (2Acosf - 1)) w
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where Wis a generalized surface geometry parameter andh® isatio of amplitudes for
Bimorph and Friction Devicea = A, /A, The real viscosity component represents the
viscosity which is in phase with the rate of strain while the complex component
represents that which is 9phase lagged to the ratéstrain. The real component of

shear modulus represents the energy stored elastically in the sample while the complex

component represents the energy lost per cycle due to viscous disdfpation
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2.2 SFA Control and Automation

2.2.1 Control Panel

Several of the components of the SFA can be controlled by a control panel provided

by Surforce Corporation:

)

ii)

Vi)

Both theprism swivel table and the optics arm can be controlled by the panel,
the latter up and down to allow the objective lens to focus on the surfaces;
The heaters mentioned 8gction2.1.1can be controlled via a knob on the
control panel;

Both stepper motor@raditionally for the Friction Device and the Fine
Micrometer) can be controlled separately by the panel. The micrometer shaft
can be moved in or out at a rate adjustable by an analogue controller on the
panel;

The Piezo Mount can be set to a DC offsesition or seto an AC oscillatory
patternand controlled externally

The Bimorph Slider and Wrator can both be controllédth bythe control

panel ancexternallyvia AC oscillatory patterns

Lights on the panel can also be turned on and off by &lswn the panel to
illuminate it during experiments under poorly lit conditions (e.g. while

optimizing FECO).

2.2.2 Electrical Connections

Because many of the cables leading to the control panel are only long enough to have

it a few feet away fronthe SFA, most of the cables were extended to allow for more
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mobility. Because the controls dono6t offer
experiments presented in this thggibich require the ability to control the SFA whilst

outside the SFA room, gbat the thermal equilibrium is not disturbethe panel was

bypassed by developing software to emulate it on a desktop computer with the

appropriate encoder and DalEW cards installed. The S&D 096 contra(described

below in &ction2.4) was alsalesigned to allow the user to switch between the control

panel and the computer for any or all of the controls described above. The overall setup
showing the flow of information tthe SFA is given in Figure 2.1@%hile the setup

showing the flow of infamation fromthe SFA is given in Figure 2.13
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Figure 2.12 Schematic of the SFA setup showing information flow to the SFA.
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Figure 2.13 Schematic of the SFA setup showing information flow from the SFA.
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2.3 Calculation of Gap Sizand Optical Properties Using the SFA

2.3.1 A Simple Solution to the Threleayer Symmetric Interferometélsing FECO

Very accurate calculations of a sampl edbds i

point of closest approach can be made in siith the SFA by using the principles of
interferometry specifically, the interference pattern known as Fringes of Equal
Chromatic Order, or FECOWith identically thick and flat mica sheets on either side of a
sample, and each mica sheet coated wittirareflective layer of silver (55 nm thickness
is considered optimal, corresponding to approximately 95% refleéf)ityhe system

may be considered a thrékn interferometer, as shown in Figure 2.14
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Figure 2.14: Diagram of the lens and sample configuration within the SFA

A derivation of the interference equation follows, using the method developed by Horn

and Smithi?who f ol l ow I srael a®hvilios earlier
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A schematic for a threlayer system is given below, with central (sample) layer of
thicknes<D (in the case of crossed cylindrical geometry this would represent the point of

closest approach between the cylinders) and index of refinagi and outer layers

(mica) of equal thickness = v, = v, and index of refractioms,
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Figure 2.15 Schematic of the thrdayer interferometer typically used in the SFA setup.

A thin transparent epoxy layer holds the mica to the disk substrate, with/mpdébsing
the matching rules for electric fields at optical interfaces, the three layer system (mica

samplemica) yields the following set of equations for normal inciderittlig
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iv) Gexpl[-ikm (Y, +D)]=-r_Fexplikm(y,+D)]+t_Nexp[-ikm (Y,+D)g (10)
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v) M explikm, (Y, + D) =—"-Fexp[ikm (Y, + D) +r, Nexp[- ikm (Y, + D)
M

2

vi) Nexp[- km (Y, +Y,+D)]=r

- =

M exp[ikm (Y, +Y, + D)]

m

<o -

vi ) W exp[ikm, (Y, +Y,+ D)=t M explikm_ (Y, +Y, + D)

Where subscriptamandmsrepresent the aimica and micasample interfaces on the
entrance side of the system, and the reverse subscripts represent the same interfaces on

the exit side of the system. as given inabeve schematicVariables andt are the

- . - - am - m 0
coefficients of reflection and transmission; specifically= ° £———=¢ and
¢ Moy + M =

ml

s am. ,- mo6 . - . . . L
o = ° &8 (with the positive sign representing light passing into the sample

(;mm2+ms+

layer and the negative sign representing light passing from the sample layer), while

2m 2m . . T .
t =—"m  andt_ = —"2_ 33 gybscripts relating to the indices of refraction,
mml + ms mmz + ms

mlandm2 represent the mica sheet on the entrance and exit side, respectively, while

M. = and M , = Tz VariablesA, C, D, F, G, M, N andWrepresent the wave

1
mS mS

amplitudes at various stages in the system as shown in the above diagr&misahe

medi umés wavenumber (wimdbd sbkbsoedpum. i dentif
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Solving the above seven equations for the eight unknown deetBcyields the

fOIIOWing335, 342, 344

W t ottt

_ am ma sm ms (11)
A M .s

where:

s =explik (m, - m )Y ]explik (m, - m,)Y,]lexp[ik (m, - m)D]¢

C{[l h rerameZIkmle ][l - rsm rmanIkmmZY2 ] - eZIkmSD [rms - ram eZIkmMIYl ][rsm - rmBEZIkmmzyz ]}
The above equation can be simplified somewhat (Horn solves the genetH edsie
Hunter et al andsraelachvili provide the simplified versith **j by the assumption that

the mica surfaces are the same thicknadsradex of refraction (so that = v, = v, and

m_=m_ = m_,, Which leads to the additional simplificationof r__ =r_,

m ml s sm

t=t =t andM =m A =M ,) along with the assumption that the silver suriace

S

100% reflective (sothat, =r__ ° 1 andt, =t ° 0) which means reduces to:

s =exp[2ik (m, - m_)Y]exp [ik (m, - mS)D]{[l- r exp (2ik m Y)]* - exp (2ik m.D)[r - exp (2ikmmY)]2}

Provisions are made during the surface preparation stage to ensure that the above
conditions are satisfie@ee ®ction3.2for more information). It should be noted that
the transmitted amplitud®y, can only be finite for the silvered surface case (

r.,=r.,°1andt,_=t_ ° 0 asassumed above) wherr o (in which case the

am

approximate} zero values for the numerator and denominat@&quation (11) balance
onearother) which corresponds to the constructive interference condition. Since this is

onlytruewhens6 s braced term i s zero, we have:
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[1- r exp (2ik mmY)]2 = exp (2ik m.D )[r - exp (2ik mmY)]2

which, after takinghe square root of both sides, simplifies to:
1- rexp (2ikm Y) =< exp (ikmD)[r - exp (2ik m_Y)]

And with some further rearrangement:

1- rexp (2ik mmY)
r- exp (2ikm Y)

° exp (kmD) =

And, by usi ngexpEx#$oestxPrssin(k)l ati on (

1- r[cos(2km, Y )+ isin (2km_ Y]

" leos(km,D) +isin (km,D )] = r - [cos(2km, Y )+ isin (2km, Y]

(12)

Before continuing, it is wise to sinify the complex term on the right by multiplying it
by the complex conjugate of the denominator to isolate complex components to the

numerator:

ér - cos(2km_ Y )+isin(2km_ Y )Q
° [cos(km,D)+isin (km,D)] = (2km,Y) (2km, )UO
i r- cos(2km, Y )+isin (2km,Y)y

81- r[cos(2km_Y)+isin (2km, Y )]0

i r- cos(2km,Y)- isin(2km,Y) 3
° [cos(km,D )+ isin (km,D)] =

2r - r*cos(2km_Y)- ir *sin (2km_Y)- cos(2km, Y )+ isin (2km_Y)

1- 2rcos(2km, Y )+r?
By taking the imaginary and real components of both sides of the above, one obtains the
following two equations:

- r?sin (2km_Y )+ sin (2km_Y)

° sin (km,D) = for the imaginary part, and;

2

1- 2rcos(2km Y )+r

2r - r?cos(2km_Y)- cos(2km_Y
(2km,Y) (2km,Y) for the real part.

° cos(km,D) = -
1- 2rcos(2km Y)+r
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Dividing the imaginary component by the real component simplifies the relation

somewhat:

- r*sin (2km,_ Y )+ sin (2km_Y)

tan (km,D) = -
2r - r”cos(2km_Y)- cos(2km_ Y)

(1- r?)sin (2km_Y)

tan (km.D ) =
(km.0) 2r - (L+r?)cos(2km_Y)

13

One can render the above equation more u@il an experimentagoint of viewby
converting the mica thickness (which often i
wavelengths by noting that when the gap dixéand hence the left hand side of

Equation (13))is zerothe sine term on the right hand side must also be zey¢ralte
thatr? | 1 generally)and therefore

2k,mY =np (14
wherek is angular wavelength of transmitted lightahtact(k, = 2p//°). Hence:
2m Y =np/k, =n/°/2

If the mica surfaces are separated to a gap siZesuf thatk = 2p// , the new

interference condition must then be:

an/° 632p 6
2km Y = (2m Y)(k) = 80— g
2 %, 2
¢ Y
& /, -10 & D/, 0
2km,Y =npd - —0=npg - -9 (15
¢ o= ¢ Tas

Recalling that Equation ()%epresents the angle imettrigonometric functions of

Equation (13 and noting thatin (np - ¢) = (- 1)"" sin ¢ while cos(np - ¢) = (- 1)" cos g
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for positive integer values of Equation (13 can then be simplified using the four

possible simplifications (i.e. odd and even values fofr each equation):

° (L- r?)sin (npD/ /1)

tan (km.D ) =
(km.D) 2r e (1+1?)cos(npD/ /1)

Or, multiplying the right hand side of the above equation bpy 1:

(L- r?)sin (npD/ /1)

tan (km,D ) = (16)
° 21+ (1+1°)cos(npD/ /1)
. _ m - m m-1 . . .
Recalling the definition of, r = ——— = —— | the above equation can be rewritten in
m, +m.  m+1

terms of indices of refraction:

€ am-1 qz 9 anpD/_ 8

él-g——gusng 0

g ¢ m+1_= B¢ /., =
tan (km,D ) = a7

d&m-18 am-16 9 dnpD/

° 2§78+ el+ @78 ucosae—o
¢cm+1: g Qm+1—@ (; / +

By multiplying the right hand side by + 1) /(m + 1) and noting that
(m+1)° - (m-1)° = am, (m+1)° + (m-1)° = 2(m* +1) and 2(m- 1)(m+1) = 2(m" - 1),
the above equation reduces to:

2msin (npD/ /1)

tan (km,D) = 1)+ o+ m*]cos(npD/ /1)

(18)

o (,772_

The two solutions manifest themselves physically in the form of FECO doublets
representing the ordinary and extraordinary indices of refraction. An example of this

FECO pattern ishown in Figure 2.16:
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Figure 2.168 Example of Fringes of Equal Chromatic Order (FECO)

In the above figure, the doublet is not well defined, but can be discerned somewhat above
the crests of each of the two pictured fringes, which represent the point of closest
approach between the confining surfaces. In the above picture, the vertictabulire
represents thiateraldistance from this point and the horizontal direction represents the
wavelength of light passing through the surfaces. A diagram of FECO, showing them
both with some separation between the surfaces and when the surfacesmedterdth

one another, is shown in Figure 2(hére the doublets are omitted for simplification)
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Figure 2.17: A Diagram of FECJor (left) surfaces that are out of contact and (right)
surfaces that are in contact.

As can be seen in the diagran the right, the FECO shift upward in wavelength
(manifesting as a leftward shift on spectrometric output) and ultimately flatten upon
coming into contact with one another. This latter effect is understandable since the
surfaces are flattening at theipt of closest approach, resulting in an expandigeg
within which allthreefilm interferometer parameters are identical and thereby produce

identical interference patterns.

2.3 2 Calculation of Separation and Refractive Index Using the -Filme
Interferometry Equation

From the interferometry equation given by IsraelacVjlfirst derived by Hunter and
Nabarrd** and rederived in the previous section, the size of separation and index of
refraction at the point of closest approach between two surfaces varies with FECO fringe

position in the following way:

tan 2P A0 8 _ 2msinfl- 75 /77 )/k-15/r5 )}
S r S e meoslll /0 /r0) /s e () (19)
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whereD is the size of separation between the surfaFmes,m”" is the ratio of indices of
m

S

refraction of micagn,, and the sample at distaridees, and/ is the FECO wavelength all
measured at the point of closest approach. Wavelength subscripts refer to the order of the
measured fringe (note that th@ndn-1 implies that twaneighbouringringes must be

tracked to obtain a value of D aag, while sugrscripts0 andD refer to wavelength

measurements with surfaces in contact and at the desired separation, respectively.

For small separation(° ¢ 30 nm) the small angle approximatiosin(g ° tan g ° g

and cos g ° 1) may be applied, reducing the above equation to:

2pmp | 2mn (- /7 /r2)/k- 17/ )e]
/° @+ m*)a)e (m° - 1)

n

Note that norsubscriptn in the above equation comes about due td\tpessible integer
solutions to the sine in the numerator, corresponding thl fHECO fringes in the
interfererce pattern. Here represents one of the integer solutions, and henawtthe

fringe. With some factoring, the equation becomes:

2pmp  2mlnsy (- 15 /7). 10)e]
/° W+ m*)a)e (m* - 1)

n

(20)

Introducing the ratio:

Fo= ot (21)
/

n-1 - 'on

one can rewrite the above as:

2pmb _ 2m[nF (- 712/17 )p
- 2

1)

/1° 1+/772°(m
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so that D becomes:

o

menk (1-7°/1°)

D
D =
m 1+ m’ e (m 1);
R D 0 ~
D :i‘? nFn(/n - /n) 3 (22)

m 1+ m’ e (m”- 1)

And so, for n odd (that is, when * is negative):

menr (1°-17°
D=1 —2 —2
m, i1+ m +m -1

1 &nF (/°-/°)a
D=—2i u
msml )’/
D 0
o MR- 17) (23)
2m,

()
2m,
D 0

D:nFn(/n 'Z/n)mm (24)
2m;

So that, knowing the index of refraction of the mica beiregliend by measuring two

adjacent fringe positions at contact and at the desired surface separation, one can make an
accurate determination of the separation. For the most accurate results and for very small
spacings, measuring the mica index of refractimactly (via Abbé Refractometer, say)

is recommended, but in general mica will fall into one of two cateddtiégeddish or

brownish mica, with refractive indices of:
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m, =1.5846 +4.76310°//°

m, =1.5794 +4.76210°//°
and greenish mica, with refractive indices of:

m, =1.5953 +4.76 % 10°//”

m, =1.5907 +4.76210°//*
All wavelengths here are measured in Angstroms. gidrel b subscripts refer to the
slow and fast components for lighénsmission within mica, which is birefringent. The

mean values for reddish or brownish and greenish micasaee1.5820 + 4.76 2 10 /1?

_ 5 2 :
and m, =1.5930 +4.76 3 10 // , respectively.

The index of refraction of the sample can be calculated using EquéRyrend (24)
by using two neighbouring fringes of ordeandn-1, so that, while Equation (23)

remainsn™ order, Equation (24) shifts by one and so becomes

D = (n- Y7, /”'21 o), . Equating the distances for Equations (23) anyl ¢Rés:
2m
D _ nFn(/: /2) (n 1)Fn—1(/ :—1 /:—1)mm
B 2m, B 2’7752

\ m:: (n_l)Fn-l(/nl /n 1)/772
nF, (7 - /1)

m, = \/(n - 1)Fn-1(/ n-1 /n-1)mm (25)
nF (17 - 17)

. 1° . : .
It should be noted that sineg_, = ——*—, it is necessary fahreeneighbouring
/ /

n-2 - n-1

fringe wavelengthsr, n-1 andn-2) to be measured with surfaces in contact, along with
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two fringe wavelengthsi(andn-1) with surfaces separated, for a calculation of index of

refraction to be done.

2.3.3 PhaeChanges and Dispersion in the Thiesyer Interferometer

While Equation(18) is an adequate approximation of a tHeer system in theory, in
practice it does not account for dispersion and phase changes upon reflection at the
interfaces.  Isrda&chvili provides a method of determining gap separation by using the
inherent dispersive quality of mica along with the phase change upon reflection of light at
the micasilver interfacd®. Together, the two will produce a shiftthe fringe
wavelengths that is indistinguishable from that produced by the gap separation, so that

the interference condition given khyetleft hand side of Equation (ldhust be rewritten:

A < np (26
/n

and

22 MCes - (2 1)y (27

/

n+1

whered represents an effective distance madefupe total thickness of both mica

sheetsD, added to the artificial distance due to the wavelength shift upon reflextion,

d=D+F

while subscript®andn+1lr ei nf orce the notion that both ¢
depending on wavelength, the latter due solely to the dispersive nature of the phase

change itseff® 3%
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One can handle the three experiment al
equations incorporating their respective shifts. For example, the indices of refraction are

related in the following way:

m %)

n+1

e
mn+1 = mné1+ - 1U

é m, U
e (m, -m)e

=m e+ 0
é m, a
e Dmwo

= m g+ — (28)
é m, g

wherebm= m, ., - m, is the shift in index of refraction due to dispersion. irilgr

derivation for the effective thickness gives:
e

dn+1:dné’1+_|:.l (29)
é

while for wavelength:

11
/° I

n+1l

e /. 7]
el + -1y
é /n+1 l’,l

o0 (30

Sulstituting Equations (28) through (Biito Equation (2), theinterference condition

may be written as:

2p .4, _2pmd, & Dm% DA D/ 0
= + — + — -
/0 /0 2 m%{? d 6% 1%, 9

n+1 n (o} n +C n+l +

162
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which, assuming®land 29 order terms dominate over others, approximates to:

2pm,d, ., 2pmd & Dm Dd D/3d
. = 5 +—+—- —38
/n+1 /n C mn dn / =

and, substituting @), simplifies to:

2pm,.d, ., & Dm Dd D/0
o Enp@ e —— 4 ——- —
/n+1 c mn d / -

£ D/ €& / &aDm Dd oefl

=npil- - @+ Qg

Making a further approximation that the index of refraction and effective thickness shifts

are small and due solely to dispersion gives:

2pm,.d, € p/ée / .um /[ ,udel
R T S
/ . a m oyl d = p/ ay

n+1 i e
The factor (introduced previously as an arbitrary fringe shiih here be inserted to

more quantitatively define the dispersive nature of the interference pattern:

2pm,.d_, e D/ _aq
LB _pir- ~SFy (31)
! i y
where:
/[ um | _pud
F=1. —0—. o=
m, W d, oy

Bailey and Kay*® and Eisne¥*® give values for dispersive quantitiés. and "%,
p/ p/

respectively, s that for the fi fringe at a wavelength of 5500 &, will be
approximatel§’>

F, °1.024 +1/n (32
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Combining the bove estimation foF, with the orginal definition from Equation (21)

F,o= (33
/

n-1 - n

allows one, with a measurement of adjacemtact fringes/° ., and/’ , to determine

the fringe ordem?3° 3%

Comparng Equations5) and (3) shows that in order to incorporate phase changes
and dispersion effects (embodied in the corrective tEfmone need only multiply
D/ /s, by Fn. With this in mind, Buation (8) can be easily modified to account for
these &ctors, leading to:

2 msi D/ F_//
tan (km,D) = msin (npD/ , ”/ .)

2

o (m* - 1)+ L+ m*|cos(npD/ F, /1)

W, -r5) _a-ia),

. = , the above
(1/2-1)(/2-1'/:) 1- /://?\-1

_ D/ F. &/ _-1/.0 0
Noting that——" = & *—"de—"+— ¢ =
/ e 9

n

equation becomes:

2msin(np (- 7°/1.)/-1°/1°)))
o (m® - 1)+ [+ m*eos(np - 73/, ) - 12)15,)

tan (km,D) = (39

which is identical to Buation (19) noting that/, + /. From Equatior{34) various

relatively simple methods of determiningthegap dixe, and t he sampl eds

refraction,/g, may be daved, as explained in the previous section
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2.4 Automation of the Surface Forces Apparatus

Because of the considerable samgit of the strain gauge and surface position to
temperature changes, it is desirable to have acwefigured PID temperature controller
within the SFA room to ensure lostgrm stability. Such a system usually does little to
control temperature on shdimme scales, however, and so for those tests which require a
quick start after setup, even the brief presence of an experimenter in the SFA chamber
can greatly compromise experimental results. Ultimately the simplest way to avoid
thermal fluctuations atis sort is to avoid entering the SFA room altogether during
testing, but to do this a fully automated system must be in place to control all instruments
within the room by a computer located outside the room. Because of the relative
sophistication of te Surface Forces Apparatus, this can be a daunting task. The
following chapter details the equipment and software developed to automate the tests

presented in this thesis.

2.4.1 The Electronics Relay Box

The standard SFA package provided by Sugdd@orporation consists of several parts
that are to be controlled electronically. Two stepper motors, one attachedite the
micrometerand one to th&riction Device have as outpuféve pin LEMO connectors,
along with separate encoder outputs. Both the prism swivel motion and the focusing lens
position are controlled via similar connections. Two electric heaters (not used in the
present tests) each havereae pinconnector. These devices arktalbe controlled by a

single unit, the SFA2000 control panel, supplied by Surforce Corporation. Because of
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the shortness of the cables, the panel must stay near the SFA, making remote control of
the machine impossible. It is therefore desirable fas iesvhich temperature must be

maintained even at short times that a remote system be developed.

The S&D-096 relay box has been designed to accommodate all of the standard inputs
and outputs to the SFA unit. A fe@itrough box with identical connexs on both sides
passes cables through the insulation box
on the SFA unit. There are three types of outputs from the relay box:

i) A 25-pin D-connector, links the S&M96 to the National Instruments BNC

2110 connector block, which in turn links it to the remote computer via a
National Instruments 6036E Data Acquisition card, and handles all digital
controls;
i) Two BNC analog controls also connect to the BRI10 and manage the
speeds of the two stepper motors

iii) Various other connectors link the S&I®6 to the SFA2000 control panel and
act as a feethrough should the user wish to control the SFA manually. A
toggle on the S&BD96 allows the user to switch easily from manual to

automatic operation.

The remotecomputer also controls the acquisition of data. The strain gauge output can
be obtained either directly from the Signal Conditioning Amplifier, or from the {iock
Amplifier. In both cases the output is fed into the BRI10 connector block; with the

former setup, a single coaxial cable is used, and with the latter, two are used, one for the
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amplitude channel and one for the phase channel. To obtain the phase information
directly with the former setup, a cable splitter splits the driving signal bolie tSEA
(via the appropriate Trek Amplifier, if necessary) and to the BMCO connector block

so that it can be compared directly to the response.

2.4.2 Miscellaneous Equipment

There will usually be supplementary equipment present during an SFAmegpeas

well:

) Often a thermistor is placed near to the ste$ato measure temperature there
and so a thermistdine will frequently be present. Automation can easily be
done by using a thermistor controller connected to the thermocouple line, with
output readings sent directly to the BRTC10 connector block via coaxial
cable.

i) If a camera is being used, it too can be automated to provide video or
snapshots of the FECO at whatever rate is desired. In the present setup, a
Retiga Exi QImaging Fast 18%amera with FireWire output has been used,; it
is connected to the remote computer via a single Sewell 83Y FireWire
Active Extension cable. It should be noted that while IEEE 1394
specifications demand FireWire cables be less 4.5 meters in leregtlaréh
nevertheless still very reliable up to 18 meters when chained together.

iii) A lock-in amplifier is often of considerable use in experiments where
viscoelastic properties of sheared materials are being studliedier to

extract phase information frothe shear responsé he lockin amplifier is



capable of extracting periodic signals as low as a few nanovolts from noisy
input signals so long as the frequency of the signal iskmetwr®’. It does

this by use of the technique of phasmnsitive detection (PSD), which
involves multiplying two signals (in t
gaugeoutpua nd t he function generatords sync
exact phase and frequency of the input signal) and filtering the resultant AC
signal with a lowpass filter. The resultant filtered signal will be a DC signal
output representing the amplitudecarring specifically at the sync frequency.

A second PSD allows for the extraction of the phase between the two signals
as well, and so the duphase lockn amplifier can output both the shear
response amplitude and phase. One significant drawbdlcis technique is

that an accurate output is only possible after a full cycle has elapsed (since the
PSD output is averaged over a full cycle), and so for low frequency tests like
those presented in this thesis, in which ktesiod phenomena may occur,
especially early on, vital informatiofnom early on in the shearing process

may be lost As a result, the Stanford Research Systems SR83dnock

amplifier programmed to run with the SFA was not used to collect the data
presented in this thesis.

An oscilloscope can also be used to collect shear data outputted from the
Signal Conditioning Amplifier, and is particularly useful for higher frequency
experiments (14200 Hz), where the data rate needed to give detail to a single
cycle may be greater than thapahle by a standard data acquisition card.

Large amounts of high frequency shear data can be collected by the
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oscilloscope and outputted to the computeGIRIB. For the current setup, an
Agilent 54621Awas available, which hawo million data pointger channel
available in memory. Because the highest shear frequency used with the tests
presented here was 10 Hz and the DAQ card data rate was 500 points/second,
yielding a satisfactory 50 points per cyekethe highest shear frequency
tested the osciloscope was not needed and hence was not used.

V) Finally, the two encoders located in the stepper motors can also be automated
and controlled directly by remote computer. This can be achieved by
installing a US Digital PG#E PCI Interface card in the rereatomputer and
reading the encoder output directly. It may be necessary tabgedrivers

to synchronize thencoders with the card.

The Signal Conditioning Amplifierds Wheat st
its perfectly balanced state, and so periodibakancing is recommended to optimize its
sensitivity. The amplifier can be balanced manually by toggling the AMP ®#ich
(note that the SFA must be connected to the Signal Conditioning Amplifier and the
desired Excitation must be selected during the balancing), but the switch cannot be
accessed remotely. Another balancing method does exist, however: Intertechmalogy
manufactures an Option Y Relay Kit that can be installed in the Signal Conditioning
Amplifier. The kit will allow not only the Bridge Balance to be reset, but will alkow
the Excitationto be toggleaff and on, and will adjust the shunt calilwatif necessary.

It should be noted that the Excitation toggle allows the user to check the amplifier



balance without entering the SFA room, since by switching it off one can see hew well

zeroed theesponse is by checking via DAIEW.

The Option YRelay Kit requires a 5 Vdc (10 mA for Balance and Shunt Calibration,
and 25 mA for Excitation) trigger. The RESET line (which governs the Balance switch)
must be triggered for a minimum of 50 milliseconds, after which the Auto Balance will
commence. A bx has been designed which will trigger any of the three switches via the

BNC-2110 connector bloc#tigital output

2.4.3 Control Software

LabVIEW software has been developed to control each of the above components, each
with its own asynchronous Ipaycling every200 ms(or faster, if needed). Five digital
controls BV TTL) are used to control the fine focusing control micrometer and prism
turntable motors on the Optics Stand, as well as the fine micrometer and friction device
motors (the latter ofvhich has been converted to be used with the differential
micrometer).Control of this equipment is achieved by passing the digital controls to the
aforementioned S&MI6unit via the BNG2110 connector block, and then on to the
various SFA componentsdmselves.The table of correspondences between digital
signals and device triggers is shown belaxith Motorl and Motor2 here referring to the

stepper motors controlling the two micrometers and hence controlling the gap size
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Table 2.1: Digital settngs for the SFA Focus, Prism and Motor controls

D1 | D2 | D3| D4 | Focus| Focus| Prism| Prism | Motor | Motor | Motor | Motor
Down | Left | Right| 1In | 10ut| 2In | 2Out

A R T ) Y =Y e}
= lololololo
I~ olokklololo
ok okloklol
ooooooowo%
oclololololoklol
oclolololoklolol
clololoklbolololo
o =l=lN=]=]=]=]=
=N ==l=l=l=l=
ollolololololol
~lolololololololo

2.4.4 Automated Calculation of Fringes

The first step of the automation process involves a While Loop stepping through
values ofn that compares equatior32f and 83) and terminates when tfif8iteration
difference between equati®is larger than that of the previateyation thereby finding
the order of the fringes that are on scre@mce hese areletermined and the furthe
experimental values ,, /7 and/_. are collected (the latter two by moving the surfaces
to their noAcontact positions), the separation and index of refractionbeanalculated
using equation§3) and (24) The calculation of the wavelengths from theirsaneen
position is easily achieved by fir<y, calibra
using a light source withawalle f i ned doubl et, such as sodium
5889.963A doublet*® **°(see Section 3.1.2 for detail<Pne must then compare the
light source to a fixed point on the spectrometer to determine the dffbetween them.
One can then, by recording the pixel positions of each fridgdind its wavelengtiby

referencing it to the calibration wavelength
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/ =C Np+f (28)

2.4.5 LabVIEW Control of the SFA and its Bpherals

The SFA has several components and peripherals that are controllable remotely by a
computer fitted with an encoder board (to monitor the stepper motors) and a connector
block (to send and receive digital and analog signals). Software (eStfitedCntrol
Pane| with various suffixes to represent its stages of development) has been written to
control the bimorph and piezo mounts (via a function generator), stepper motors, camera
and lockin amplifier, as well aso monitor the strain gauges (via thgrsal conditioning
amplifier), camera, lockn amplifier, thermistor and optical encoders for the stepper
motors. The code was broken into four asymmetric control loops, one for the camera,
one for the encoders, one for reading data from the equipmennharfdr the both the
function generator and the various controls discussed in theofatderespondences

above (Table 2)1L Each will be discussed briefly below.

Because each SFA trigger requires a unique digital signal, only one component can be
used at any one time, and so the first step of the SFA controls loop is to construct a
Boolean array made up of buttons from the front panel representing the various
components. After a check to ensure only a single button has been pressed (if there are
more than one, all digital signals are resetero, thereby stopping all digitally
controlled SFA componentghe appropriate digital signal is sent to the S&D 096 unit
via the connector block. An analog input for the stepper motor amplitude is adsim re

if the digital signature indicates either motor has been triggered, with a maximum voltage
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of 10 V being allowed. A safety button can also be found on the front panel which will
overrideall other controls and switch off aligital signalsseting all analog inputs to O

V. The function generator controls also execute each time the loop cycles, if they are
triggered by the user using controls available on the front panel. The user must input a
waveform from a dropdown menu with eleven possiblecgsy the most popular being

DC offset, sine wave, triangular wave and square wave. The user must also input a
frequency, amplitude and offset if they are applicable to the waveform sel@cted.

protect the SFA and its peripheral equipmerthe sum othe amplitude and the

absolute value of the voltage offset selected is greater than thaalaléofer a given
component (often needed file Bimorph Sliderfor example, which has a maximum
applied voltage of 50 V**%) a popup window will appear warning the user wtiie
amplitude is reset to 0 V. getting on the front panel allows the user to select what
component they anesing (e.g. Bimorph, Piezo Mount) so that the program knows which
voltage limit to apply. The same provisions have been made for the input frequency, as
some components have limits on this parameter (e.g. the Bimorph Slider, which has an
effectiveupper imit of 200 Hz). All signals are sent to the function generator by GPIB

cable and connectars

The datareading loop runs every 0.2 seconds by default, but this value is adjustable
by the user using a control on the front panel. The thermistoslgignditioning
amplifier output (containing the amplified shear response);ileknplifier outputR
andg, and the function generator output are all monitored and, if the user clicks a button

on the front panel, recor@dl inputdata to a text file in a folder selected by the user.
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Alternate versions of th8FA Control Panesoftware allow the user to collect either the
thermistor data or the strain gauge data using a Keithley multimeter (the data of which is
sent to the computera GPIB), which allowdor some flexibility in the experimental

setup. A toggle on the front panel allows the user to convert the incoming shear response
data from voltage to deflection and, if the laokamplifier is being used, from the

value outptted as a voltage to a value in degrees.

The camera control loop cyclby defaultevery 0.2 seconds while the Camera
Control button is switched off. When it is triggered the camera is initiated, with the
exposure time, the number of bitsk{# or 16-bit) and the binninget by the user from
the front paneland switches to a neime delayed loojfto capture video in real time, if
desired)after creating an image buffer. The camera settings can be changed at any time
while it is running, and theser can take snapshots of the onscreen image showing on the
front panel, which are saved to a location chosen by the user. The files are saved in
Portable Network Graphics (png) format, which provides lossless data compression of the

image, although ottr formats are available if desil.

The encoder control loop cycles every 0.2 seconds byuliefaut can be altered on
the front panel. Once th@@&oders are activated by a button on the front panel, they are
first either reset or left at their lagsed value (choserylthe user via a button). The
encoders are then prompted for their count position (out of a possible 30 000 counts)
using software developed by the author. With the stepper motors attached to the fine and

differential micrometers (#configuratiorused to collect the data used in this
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dissertatioras discussed in Section 2.1.8)e count values are converted to safian
values (see Figure 2.18nd the two micrometer encoelead separation values are

added together to give thedbseparation, updated every cycle.

140

120

————————————————————————————————————————————————————————————————————————————————————————

D =0.1909EC - 1.4329

————————————————————————————————————————————————————————————————————————————————————————

—_

o

o
]

[0}
o
I

........................................................................................

[0]]
o
|

-----------------------------------------------------------------------------------------

Separation [,m]

[
o
]

_______________________________________________________________________________________

0 100 200 300 400 500 600 700
Encoder Count

Figure 2.18: Plot of Separation as a Function of Encoder Count for the Encoders used in
the SFA

The encoders can be reset at any time during operation, and the separation is updated on a
graph displayed on the fnbpanel and can be saved to a location provided by the user at

any time.

2.4.6 Aqitation and TesSoftware

Two programs were written, borrowing liberally from the SFA Control Panel program
written by the authofdiscussed in the previous sectidin)agitate the liquid crystal
sample so that any orientation that may have occurred due tadshiegy the previous

runwill be destroyed, and teet upthe shear test discussed in the Experimental



Parameters and Procedure section. The first programedample Agitation

contained three asynchronous loops. The first loop is an &lgocbmprised of three
sequences. The firsequencériggersthe differential micrometer motor so that it
separates the surfacest to a point set by the userh&second reverses the motor and
executes an #out motion for the surfacd$times (N set by the usetypically 10 times

for the experiments discussed here) with a preset amplituakethird brings the suates

back to 100 nm separation, the distarfoesen as it was found to bkse tosurface

surface contadiwhere all test runs must necessarily begin, in order to establish a contact
reference positiorut far enough apattat if a malfunctiorwas to occur the user would
have enough time to stopetiprogram before damagéthe surface or equipment should
occur. The second loop is identical to theceder loop discussed in the@&ion2.4.5

which cycles every 0.2 seconds and determines the separation of the surfaces, which is
then compared to theet motor reversal point in the first loop so that it may determine the
point at which to switch directions. The third loop is simply the cameradisop

discussed in the previous section, with both loops triggered automatically at the onset of
the progam. The camera is used to obsaheeregion between the surfacés.general

at the separations used throughout agitation (once the initial separation occurs) no FECO
fringes should be visibldue to the relative opacity of the sample. This provide=aay
warning sign of malfunctioning equipment or softwseethat if, during the agitation,

FECO come into view the user should immediately click the Agitation Stop button to
avoid having the surfaces come into contact and potentially damaging the st@rom

shaft, the surfaces or the mounts themselNme$uture versions of the software, fast
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FECO detection software should be written so that any chance of operator error can be

removed from the process altogether.

The second program performs theahtest discussed iregtion3.3.2 (Experimental
Parameters and Procedureff)is intended that the program be started immediately after
the desired gap si{as determined via one of the two techniques developed and
described in Section 3.3.[5)estaltished. The algorithm begins with a command sent to
the function generator initiating the shear profile, the parameters of which have been
entered on the front panel by the user. The program then moves immedi&taly to
asynchronous loops. The firstthe primary data collection loop, whicycles ast a
rateset by the operator, typically once per 100 millisecotids rate should be
maximized to provide as much inipariod data as possibl&Vhile in its current version
it collects only data fronthe function generator and strain gauge output to minimize the
output file size, it can easily be expanded to collect up to eight different signals from the
BNC connector block if the analog input ports are available. Adilmamplifier control
section running within its own control loop, oebe found on the front panel in cdabat
equipmenis neededluring testing, with the output saved to a separate file from the shear
response file. A third loop, typically cycling more slowly than the previougdwoe
per second for the experiments described harepitors the output voltage from the
thermistor probe, converting it to a temperature value within the loop and saving this
output in a third text file chosen by the user. A fourth loop controls @en)camera,
taking a snapshot at a rate chosen by the user and saving it to a folder chosen by the user,

adding the time in seconds at which the snapshot was taken to the end of the filename.



The duration of the experiment is entered before the testdbgithe user, and all loops
in this stage of the program will terminate oncelthBVIEW Stopwatch function timing
the experiment exceeds this value. Otheeloops have terminatea.command isent to
the function generator to switch the output froshaar profile to a DC offset of 0 V,

stopping the shearing, atitk progranthenterminates.
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Chapter 3

Experimental Details

The Surface Forces Apparatus is a complex piece of machinery, and as such requires
extensive preparation in order to be used effectively. This chapter discusses the setup
and calibration process in detastarting with a general overview of the SE&tup
(Section 3.1 introduction), continuing with the calibration of the SFA components such as
the bimorphs and strain gauges (Section 3.1.1), and finishing with the calibration of the
spectrometer and camera (Section 3.1ction 3.2 details thadelicate andnvolved
process of preparing the confining surfaéaesludingcleaving, silvering and gluing the

mica (Sectior3.2.1:3.2.3.

Section 3.3 discusses the necessary steps to preparing the SFA chamber for a test,
from loading the sample teadying the optical and electronic components. Section 3.3.1
discusses in more detail the method by which the gap size can be calculated quickly and
automatically for both the smaller and larger gajikin the mesoscale reginfeach has
its own distinctprocess). Section 3.3.2 details the specific test parameters, such as shear
frequency and amplitude, gap sizesponse gain and filter characteristganpling rate

and test duration that were chosen for this set of experiments.



3.1 SFA Overview

Experiments were performed on a mo8EIA2000Surface Forces Apparatus (SFA),
purchased from Surforce Corporation. The description of the SFA experimentpl set

and procedure is true of all tests included in this dissertation, unless otherwise noted

All test runs wee performed in a smal80 50° 50 an) enclosure with ventilation
sealed off to minimize air currenaind thermal drifivithin the test chamberThe room
was climatecontrolled byuse of ahermostat, and thesechamber waenclosed within
a frame (0.5 rhvolume) with panels d8.5 cm thickinsulated foanto further ensure
thermal stability The temprature within the SFA chamber svenonitored with a YSI
44004 Precisiothermistor placed less thanehdf centimeter from th surfaces
(typically 1-2 mm away,) andtemperé#ures for all tests we obtainedia this thermistor
at a rate obnce per secondlhe door to the rooroontaining the SFA remained
unopened for the entirety of the test run to minimize thermal fluctuaéindsnechanical

vibrations duringand betweethe experiments.

The SFA, light sources (white light and monochromstidium light) and
spectrometer we all located on a Melles Griot floating table to minimize vibrations
(using 50 PSI pressure on aage). The SFA and both shelvesmtainingtheelectrical
equipmenused to control itvere electrically grounded via a common wall receptacle to
avoid ground loops. The output from the SFA, containing the interferometric information
from thelenssamplesystem, wa directed via a pair of prisms to a spegteter grating,

which diffractedit into its component wavelength$he resulting FECO speamwas
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then directed to ®Imaging Retiga digital camerahere the image vgaecorded and
stored on a comper. A discussion of FECO and the equations associated with them is

given in Section 2.3.

3.1.1 Calibration of the SFA

Several parts of the system must be calibrated and aligned before an experiment can
be performed. Both the resistive aseimiconductor strain gauge must have their
stiffnesses measured. To accompligh,th calibration stage wasiilt to allow the entire
Friction Device, upper disc mount included, to be affixed th braceand suspended

vertically, as shown here above.

Figure 3.1: Picture of the Friction Device undergoing calibration, affixed to the
calibration stage with a digital camera directly behind it.

The Friction Device waattached using the saradjustable level clamp that wased to

secure iwithin theSFA, and the foupin strain gauge output cable sveonnected as
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well. A high resolution camera, calibrateddnaded reticulso that the distance per
pixel at the focal length is known, wanounted in such a way that it svéocused on the
disc mount Weights wee then suspended from the disc maamd the disc mount

deflection wa measured by camera, so that the applied fereeng couldbe correlated

to the deflection, t o find the stFéfknbusngthivi a Hookeds
cal i bration, t hefrodonsdimemionalmbtidrscoutdlsobe at i o n
ascertained by tracking its deflection in shdirection (i.e., perpendicular to the hanging
mass).Theds ¢ mount 6s | at er al neggild fer theé sStaadard was f oun
range of motion.Plots of the calibration data for each of the twoistgaugesre

provided in Figure 3.2, and show that the stiffne$sethe resistive ad semiconductor

gauges are 0.0032% 2.9 10° N/nm and0.0107° 1.7 10* N/mm, respectively.

0.35 1/

F =0.0034D + 0.0006
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Figure 3.2: Plot ofload vsdeflection for the resistive strain gauge
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Figure 3.3 Plotof load vs.deflection forthe semiconductor strain gauge

The Friction Device must also have its deflection response calibrated (that is, the

voltage response registering on the strain gauges for a given deflection of the disc

mount). This can and should be performed while the stiffness is being calibratéd. Wit

the strain gauge output cable connecteitage readings were made (once the system

hadstabilized) with the addition of each suspended weight. Special note should be made

of t

proportional to the Excitation Voltage. As the output voltage is linearly proportional to

the mount deflection, a plot of the former versus the latter will yield a slope equal to the

he

Si g

nal

Conditio

ni ng

Amp | iisflimearly 6 s

deflection responseRlots of this calibration data for hostrain gauges are given in

Figures 3.4 and 3.5 below, and give value8.6426° 0.00L V/mm and1.452° 0.04

V/mm (using a gain of 10 000 and an excitation of 1 V for both calibrgtionshe

resistive and semiconductor strain gauges, respectively.
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Figure 3.4: Plot ofaverage measureaiage vsdeflection for the resistive strain gauge

12

10

8
V =1.4519D - 0.179 _—

/

Average Voltage (V)
»

4 e

0 1 2 3 4 5 6 7
Deflection (mm)

Figure 3.5: Plot ofaverage measurediage vsdeflection for the semiconductor strain
gauge
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Factoring out the gain and excitation from this measurement, then, will give non
amplified calibration factors of 4.260.1 V/m and 145.2 4.0 V/m for the resistive and

semiconductor strain gauges, respectively.

The Bimorph $ i der 6 s sefldctior resposse nstbe theasured as well.
This was accomplished in a manner similar to that used thghriction Device, with the
Bimorph Sider attachedvhile on its side via calibration stage to an L brace, and
connected to a function generatortwibhe supplied EMO adaptor cable. Weights could
thenbe suspended and the resulting deflections measured by camera to obtain the
stiffness as for the Friction Device. Passing a DC voltage to the bimorphs with the
function generator and measuring thdeldfons will similarly gve the deflection
response, and this method was used to calibrate the Shtlernatively, the latter can be
obtained with the bimorph slider in place within the SFA, so long as the Friction Device
has been calibrated. By cauting the upper and lower discs with a very stiff substance
(glue or modeling clay, for example), and by passing a DC or AC voltage to the bimorph,
one can monitor the displacement amplitude occurring in the Friction Device (which, due
to the resilient méium connecting it to the lower mount, should have the same amplitude
as its mate), thereby relating a given voltage to a resulting deflection and hence
producing a deflection response factQalibration plots for the bimorph slider are given

in Figures3.6 and 3.7, showing stiffness and vg#acalibration factors of 155114 N/V

and9897° 140V/m, respectively.
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Figure 3.6: Plot of load vs. deflection for the bimorph slider
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The forcemeasuring spring stiffness (which measures forces perpendicular to the
surface plane) can be calibrated in the same way as is given for the bimorph slider and for
the Fiction Device. It should be noted that the glue layers of the discs are not infinitely
stiff in practice, and so it is better to consider the effective stifflkggsas being a result

1

. o . : 1
of the forcemeasuring spring in series with the glue, so that= . An

k_ . k
eff spring glue

+

estimation okyue can be obtained by measuring the force required to separate two
surfaces from adhesive contact while the fermasuring piece is fully secured and when
it is loosely in place with respect to the SFA chamberthé latter case, only the contact
adhesion should resist the separation, sokthat, is negligible andg,e can be
approximated. In this way a more exact valuk.gtan be determinedSince only

lateral shear measurements were performed farethéts discussduere, no calibration

was necessaifpr the Forcemeasuring springs.

Both DCmotors must be calibrated in terms of distance versus encoder reading. It
should be noted that the SFA2000 has been modified so that one of the majoralifor
intended as a fixture for the Friction Device) can be fitted to the differential micrometer
with one of two couplers, one for the coarse control and one for the medium esntrol
discussed in Section 2.1.3n this way one of the two micromet@&an be motorized at
any given time. The second motor controls the fine control, as intended by the
manufacturer. Because both motors control micrometers which themselves control the
bottom disc mount, and because the top disk remains fixed, the distdibcation for

each motor represents a separation of the disc pair (note that a separate calibration must
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be done for each of the differential micrometer setups). As a result, calibration can be
easily done by setting up a FECO pattern with two fredtsdiad adjusting the disk
separation via each motoontrolled micrometer, monitoring the FECO position (which
yields the separation as discusse8éttions 2.3.2 and 2.3.8nd the corresponding
encoder position, and plotting one versus the other tonotht@ conversion ratio between
the two. This procedure was followed to obtain genversion ratio for (and hence
calibrate) each micrometeA plot of the surface separation as a function of the encoder

count is given in Figure 2.16

With the calibration values given above one can easily cofreentthe voltage output
of the signal onditioning anplifier to a shear response forée

k Q& &

V- D

G Ce

R =

whereG andE are the Gain and Excitation settings of the signal condhigoamplifier,k

is the stiffness of the strain gauge,  is thevoltage to deflectioalibrationfactor

andV is the output (in Volts) of the gigl conditioning amplifier. &mple calculatios
follow for semiconductor and resistivea@n gauge responsdiscandRges respectively
Recall that in the tests presented here, gain and excitation values of 10 000 and 1V,

respectively, were used.

[(0.0107 N /e m)10°e m/m)]&{1/145 2 m /v ) &v
(10000 )d5)
= 0.0014738 & (in N) (2)
=1473 8 (in & N)

sC

for the semiconductor strain gauge response, and:
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[(0.0034 N /e m)10°e m/m)|¢f1/4.26 m/v ) oy

(10000 )¢5)
= 0.0015962 & (in N) (2)
= 15962 (in & N)

Re s

for the resistive strain gauge respon$le uncertainty in a given measurement of

response for each strain gauge (using theredidn uncertainties mentioned above) will

then be:

2, .
a 4 o al.73 10

4 2
=° . le 6 +& (1473 8&v)
¢145 .2+ & 0.0107 3

|- OO: Ot

=47 &/

for the semiconductor strain gauge, and:

2
éDCV_ b 0 aDk 8
DRReS =° g—g + & 0 RRes
o Cvopo = ¢k
2 ° -5 &2
a0.15s a2.9310 "0 .
=c a0 +& g (15962 /)
g4.26+ c 0.0034 _
= ° 400 &/

for the resistive strain gauge.

3.1.2 Calibration of the Spectrometgrd Camera

The accurate measunentof sample thicknesses requires that the interference pattern
wavelengths be measured precisely, and so calibration of the spectrometer is essential.
This isaccomplished by usingmonochromatic light source, and for the results
presented here, a sodium sauveas used, positioned as shown in Figure 3.4 so that the

sodium light will pass through the SFA chamber and strike the spectrometer grating
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normally. The resulting diffraction pattern passes taled Retiga Exi Qlmaging Fast
1394camerawhich has 1383 1040pixels, pixel dimensions @&.45mm 3 6.45mm and

12 bit digital output; images asaved to a computera an extended Fireiné cableand

can be displayed there in real timEhe sodium source has a doublet with wavelengths at
5895.932 A and 5889.963 A, and sottacking these bands across $iteeen one can
determine not only the offset of the spectrometer reading from the sodium position for a
given position on the scredyt also the wavelength to pixel ratié. plot determining

the latter is shown in Figure 3.8howing the wavelength to pixel rat£0.0316 nm/pixel
Note that the negative value indicates

moveleft along the screen for an increase of wavelength.
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Figure 3.8: Calibration plot of spectrometer position vs. band pixel position for the
sodium doublet, with uncertainty in spectrometer positioh @£.
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3.2 Preparation of the Surfaces

The preparatin of high quality micacovered surfaces for SFA use has been a topic of
some debate in recent years, with several groups developing and refining their techniques
with various levels of succe8s 33" 3%%1 The techniques used in these experiments and
described here generally follow those laid down by Israeladffyiilthough the method
of obtaining mica sheets more closely follows the simple procedure described by Perkin
et al, as expiaed below. An overview of the mica preparation process is shown in

Figure3.2:
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D

Cleave the mica with a pin Grip firmly with one pair of tweezers,

and tear off the desired piece with another

c) d)
Mica
QCM
Boat
Place the piece on a + -

backing sheet

Deposit silver layer on the mica
within an evacuated chamber

Cut the silvered mica Melt and smooth epoxy to a disk on
to disk-sized pieces a hotplate and apply the mica

Figure 3.9: The various steps leading to the creation of a disk used with the SFA.
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The surfaces themselves, obtained from Esco Products, are fused silicaqriaer

(PCX) circular discs; the base is 9.9 mm in diameter, while the radius of curvature of the
cylindrical surface is 2 cm. Itis crucial that a disc of proper body thickness (i.e. not
counting thickness from the raised cylindrical top) be used, as the lowet sfwmuld be

as close to parallel with the top mount for ease of surface alignment. For the mounts used
in the experiments presentadgFriction Device and Bimorph Slider) a body thickness

of 3.5 mm was used, but surfaces of 4.5 mm body thicknessailebde and have been

found to be more appropriate for use with the Piezo Mount.

3.2.1 Cleaving the Mica

The thickness of the mica sheets used on SFA surfaces have several criteria that they
must adhere to in ordés be suitable for experiments. First and forembsly tmust be
molecularly smooth, and so must be free of steps, spots and other impurities (for
example, dust, oils and, if possible, an excess of atmospheric water). For this reason it is
necessary tperform as much of the surface preparation as possible in an environment
shieldedas well as possible from contamination, andfierexperiments described here
the mica sheets were processed in a Labconco Horizontal Cleaning Bench, a laminar flow
hood whch consists of a stainless steel workspachk sides, back and top shieldethe
entire back wall is made up of a filtered fan that blows air towards the front of the
enclosure at a rate chosen by the user in order to remove dust and other partiontates f
the environment. A mask must be worn whenever mica or disks are handled as well to

avoid airborne contaminants from breathing, and whenever possible gloves should be
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worn to minimize the chances of leaving fingerprioisthe mica being cleave®&eveal
standard tools should always be present during the processing:

1 Scissordor cutting thick sheets of mica. These should be replaced or
sharpened fairly frequently as they can wear down quickly

1 Biologicalgrade tweezersf various types and tip sizeacluding
standard tweezers, spatular figgped tweezers, curveigh tweezers and
tweezers thatave rounded flat tipgrge enough to grip the 9.9 narameter
disks firmly;

1 Scalpelspoth flatedged and curvedged, to cut the mica during the
gluing stage with the former used for small, precision cuts and the latter rolled
over larger silvered sections to be cut in order to minimize flaking of silver and
mica

1 A spray bottle of ethyl alcohabd wipe down all surfaces anqupment to
remove contamints

1 Lint-free swabspipe cleaners and lens pagerclean tools and surfaces
quickly, used in couinction with the ethyl alcohpl

1 One or more covetecarrying trays for the diskpreferably with a
secured inset that contains dszed recessantaining set screws that hold the
discsinplacee t hey dondét slide or flip over, al

i A selection of pins or other poimtéools with various tip sizet) cleave

mica of various thicknessasd to applyepoxy to the surfaces smoothly
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A wire is nomally strung from one side wall to the other near to the top of the flow hood,
with smallclips strung along the length of it in order to hold sheets of mica while the user
is occupied with other tasks. To keep the bench surface clean arfickdusttrasparent
plastic sheet is affixed to the front of the bench with Velcro covering the open space
completely while the bench is not in usehe entire working area should be wiped down

with alcohol before and after every use.

The surface preparatiomqeess begins with cleaving the mica, which generally comes
from the retailerGrade IV ruby red muscovitebtained from S&J Trading Inc. was used
in the experiments discussed here) in the form2iiillimeter thick blocks 50A000
cn’in area. Beforeleaving, a smaller block (16200 cnf in area) shou be cut from
the original sectionsince the cleaving process involves pulling two sheets apart and that
action tends to cause steps and tears in the sheets if thefyadmegerareathan this.
Gloves may or may not be used at this stage; while any section of mica touched by an
ungloved hand wilalwaysbe unusable, so long as only the corners are touched most of
the mica willstill remain uncontaminated. The use of glovexcisiallyoften counter
productive at this stage, as gloves tend to accumulate fragments of mica very quickly
during the cleaving stage so that mica touched with them, while they will-bre@ilwill
still have particulate contamination on them. The electrostatic buildup shekés
prevents these fragments from being removed easily, and having gloves may give a false
sense of security to the cleaver in addition to reducing their manual dexterity, resulting in
a lower yield of usable mica with the gloves than without therteBtive glasses and a

facemask should be used at all times during the cleaving process, however, as inhalation
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of fine mica particles is a health hazdfdand introduction of mica shards to the eye can

lead to eye damage such as corneal abrasion.

The cleaving itself should begin with a thicker, less pointed pin in order to split the
thicker sheets apafffigure 3.2a) A typical cleave is initiated by holding the sheet firmly
at a corner with one hand while thrusting the pin into the mica along the plane of the
sheet with the other. Often with thinner sheets this can be difficult to do, and to assist in
the penetration is advisable to abrade the edge to be cleaved using the side of the pin,
scuffing or 6f ozzi fogy&nadjectivé melaning spbongyadc ot t i s h t
loosetextured which describethe mica edgé done properlywhen the process is
complet@ in the process. By doing this, the softened edge withioker, giving it a
larger crosssection to penetratand softer, making it easier to penetrate gently with the
pin. Care should be taken while fozzing the edge to keep the worked edge down, so that
mica particles fall away from the surfaces and do not contaminate dnelniowards the
cleaver, so that the airflow from the hood will blow mica shards away from the surface
Cleaves should generally be close to the center of the layer if possiblEdsphtting
one side too thin, as cleaving a thin sheet from a much thicker sheet often produces tears

in the thinner slice, making them too small in area to be used easily.

Unused halves should be either suspended from the clips above thesugesdribed
earlier) or placed carefully against one of the flow hood walls at an angle so that neither
side touches any surface that may be contaminated (nevertheless, any area where mica is

temporarily stored should be wiped down frequently). Dued@fiymmetric molecular

19¢



ordering in planes of mica, cleavage in one direction (that which is parallel to the step
lines) will usually be easier than cleavage orthogonal to that direction. This is evident
immediately after the mica block splits: If the alegyoes against the plane the increased
resistance to the split is perceptible, and if the sheets are pulled apart too quickly one may
even see a small electrostatic discharge. Since cleagaigstthe step lines generally

creates sheets with more stees, it is recommended that all cleaving be daithk the

step lines to maximize the production of sfege surface$’.

The cleaving should be repeated as described above until the sheets are too thin
(roughly 0.3 to 0.5 mm thickp be cleaved easily with the thicker pin, at which point a
thinner, smalletipped pin should be used to reduce the thickness to less tman. 10
This thickness of mica is characterizedebgonsiderabloss of rigidity; a simple test to
verify this is to hold the mica from one corner, making sure not to bend the sheet to
artificially bolster its resilience, with the sheet parallel to theigdo If the mica sags or
bends significantly due to gravity, it is likely in the range of thicknesses that are usable
for SFA surfaces. Another indication of thinness is a change of colour; mica is strongly
pleochroic when in thin sections, meaning iaiees colour depending on the angle at
which it is viewed®* *®3 As the mica sheet loses its rigidity it alskeson a few
characteristic colours. df ruby muscovitethe dull brown coloucharacteristic of thick
sectiongs replaced by vibrant forest and emerald green, sapphire blue and ruby red
colours, with the exact colour dependent on the thickness of ket $brest green pieces
are thickest (as judged by the rigidity test mentioned above) while the sapphire blue

pieces are so thin as to crumple during cleaving, rendering them useless. The range of



mica thicknesses typically used with SFA surfaces & eth, with pleochroism

occurring around-3 mm and considerable loss of rigidity aroun@ im®*". As FECO

fringe spacing is ersely proportional to the mica thickness, it is desirable to have as
thin a piece as possible, although the extreme delicateness of thin mica sheets generally

prevents the use of sections less than one micron in thickness in practice.

Once one dlains a mica sheet thin enough be used, one must detach it from the
surrounding mica that likely contains steps and contamination. A few techniques have
been developed to liberate the desired mica. Israelachvili pioneered the platinum wire
technique whih entails using a 3D translation stage to which is attached a mount holding
a seven millimeter long piece of 0.2 mm diameter platinum wire which can be electrified
to heat it*>. With enough current the wire can grow hot enough th miea, and so the
wire can be used to cut rectangular sections large enough to cover SFA disks. The mica
must be placed between mounting blocks (without touching the section to be removed, of
course) at the height of the platinum wire and pulled taisdiétate the cutting
proces¥*’. Once the sections are cut (remembering to clasp one corner with a pair of
tweezers, sincthe breeze from the laminar flow hood can unexpectedly detach the piece
near the end of the cutting), the sections should be placed orpeepegedfreshly
cleavedsubstrate of thicker (~0.5 mm) mica so that it can be later mounted for silvering.
To minimize birefringence effects in the FECO fringes, it is important to keep the mica
planes parallel to one another for all pieces obtained. This is achieved by cutting an

equal number of rectangles with their long axes perpendicular to one another,enth on

the sets flipped over before placed on the backing sheet; this will allow the surfaces to,
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when they are glued to the SFA disks, be in crystallographic register with one &other

An accuratedatedsketch of the backing sheet and mica pieces should be made in a lab
manual, making note of any wrinkles, steps, blemishes or contaminated areas, along with
the overall qualityand colour of each usable section, so that the appropriate sections of
mica can be easily found later after silverargl problem areas can be avoidddhe

mica pieces should be placed as centrally as possible on the backing sheet (which, in the
current gtup, should not exceed3ITD cm in size, so that it can properly fit on the
evaporation chimey, described in&tion3.2.2 so that shadow effects from the

chimney wall and QCM can be avoided during the evaporatiarepsoagain, see

Section3.2.2.

While the platinum wire technique is effective in producing mica pieces of regular
size and shape, problems with the method have been reported in recefit years’
leading to other techniques being develdped®® In practice, the heat required to melt
mica makes the platinum fragile, often makihe cutting process diult. Frequently
the wire can break during the cuttimgrticularly if the wire hits a section that is thicker
than 5mm, and often damaging the mica in the process. Of more concern to
experimentalists, particularly those using the SFA with very sgaalisizes, is the
frequent presence of particles-280 nm in diameter and2nm high that can be found
on the mica surfaces following a platinum wire cut. While the particles were originally
thought to be solidified pieces of mica that had melted duhiegut®® it has recently
been confirmed that they are in fact globules of platinum that accumulate on the surface,

a result of the platinum evaporating at temperatures |tvaerthe melting point of mica



(with T = 1300 ¢ % while T =1320 ¢ >°). One altern& method for

Pt evap m- mica
obtaining mica, originated by Frantz and Salmé&tbinvolves cleaving mica to a

thickness of between 4 and 8 microns, silvering and gitinghe traditional vay

(described in section 3.9.and then, immediately before using the surfaces in the SFA,
placing a small piece of adhesive tape on each surface and removing the top layer of mica
to produce a very fresh, clean surface. The dmatdhge of this method is that there is no
guarantee that the remaining mica layers are of the same thickness, so that recalibration
of the system must be performed with each new pair of surfaces. This method of mica
preparation was attempted prior to tesults presented in this thesis with only moderate

success and so the technique was eventually abandoned.

A verysimple and effective method of naipreparationdeveloped by the author in
2005 anddentical to a methofirst published by Perkiet al in 2008>°, involves placing
the sheet containing the desired section of mica between two mounting blocks in the
same fashion as the platintsutting methodr holding the body of the mica/la sturdy
pair of tweezersandthencarefully tearing away the desired piece whole with tweezers
rather than cutting it with a wire. One disadvantage to this method is that, unlike the
platinumcutting method, which leaves the mica edges partially chele thick and
thereby making them easier to pick up after silvering, the tearing method leaves the mica
edges extremely thin and nearly impossible to pkvithout tearing the mica. irSple
solutiors to this problemall tried successfully by the authare:

i to either place ime edge of the desired mica hanging areedge of the

substrate Were it is easily retrieved,;
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1 to place itwith one edgeipon a step on the backing sheet (either
naturallyoccurring or deposited by the cleaver) which providis ander
which tweezers can reach to retrieve the mica

1 to tear the piece such that a thicker section remains attagheh can be
used to remove the entire piece once silvering is comfalstdiscussed in the

paragraph belowas shown in Figure 3b;

Disk-sized sections of the mica can be obtained by cutting them with a scalpel after the
silvering process is complete. Perkin et al report that results obtained via this method of
mica preparation are not observably different from those obtaimegl the other

technique®®, and this is the method used for the experiments presented in this thesis.

One minor difference between the two methods is that while Perkin et al removes only

the deged mica section and adds a substrate to provide a lip, the author removes not only
the desired section but also an adjacent, stepped section which, due to its increased
thickness and possible wrinkles, is easily discernable from the thin section amsbdoes
usually stick as well to the backing sheet. For these reasons the adjacent piece can act as
a tab which can be handled by tweezers to peel off the thin sections, and makes the mica

easier to handle during the gluing process as well.

3.2.2 Silveringthe Mica Sheet

Immediately after cleaving the mica and placing it on a substsas@own in Figure
3.2¢ the latter is placed in a covered Petri dish (to protectormerfrom airborne

contaminants), which is in turn placed in a desiccatingTae jar is evacuated right
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away by a twin diaphragm vacuum pump obtained from Neuberger, Inc., anddeft
vacuununtil it can be placed in thdreecamndapor ati o
the desiccating jars are gredseeto prevent contamation of the samples. The
evaporation unjta sketch of which is shown in Figure 3.2ds been built Hhouseand

is made up of a roughing and turbo pump unit eated to an evaporation chamber that

is covered by the bell jar. The chamber consists piitform, below which two

electrodes are set, connected by a tungsten wire evaporation boat in which two or three
99.9%% pure silver pelletare placed. The electrodes are attached to a Variac power
supply outside the chamber so that the current thrdlug boat, and hence the heat

emitted by it, can be controlled. bAve the melting point of the evaporated metal, the
Variac setting varies roughly linearly with the evaporation rate of the metal. The
platform has a central hole approximately 10 cm anditer through which evaporated
metals can pass to deposit on the mica surfdbe hole can bquickly covered by a

shutter attached to a lever outside the chamber, so that the substrate can be pimtected
spattering materialwhile the boat and evapating material heat up. The boat and

platform are only about 20 cm apart, and Israelachvili reports that the mica should be
kept at least 30 cm from the boat since exposure to high heat for prolonged periods can
discolour the mica, which can turnadvesely affect the optical properties of the mica.

For this reason, a removable 10 cm long metal chimney with the same diameter as the
hole has been added directly above the hole to increase the distance to 30 cm; the mica
substrate is placed atop the chawwith the thin mica pieces placed as centrally as
possibly to minimize shadowing from the passage walls and QCM crystal (discussed

below). Cut into the side of the bottom of the chimney is an aperture, through which an
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exposed 10 MHz Quartz Crystal Matralance (QCM) crystal disk protrudes. The crystal

is connected to a small controller box which is wired 20@MHz electronic counterso

that the frequency change in the QCM crystal can be monitored. According to the
Sauerbrey equation (first derivegt Giinter Sauerbrey in 1989 the frequency shift in a

thin piezoelectric crystal is proportional to the change in mass of material deposited on it,

and if the density of that material is known, to the thickness of the depasitadesas

wel|67: 368
- 217
Df = A—ODm (1)
r_m

where [ is the frequency shiffy is the resonant frequency of the cryséfeails the

exposed area of the crystaj,and g are the density and shear modulus of quartz, and
DOmis the change in mass of the deposition layer. The area of the QCM used in the setup
is circular so that the deposition layer will be cylindrical, and since the mass of a cylinder
is bm = r , ADd , Whereragis the density of silver andd is the change in cylinder

height (i.e. the thickness of the layer):

2
- 2rAg f,

Df = ——= 2 pd (2)

r_m
q q

As a result, by monitoring the change in frequency one eterdine the thickness of the

deposition layer on the QCM and hence the mica itself.

Calibration of the QCM involves placing a glass slide on the chimney and performing
an evaporation on it while measuring the frequency dift,The thickness on the slide

can be measured easily using an AFM, and so by performing several glass slide
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evaporations while varyingf, one can create a plot 6f vs. 4, from which one may
determine the required frequency change for a desired depasiickness with the
evaporator.A calibration plot demonstrating the linear relationship betweandDf is

given in Figure 3.3:
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Figure 3.10: Plot of silver thickness (as deposited using the Rbuile evaporator) vs.
QCM crystal frequency chang&he desired 55 nm silver thickness that will give
optimal FECO fringe sharpness has been denoted on the graph as occurring with a
frequency change of approximately 9 kHz.

As some of the QCM circuitry is exposed to the evaporation, a small plankngpve
all parts of the QCM except for the crystal itqelfsmall hole was drilled in the plank to
accomplish this) has been addmsheath the unit to avoid forming a conductive layer on

the QCM and ruining the electronics. Since changing the alignmemérethe QCM

and plank will alteiA in equation (1) and hence the calibration ugggation(2), it is
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imperative that the QCM/plank alignment be moved as little as possible in between
evaporations. Any time a significant change to the bell jar setwp@acluding, of

course, a change of the material to be evaporated), a new calibration must be performed.
Generally, despite the presence of the masking plank, the QCM will stop functioning due
to the gradually increasing presence of a silver conduletyey (the plank only delays

this inevitable effect) which will ultimately short circuit the exposed electronics near the
crystal, a phenomenon that usually occurs ar@usitizer thickness of 1.2m,

corresponding tatotal frequency shif{ffrom start @ life of the crystal)of approximately

200 kHz. Since both sides of the QCM used work equally well and the crystal can be
detached easily from the electronics box into which it is plugged, its lifetime can be
nearlydoubled by flipping it around to expeshe second side before the conducting

layer fully forms on the first side used.

The pressure within the chamber was monitored by an ionizatessure gauge
obtained from VeecoWhile Israelachvili recommends a pressure of %tbor, the
lowestpressure typically attainable in this lab is3118° torr, after pumping and
degassing for-4.2 hours ¢r 24-36 hours if the bell jar is not kept under vacuum while
not in use). The@nization elemenfpurchased from Scientific Instruments, Inggs
usually degassed at least twice during the pumping down of the bell jar to improve the
gaugeds pr essur pumpng systamrcensisted of@arypump working
in tandem with aurbo pump controlled by a Turbotronik NT g0mp controller The
standard deposition layer thickness used for SFA studies is 55 nm, corresponding to

approximately 98% reflectivif®> **? and so this was the thickness adteetto as closely
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as possibléor the results presented in this thesis. Below this thickness the FECO fringes
can blur significantly, making an accurate determination of gap size difficult, and above
this thickness the reflectivity ften too high to be able to detect FECO at all. The
Premionsilver pellets used were obtained from Alfa Aesad were rated to 99.999%

purity. The recommended evaporation $¥tef 1 A/sec was also followed for the

surfaces used, so that the approximate total evaporation time was usually 10 minutes. All
thicknesses were determined using the QCM procedure mentioned alhavgr Was

left evacuated for at least 30 minutes followinge¢leaporation before bleeding in
pressurized nitrogen via a needle valve to allow the silver to wbath in turn

minimized the reaction between the silver and nitrogen. All silvered micetskeere
returned to their original covered Petri dishes and immediately placed into a desiccating
jar which was evacuated by the twin diaphragm pump mentioned above until they were
ready to be glued, to avoid a reaction between the silver and the atneosRleactions
between the silver layer and water and oily vapours have been reported to reduced

adherence between the mica and disks by IsraelaChvili

3.2.3 Gluing of the Mica to the Cylindrical Discs

Gluing took place on a Corning Hot Plate, always within the laminar flow hood and
always with a mask and powediee gloves to eliminate particulate contamination.
Several epoxies were provided by Surforce Corporation, and prior to the first gluing
attempts, a few grains of each epoxy were fractured by applying pressure to them via
spatula scoop, and the fractured pieces were then heated on the stage (with two glass

slides beneath them to simulate an SFA disk) to determine their material and optical
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properties. A table of the various epoxies, their melting onset temperatures and wetting

temperatures (as determined by eye) as well as their characteristics during the melting

process is provided below:

Table 3.1: Common epoxies used with the SFA aneiitimechanical and optical

properties
Epoxy Type Solid Melting Onset | Wetting Onset| Characteristics
Characteristics| Temperature | Temperature | during Melting
(°15 C) (°15 C)
Whitish. semi Bubbles form
transparent as_the €poxy
EPON 1004F 105.2 155.0 begins wetting;
granules that
fracture easily clear and
bubbly
Never becomes
Yellowish fully wettable
EPON 1007 granules that 115.5 140.7 below 241 C;
fracture easily clear with no
bubbles
Shiny, silvery
white and Clear with
EPON 1009 difficult to 131.4 182.3 bubbles
fracture
Red popping
. bubbles form
SymDPC Off-white 182.3 214.4 upon melting;
powder
clear yellow
liquid
Dark yellow at
White Sugar Small white 299 2 241.0 fir§t, becomgs
granules bright yellow;
no bubbles

All temperatures were determined by a thermistor placed slightigeofter on the hot

plate, and due to the large temperature variation attressirface, may undeepresent

the temperature of the grains themselves. Fourteen temperatures veeréneltan

average increase of 4ib C per test, giving the uncertainty in temperature), with the
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heater allowed to sit at each temperature for approximately five minutes to allow slower
melting processes to occuh plot of hot plate setting vs. temparee (as measured by a
thermistor resting on the hot plate) is given in Figure shéwing the ratio between the

two to be 0.014
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Figure 3.11 Calibration plot of hot plate setting vs. temperature, showing the melting
points of the tested epoxies caraties.

In general, smaller granules were observed to melt more quickly than larger granules
of the same substance. Granules that fragtemsilywere found tdoreak into small,
relatively equakized pieces, while those that fractipoorly allowednly a few small
piecesto be chipped away whikle bulk of the grainemainedntact, or tend to s@sh
flat upon applying pressure.yi®-diphenylcarbazide (syy®DPC),a powder at room
temperature, was found to be already of sufficgzg for meltingm amounts needed for

gluing. The ideal epoxy should have a low melting point (to protect the mica from
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discoloration) and a relatively high wetting temperature as well, so that there is a wide
range of temperatures over which the gluer can form the dpgeyeasily, without

much leaking over the sides of the disk (too much epoxy leakage can prevent the disk
from fitting in the SFA mounts). It should also be bubipée if possible, since bubbles
may create local rough spoif they become @ipped undethe mica sheet, and, since it
satisfied all of the criteria mentioned abo®ON 1007 was chosen as the ideal

candidate for gluing the silvered mica to the glass disks.

The gluing process begins with placing several disks flat side down near the center of
the hot plate. The plate should be turned to the desired setting for gluing and left for a
few minutes to allow the teperature to equilibrate. uing this time he surfaces should
be checked for blemishes and, if any are found, they should be cleaned or removed for
future cleaning. A cleared surface on the laminar flow surface should be cleaned
thoroughly so that one or two pieces of epoxy can be placed onbtakeh by a blunt
tool (one either dedicated for the task, or a thoroughly cleaned tweezers handle, for
example). When the pieces are small enough to be used (réughlY mnT or less)
they can be deposited directly on one of the surfaces (prefavablthe spatular flat
tipped tweezers, as they can collect the epoxy dust as well), which should be nudged to
the center of the plate to get the target heat and to give the gluer space to work with the
disk. If the temperature is high enough, the graimmuld melt to a senwettable,
moldable state within about thirty seconds. At this point the user should clasp the disk
firmly with the roundedip tweezers, being careful not to leave the tweezers exposed to

the epoxy so that the disk does not bond withtweezers. With the other hand, the



gluer should, in one slow, fluid motion, sweep across the disk surface either with curved
tweezers (if available) or with a thick, straight pin or similar tool, making sure to

maintain a constant pressure so agstridute the epoxy evenly across the surface; if
curved tweezers are used, the smoothing motion should be along the length of the
cylinder, whereas if a pin is used the length of the pin should be aligned as closely as
possible to the length of the cylieid as any deviation will likely lead to an uneven
distribution. The gluer should inspect at the surface at an angle (so that the sheen of the
glue can be seen), checking for thin or thick patches, or bubbles, and if any are seen, the
surface should be 1@moothedas many times as is necessary to create a smooth, evenly
layered glue layeif anycontamination is seen, the disk should not be used. If the right
amount of epoxy is used, the amount that is pushed over the side of the disk should be
minimal. As the fingers and thumbs come close to touching the hot plate during this
procedure, the latex gloves mentioned above sed@uble purpose as they partially
shield the gluerdés fingers from the heat. V

to avoid contaminating the surfaces and the mica.

At an opportune moment (usually either while the disks are heating or while the epoxy
is melting) the mica backing sheet should be removed from the desiccating jar and Petri
dish and placedonareceny c¢cl eaned area of the | aminar f|
done already during theeaving stage (see the&ion3.2.1for details on the various
mica preparation methods) the desired section of mica should be cut into sheets the right
size (roughly 10.7 cm)as shown in Figure 3.2enaking sure if possible to cut an equal

number of pieces with the long rectangular axis in each of two chosen directions
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perpendicular to one another. The cut should be made with a-eolged scalpel,

starting at one coen of the rectangle andlling the blade over the section to be cut, not
dragging it across, as a dragging motion may tear the mica or break off silver shards that
could contaminate the surface. It should be noted that macroscopic silver shards do not
stick to the surface and so can be removed fairly easily by flipping the mica piece over

and allowing them to drop offA firm rolling motion should be enough to cbtaugh

the desired mica piece.oling too hard or repeatedly over the same cut could cut

through the backing sheet, making removal of the desired section difficult or impossible,

so this should be avoided if possible. The tip of adtided scalpel is best used to free

corners or any other stubborn sections, but should be used sparinglgrasasily
penetrate the backddd (schessdr.i bdd isiuskdet hod i e ote
cutting should baroundthe lip leaving it attached so that the desired section can be

easily raised from the backing sheet. Before continuinpiilsl be made certain that

every side of the rectangle is completely free from the rest of the sheet, as any snags
during the lifting process may tear the piece. A corner or edge of the mica should be
slightly and very gently raised from the backing shesgtg needle nose tweezers; as the

mica is extremely fragile it may be a good idea to continue raising the piece by blunter
tweezers (possibly even the spatular tweezers) to increase the surface contact between the
two and minimize the chance of tearifg mica All contact, of course, should be along

the extreme edge or corners to avoid contaminating the central section of the piece.

The first mica piece removed should be gently placed centrally and sitkeedown

on the diskas shown in Figure.2f, with the long axis of the rectangle along the
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cylindrical axis. The second piece of mica should be rotate{Li@less this has already
been done in the cleaving process using | sra
be placed silveside dow on the second disk. This is done to minimize mica

birefringence by aligning them crystallographically. To avoid mounting the disks with

the mica 180with respect to one another, a small mark can be placed on the side of each
disk with a felttipped pa@ if possible to keep track of their alignmeifotring the

mounting process. The gluer should place the mica gently on the disk center first, letting
the glue draw the rest of the piece onto it by capillary action, and nodécumstances
should the mia be dragged into place once it has contacted the disk, as this will cause the
glue to redistribute unevenly and cause stress on the system. Once the mica is set in
place, the corners of the mica may need to be tamped alclve corners and edges

gentlyso that the mica fully takes the form of the cylinder, and this can be done very
carefully using the tweezers ti.amping should not be done nearer the center of the

mica, as this will likely contaminate it; if the mica center does not conform to the

cylindrical surface well, it should be discarded altogether.

The disks shouldextbe removed from the hot plate soon as possible, as excess
heating of the mica can discolcamd hence damagfe and be placed in a covered
container immediately. Fe surface should be checked for bubbles or wrinkles,
particularly any that stick up from the rest of the surface and especially along the topmost
part of the cylindrical axis, as this will be the section in closestact with the other
surface. flanyaberrations are observed, the disk should not be used and a replacement

disk should be prepared with the same mica sheet so that it matches with the other disk.
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Any fleck of mica that is found to be sticking up from the surface that looks like it could
beremoved without compromising the disk should only be detached after the glue has
fully set (several minutes after removing from the hot plate), to avoid pulling the entire

sheet along the disk and ruining the surface.

Once the disks are done beirged, the mica can be removed by leaving them in a
sealed vessel containing either chloroform or acetone for at least twelve hours to dissolve
the glue. Once the mica has been removed the disks should be rinsed thoroughly in
distilled water. If pure watas not used there is a strong likelihood the glass will develop
water deposits which can be very difficult to remove. Once the disks are clean they can
be dried by blowing them with pressurized nitrogen or aiit alitwater beads are
removed. Repeatechmersions in solvent may be necessary to remove all glue from the

surfaces.
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3.3 Preexperimental SFA setup

Samples of 8CB are loaded using a syringe which, after a single small drop of the
liquid crystal (approximately three to fieebic millimetesin volume estimated by eye
has been collected on the tip, is swept across the bottom lens in the SFA while taking care
to touch he surface with the sample onlyhe surfaces are then brought near to contact
(within a few microns), tallow the sample to coat both surfaces. This must be done
rapidly to avoid dust contamination on the surfaeesl during the loading process a

surgical mask must be worn for the same reason

The point of contact between the surfaces is foundif@gting monochromatic light
normally through the surfaces and observing
pattern that result from the close proximity of the surfaces. A cleardeftied, round
series of concentric circles will result ifdlsurfaces are near or exactly perpendicular to
one another well away from any local surface defects, and if the tilt between the surfaces
is minimized; the latter is accomplished by varying the tightness of the four set screws
securing the adjustable ldwa@amp to the Friction Device. A Teflon-@ng recessed in
the SFA separates the Friction Device from t
to its slight flexibility; a bellowed @ing can also be used for more flexibility if
necessary. The mochromatic light is usually generated by using a msbnomatic
source (a@diumlamp as pictured in Figure 3.4, for example)teatively, a white
light source can be used in combination with a monochromatic filter placed above the

surfaces and befotae objective in the optical path. The filter allows the operator to see
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only a single wavelength (or very narrow range of wavelengths) and hence observe the

Newt onds Rings phenomenon.

White Light
Source

Sodium Light
Source

Mirror
(Removable) ‘
Q Collimating Lens

Mirror i SEA
(Underneath ]
Chamber) | Chamber

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3.12 White light and sodium light source setup.

Once he surfaces are properly set in place and secured, the optics stand, mounted with
a prism, can be set in place and fine adjustments to lateral position, fodtils @frthe
latter can be performed Opti mal positioning occurs when
(comprised of white light from a standard halogen source that has passed normally
through the surfaces, the focusing lens and the prism) strikes the spectrometer slit
normally and is centered both vertically and horizontally on the slit. Further adjustment

to the optical path are often necessary so that light emerging from the point of contact
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strikes normal to and centered on the spectrometer slit. The resultant interference pattern,
comprised of Fringes of Equal Chromatic Order (FECO), should appegarasitwell

defined (this is more important for small separations). They should also move

horizontally across the screen (i.e., the wavgleaxis; see &tion3.1.2for more

details) when the surface separation is varied, and if they do not, the caustiae

rotated in its sleeve until they do.

Once the optical path has been properly ali

has been found, the following preparations should be done before actual testing begins:

1) The thermistor tip should beacefully placed as close as possible to the surfaces
without touching or disturbing the mounts or the surfaces. In the experiments
presented here, the thermisturface distance was approximatel 1
millimeters, after the wire was fed through the vagmesssure port.
2) All ports to the SFA must be sealed in order to minimize air currents near the
surfaces. In the experiments presented here, the vapour pressure port was closed,
but not fully screwed in to avoid damaging the thermistor wire.
3) The front pankto the SFA outer chamber must be put in place to minimize air
currents around the SFA
4 The floating tableds resistance to vibrat
gently on each corner and gauging the res
distubance adequately, air pressure to the table should be increased or decreased

as appropriate.
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5)

6)

7)

8)

9)

All extraneous electrical equipment should be turned off to minimize the
generation of heand vibrationgvithin the room.

All electrical equipment should mhecked to make sutlatit is functioning
properly and is running optimally. All remote controls that are to be used, in
particular, should be checked to make sure they respond properly.

The Signal Conditioning Amplifier Balance should be checked twyrig the
Excitation switch off while thea@n is set to X100 anthenchecking the output
lamps. The amplifier is balanced if the lights are extinguished. If the lamps are
even slightly lit, the AMP BAL adjustment should be turned (using a small
flatheal screwdriver) until they are fully extinguished. The Excitation must be
turned back on and the Gain set to the desired level when this procedure is
complete.

The Signal Conditioning Amplifier Bridge should be balanced, if necessary, by
using the Auto Blance Reset knob (for large adjustments) and/or the Trim knob
(for small adjustments) until the lamps are extinguished. @mwcbalancing is
finished, the mplifier should be monitored for an hour afterward, while keeping
temperature in the room as dtahs possible, to see if it drifts significantly. If it
does (that is, if one of the lamps becomes a solgkmisolid red), this step
should be repeated until the amplifier remains relatively stable over the
monitoring period.

Ensure that the Signalo@ditioning Amplifier filter is set to as low a filter level

as possible without adversely affecting the experiments that Wairvdtypically

at least five times the anticipated maximum shearing frequency to hesodbdt



higher harmonics remain ultBredaswe)l , t o maxi mi ze t he out plt
noise ratio. The filter used here is a tpole Butterworth filter and the
experiments involve frequencies up to 10 Hz, and so a filter setting of 100 Hz has
been used with the data presented.

10)Any limit switches to be used must be set to ensure the safety of the SFA. This is
achieved by gently bringing the surfaces near to contact using the coarse control
(preferably using the motor while set to a very slow setting) while the medium
control is near itspper position. Then bring the surfaces slightly out of contact
using the coarse control (again, this is best achieved using the coarse motor on a
very slow setting), and once the surfaces are near to but not in contact, bring them
back into gentle contaetith the medium control. Both micrometers should
ultimately sit near the center of their operating range in case further adjustments
need to be made later. Once the micrometers and surfaces are both positioned
optimally, the limit switches should genthg brought as near to triggering as
possible. This will ensure that the surfaces will press no further beyond contact
during testing than has been allowed by the final medium control adjustment in
the event of motor or software failure. It should beeddhat any adjustment to
the fine micrometer will offset the limit position of the coarse micrometer, and so
the former should be used sparingly during testing and returned to its original
position whenever convenient to avoid cumulative error in thé position.
Generally, though, the fine micrometer correction should not make much
difference overall because of its miniscule range, and so is not a major concern.

The limit switches should be tested several times with the coarse control on a
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slow setthg to ensure it is functioning properly and returning to the same point
with each approach. If it is not, the limit switches should be adjusted to maximize
their sensitivity to the triggering mechanism.

11) The methods of determining the gap size discuss#tkifollowing section both
require a foreknowledge of the index of refractiopand so a run tracking the
index of refraction as a function of gap size using traditional optiethods
discussed in Section 2sBould be performed. Because both the extraordinary
and ordinary fringes must necessarily yield the same separation either can be used
(as per Israelachvili> **%, and in the experiments discussed herettmary
fringe was used. Because the refractive index was not found to vary substantially
over the range of separations testguk¢ifically,Dmmwas found to bé 3%,
smaller than th& 10% estimated accuracy for the methods described below), a
single value formof 1.56 was used, obtained with the spectrometer centered at
5850A.

12) Because the testing should begin as soon after the sample agitation is complete as
possible, and because arcurate calculation of gap size can be fooesuming,
a rapid method of separation determination has been developed for both gap sizes.
Since it requirepreciseknowledge of the final FECO fringe placement or
separation (depending on whichgapsize50 ¢ m or 5 camkersi s desi r
must be placed on the LdlEW camera image so that both can be determined
very quickly by eye. This technique and the markers that are used with it are

described in more detail the following section



3.3.1 Calculaton of SurfaceSeparation$or Remote Experiments

Israelachviliet aland other groups have developed several techniques for the
determination of gap separation using the principles of dlaye thin film
interferometryas described iBection2.3%° 337 342.:3%9 Many of these methods,
however, involve the tracking of fringes by spectrometer and recording their respective
changes in wavelength, which is not possible when the SFA is being used remotely, as
the spectrometer used in the current experiments canopebated remotely.
Furthermore, because the experiments are to be begun as quickly as possible after the
sample is agitated and specific gap sizes are required, it is necessary to have a quick
method of determining the surface separatthout sacrifieng its accuracy
Consequently, the aforementioned conventionahots have been adjusted and

LabVIEW software has been developed that wdtomplish this

The basic equation to be used is given by IsraelatHuili

1 e/ /., g

D = +/ T -/ T 3
(r,.-7,)a 2m prie o e et 3)

whereD is the gap sizé€,, and/ ., are two adjacent fringe walemgths that lie between
two previously measured adjacent contact fringe wavelendttasd /', € is the
sample index of refraction, affg andT,.; are hypothetical distances represema
wavelength shift of ° and/?_, to/,and/ 1. This equation is exact and is ideal for
measuring separations remotely, as the ideal fringe wavelergtusd/ .1, can be

calculated beforehand usiagpremeasured value gfiandthe aubmated LaVIEW

script developedas describeth Sections 2.4.4 through 2.4.6)he appropriate
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positions, with the required fringe separation consideredthearbe overlaid on the

camera image for rapid gap separation determination during teSingptain the

desired gap size, then, the operator need adljlyst the coarse micrometer to approach
the right separation, and then fine tune the separation using the fine micrometer setting
until /, and/,.1 match the markers on the scredrnis method isdeal for remote
determnation of large separations suchtlas 5mm gap size studied in the experiments

presented in this thesis.

Increase Separation

In Contact

Figure 3.13 Sketch of the fast determination of the Brf separation. The process

starts on the left, with surfacesdontact, wheré,.; and/,are recorded. It ends on the
right, when two fringes spaced exactly, - /, apart lie between the forméys.; and/,,
positions. Thd 1 - /, spacing is defined such that= 5.0nm in Equation (3).

The speed at which ercanobtain the desired gap size wikiry, but if the user has a

general idea of how long it takes for the surfaces to separate at maximum stepper motor

speed, the proper separation can often be found vétiont twenty secondsd the

shearing can begishortly thereafter
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For smaller separations (like the @ gap size also studied in the experiments
presented here) the above method is not sufficiently accurate, as the chadjgeent
fringe separation is not large enough over such a range. One can, however, use the

simple but effective approximation described by Israelac¢filifi which one counts the

fringes passing by a contact point fringe, upon separating the surfaces, as each one
represents a separationof . =/, /2m. Therefore, by working backward froims

equationwithagapsizeD, (whi ch, for the present experin
measured values eoffor various separations, one can determine the number of fringes
and where the final fringe must be positioned for the desired sepdbation

2mD
N fringe = /_0 (4)

where the whole portion Minge represents the number of fringes passing thgosition
and the fractional portion represents the fraction of one fringe separation the final fringe
comes to reaching the  position. As with the previously mentionkdger separation

n+1

method, the necessary fringe positions tarattze desired gap size can be overlaid on

the camera image in order tetdrmine the separation quickly.
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Increase Separation

In Contact

m+5 m+3( m+2{ m+1{ m

m+2 I m+1I m X
®.5 nrmoémarker

Figure 3.14 Sketch of the fast determination of the OrB separation.The process
starts on the left, with surfaces in contact, and ends on the right, when a set number of

fringes have passdbe contact position (herég.1) and the last fringe has reached a
predetermined point representing the nd separation.

One noable limitation on this method is that the surfaces must be moved apart slowly
enough that the fringes can be countegtiselybefore the final fringe position is sought.
By advancing too quickly, the fringes temporarily blur making tracking them difficu
Nevertheless, with due caaed some practice before the test run begimsethodology

can be adopted wherebhye surfaces can be separated from contact and in place within

about fifteen seconds.

3.3.2 Experimental Parameteasid Procedure

Once the surfaces are in place, the optical path has been optimized and the final SFA,
electronics and room preparations have been completed as outlined above, the door to the
room can be closed and the testing can begin. Experiments were perforsmadatic
8CB for two separations (Orim and 5mm), the former nearer to the calculated de

Gennes penetration depthand the latter further into the mesoscopic regime; the gap
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sizes approximately correspond to those used by Kolenwidziak in their series of
experimentd" 127. 128,317, 319, 320. 3} 5 comparison can be made between the results as
well. The Bimorph Slider was used as the lower mount, in order to create a shear
constant velocity oscillatory shear pattern (wighocity reversing direction at the

extremes), and the Friction Device was used as the upper mount in order to gauge the
shear response. For each gap size, experiments were performed at three different shear
amplitudes (62.5, 625 and 626M) and four diferent shear frequencié3.01, 0.1, 1 and

10 Hz). Manyof the tests were performed at three different temperatures (approximately
20.5C, 22 C and 27C), although the focus of the analysis was on those results obtained
at 20.5C, as the shear response \aagest and bestefined at thatemperature due to

the greatestiffness of the material. The experiments were performed in the following

general order:

Table 32: List of experiments grouped by experimental parameters

Group # Experiments
1 1% roundof 20.5C tests (62.5 and 625 nm amplitudes, all frequenc
and both gap sizes)
2 All 22 C tests (62.5 and 625 nm amplitudes, 0.01 and 0.1 Hz
frequencies, and both gap sizes)
3 All 27 C tests (62.5 and 625 nm amplitudes, 0.01 and 1.0 Hz
frequenciesand both gap sizes)
4 2"%round of 20.5C tests (62.5 and 625 nm amplitudes, 0.01 and 0.1
and both gap sizes)
5 3% round of 20.5C tests, after the semiconductor strain gauge moul
switched to the resistive strain gauge mount (125amplitude, k&
frequencies and both gap sizes)

As indicated in the table above, for the smaller two amplitudes the semiconductor

strain gauge mount was used within the Friction Device, as it is the more sensitive of the
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two possible mounts. For the largest éitude the resistive strain gauge mount was

used, as it is more robust and so can handle larger deflections with less risk of breaking it.
The bridge voltages used for the semiconductor and resistive strain gauge experiments
were5V and10V, respective} (a lower semiconductor strain gauge bridge voltage was
used to avoid damaging the gauge under high strain conditions, as per instructions given
by the manufacturer). Ding eachseries of tests performetiown in Table 3,2he only

time theSFAroomwas entered was tther change the room temperature awach

the mounts, so that the temperature fluctuatchngng each test ruwere kept to a

minimum throughout. The same pair of surfaces was used for all tests.

Before each tesgnyshea-relatedordering in the sample from the previous test was
removed by bringing the surfaces far out of contact (approximately 1 mm) and oscillating
the sample in the normal direction repeatedly with a large amplitude (0.5 mm); this
technique has been fadito remove ordering in previous studies by Ruths*t aThe
process has been DéliEW-automated and discussed in Section 2.4.6mmediately
following the agitation of the sample, the surfaces were brought into contact, where an
image was captured via the main MiBW SFA-controlling software. The contact point
was ascertained optically, by decreasing the separation until the nermaiyed ECO
fringes flattened, indicating that the surfaces vaeréhe verge of being deformed.
Previous experiments have shown that the last one or two monolayers of 8CB remain
even after considerable normal pressure has been dpplasthat a perfect miaaica

contact point would not likely have occurred, but tHéedence from contact is expected
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to havebeen negligible, especially considering thegéaseparations used in the

experiments performed.

Once brought into contact, the surfaces were separated to one of the two gap sizes
being studied using the methods discussed above, as quickly as possible (generally within
twenty seconds). The FECO was monitored usingt® Control Panesoftware,upon
whose QCam image both the necessarymhtand 5mm lines were overlaid so that the
appropriate gap sizes could be determined as quickly as possible. Immediately after
ascertaining the gap size, the shear experiments were begun. As mentionethabove,
Bimorph Slider provided a constant velocity shear (except gidtieextremes, where the
velocity wasabruptlyreversed) and the shear response was measured by the Friction
Device as a voltage. The response voltage was sent via a shielded dabdISigmal
Conditioning Amplifier (SCA), where the signal was amplified 11-@6@ andthen
filtered using a Zole 10 Hz lowpass Butterworth filter. The SCA output signal was
sent directly to the BNC 2110 shielded connector block, which was in turibyehd
data acquisition card using LdlEW software. Because the experiments were
performed with frequencies orders of magnitude different from one another and tests
were to be performed for as long as possible, different data collection rates were used
depending on the frequency, with a targeted total number of points per experiment of

roughly 16. The data rates used were:
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Table 33: List of data rates usddr the various shear frequencies tested

DataCollection

Shear Frequency Expgriment Rate Total Points | Points per
(Hz) Duration (sec) : Collected | Shear Cycle
(points/sec)
0.01 25 200 50 1.26 10° 5000
0.1 10 800 50 5.410 500
1 10 800 100 1.08 1¢° 100
10 18003600 500 ®10-1.8 10° 50

It should be noted that because of the many processemg on the computer during

any given experiment, collecting at data rates higher than 500 points per second runs the

risk of overloading the system and so this number was used as an upper limit for tests

running longer than a few minutes with the VABW automation software, despite the

dat a

acqui sition

c a r rasécend. | Thenair tempbraturé@gym 1 00 0

from the surfaces was measured by a thermistor and the teanpeatata was collected

everysecond. Animage of the FECO fringessveallected by the QCam camera

attated to the spectrometer, azd imagevas save@very 60 seconds. The entire

process, including control of all components used before and during the experiment, was

controlled by LaWVIEW programs codely the author, deeribed in Section 2.4
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Chapter 4

Results

Results for the tests described in Chapter 3 are presented below, beginning with
preliminary data collected using a rheometer to compare its shear response profile of
smectic 8CB with that obtained from the SEection 4.1); a characteristic rbnear
behaviourfor bothis observed and reported survey of the various response
characteristics observed for different shear parameters is then provided, with attention
paidto a kink that is preseiioth during moderate and aggressive shedBegtion4.2).

A discussion of the reproducibility of the results follows, along with the dependénce
the response amplituda temperature and shear ré@ections 4.2.:2.2.3) Of

particular interst is the observed transitidrom sheatinduced thickening to thinning
behaviour that occurs with increasingly aggressive shearing, for which a schematic
summarizing the phenomenand plots showing the amplitud@ear rate relationship for
large amplitude shear apeovided. The response amplitude is found to decay according
to a tweexponential curve, and the time constants of the resultant fipadted as a
function of shear ratesshownalongside xray results of smectic 8CB sheared under
similar conditions from Nieman et’al. A discussion is also given of the method used to
eliminate noise from the collected data via khpgss posacquisition fitration and
extraction of the first harmonic values to allow for easier fitting of the results (Section
4.2.4) followed by a corresponding plot of tvexponential time constant vs. shear rate

this timeusing the filtered dataBoth sheainduced time tltkening and thinning time
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constantsvere found to flhon the same lines, indicating a singlieectcause for both

phenomena.

A comparison is then madbetween the measured shear responses at the two gap
sizes, 0.5rm and 5.0 (Section 4.2.5) The ratis of these response amplitudes are
themselves compared to those predicted by asimpleg r o x i mati on gi ven by
Theory integrated over the crossedindrical geometry of the SFA confinement volume,
and it is shown that while the theory ameéasured values agree fairly well at asymptotic
times, early on the measured value can greatly exceed the theoretical higics
followed by a discussion of the shape of the shear responseitsetfzand the various
possible models that coufmbtentally represent i{Section 4.2.6) Ultimately two models
are selected: A Bgers Model, which has historically been usedescribeviscoelastic
materials undergoing shear, and a Split Model, made up of two steps, a¥eigin
curve for points precedg the observed kink occurring meriod, and a simple cubic
for postkink data. The ler model originate from the theoryhat theaforementioned
kink represents the point at which the viscettalimit has been reached, beyond which
essentially visous flow is occurring.Variousotherobserved intrgeriod features are
also discussed, the most important of which are frequent jumipsponse that exceed
that measwad from noisecontributions(Section 4.2.8) It is propogd that these jumps
are a trect result of domain reorientations. The frequency of jumps is found to decrease
slightly with higherfrequency shearing, but persistthe end of the test for aésted

shear parameters.



The topic of Large Amplitude Oscillatory Shear (LAOSsoduced next (Section
4.2.8) Storage and loss mod@i;andG,jobtained from rheology tesése shown as a
function of percent straim an effort to understand tisear dynamicsf confined
smectic 8CBand théharmonic ratio Aw/A1, with A being the transformed response
amplitude)of the Fourier Transformed SFA shear data are compared to those expected
from a perfectly triangular response, the difference in theoretical and measured values
giving evidence that the viscoelastic limit hasfaat, been exceeded for the larger
amplitude shear casehis ratio is shown to increase for a short period following the

onset of shear only in the tightly confined condition.
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4.1 Rheology Results

Preliminary experiments weperformed onsmecticBCB using aheometepobtained
from Rheometric Scientific Ltd Both dynamidestsand tests of steady vs. oscillatory
sheamere performed, the former over a frequency range of from 0.1 to 100 rad/sec and
strainamplituderange of 0.01% toQ0%, and the latter from 0.011 geto 237 se¢. All
tests were performagsing a cona@ndplate geometry with a 58m gap, a cone diameter
of 25 mm and a cone angle of 0.0988 radians. The data was codletieee
temperatures: 28°C, 22C and27°C. The time domain shear response shows a slight
elbow (or kink) that is most prominefar larger strains, as demonstrated below for a

strain of approximately 10%:
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Figure 4.1 Overlay of the applied shear stress and resultant torque for 8CB cawfiaed
56 mm gap(for the rheometer) andrim gap (for the SFAxheared with (for the
rheometer sample) 10% and (for the SFA) 12.5% strain.

As can be seen ingHfigure above, a similalbow can be observed wismectic8CB

sheared using the SFA undemgar conditions.The SFA has an advantage over most
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rheometers in that it caasilyexplore smaller gap sizes and percent stnaitts

customizable shear patterasd thereby provide a fuller picture of the transition from
microscopic to bullsmectic8CB dynamics. It should be noted that because the shear
profiles for the rheometry and SFA measurements are slightly different (sinusoidal for the
former andriangular for the latter) one ghld not expect an exact match ie thverall

shape of the respoasThe elbowdoes persistith both shear profilehhoweverand the
overall shear sweep can be thought of as being made up of two seati@asly steep

part and a later shallopart. This feature will be discussed in the sections that follow.
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4.2 SFA Shear Experiment Results

The shear responstsat wereobtained differed markedly in appearanepending on
the shear parameters used. A schematic shawendistribution of the observed

response shapes is givieelow:

0.0005 0.005 0.05 0.5 5 50 500
= 0.0125
l 5 mm gap
Increasing 0.125
% Strain
1.25
Increasing Shear Rate
I =
Increasing 1.25
% Strain
Increasing Shear Rate 125
I = Strain
10 Hz line Amplitude

Figure 4.2 Summary of the various shear response effects observehéoticBCB

under mesoscale confinemersing the SFA.

Each square colour in the diagram above represents a response qualitatively different
from other coloured squares in some way, while tbgraphs within the squares
represent the shape of the response corresponding to that colour, as desthibéable

below:
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Table 4.1 Shear Response Characteristics

Square Colour Shear Response Characteristics

Lime Green Very noisy with no obvious responsendsobserved

Liaht Blue Very noisy response, with a vaguely oscillatory response that
9 susceptible tohermal and electronidrift

Very noisy response, with a triangular response that is somew

Forest Green susceptible téhermal and electronigrift

Slightly noisy triangular responsgieat sometimesontain a small

Dark Blue .
elbow early onn the shear sweep
Cvan Well-defined triangular respse that clearly exhibits a small elbo
y early onin the shear sweep
Well-defined largelytriangular response with a smoothly changir|
Purple
slope throughout

Orange Noisefree vaguely oscillatory response

Red Very well-defined triangular response withgsit blunting at the

peaks

All plotsrelated to thee shear experiments, showing the response for the first five

periods, are presentad Appendix1.

It should be noted that response curves to the right of the yelleldbee d t he 0610
Hzf i | t ¥ corrdspomdiegito the orangend redcoloured squares in Figure 4tijve
been significantly altered by the presence of a 10 Hzgass posamplification filter
within the signal conditioning amplifier. The filter was necessary to rersignals
observed beforeharat 3738 Hz dugo vibrations from arair conditioning fan within
the test roomwhich, in turn,wasnecessary to maintain a neamngant temperature
within the test chambgeto minimizev o1 t age dr i ft Wheatstotee strain ¢
bridge. Thefilter attenuation graph provided by the manufacturdicates that the first
harmonic of d0 Hz triangular response wile attenuatedy approximately 40%, while

higher harmonics W be attenuated b§0% (for the second harmm) or more (96% for

234



the third harmonic, 98%er the fourth harmonic, etc.).irge the Fourier series of a
triangular wave consists of a series of sine waves of decreasing amplitude, such an
attenuatiorprofile will lead to a blunted &ingular responsejatching the pattern
obseved for thelO Hz shear responseshe shapes of the 10 Hz curves, therefore, do
notaccuratelydescrile physical phenomena and nahbe interpreted as beitige result
of asheasrelateddynamic or structwa shift in the 8CB A reconstruction of the
response curve is possitilg inverting the transfer function of the pashplifier filter

and applying it to the measured respobsgpecausdt may be inaccurate due to the
smallpostfilter signals ithas been omittedThe anplitudesof the 10 Hz curves,
however, can beasilyreconstructedince the fine details of the response curve will not
contribute greatly to its overall amplitydandso have been used in the analysis that

follows. All 10 Hz responsemaplitudes have b increased by a factorsj,

corresponding to the aforementioned first harmonic attenuation factor, which should

reestalish the magnitudebtained before filtering.

4.2.1 Reproducibility of Results

The SFA surfaces tend to deteriorate over time as shear is applied (a process that can
be monitored by observing the concomitant deterioration of the quality of the FECO
fringesfrom which the gap size is determinecdhakingthe optimization of the nonber
and length of experiments critical. One unfortenagproduct of this properig that it is
often difficult to perform multiple identical experiments to ensure the results are
reproducible without sacrificing experiments that may yield more valuabldts.

Because of the inherently difative nature of the resisland the overall sensitivity of
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these results to varying experimental paramgete@oducing the experiment with a new
pair of surfaes can also be unrelialdad hence undesirablé&ven with great care
changes in surface quality, surfadggnment, the amount of material being tested, and
the strain gauge bridge balance will occur, all of which can alter the overall output data
from experiment to experiment. For this reason, itseeal to perform the entire set of
experiments using a single pair of surfaicesrderto minimize the variation between
tests Neverthelesgjuplicate experiments were performed following the initial series of
tests in an attempd reproduce the origal results for the set of 625 rshear amplitude
tests. A freslset of surfacewere usedand the reistive strain gauge was used in place
of the semiconductor strain gauth@at had been used with the origitedts The results
were found tde quitesimilar in both shapand amplitude, and two examgplare

presented below in Figure 4.3
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Figure 4.3 Overlay of shear responses from the original set of experirtieriitkie)and
experiments performed latén red) showing the similarity between thgo, for shear
frequencies of (Left) @. Hz and (Right) 1 HzA driving amplitude of 625 nm was used
in both cases.

Note tha the data from the second seeaperiments (in red) is visibly noisier than that

obtained from the later experiments (in Plymarticularly for the 1 Hz results. Thisas

consequencef the 10 Hz lowpass posamplifier filter mentioned earlier, whichas
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used for the originakds bu not for the subsequetdds, and of having used the less

sensitive resistive strain gaufye the subsequent tests

4.2.2 Temperature Dependence of the Response

The shear experiments were performaethree separate temperaturdost were
performed aR0.5°C,and the results in the sections that follow were taken at this
temperatureSubsequent tests were performe@2ftC and 27°Cand all temperature
readings hadn uncertainty of £0.1°CAll tests were performed with the same pair of
surfaces and setup, and the test room was allowed to adjust to each temperature over a
period of t& to twelve hoursThe responses obtained at the two higher temperatures
were generally weaker than those obtained at 2im8itating, as expected, that the
viscosity has decreased with increasing temperatiinreexample of this response

deterigationis shown below in Figure 4.4
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Figure 4.4: Initial shear response obtained at three different ambient temperatures, for
8CB confined to a 500 nm gap, sheared at a frequency of 0.01 kathrash amplitude

of 625 nm. The shear profile is shown in red.

The rapid dop in viscositywith temperature underscores the importance of maintaining a

low, stabletemperaturevithin the SFA, so that the response will be large enough to keep

the signal to noise ratio high.

4.2.3 Shear Rate Dependencetioé Shear Rsponse Amplitude

Theamplitudes of each shear resge cycle were obtained by calcingtthe
difference between the data extremes and convattiram voltage to shear force using
the Friction Device calibration dagsample calculations for whdave been provided in
Equations (1) and (2) in Chapter For the gentle shear tests only slight changes in
amplitude were observed, while under more aggressive shearing, particularly with large

shear amplitudes, the amplitude change was much moresapp#n the latter case, the
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amplitude was found to decrease over time, indicating that the viscosity of the system
wasdecreasing and hence tishearinduced timehinning was occurring. An example

of this behaiour is shown in Figure 4:5
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Figure 4.5 Plot of shear response as a function of time for 8CB sheared at various
frequencies (blue 0.01 Hz, red 0.1 Hz, green 1 Hz and violet 10 Hz) using a shear
amplitude of &5mm and a gap size of 500 nm.

Both upward and downward shiftsresponse (thkatter corresponding to sheiaduced

time thickening)were olseved, as summarized in Figure Hélow:



g(s?) 0.0005 0.005 005 05 5 50 500

= 0.0125
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=
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I =
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10 Hzline Amplitude

Figure 4.6 Summary of the changes in shear respangglitudefor various shearing
parameters. The square colours represent the shape oétheesponse, as given in
Table 4.1 Upward pointing arrows represent an observed increasapfitudewith
time, while downward pointing arrows repees a decrease in amplitudéh time and
flat lines represent responses that were indetete due totte low signal to noise ratio

The extent ofthinningand thickeningvas generally found to be more pronounced in tests
using a 0.5mm gap size than for those using arh gap sizeparticularly during large
amplitude shearingA plot of the shear resps@amplitudeas a function o$hear ratéor

both gap sizes, both shortly after the onset of shear andnaptagic times (from one

hourfor 10Hz shear tests to eight hauior 0.01 Hz shear tests), is shown below:
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Figure 4.7: Log-log plots ofshear responsamplitudeas a function offsear rate for gap
sizes of (Top5 nm and (Bottorm 0.5nm. Emptysymbols represent the response during
the firstfew (one tofive) shear cycleand have solid error barshile solidsymbols
represent the respamat asymptotic timesnd have dotted error barResponses are
normalized by shear amplitude for direct comparison.
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The $ear response uncainty values shown in theguresabovewere estimated by
assuming that over short time intervals (approximédted#/shearing periods) at
asymptotic times (after hundreds oruakands of shearing periods, by which point
changes in response amplitude@fund to beminimal) the test conditions hadhanged
only minimally, so that the variance in shear responséeatcounted for only by
uncertainty in the fitting, not in chges to thestructure or dynamics of treheared

sample

Thechange in shear response amplitidlegs a funabn of timecan also be modeled

for the \arious test parameters. Tlolowing models were attempted
i) A single exponential fita = ce " + A, (whereAis the shear amplitug€ is a

proportionality constan#y is theasymptoticesponse amplitudéis time and
t is the time constantindicating a single regmse time is sufficient to
characterize the shear respongas found to be acceptabtédt is, having a
coefficient of determinatiorff, consistentlyabove 0.9) fosometestcases,
but failed fequently both at early and asymptdtroesfor other test cases

ii) A stretched polynomial with offset fik = c exp (- t/¢)* + A, (Wherea is a

stretching exponent, ranging from O for a line, torlan ideal exponentigl
representing a smooth distribution of shear responses (the response time
envelope of which is characterized &)y was attempted next. firoduced
reasonable resultbutalsoproduced fitting prameters that showed no
sustainablérendsand consistently failed to reproduce the sharp curvature

observedt early times for lagamplitude shear tesesxamples of which can
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be seen in the purple and, to a lesser extent, the green curves in Figure 4.5.
And;

iii) A two exponential fita = c.e’/* + c,e": + A, representing two distinct shear
responses each with its own response {imemselves represented by time
constantg; and¢,), wasattempted and was found to be acceptable in all cases

where amplitude shifts were observed.

A sample two exponential fit is given below:

1050 | |

¢ Shear Response Amplitude | |
+ Two Exponential Fit
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450 ‘. : !
0 2000 4000 6000 8000 10000
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Figure 4.8: Shear response amplitude as a function of time for smectic 8CB sheared at
0.1 Hz frequency, 6.28m amplitude and gap size v, with an overlay of the two
exponential fit reconstruction line shown in red.

A plot of thetwo exponentiatime constantssaa function of shear rate fdre two gap

sizesis given belowfor the largest shear amplitude
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Figure 4.9: Plotof relaxation time constant vs. shear ratestogar amplitudes of 6.25

mm. Small and large gaps refer@d nm and5 nm gapsyespectively 6t 1 6 6a nrde foetr2
to the 'and 2%time constants in the fitting equation= c_.e " + c,e "/ + A_,

respectively

In severakases, the shear response data above a cutoff value was excised so that a stable
asymptotic response could bet@bedfor fitting purposes This cutoff point was

determined by overlaying the response data with the accompanying temperature data
(note that the response lags the temperature data byO0&0€econds)Whenever

significant fluctuations in thasymptott responseavere found tacorrespond to thermal
fluctuations(as determiad by eye), a cutoff point was established before the fluctuation.
Error bars on the aboy#ot were estimatedfter the best nonlinear fit was determined,

by fixing the time constardt a value shifted a set amount above the best fit value and

then refitting. The process was repeated w@itlilerthe R valuefell below 80% of the

best fitR? valueor the fit failed altogether by not converging (whichever occurred first),
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and the time constantypper, Was then recorded. The process was then repeated for time
constants below the best fit valugywer , and the difference between the two was used as
a rough estimate of time constant uncertairBgfore a more rigorousalysis can be

done, though, further procesgiof he noisier data sets is necess#ng method of which

will be discussed in the following section.

4.2.4 Data Reproduction in Freqguency Space

For smaller shear amplitudespiseaccompanyinghe response oftemakes the
determination of mplitude difficult and ® further data processing necessario assist
in the analysis In order to improve the signal to noise ratio, Discrete Fourier Transforms
(DFTs) and Power Spectra were generate@#éoh data set using software written in
LabVIEW by the author. Spectra were generated for one, two, five and ten cycle bins of
data and theesults were compared to ensure thaéximaneous peaksere created due
to the data processindNo suchpeakswere found even for the single cycle transfgrms
furthermore, only the single cycle transforms properly maintained the rapidly changing
changes to the curve that sometimes occurred early on indieaggressivehearing
process A sample overlay of thedarier Transform reconstructions for the bin sizes

tested is given in Figure 4.10
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Figure 4.1Q Overlay plot of shear response as a function of timsrfactic 8CB

sheared at 1 Hz frequency, 625 nm amplitude and gap sie 5

A simple lowpasdiltration of the signals a cutoff frequency o10f, (wheref, is the
fundamental frequency of the triangular driving force) reduced the noise considerably, as
shownin Figure 4.9leftmost plot). As a result, any fastnd norperiodicevents that
mayoccuras a result of shearing must necessarily be filteredByassuming the

responsg areroughly triangular (visually ascertainable from the shear response in most
cases) like the driving force, a further filtration was performed wherein alhaoronic
frequencies in addition tall frequencies above the lBarmonic vithin the DFTs were
removed and an inverse DFT waisenperformed to recreate the dngl responsg

including only theiten lowest harmonics. The noise in the resultant respoase

largely suppressed, amisomecasesh e char acteristic .2bel bowo

mm) amplitude shear responses were naisgnguishabldor the medium (625 nm)
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amplitude shear responses as well. An example of this ilsggeal is shown ifrigure

4.11(rightmost plot).
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Figure 4.11: Plot of (left) an overlay of unfiltered data and data with & lfv-pass
filter, and (right) an overlay of unfiltered data and data with the harmonic filter used.

Sincethe first harmonic has an amplitudesjp * © 81% of the overall amplitude as
given byits Fourier expansion (assuming a pelffetriangular response), it should track
the overall signalvell and should be more easily distable than the unprocessed dagta
most of the noise acreshe frequency spectrum will have been removed. An exarfiple

this is shown in Figure 4.1%here the response and the first hamio are overlaid to

show theirsimilarity.
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Figure 4.12: Overlay of a typical peageak amplitude vs. time curve aitsl

corresponding first harmonic vs. time curve. On the left, an exact overlay is shown to
demonstrate the similarity of the curves for a relatively rbiese response, while on the
right the original data (in green) and the first harmonic data (inhad beewertically
offsetby 10N from one another to more clearly illustréite difference in signals at

early times for a noisier response.

The magnitude of the first harmordetermned amplitude was determined fiyding the
averageeakpeak amplitudef the unfiltered data arttie average amplitude of tfiest
harmonic magnitude, thenultiplying the latter by theatio of amplitudes As can be
seen fromthe examples ifrigure 4.12the shape of the amplitude curve is wekseved
in the first harmonic curvboth for the weldefined and noisier resultsut with periodic

artifacts removed, giving a slightly smoother curve that can be more easilyafitled

interpreted

The onecyde DFT first harmonic responsexhibiteda measurable change
amplitude during theifirst few shear oscillation®r most of the experiments performed.
Only the weakest shear expaents (62.5 nm shear amplitude and 5000 nm gap size for

both 001 and 0.Hz shear frequecies) showed no sidigant and persistent amplitude
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change, which is likely due to the exceptionally low sigoaloise ratios masking the
response for those testSheseharmonicscan be fittedo a double exponential curve,
Alw,)=c.e +c,e: + A, as wagliscussed in Seicin 4.2.3for the raw shear
responsea sample overlay plot of da#ad fit is given in Figure 4.80verlay plotsof
shear response and fitted cufgeall tested shear parametare presented in Appendix
Al, Section 5 By plotting the smaller time constarti, as a function of shear rate on a

log-log plat, the relationship between the two becomes clearer:

6
g j <\'\ - Th}nning
§ ; \{gﬁ\)\;\/\
GEJ > \ﬁi%\
s Ee N =
° 0 4| +625mm Thinning——

4 ¢ 62.5nNm (x:-ray)

-2 -1 0 1 2 3
log(Shear Rate)

Figure 4.13: Plot of shear response time constants as a function of shear raterfor 0.5
gap shear experiments faarious shear amplitudefesponses involvindghearinduced
time thinning responses have baearked all others involve sheanduced time
thickening Also included are the peak shift time constants from similar experiments
using an XC&?
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Figure 4.14: Plot of shear response time constants as difumof shear rate for 5.0m

gap shear experiments for various shear aogss. Responses involving shesduced

time thinning responses have been marked; all others involveisdeaed time

thickening. Also included are the peak shift time constants from similar experiments

using an XCG?

The time constant uncertainties shown in the above two plots were estimated as they were
with the data presented in Figure 409 refittingthe curveswith increasingly deviating

time constant values unégitherthe constant of determinatioR?, fell below 80% of its

best fit valueor the fit failed to converge altogethandby using theresultantotal

variation in time constant as the uncertainty.

It should be notethat the above graphs indicate the time constants for observed
shearinducedtime thickening(as discussed in Section 4.2.3 and summarized in Figure

4.6)fall on the samene as those observed f&hearinducedtime thinning. The 7,

values are often orders of magnitude larger than their correspafdialges, and in
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many cases contribute litttnoughto the fitthat the response effectively followassingle
exponential curvea(w,)° c,e’’*. Because the secondary ticenstants are often on

the order of severghousand seconds and as suchcaraeparable in tira to measurable
temperature changes within the SFA chamber (<CR5t is likely thet, values

correspond to a combination of thermal signal drift and-kemngn dectronic instability

rather thara shear effect. Time constants obtained by fitting the peak position data from
x-ray data obtained previoudfy havebeen included in Figures & and 4.% to show

that the crystallographic observables follow similar time dependent behaviour.

4.2.5 Comparison of Sheaefbonses for Large and Small Gap Sizes

Figure A510, presented iAppendix 5 shows the magnitude of shear response
generated by a crossed cylindrical geomefrghosergap sizerelative to aesponse due
to a fixedparallelplane geometry dixedgap size (0.006m). This theoretical value
has been calculated by integsThdoiyafg t he r espo
Viscosityover the crossed cylindrical surfaceslaassuming a perfectly cylindrical
sample(with ends distorted due to the crossgtindrical confining surface)f constant
volumeandconstant, singkvaluedviscosity, with fluid motion occurring entirely in the
shear planeSince all response lines are calculated relative to the samepfareat shear
conditions(including gap size)any two linesan be compared to one another easily by
simply dividing the normalized geometric constangsoé-cd/0x, for the gap sizegy,
using arexperimentallydetermined sample radiu®llowing the relationship establisthe

by equation (12) in Appendix.5For the gap sizes used in the present studyyf.&nd

5.0mm, the ratio of shear responses has been calculated to be approximately 1.57. That
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is, for a sample of constant volume being sheared with a set frequency ariideadpyy
adjusting the gap size from Sifin to 0.5mm the theory predicts th&hear responsaill
increaseby a factorof 1.57, assuming the viscosity of the sample remains constant.
Figure 4.5 shows this ratio for the three shear amplitudes testeduaston of time,

with t = 0 corresponding to the onset of shear.
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Figure 4.15: Plots of Shear Response Rd/Fsas a function of time for shear
amplitudes of (Top) 62.6m, (Middle) 625nm and (Bottom) 6.25m for various shear
frequencies.
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Figure 4.15hows that \uile theaverageaesponse ratios for both the 6215 and 625
nm shear amplitude all tend to befetween 1.0 and 1,.6hose for the @5 nmm shear
amplitudebegin noticeably higher, ranging from 1.82 for the 10 Haskest to 4.3 for
the 0.1 Hz shear test, before settling to values belowAh(nterpretatiorof this

behaviarr is presented in the Discussicmapter.

4.2.6 Intra-periodFitting Results

With each experiment, the response from thousands of shear cycles was collected,
with each period consisting of a half period of shear in one direction and a half period of
shear in the other direction. Each kadfriod was fitted to several diffetemodel
eqguations using LabVIEWrogrammed fitting tools with varying degrees of success,
with an acceptable fit considered to be one in which the coefficient of determirrition,
frequentlyexceeds 0.9. All nonlinear models were fitted using a Leverdarguardt
algorithm. The following models, similar to those used during the iptiod fitting,

were attempted during the fitting process:

i) Polynomial fits of up to third orddi.e. e = 5 c, t“ + e, wherenis 1, 2 and

k=1
3 for the linear, quadrat@nd cubic fits, respectively, represents the intra

period shear responseereattempted andverefound to be inadequate for all
reasonably weltlefined shear responsd&mth at early and asymptotic times

Polynomials above third der were not attempted as there was no obvious
physical interpretation for such a mod@in example of a linear fit is given in

the lefthandgraph ofFigure 4.5.
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ii)

Both sinde and streteedsingleexponentiale = ce " + e, and

e=Cexp(-t/t)" +e,)were also attemptetbut yielded poor fits, particularly

for those responses that contained a shbrpwat either early or late times
within the shear periodA sample exponential fit is given as thght-hand

graph of kgure 4.5.
A two exponetial model,e = c e’ + c,e’ " + e, , generallyfit the data

well, including those data sets containing elbows, Witkalues typically
exceedind.9Q but it was unclear what the physical mechanism would be that
could be described by such a mod&lsampe two exponential fit is given as

the lefthand graph of Figure 471

The data was then fitted to a more physically realizable model, theiBurg

Model (derived in Appendix)2

el t 1 [}
e=sg—+—+—[- ey 1)
ék h k G

whereeis the deformatiof the system (here representing the deflection of
the bridge as measured by the strain gauges & theé\ Eristion Device) k;
andk; are the elastic compents of the systenmi; and /. are the viscous
components antlis time after the strain is first applied. A sample Burgers
Model fit is given as theight-hand graph of Figure 471and shear
response/Burgers Model fit overlay plots for all tested patersare
presented in Appendix 1, Section 2

To accommodate thelbow at timele that is believed to represent tbmectic

8CBO6s transition from viscoelastioc
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Sections 5.4 through 5.6)ata sets involvinghear amplitudes @& 25 mm
have been modeled with a tvgtep equation, with points before the elbow
fitted to a KelvinrVoigt model and the points following the elbow fitted to a

simple cubic

eft<t,)= S—(l e )+ e
k

e(t>t,)=s(c.t®+c t?+cC t)+e,

01

whereCc, Cq andCy arecubicfitting coefficients ands; and &, are offset
values. The, initial value was determined by eye for each data set and was
allowed to float during fitting by 10% Fits were performed at each
prospectivde value, and the final value was determined by which set of-pre
and postelbow fits produced the highest summedvRiues. A sample Split
Modelfit is given in Figure 4.8, and shear response/Split Model fit overlay

plots for all tested parameters are presented in Appen&i&ction 6

1200 1200
+ 900 1 900
800 / 800
. ‘ , 1700 2 = ) ) 170 Z
€ 400 ) /\ /\ //:\ I,\ £ E wo !/-1. P AE At g £
E p ra “ , - = =
3 /i /{_ //\\ //-ﬁ //*,/500 S8 Llf E !‘E [e [a /a_ffsoo o
s T N1\ ( \ { { \ - f ERTE \ : i
g w04l NF N1 N 3 %300 § ¢ 400+ f 3 o F300 §
x Y \ - X s J -~ i =
R VRN * N R PN IR PN ;e 100 4
B0 TN L Aoy N ETNTTETY U LR AP ENP I
AT AR VAR T AR VAR INVIINIONVEVINY
-1200 +—= L e -100 -1200 - - = 1100
0 1 2 3 4 5 0 1 2 3 4 5
Time (sec) Time (sec)

Figure 4.16: Overlayplot of shear response and (Dedtinear best fit curve and (Right

a single exponential best fit curve using a variable offset. The raw data is presented in
red while the best fit curves are presented in blue aehgrThe difference between

each overlain set of points is shown on the lower portion of the graph in light blue and
teal, labekd as Mean Error on the right axis.
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Figure 4.17: Overlay plot of bear response and (Lg# twoexponential best fit curve

using a variable offset and (Righa Burgers Model best fit curve. The raw data is
presented in red while the best fit curves are presented in blue and green. The difference
between each overlain set of points is shown ototluer portion of the grapin light

blue and teal, labet as Mean Error on the right axis.

Figure 4.18: Overlay plot of shear response and a Split Model best fit curve using a
variable offset. The raw data is presented in red while the beat\{i#s are presented in

blue and green. The difference between each overlain set of points is shown on the lower
portion of the graph in light blue and teal, labeled as Mean Error on the right axis.

A physical interpretationf the two exponentiand Bugers Model fit is propasd in

Section 5.3 Plots of the Burgers Modahd Split Modefitting parameters as a function

of time are given in Appendix, Bectiors 3 and 7, respectively.



