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Chaptkentdoducti on

1 R-heol ogy Basics
Rheology is the study of the flow and def or mat

under various stress conditions. This study f
subjected to external f or c easl. nboedfeo,r nvaht e roen st hcea
pull ed apart, or in shear mode, wher ewotrhhed mat
applications involve a combination of t hese
specifically cheaclemmgy.ath wvoins usahle arreprr esent ati or
provided in the following figure.
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Fi gatrBepiction of extensional deformation (A)
1. Whlat Rhesometer ?

A rheometer is an instrument that either i mpo
vice versa. I n this thesis, we explore two ty
pl ate rheometeheomé&ti eds ngr @l aekatively straicg
typically <consisting of a driving unit and a
el ements in the context of this thesish This
the corresponding stress being measured.
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control lcocht r®tlrl @&idn r heometers apply a defor mat
with a motor equi ppeadtwiotnh faer ddbrckdar ifvomg t h
transducer measuadmtgr dlhleed trrleesesme tSd ir e sfseat ur e
a precisely measured torque at one end, with
aplication of stress, and deformat-cont r sl |needa
rheometers cancoperafleed nmadsttraiaugh rapid a
the descoedsstrcaimved.
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I n bot h sdtrca@mtsir caleldenet er s, the fundament al me a
applied to the plate, which is determined eit!@k
transducer. These rheometers al so measwudrad et he
the stress at the plate, the torque is conver:
the plate. This calculation incorporates var.i
such eashewh it involves parall el pl ates, a cone
measured angul ar displacement is converted in

specific to the plate geometry.

1. Rhz2ol ogy Measur ements

Rheol ogi cal measur ement s wi t hin rotational
met hodol ogi es, which can be broadly classifie
oscillatory rheol ogy. Transi ent -rreleaxxlad g yo ni nmvnax
st-apt of stress, where rheological behavior is
time. Steady shear experiments are conducted
a specific directiisocnouspreifniaercitlsy opfr otbhengmat er i
rheol ogy i naoidoeshthet daaic&n of the rheometer |
amplitudes, enabling the study of viscddllasti
be on oscillatory rheology, which provides in
Oscillatory rheology typically involves appl
measuring the corresponding output of strain ¢
di scuss t hi-sontsrimlgl ead srthreao ngstp e a nedd whtemr e€s stirsai ma
The two types of experiments wutilized in this
Frequency sweeps ar e generally used at s ma l
mi crostructure ofi fsameheés ti enegpecasesat Achpl i tud
constant frequency while the amplitude of str
I n oscillatory rheology experiments, both the
waves, typicallyTbafsthéel sawmefbreghendgt er mi na
del ay between these waves. The amplitude of |
insights into the material's viscoelastic pro
el aethiavwimr, whereas an angle clos8ihoe9@edkgo:
phase del asyt,r assitmr,e swe mhmaaowde measures for modul us
stress. These are shown bel ow.
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|l ow | evels of applied strain, the output s
ut strain. However, as the strain amplitud
stress response, af foe(csth onwgn tihvke) FAilag learda aall y zs

se complex responses, we employ Fourier tr
|l itudes and phaséeéFragG) eBi®se eamcdl htairendlni e |
ailed in Chapter 5.
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2. Albstract

Hollow fibers are being considered for a wide range of applications compared to their solid analog,
as their inherent geometry allows for enhanced functionality while reducing material needs. During
the hollow fiber melt spinning process, viscoelasticssis in the polymer melt can significantly
influence fiber formation and geometry, potentially resulting in reduced void space in the fiber
core or irregular crossectional shapes. This study examines the effects of viscoelastic stresses in
4-C segmentedrc melt spinning, a process where polymer is extruded through fshaged arcs

that coalesce after extrusion to form a single hollow fiber. The gaps between individual arcs are
critical to making fibers hollow as they allow air to enter the fiber cidre.amount of void space

in a hollow fiber can be characterized by hollowness, a property defined as the portion of volume
of the void fiber core relative to the total fiber volumi®y relating the rheological properties of
different polypropylene meltg ¢he temperature and conditions of spinning to the final measured
fiber properties of hollownasand circularity, we determirtbat the processing parameters of
spinning temperature and flowradee of significanceExperiments maintaining constant denier

or linear density, revealhat hollownesscan be related to the flow behavior through the
Weissenberg number (Wipt low Wi, hollowness increases with rising Wi; however, as Wi
exceedaunity, the fiber transitioeto steady hollowness, followed by insiity at higher Wi

values Computationalfluid dynamics (CFD) simulations conducted using @iesekus model
allowfor the analysis of stresses present during extrusteralinghat uneven stress distributions

at high Wi leadsto a decrease in the circularity of the inside of the fildée. also observe an
inverse relationship between fiber circularity and hollowness for all experimental results collected

across various polymer samples, flow rates and temperature, suggesting universality of the results.



Thesefindingstaken togetheprovide valuable insightsn hollow fiber spinning, enabling better

predictions of hollow fibegeometrybased on the viscoelastic properties of the polymer. melt



2.12nt roducti on

Polymeric hollow fibers have become increasinighportantin membrane technologies and
bulk nonwovenapplications due to their unique geometry which enhances functiotglity
facilitating fluid inclusion and transport through the fiber core. The significant surface area relative
to fluid volume in hollow fibers improwsreactive or separation processesdditionally, filling
fiber cores with a fluid of low thermal conductivity, such as air, enhances the insulative properties
of the resulting structurés.Compared to solid fibersf equivalent bulk volume, hollow fibers
require | ess materi al per unit | ength because
void. This reduction in material not only reduces costs and product weight but also offers an
environmental advantage bgcreasing the amount of material consumed and dispoded of.

Melt spinning is an attractive method for industrially producing hollow fibers due to its high
throughput, coseffectiveness, and environmental advantage of not requiring solvents for
extrusion, unlike weobr dry spinning®® The melt spinning technique involves heating polymers
above their melting point and extruding them througpianeret, aollection ofholes, dig, ona
metal plate. Hollow fibers can be melt spun through either annular or segmented dies. Segmented
diesare preferredor scalng up production and redimgy complexity compared to annular dies,
which require a core fluid to induce hollownédhe dimensions of the segmented arc die used in
this study are depicted in Figure 1Ad segments must recoalesce after extrusion to form the full
hollow fiber, a process where polymer rheology and processing conditions are critical.

Critical rheological phenomenafluencingfioer geometry include die swell, melt strength, and
viscosity. Die swells a primary shaping force in the hollow fiber process aocurswhen the
extrudate diameter exceeds the spinneretddie swell increases with shear rate, decreases with

higher temperatures and longer capillary lengths, and increases with relaxatirPtieneus



investigations indirectly explored effects of melt strength and viscosity by varying shear rate and
melt temperature. Fasotactic polypropylene (PP) extruded through@ 8egmented arc di®h

et al.found that both inner and outer diameter die swelleased with shear rate and decreased
with spinning temperatur€onsistent witrsolid fibertrends.'® Rwei et al.related normal stress
differences to die swell foPP and polybutylene terephthalate (PBspun through a iC
segmented arc diebsening greaterdie swellin the more elastic PP and effects in fiber formation
and stability'* Ruckdashel et ateported that thinner-€ segmented arc dies crealadyer shear
rates andincreased the hollowness ated inPPfibers but decreased the processing winddw.
Other studies quantified thmpactof process variables (quench speed, draw down ratio, etc.) on
hollow fibermorphology identifyingthat solidificatiorrate affectsihal fiber geometryy altering

fiber deformation during spinningg?However, these studies did rsimultaneouslygonsider melt
rheology and lacked variations in molecular weight (M@8sentiafor precisely understanding
rheologicalimpactson hollow fiber spinning.

The formation of hollow fibers from segmented dies may also be influenced by other forces,
such as surface tension. Whiteelt spinningmodelsfor solid fibersoftentreat surface tension
effects as negligible compared to inertial and air drag effects duedpiislecrease with distance
from the die* other studies found that surface tension can damiha final shape of fibers with
complex geometries' !’ During hollow PET fiber spinning, Takarada et al. observed surface
tension minimizefiber surface area, rounding the crasstional shape, and was counteracted by
increased viscosity, preventing shape chadfigpimensional analysis and the creation of
dimensionless numbers can help to evaluate the behavior and magnitude of forces in viscoelastic

fluids.*® However, no studies have used this method to investigate viscoelastic fluid behavior in
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segmented hollow fiber systems. Gaining further understanding the role of surface tension in
hollow fiber formation is essential.

Numerical models have been used to calculate critical aspects of the spinning process, including
fiber velocity, stress, and diameter at various distances from the spinneret. Constitutive models
capturing the viscoelastic behavior of polymer melts have evaluated die swell in solid fibers
through numerical simulatiorf8.Concepts for solid fibers have been adapted to hollow fiber
models, often limited to specific system configuration or assumptions of directional
uniformity.2%22 Oh et al. demonstrated that tslanensional finite element simulations with a
Newtonian fluid model accurately captured experimental PP hollow fiber diameters spun with a
3-C segmented arc di€.Takarada et al. used finite difference methods to models$pgkd
polyethylene terephthalate (PET) spinning, reporting that their models slightly underpredicted
fiber hollowness by not accounting for die swélDe Rovere et al. compared a Newtonian and a
PhanThien viscoelastic model for simulating spinning using an annular die, finding that the
viscoelastic model provided worse predictions for the fiber geometry but may be better for stress
calculations® Su et al. modeled-&€ segmented arc conjugated hollow fibers using a-fhém
Tanner viscoelastic model to understand coalescénBespite advancement in spinning
simulations, little work has addressed stresses during initial extrusion and resolve conflicting
results between studies.

It is crucial to consider the specific factors that influence the final geometry and integrity of
hollow fibers produced through segmented arc melt spiniiimg high aspect ratio d¢fC hollow
fiber segmentsaffectsdie swell and viscoelastic shaping forcedluendng the final geometry.
Additionally, uneven stress distributiors during hollow fiber formation and subsequent

morphologycanlead to malformed fieannulusegrone torupture under load. The effects of
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polymer melt rheology othe morphology of hollow fibers have not been extensively explored
and is important to understafat desigring desirable hollow fibers using the segmented arc melt
spinning method.

This paper addresses gaps in understanding of the effects of polymer viscosity, temperature, and
surface tension oftC hollow fiber formation by linking rheological measurementsdtiow fiber
geometry and morphologyl-C hollow fibers were chosen due to industrial importance and
simulation easeWe generated a comprehensive viscosity and relaxation time détaset
rheological analysis of multiple polypropylene bleradslifferenttemperatures and shear rates,
informing both extrusion experiments and computational simulations. Two industrially relevant
experiments were conductedne maintaining constant mass flow rate while other processing
parameters were vari@ahd the othemaintaining constant denjghe fiber mass in grams per 9000
meters Experimers identified transition points in hollow fiber formation based on changes in
relaxation time, process time and viscos{@omputational fluid dynamics (CFD) simulations,
based orthe established dataset, provided insights into viscoelastic stresses and die swell during
fiber spinning highlighting the influence of viscoelastic properties and flow rates on fiber shape
and hollownesdntegrating rheological data with experimental and simulation results, this study
provides a detailed analysis of polymer propeitiesi nopm ilbertmorphology, contributing to a
deeper understanding of the hollow fiber extrusion process for optimization of fiber hollowness

and morphology.
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2.B3xperi ment al

2. Mak er i

al s

Section

We selected a range ofdustrially usedspunbond grade polypropylene and their blends to

create an extrusion sample space. The chosepmpplylene grades and their reported melt flow

rates (MFRsgare outlined inrable 2.1. The MFR of a polymer is inversely related to the viscosity;

ahigher MFR corresponds to a lower viscosity. The polypropylene grades were blended using a

Hills Inc. (West Melbourn, FL) research extruder equipped with a mixing section to create the

blends outlined iMable 2.2.

Table 2.1. Industrially used polypropylene grades used to create blends of desired properties for

further testing.

Shorthand Polymer MFR
PO Braskem D115A 11
P1 EM3854 24
P2 Total3865 35
P3 Braskem CP360H 35
P4 EM3155 35
P5 Total GPH100 100
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Table 2.2. Polymer blend selection for melt spinning trials.

Shorthand Polymer 1 Fraction 1 Polymer 2 Fraction 2
M1 3155 0.55 3854 0.45
M2 3155 0.375 D115A 0.625
M3 3155 0.792 D115A 0.208
M4 GPH100 0.27 D115A 0.73
M5 GPH100 0.145 3854 0.855
2. Rhz2ol ogical Studies

To characterize these polymer blends, we utilized a TA Instruments Discovery Hybrid
Rheometef3 (DHR3) with an environmental test chamber attachment. ForritBemetry
geometry, we employed 25 mm stainless steel parallel plattest 1 mm gapWe ran frequency
sweeps from 0:100 rad/s at a temperature range from-2%0 °C. We utilized dynamic
oscillatoryexperimentso determine relaxation time and zettear viscosityusing the CoxViers
rule), two essential parameters for characterizing viscoelastic fluids in experiments and defining
fluid model parameters in computational fluid dynamics simulatibhe crossover between G'
and G" determingthe longestelaxation time* If the rheometer did not cover the relaxation time,

a quadratiextrapolation was usedero shear viscosityas determined using the viscosity regime

at low oscillatory frequenciesleemed to be where viscosity levels. dtiethods and results of
these experiments are included in the Supporting Informdgiguire A.1 Example of zero shear
viscosity () and relaxation time_( ) determination from a frequency sweep of the polypropylene
sampl e,

M5 TablesAtl, TaAbB@\.2).

2. Fider Extrusion
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The experiments on melt extrusion of hollow fibers were conducted at NiSIBY a Hills Inc.
research multiflament spinninine. A 69 hole, 4C hollow fiber die was utilized for the
experiments. A single hole is displayedFigure 2.1A, with an inner diameter of 1 mm, outer
diameter of 1.4 mm and, segment gap length of 0.15 mm. The fibers were cooled with a Schreiber
100 AC fan, using the minimum fan speed necessary to extrude the fibers successfully. The
extruder was equipped with alibrated gear pump to ensure pressodependent flowrate was
maintained at the die. Fibers were collected on a-tigkeoll. Three process parameters were
adjusted directly: the polymer melt temperature; the mass flowrate, measured in
grams/hole/minuteand the takeip speed, which is the speed at which the fiber is collected and
can be varied up to 2000 m/min.

By changing the flowrate and the talip speed, the linear density, or denier, is changed. The
denier is defined as the fiber mass in grams per 9000 meters. Given that the polymers used in this
study are similar grades of polypropylene with comparabl¢ deeisities, the fiber denier can be

calculated B applying a mass balance.

00t QM @)
In this study, when spinning speed, U (m/s), is held constant, denier scales linearly with flowrate,
Q (g/s). Conversely, when flowrate is held constant, denier scales inversely with take up speed.
Similarly, if the denier is held constant, the flowratestracale linearly with take up speed.
We used the nedimensional Weissenberg number (Wi) to describe the timescale of the

extrusion process between the different polymer melts. The Weissenberg number (Wi) correlates

the ratio of elastic to viscous forces. The Wi nurfibiercalculated by the following equation:

w'Q ¢ (2)
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For our systent,, is the shear rate at the wall of the die #recharacteristic time, is taken to

be the relaxation time of the polymer determined from rheological sttfdidee shear rate is
calculated using thRabinowitschcorrection, which is already determined for our systéfor

large Wi numbers, a fluid will not relax during the time scale of the process, whereas for small Wi

numbers, we expect stresses to not accumulate and for the system to behave more like a Newtonian

fluid.

A

Gap length, 0.15 mm~

Polymer
melt

Inner diameter, 1 mm

< .

St

Outer diameter, 1.4 mm

Figatrechemati-€ odgmdret dd arc die through whict
produce a AOdil toiwcdli bgegometry descriptors are g
di ameter of 1.4 mm, anMli car ogsacpo pl ee nignahg eo fo fO . hld5l |
sections sliced using a microtome.

.
>

S

2. MiLroscopy and Segmentation

After the hollow fibers were extruded, a bundle of fibers was collected and processed using a
fiber microtome manufactured by Hills Inc. Microtome blades were used to ensure a clean cut of
the fibers. Once cut, the fiber microtome was placed under a Keyammroscope to capture
images of the fibers, which contain between-500 fibers per imagerigure 2.1B shows a

section of a microscope image of hollow fibers collected at one test condition. These images were
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then analyzed using Python and the sdikiage library. To segment the fiber versus background,
we used a random forest classifier that was trained using a subset of the hollow fiber images.

We characterized the fiber cross section to obtain important parameters such as diameter and
hollowness. Additionally, we characterized the hollow center of the hollow fiber and obtained
parameters such as circularity and diameter. The PANDAS library wlased to analyze

numerical dataHollowness and circularity are calculated by Equations 3 and 4, respectively.

"Osaasuslegl— (3)
PP o I
0 Qi woaoat—Qow 4)

where Ais the total crossectional area enclosed by the outer edge of the hollow fiber and A
is the amount of the cros®ctional area taken up by the solid, polymeric shell of the hollow fiber.
P is the perimeter of the hollow void aré¥, in the center of the hollow fiber.
2. 3Cobmput ational fluid dynamics met hod

To further understand the melt extrusion process of hollow fibers, we conducted fluid dynamics
simulations using the OpenFOAM fluid dynamics software. To model the viscoelastic stresses in
simulation, we employed the log conformal Giesekus constitutivategqufrom the rheoTool
package. The log conformal version accounts for numerical instability present in simulations of
polymer melt€’ The Giesekus constitutive equation is used for its ability to describe typical
polymer rheological behavior, including elongational viscosity, power law regions of viscosity,
and normal stresses, while being relatively easy to impleffiéfite Giesekus constitutive
equation determines the relationship between the overall stress 4fasuat the strain tensab,
for the polymer fluid by summing the stress tensor contributions from a Newtonian s@igent,

(Equation 5) and from a viscoelastic polyméf, (Equation 6).
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(5)

(6)

In these equations, & ‘Q are the viscosities for the solvent and polymer portions of the

Gi

esekus

equati on,

respectively, @&

S

the rel

To determine the viscosity and relaxation time parameters for the Giesekus equation, we first

conducted rheological measurements to determine the relationship between the viscosity and

relaxation time for the polypropylene sample space modeled. Thesrasutthown ifrigure 2.2,

where each datapoint corresponds to a different combination of polypropylene samples and

temperatures. revealing a linear relationship betweenstezar viscosity and relaxation time.

Based on the observed relationship, four combinations of viscosiyedaxation times, consistent

with the experimental results, were selected to be modeled. The alpha parameter in the Giesekus

equation, U = 0.2, was

der i

v ed

from

teratur e

melts?® The modeled fluids were subjected to three different flow rates corresponding to those

executed in experiments.
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Figure 2.2. Relaxation time vs zero shear viscosity of the polypropylene polymer blends across
different temperatures. The relaxation time and zero shear viscosity are calculated from the
frequency sweeps. Relaxation time and viscosity data provides constants fareddeD
simulation (for constants in the Giesekus equation) and for contextualizing processing time with
the Weissenberg number in experimental analysis.

Our simulations focused on the near spinneret, or near the die hole, domain: the channel of single
spinneret from the Hills hollow fiber die and the free expansion regime immediately below the
spinneret channel. The simulation domain, showrFigure 2.3, differs slightly from the
experimental setup to ensure a highly orthogonal mesh. The die geometry in the simulation has an
inner diameter of 1.15 mm and an outer diameter of 1.55 mm, with a segment gap distance of 0.2
mm and a channel length of 1 mm. Attthally, the simulation domain contained an extrusion
channel measuring 5 mm in length and 3.14 mm in diameter, leading up t&tbpidneret die
channel, which is also present in the hollow fiber die. To reduce computational costs, symmetry
planes weg utilized, allowing us to simulate only ofmurth of the 4C die. The mesh boundary
conditions include a fixed velocity boundary condition at the inlet channel, and a constant pressure
boundary condition at the outlet. No slip boundary conditions apéedpat the wall, and
symmetry plane boundary conditions are used at the axes of symmetry. The simulation domain
was modeled as isothermal due to process taking place within the spinneret. The simulations were
time-dependent, using a time step of arolieé seconds, and were run until a steady state solution

was achieved for each case.

19



Extrusion channel
leading to die, 5 mm

4-C Die arc segment

== Flowrate BC
== NO-slip BC
4-C Die channel, 1 mm == Pressure outlet BC

; Axis of symmetry
Free expansion region, 0.25 mm

Figure 2.3. lllustration of the domain and boundary conditions for melt spinning simulations.

A. Side view of the 5 mm long, 3.14 mm diameter extrusion channel leading up to the 1 mm length
of the 4C die channel, through which the polymer was extruded to form hollow fiberslipNo
boundary conditions were applied at the walls of the chanfefsee expansion region of 0.25

mm in length simulates the polymer exiting the die and is specified by a pressure outlet boundary
condition.B. Bottom view of the extrusioresup, showing the-€ segmented arc die with an inner
diameter of 1.15 mm, an outer diameter of 1.55 mm, and a segment gap distance of 0.2 mm. Axes
of symmetry allowed for the simulation of only efoirth of the die to describe the full extrusion
system.

By simulating the flow of these fluids through the spinneret and expansion regimes, we were
able to gain insights into the viscoelastic stresses and therefore die swell present in the extrusion
process and examine the effects of factors such as polyneeelasticity and flow rate. These
simulations provide information on the change in hollow fiber size due to die swell and the shape

of the hollow fiber due to uneven stress distributions within the polymer melt.
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2.Rlesults and Discussion
2. FFaktors I mpacting Holl owness

Smaller hollow fibergienerally have greater utility, such as in insulation applications. Therefore,
the objective of the first set of experiments was to determine the effects of reducing denier to
obtain smallefibers. For a given combination of polypropylene sample, temperature and extruder
flow rate, we systematically vary takg speed to obtain fibers of different deniers and examine
the varying levels of resulting fiber hollowness.

Table 3 outlines the test conditions for this experiment. Three different polypropylene samples
were used: a commercially available polymer (3155) and two blends (M4 and M5). These
polymers were chosen as they represent a large range of zero sheatyvéswbselaxation time
combinations over the conditions studied, providing the ability to study the effects of rheological
parameters on hollow fiber size and geometry. The processing temperatures of 280 dDd
were chosen for industrial relevance afly in the common processing range for polypropylene.
The samples were extruded at three flow rates (0.17, 0.33, and 0.41 g/h/m). At larger flow rates,
there is a limitation as to the deniers that can be obtained, resulting in less datapoints for that
flowrate. Higher spinning speeds are required to reach smaller deniers at larger flow rates, which
are limited by the operating range of the spinning machine. By conducting these experiments, we
were able to identify the extent that flowrate, temperature, matkrial type impacts fiber

geometry and hollowness.
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Table2.3. Test matrix for hollow fiber spinning experiment set 1.

Flowrate Target Denier Temperatures  Samples
(g/h/m) Tested (°C) Tested
0.17 3.5, 2.5, 1.75 210,230 3155, M4,
0.75 M5
0.33 3.5,25,15 210, 230 3155, M4,
M5
0.41 3.5,25 210, 230 3155, M4,
M5

Considering a simple mass balance, a decrease in denier will generally reduce fiber size.
Similarly, an increase in hollow at the same denier will increase the overall diameter of the fiber.
Figure 2.4 showcases the effect of fiber take up speeds at set melt flow rates and temperature for
the three polymers (3155, M4, and M5). Across all sasfiplerate pairs, an increased temperature
reduces hollowness. On the other hand, increasing the take up sedented by reducing
denier, has little effect on the hollowness. The effect of flowrate leads to an unclear trend on
hollow, where some samples (e.g. M5 at 280 have increasing hollowness with increasing
flowrate, yet others (e.g. M4, M5 at 21G) remain relatively constant with increasing flowrate,
with all other parameters (temperature, polymer type, denier) being held constant. The effects of
these processing parameters can be analyzed by relating them to Wi and stress build up in the
polymer.

With increased outward radial stress, the fiber will expand radially upon exiting the die,

increasing hollowness. At low Wi numbers, such as in Newtonian fluids, radial stress will not be
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present and little expansion after exiting the die would be expected, resulting in less hollowness.
With increasing Wi number, radial stress will rise, and hollowness will increase. Extreme stresses
at higher Wi can lead to incomplete fiber formation ottrimacture, meaning that there is likely a
practical upper limit to hollowness.

As seen in Equation 3, Wi is dependent on the relaxation time and shear rate of the polymer
during the extrusion process. Increasing the temperature decreases the relaxation time of the
polymer melt. With a shorter relaxation time the polymer exhibits éésstic character upon
release from the capillary, represented by a decrease in the Wi number. With a smaller Wi, there
is a decrease in die swell and hollowness of the resulting fiber. Our experimental observations of
hollowness decreasing with increagitemperature for each polymer sample are consistent with
the trends in decreased Wi.

Figure 4 shows that take up speed has negligible effects on hollowness. As the process time is
dictated by the melt flow rate rather than the take up speed, there is no change in the Wi number
with take up speed. For the talp speed and flowrate procesgranges in this study, the polymer
melt swells, cools, then is drawn into a smaller diameter while retaining overall shape and
hollowness. At higher speeds (and smaller denier) than those tested by this study, it is possible that
spinning speed could drathe fiber in the die swell region of extrusion, potentially affecting the
observed hollowness.

Flowrate can also affect hollowness, and the magnitude of this effect is dependent on the overall
value of the Wi. Increasing flowrate increases wall shear rate, increasing Wi. As discussed
previously, Wi also increases with the relaxation time of therpely It was observed that under
processing conditions which result in low Wi values, sudiaat 230°C, an increase in flowrate

causes an increase in fiber hollowness. However, for polymer melts that have longer relaxation
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times (such as M4), and therefore larger Wi values, little change in hollowness is measured with
increasing flow rates. The differing effects of flowrate on hollowness indicate that there is a regime
change in the fluid behavior with increasing Wi, caudiafjowness to level off. This regime
change is further explored in a follow up experiment described in the next sections in which fibers
were extruded at the same denier.

e Sample 3155 Sample M4 Sample M5
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Figure 2.4. The effects of denier on hollowness for 3 polypropylene samflext55,B. M4,
andC. M5. Hollow fiber samples were characterized using microtomy and microscopy to obtain
fiber hollowness. Each line corresponds to a different set of temperature and flow rate sgjtings: (
210°C, 0.17 g/h/min; @) 210 °C, 0.17 g/h/min; £ ) 210 °C, 0.17 g/h/min; () 230 °C, 0.17
g/h/min; () 230°C, 0.33 g/h/min;d) 230°C, 0.41 g/h/min.
2. ezdts with Constant Denier

To further explore the complexity between the Wi number and hollowness, we conducted a
second set of experiments holding the fiber denier constant at a value of 3.5. The denier, a
parameter previously determined to have a negligible effietiollowness, was maintained by
simultaneously changing the spinning speedfiowd rate Havinga constant denier assigns the
fibers a constant crosectional area of polymer, allowing for better comparison between materials

and operating conditions. Specifically, tekects of temperature, polymer sample #od rate

24



were evaluated through the test conditions showhaible 2.4. We abstract the effects to the
Weissenberg number by determining the corresponding relaxation and processing time for the
given conditions. The experimental results are discussed in the following sections.

Table 2.4. Test matrix for experiment set 2 in which the spinning speed is varied to give a

constant denier.

Temperatures Samples Tested Flowrates Tested (g/h/m)
Tested (°C)

210 M1-M5, P1P3 0.11, 0.17, 0.25, 0.33, 0.4
230 M1-M5, P1P3 0.11, 0.17, 0.25, 0.33, 0.4
250 M1-M5, P1P3 0.11, 0.17, 0.25, 0.33, 0.41
2. L£Lo3dnparison of Experimental and Simulati on

To explain the observed trends seen in the first experiment, we surmise that there are two ways
die swell and viscoelastic forces can imgamtowness: through radial stress, which pushes the C
shape radially outward, and through tangential stress, which elongates or shortershaped
arc. Radial stress serves to prevent hollow collapse and potentially reduce welding, while
tangential stres can improve welding between elongated arcs, working synergistically with
surface tension. We utilize CFD results to visualize and provide a basis for these claims.

In our study, we identify the Weissenberg number, Wi, as a parameter related to hollowness. In
Figure 2.5A, we plot hollowness of 3.5 denier fibers against Wi. There is a large increase in
hollowness with Wi for values of Wi less than 1. Above a Wi number of approximately 1, the
hollowness develops more slowly as a function of Wi. The observed trends caalusesl by
considering the meaning of Wi. For Wi less than one, elastic stresses are increasing quickly

compared to viscous forces, thus radial stress is outpacing viscous resistance to deformation,
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increasing hollowness. At Wi greater than 1, the elastic forces are greater than the viscous forces
and the radial stress doesndét develop as qui c
much. The experimental data range does not extend to Wegthah 2.5 due to increased spin

line instabilities and extrusion defects associated with fiber extrusion at higher Wi numbers.

We see similar trends between the radial stress and Wi in CFD simulation. By examining Figure
5B, we observe that the computed radial stress increased in two distinct stages as Wi humber
increases. The first stage occurs below a Wi of 1, which correspmadspid increase in radial
stress. Following this, the radial stress develops at a relatively slower rate.

By examining both experimental and simulation results, we can see a clear relationship between
hollowness and radial stress in our system. This observation concurs with the sentiment that die
swell, which is caused by radial stresses, increases hollowth@ssver, we also found that the
contribution of die swell varied depending on the range of Wi under which the system operated.
Specifically, as the system became increasingly stressed above a Wi number of 1, the impact of
radial stress and die swell onllosvness diminished. This could be due to numerous factors,
including melt fracture or spin line instabilities, which was noted to occur in samples with higher
Wi numbers. It is worth noting that die swell occurs in multiple directions, and the effalits of

swell on the formation and shape of the hollow fiber may differ depending on these directions.
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2. £xX$p1 oring the I nner Shape of the Hollow Fib
The interior of the hollow fiber has not been well characterized in the literature and can provide
insight into the stresses present when hollow fibers are formed. Uneven stresses can cause fibers
to be misshapen or even prevent fiber formation if thessfre s dondét all ow f or
align and weld into a complete fiber. To characterize the effect of stresses on fiber formation, we
evaluate the centers of the hollow fibers using a circularity parameter. Additionally, we break the
stress tensor frol@FD simulations into radial and tangential components to evaluate the stresses

present at different test conditions.

With increasing Wi number, the circularity of the interior of the fiber decreases as &éguren
2.6A This can also be seen visually in the microscope images of hollow fibers at the bottom of
Figure 2.6C, where Wi increases from sample 1 to sample 3 and the interior shapes become
increasingly squarkke. From a perspective of the original die shape, the resultant hollow fiber is
increasingly deformed, indicative of an uneven stress profile. With incgesé, the melt has

less time to resolve these stresses, causing the shape deformation.
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Additionally, it is seen that within similar Wi numberE&idgure 2.6A), fibers at higher
temperatures are increasingly circular. This may indicate that the relationship between surface
tension and viscosity also plays a role in determining the fiber shape. At higher temperatures, the
viscosity is lower, making less resist® to the action of surface tension which reduces
irregularities in the shape. This results in a more circular shape, as a circular shape has less surface
energy than a polygon for a given volume. Additionally, at higher temperatures, the fiber takes
longer to solidify, giving a larger window of time for surface tension to smooth the fiber shape.

To further explain the occurrence of the shape, we look at the stress analysis from the CFD
simulation. The red box iRigure 2.6B shows the region of the@ segmented arc die where the
stress analysis was conded. The tangential and radial stress components in the die directly after
extrusion are shown in the imaged-igure 2.6C. A positive radial stress value indicates that the
stress acts in the outward direction relative to the center of the die arc and a positive tangential
stress value indicates that the stress is pointed towards the gap in between the segments. From
first glance, the radial stress is always pointed outwards. This concurs with experimental findings
that the system swells outwards, and that the polymer expands to a size larger than the die hole.
The radial stress also seems to be relatively reduced at the seguhéor all the simulations. The
uneven distribution of radial stress may cause the bulk of the fiber segment to swell out, while the
ends will have less chance to swell, resulting in an uneven shape that may be the cause of the
square inner holes seanthe microscope images at the bottonfigiure 2.6C.

The tangential stress distribution can also give insights into the fiber shape. The tangential stress
is shown to be uneven across the fiber profile, with the edges of the fiber corresponding having a
different direction of stress as compared to the batkng from 1 to 3 irFigure 2.6C, the fiber

experiences a shift in the direction of the tangential stress across the fiber. For points 2 and 3, the
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stress is tangentially inward, away from the welding edge of the segment. This would correspond
to the fiber segments being thinned at the weld points as the fluid is pushed away due to tangential
stress. The direction of the tangential stress may fuctihribute to the square shape of the inner
hollow.

Finally, Figure 2.7 reveals that as hollowness increases for a fiber of constant denier, the
circularity decrease3heseventy sixexperimental data points showrFigure 2.7 were collected
across varying polymer samplélew ratesandtemperatures, and all appear to follow a linear
trend between hollowness and circulashpwing the universality of the result linear regression
was applied to further analyze the relationship between hollowness and circularity. The resulting
linear equation is y =0.0033x + 0.9593 with an’Ralue of 0.776, where x is hollowness and y is
circularity. T h e -0.888,andisating & strongly livear| negativevarselation
between circularity and hollowness. Additional analysis of variance (ANOVA) at a confidence
interval of 95% rgected the null hypothesis that the slopedsia to zero, confirming that the
slope is significantly different from zero. This trend highlights a potential-oédbat may be
considered when designing hollow fibers. Under the conditions studied here, less circularity
creates less uniformity whicmay be necessary for some hollow fiber applications. For instance,

the thinner weld thickness could create a mechanically weak point.
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Figure 2.7. Circularity versus hollowness for fibers extruded at a constant denier of 3.5 g/m,
highlighting the tradeoff between circularity and hollowness. The linear regression with a
Pear s on 06 s0.883 indieatesi aestrond, linear, inverse relationship ltwecularity and

hollowness.

2.oncl usions
In this studywe analyzed the effects of viscoelastic stresses within the polymer melt on fiber

formation and morphology during@ segmented arc melt spinnindowrate, polymer type, and
temperature were identified as key spinning paramatégsting hollow fiber morphology within

the experimental processing rangkhese parameters were related by the-diamensional
Weissenberg number, which is a measure of elastic to viscous forces. An inflection point at a
Weissenberg number of one was observed th tiee hollowness of fibers produced in spinning
experiments and the radial stress simulated through CFD, indicating a shift in flow behavior
towards being more elastic. Additionally, we used stress tensor analysis and image processing to
identify hollow fiber shape morphology and factors that influence interior circularity. Tangential

stress likely causes the shift from circular fiber interiors to square, but the relationship between
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surface tension and viscosity could also play a role, especially at higher temperatures. More work
is needed to verify the effects of surface tension and solidification.

Finally, we found thahondimensional analysis of flow parameters and CFD simulation of
viscoelastic stresse®uld give insights into physical changes of fiber morphology. Under the
conditions studiedye observethat there is a design tradéf between circularity and hollowness
with an increase in hollowness leading to a decrease in circulatory. Such a relationship was
observed for all samples studied suggestive of the generality of the Témdé insightsauld
guide fiber extrusion didesign, asvell as help develop novel fiber morphologies. This analysis
could also help guide fluid property selection, allowing for proper material and processing
parameter selection without significant trial and error.
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Mi ccamd -saeaabe surfaces have a wide range of
drag r édancttiimen,r ad’idand vseurcfoandd nwge'Thengemodbf ec
scal abl e manufacturing of these surfaces r ema
techniqgues such as °bastpyticagpidergosindiomr { 89¢
beam induce®dndlepaosietcit on )nkh awrei toif nt g np rbceceens suesse d
Subtractive technl/igiueecsalfeors wrrfeaacdd sn gh anvaemloa k & o

include machining, 8Alittthowgh pthiye seanap gt @aahd mes

structures, they are |limited in?&*hroughput, s
Ro-t o ol | manufacturing techniques offer rel i
material onto a surface with fFmirfwarmnd oodtli ncg
(FigB8Y)etypically wutilizes two counterrotating

various producdkesefrggm@bhodamiece bl §uWhiilce dtewp icea
roll coating operations aim to create a smoot
forces dominate oveéréisaatiiame d emeg wlnanf otoapesgrn

patterns on t h'eThreosld rciobabteecdd sswrrffaaccees have been

at thetheul linterface on shipBhauratt®ooeit efndr o
surface teanibe §oanesfied via the capillary
defined as foll ows:

0w — (Egn. 1)

wheagies t he f lWisd vveilsaccosstiythyeasdFodacReweasi anm. f |

critical <capillary number (beyond which ribbi
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gap distance (H) between tIR¥%Gradllll eso @i mg . d é
ribbing instability in elastic Boger fluids (
respect to shear rate) and found that substant
when the roller gaphdysthBsBoe ohbiakeer dsetdrruecatsuerte. s

and deicnr etahsee cri ti cal capillary number with d
reported by V&arrelsahdarpetzhienniang f |l ui ds, t he ¢
similar trends to Newtonian fluids when the

calcul at% 8% of Ca.

CNT-PDMS Polyimide Tape

Roller Distance
Controller

Roller Speed
Controller

FigBtL&chematic representatidMOverfviteawe ofoltl he oa
highlighting adjustable variables, BiCholbpdi ng
view emphasizing that the surface velocities |

set gap. |l mage adapted from Ref . 19.
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Ri bbing instabiliti-Eaylaare (aSTs)u bisrestt dobfikle$ca fi fen
patterns are created when a | ess viscous fl ui
value of the?*hips |dhanyomambreri.s -Bhawcaéelly, saus
consisting of two plates with a <¢Wal exbphte b
instability, a | ess dense fluid is interspers:
varying fl owrates and pressure. The ST instat
variety of fluidesn twhda hpreperatricens f ofc utsheed di s pl
of the displaced fluids changes the morphol og
show smaller relative finger widths compared
weakly shear thinning fluids by incoBpeanti nq
thickening fluids display an opposite respons.

Vi scous AWt earigoimmt deyased shear thickening res

instabilities at | ower?'f)relsdusesesandf kbgrderexy
behavior, with regimes dictated by yield str
observed wuntil the sample yiela®Psddigtiivoinnag | way

branching behavior is observed??&Whihli ghlawe el o
cells have some similarities to roll <coating,
fluid pressure of the |l ess dense component, \

medi ated fl ow as wealtli ads by nprads sudr & yd it fhfee rf | ¢

known about ri bbing stability i n shear thicke
could be relevant in a wide range of applicat
or tpeass.
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To address this knowledge gap, a variety of
created incorporating hyeédwadgdhabiccarfbwme dn asnioltiu
PDMENT composites are rel evamdas eddu emattioenrttirdegsuibn
el ectrical propet?tdied tolie thhydrcoptposiia 8% ur e
which is useful i rP*adftiilfloeud i pmal yanpeprl i maltti s nb o
l oadings as | oW vatsi 12¢2% g lienv aPtDeMiS)l,oadi ngs of f ur
thickening respbirferubbsuspemsikxboses of f umed

shown to improve dispersion of both fi% lers w

To characterize the composites, | ar*d@raempl it
executed to obtain hrahecalroegircealle vpaanrta naett etrtse  h i

experienced dur5on0isoolflurctoheetri nugnd(esst and t he r

study used image processingamned ahamdybemr e¢lbat e
stesadgte roll coating behavior in PDMS compos
reveal ed that side branching in roll coati ng

observed in LAOS. The watvenemdbdensi oy Owembkl
viscous air finger width), remained the same
was independent of filler |l oading. This bifur
ri bbing stabithitkennnghand yield strestso fl ui d

rol |l manufacturing temcxdnreseagameesf atesreati ng mic

4 2



3.Bxperi ment al Section

3. Mat eri al s.

PDMS without fumed silicaPOM8)l Ihgsorae \Wiisgomas i
21. 3 Pa*s and was used as received. PDMS cont
not at®ed®M&3% &ad al dPias*csosaintdy coofnt-a0 nwet %b & timedn st
by weight and only the base was used, not (.

(Nanopdinm,i ® d2ameOer jnhb@agettwas eCNT®ed as r

3. T admpPlIreparati on

The nanocomposite pastes were prepared by v
PDMS amDbIMSs. CNTs and PDMS were mixed using a

mi nut es f ol lsohweeadr-r miyhlraermh i § hng machi ne .f olrheappr

roll er speed was -kebt mobhktagtmaoaht he,thndet he
t he machine while the roller distance was (gr
provided i AThel ase dstwemikedlhlrgmi | | i ng machine e

homogeni zation and dispersion of the CNTs.

3. Rhxol Mgasalement s.

Al | rheol ogi cal experiments were performed ¢
( TA | nstDeupreenndtisnigg on the sample torque, an 8
pl ate or a 25 mm stainless steel mirror upper

pl aTtaeb | (¢ . B.T hnee atswuor e me n t geometries Fprgad)lec eB. Ver

Samples were tested al mm,t tgraipmmirmgngatng5b % r alim

4 3



Frequency sweeps were performed under smal/l a

within the |inear viscoelastic regi me.

The yield stress was determined usin@heéewo me
elastic stress method determines the yield s

modul us and strain as taken from an*¥Bmguieude

B.)2 |l terative creep experiments were used to
stress method. The experiments were standardi
mm. Each stress in the creelpowedtbwas Pes ¢ oo m
the initial stress equal to 10% of the origine
The stress was iteratively multiplied by 1.1
sheaoveat ¢i me, instead of | eveling off).
Amplitude sweeps were performed at frequenci
a logarithmic strain sweep from 0.1 to 1000% :
and | arge amplitude oscil | adalolreyc tsehde afro rr eegx preers
transform analag$ei 4080 &zpolling

3.3a4 ge Amplitude OsciBxlpamadreyl Sheai efLAOENSdE&®

Under | arge deformati on, oscillatory measur
superposition of harmonic frequencies relatiyv
the first harmonic storage famrd descr imoidnug it hes
response. Two met hodol ogies can be wused to a
Bowditch curves and Four iBeorwdtirtarhs fcourrnv ersh epa oot g

strain or strailni meagrei hot e suascaesnon?%el asti

4 4



This can be further expanded to a space that
strain and frequency. However, this 1 s gener:

amplitude oscillatory shear.

An expanded Fourier transform rheology appr
material at | arge amplitudes quantitatively.
fast Fourier transform in Python @&EswiottgthdumPy.
amplitude and phase shifts of the first and t
and intracytli@eearstoes, nwhich are indicators
and shear thickening/drhy nanfi ntghe rerstpderacdfam adltiyt. /s
decomposition is avai*Paanbdl epriinort fvi@ohrgka pbayt cbhyoa.tE iv
used for the scal®@dandt wak § cliemegalra sttiiecs (aer e st

2 d:

(Egn. 2a)

(Egn. 2bhb)

wheliies the phase angle (réhatr moeiitso athhdes lisrt trean sn
t hthair moni c.
3. Iww omilxi ng of composites.

To analyze the r-rbbl ngobthaygi m&g lg@dBh)e wolahse u't
rollers (radid. of 25. 4 wnnm)h avaaergyeilonagf r ® i ®d i n d

rpm. Coating materials were inserted between

4 5



varying roller speed and gap distance. The r«

i magi ng.

3.3.mage processing of ribbing patterns.

A Fujifilm XT4 mirrorless camera was wused to
create optimal contrast between ribs and the
still frame$ftousehat O©dene€Vdi fferent processi ng
A subset of images was used to train an i mage
from-smdckd ta-hddvsh&i test of the i mages were s

mo d e |

To analyze the structure of the ribbing par
(Figur)e. BL.h3e skel etonized i mage was converted
net wo'wk) ¢h was anal yz*éd wasvienng) mbieesr wo(a k Xul at ed

sampl e wagvtehlee nagvtenrr al(ge di st ance between two rib

(Egn. 3)

whekHies the gap distancBEBi pBi)ee aNlo dtelse ithwa hreo Iglr e
with three or more edges are of particular in
in ribbing instabil B)tiiess.utA Ibirzaendc hti m gd efair menett h

of the ribs (Egn. 4):

( Egn. 4)

4 6
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.Rlesul ts and discussi on

.4ihear rheology and yield behavior of PDMS

We f i

r st examine the el-BPMBca-BDM8B8sascaus$umo

f fr eriued2be) C Sampl es wit houde pPCeNnibedritb w; f t B g uE

ampl e

| occul
umed Fsi
ontain
et%an

s comp
al ues,
elli ke

oOomposi
f PDMS
ncreas
egi mes

il ica

with Ffigm3d ssHaowsa Hdehavior remi ni scen
ation as is obser vewhaeme @os htelre siyesate msa
iglBi2zCea s(hows characltieké shelasviodr soThe i omn
ing CNTs exhibit modul i relatively i nd

delta, defined as t he&DMBt isampti @B (t o G

amn®POMSosuahpg @2¢ ( The CNTs | i kely have
which is why GO& values ar e sTihme |oabrs efrovr
behavior at CNT Il oadings as | ow as O0.

tes containi h®gGH adigfef earssi estuvbesetaat rittdi eaf |itlwio
to higher t-BDRME $ampkees| aDdMBEmpahedht
es the |l oss modulus. The samples with
i n amplgiur)ed&uhdivcere pcsoul d be attributed

reducidneq rtehaes ety Bpi adriuteiyct| oe
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A ok 000009 B (77 0.00 wi% CNT)
OCO A 0.46 wi% CNT
888888888800000222 2 4 ommon _
2
10F E
[AAAAAAAAARAARAE ;
) = 10 E —_ ]
> g | -
Q g 10 3 = 10 4
(a8 S E [
, ;
® 8 ' 3 5
= s A
oL 4 E E
o' $o0000000000444330000
[ G, G"0.00 wi% CNT
10 ¢ A /G, G"0.46 wi% CNT 4
N: @O G, G"1.38 W% CNT 0F . . . %
10507 107 10° 10" 10° 107 107 10 10" 10°
Frequency (rad/s) Frequency (rad/s)
[ T T LB R R | T 103:"1 T ML L T T T
C % . D g A0.00 wi% CNT ]
; ® '| A 0.46 wt% CNT
o'l onoooonoooooooooﬂ =t | @138 wivh ONT
2
OOOOOOOOOOOO A‘ 10°F
£ — 10k L R hhAAAAA A AAA : N ]
‘“ AL < I
(] < 2 AAAAA/_\AAAAA o 1
o @ 10 3 T 0F E
& R o |
c B 10" 1 & |
= " 10°F A
1005_ 3 E AAA‘A .
i a AA ]
o TG, G 0.00 wi% ONT  eenesssesébsosee®®
A/\ G’ G" 0.46 wt% CNT oLetee |
St (@O G G"1.38 wi% ONT T
0 07 107 10° 10° 10° 107 107" 10° 10" 10
Frequency (rad/s) Frequency (rad/s)

FigB2kinear viscoelastic data for-PDM& awnpdes$ Co
D) -PBsMS. Select data points have been omitted

data coll ection.

Thel astic stress and creep met hodshewerrees ud s est
wer e c ofnosri sbtoeenht met hods for all s&EmplG&B.cont ai
22way ANOVAcoboeEtrmgd that the two measur ement

significaat @& enfledShot h HABRSCPmEsared to sanm
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with f unfeidg &B3Agl,i ctahose wit FRogB3Beumedti i tedal ow
stresses at a given CNJré¢atedi ndepAadddencenafly
l oading in samples with fumeé®&i giBBAeccoamp(alriegdh etro
Fi g33Bg. When | ooking at thieg®&ie yP. aCNT mli d adi r
observP®dM®fhaving a higher powePDME&w ERip®neaa
indicate that the fumed silica augments the n

better distributed and ealelhdewignyg t he system to
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I

10 F Measurement Method " 10 - Measurement Method
A [ ® Creep ”- B ' @ Creep
— | M Elastic stress @ 0.1 rad/s S — | W Elastic stress @ 0.1 rad/s i
© | A Elastic stress @ 1.0 rad/s ﬁ (O | A Elastic stress @ 1.0 rad/s e
a : S ’
) 10 ' S E 0 10 ’2/ .
2" 4 2 ) _
O I 'y i~ o 0.~ i
= i ,,’ + ) s
U) | II m 2 /”’.
T 107} 1 B0 3
] . ) ) i -
— /~3.41 - - .»7 ~1.48
>- ,/’ >_ ;4’
1 L f.” L PR | 1 - L L L IR |
1010—1 100 1Q|01 100
CNT Loading (wt%) CNT Loading (wt%)
C % ’d; D 10" E
¥
X
[l ! —~— 4 /,
@ 10°F @ 1 @10t ® ]
o o
~ I ® g
O S ¥
103; // E 10 f_ //// E
i ~3.21 7~ 2.28
2 .,Il, . . X L 2 — l” L L L L M R |
1907 107 o™ 10
CNT Loading (wt%) CNT Loading (wt%)
Fi g83.eA, B) Yield stress results obtained fr on
PDMS ( A)-PM3I (nB) . ( C, D) Storage modulus (Gd)
frequency efDMS r(aCdP Bavhddo (rnDs)s . For pyasnied so fA tamea [

|l aw exponents is

physical behavior.

restricted to the

three high
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3.4 A0S behavior of PDMS composites.

Sml | amplitude oscillatory shear ( SAOS) rt
rheol ogi cal characterizatiwmt wiidihlositt onucdds sraiml
of the system after yielding (which is | arge
shear (LAOS), coupled with Fourier transform
materi al respoeafser mantdiean htilgdhterSAOS cannot cap:
visualize |l arge amplitude stress response to
di agram, materi al response to a spac¥® of stra

The n€®dMSnsample demonstrates a purely | ine
circular curves in the elastic Lissajous pro

(Fi g34Bg. Thisafebsdéengedsin the visEiogB84DE | ssaj C
which show |-RDhMS$ dtoralnle aftr engguenci €NTanadr et aaide
t o-PDMS, the system acquires elastic character
of the elastic projectionepédhderntampbkspormnae,e
indication of physicaligethéormaeésobnCNThloadi:
which | ikely approaches the | ower I i mi t of C
reported in -ad.h%e wtdhgehiogher. 21l oadi ngs, identic

behasvindi cate t hatheNTle aloongyn,ateeven under high

A viscoelastic respo#dDPMSi samps er wmesd i fnan ctah e
el astic Lissajous profiegBdApnsTlaesée owvalppl gead
more cwirtthil amcreasing strain, indicating a t
corresponds wel | to the amplitude sweep dat a,

greater than GO Fwigtuh e)i.®BcTdheed ssetdr uscttruarianl (br eakdo
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the transition from |l ow to high strains coul d
Additionally, seconFdagr@dfCedtoolpew cfame dpee rseiens i aan
the viscous projections. Secondary  lamdpsoadd
be attributed to’®wmuchobdsebkdowal wohahgbasas bee

the literature for fumed sili3¢a*3systems, al be

When CNTs are i-nmRM3-PDOMAteadmp od icf resssd ieexrhti ba ft s
responses with respect to CNT |l oading for the

el asti ig84A¢ an & cFoiugsB4C¢ projections of the Lissa

stress response difference is -ROMSpsamplurcedwh
may indicate a change in mechanism of microst.
di ffer enncel daediwegs becomes | arger at higher st

dependence. Therieddu e CaFd ea@ddn cenmotn r heol ogi ¢
which causes the system to respond | ess Vvisco

elastic projections.
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Byppalying the Fourier transform to the stre
(rel ative to thceani nbiet idaelc osutprlaeidn. ilhspiuntg a r heol
Ewol dt*2 édte @mhase shift and ampl it udershedl ddiec dl
characteristics that describe | ar g%n deelfasrtmact i
nonlinefau¢gi Eqes 2a) detail intracycle strain h
or less than one, respéntdivilelcy.usSinmiillva rBeymr. i tt H
2b) details intracycle shear thickening or t

respectivel y.

The Fouri er tFriagn3b)fdoernmo nrse swalttes s(i mi | ar trends
Pi pkin d&iiggBlems TTR®OMBEscomposites show an intr
response with FingoBbBek)s.i nAgc rsotsrsaial I( CNT | oadi ni
frequency dependence, though not enough to che
FofrP DIMS f or nmhuil p@sAeB)n,s t(here i s significantly mol
degree of which varies with CNT [ oading. At t
el astic nonlinearity increases with frequenc
softemnng nto acycle strain hardening response.
| oading of 0.92 wt% CNT, though with decrease
0.92 wt %, samples exhibit an entougehl yt o na rlae:

degr ee tFhDaMS tfhoer nmusl at i ons.

54



A 10 T T T B T T T c T T
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~= -5{Frequency(rad/s) Eg-¥. \\ J Frequency (rad/s) o Frequency(rad/s o
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-10F-#- 1.0 % - —u- 1.0 - - -%- 1.0 -
[o)] .01 -ﬁ\ - 01 ..‘.. \k ol 0.1 '-,...:::\*
15" 0.459 wt% CNT 24 " 0.92 wt% CNT ] [1.38 wt% CNT ]
n_nnnoniil _n_n noanl _nnnaanl o oldium n_nnnanml _n_n el nononaamdl n o g Lol n s _—al
-20L = _
10 10° 10’ 10° 10° 107 10" 10’ 107 107 107 10 10’ 107 10°
Strain (%) Strain (%) Strain (%)
10 T T T T T T T T T
D ; E! I F | ]
- Frequency (rad/s) Frequency (rad/s) Freguency (rad/s)
E 5 e 01 ] 7 [ —e— 0.1 1 [ —e— 0.1 7
5 _ ol -m- 10 .. J L -»- 10 ] | -#- 10 |
© 10 [ "'1 e 10.0 - e 10.0 =
51 0.459 wt% CNT C i | 0.92wt%CNT \"-: 1 [1.38we%enT "';'-.A.'_ I
_ NI B ST AT i PR TTTY BT B S T T Th i ALY P T T B ErHTT B T M S
S 10" 10" 10 10 107 10° 10' 10 10° 107 10" 10’ 10° 19°
Strain (%) Strain (%) Strain (%)
Fi gB5Assessment of i-hineay®DMSe laRBDMIScs srmaonp | e s,
calcul ated using Egn. 2a. The evalwuations are

f oPDMS-C)A a#®MBSsF)D sampl es at varying CNT | oad

The differences i n stPhEMS a-RisMBsnsamp |lbee tpveiem:
competition between CNT and fumed silica at |
behavior. As seen in the PipkindPdM&Egrcamposande
there is no CdNelp ecnodnecnetntrreas g aoms e . However, CN-
rheol ogical-PbMdSposasPpOMS®O rsasnpl es depart from t|
| ower strai nBDM® mpamelde g ot ahe eavnpdean uekkd gaywee p
B.,4 vi s ecloiunse anroiRti yg udreet @an.d5nt h¢ | enleagHilitgyB83tgan e s pi t e

both sets of samples being physical gel s. Thi
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Syl gar##DM&§ Cco®ntains greater than 30 wt % of f

and t hhRBM$ heompositdd nexahi biets paonse®en at | ower s

CNTs al so modi fly ntetag tr ywpbgMESo ceommpm ss t es. As C
increa®P®d®HMSi sammpl es, the frequency dependence
Addi t itohnealsleycondary | oop pres@DMSIi ditshag pleiag s3]
could be attributed to the CNT resparepe nadeartst
intracycle strain har-BBPMBngoukdpbesgiueedac &ai O
bet ween the fume®dFumieldi salacd FfhverChTgst vyi mcos
on CNT aggregates, thus promoting better disp:
breaking down fumed silica flocs, thus reduci
conjunction withimntraomaglne tautdreaiod ¢ dhdfet eni ng r

frequency dependence of the composites with i

3. Ri®dBbing behavior of PDMS composites contain

The surface structures of the ribbing insta
wavenumb eEq n(. 3pgaisnyptl odit mensi Bng &8s gapmidiagt
previous andlys8i sthg oahgesof nrolilerdepyendentt ic
velocity for al/l samples. Wavenumber increase
a power | aw expPbMdatamnmnd @.DABI.Hfarsysstem | i kel'y
yielded under the high deformation rates betyv
sampTtlteiss corresponds wel |l t rog rtohwes twHi‘éBar V&, w vviRgicoel
t englioonm nant regi mes. The slight deviation fr
geometries used nfnorstruidobeisng hsayts teesthd .maMoest st u

concentri2tweyhi opeosing surfaces that diverge
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opposing cylinders, as used in our system. TFh
def ormation and shear rate onnttmbesampbeaf Whi

resulting microstructure.

57



10°_—A

Wavenumber (-)

CNT Loading (wt%)

0.0
B 0459
A 092

® 1.38

- B

CNT Loading (wt%)
0.0

B 0459

A 092

® 138

el ey Al s ca ABS..m -

Fi gB6.P1 ot s

PDMS

95 %

i mages

composite

standard

bel ow

of

error

show t

mater.i

of

h e

wavenumber

al s

t

resul ting

he mean

VS. no-ARdM&easdo( 8)

containing
whi l

sur face

58

CNTs
eS ed aescht eedd

mor ph



Despite

di ff

of branchi

erent

h awa wegn usnebpeer h d egnacpe t BPeD Miss aMbOIMSs h av e

degrees

ng

per

of

Vi scous

brancli mheeitmonaaerot her

branchi

br anrctho emuasot n sttear mti .n aTt hee rf

Branchi

di/lvRafni s8gero nCE@amMt , 4 )a.

caRkigacaer

the frequency of branching events
36,Fi g@BT. e
T T TT T TT T T TTTT TTTT T T T T T T1T1T17]
CNT Loadi %

/-\101_A ‘ __B oagg(wt)_
S E A ] ® 0.459 3
E ‘ 0.92
= A u . 1.38
: 0 d, * |
: Lt
@ el m“m, Ay ! 2 |
5| g
o
£
[
—
)
. -1
8 10 E_ —q1F -
-S [ CNT Loading (wt%)
c - 0.0
9 0.459 1r 1
0 0o s-PDMS || ns-PDMS|

-2 i Ll Ll L Ll Ll

10 ° & =
10 10" 10" 10° 10 10" 10" 10°

Rotational Speed*Gap Distance (m/s)

Fi g8rPependence

and

cont

| n

ar e

gap

ai ni

gener

|l ess

ng

di stance

CNTs.

al |

t he

i kely

t he

n -PoOMBS

branchi

bri

Rotational Speed*Gap Distance (m/s)

number

ng

dge

of

branches

d

surfaces

CaaPRME (hBP c ecSOSTEHPSO S |

ecrease

further

59



formation. This is also s@Rawinelekperwmieanh sr €\
fluids displaying increased side bran’dhoirng be
intracycle strain softening fluids, sur face
perturbations cause the sample to undergo mor

samples atghkemncedassogh as at high rotational

and the intracycle strain softening effect be
This is evident>wher wowktbyi loregsed mixing t
behaved more | ike viscoelastic |iquids than ¢
intracycle strain softening behavior with i ng

agai ntsitomalt aspeedEiga@7, @ idetvdarmde oins from t he exX
reduced branching with increased rotational S
ThePDMS sampl es ching @mBmifngl ICNWsarf i nverse | oge

pl otted against rotati onalPDMbe eschFipd) B¢ i(sltoanc e

not, despite the presence of yield stresses.
oscillatory shear rheology.
ThePDMS sampl es all exhibit similar viscous

Pipkin diagrams and intrRicy@Re) Elavémct moumd h nt
stresBDM$ s@amples vari €s g@sAbh EGNWwWRDMMAdJds sampl(es
exhibit a variation in LAOS response, wi th th
PDMS samples but | ower CNT-li okddnipgeteapgcl enst
(Fi g85Be ) D Though not a di tgeggdr aneatsairr ei rodi o d toens

|l inear effects have increased I mpact on the n
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behavior. As @NIMSI|I oiandcirnegass ei,n tshe system trans

hardening to intracycle strain softening beha

Imperfection
Front view

Side view \

H |
Meniscus } b Material

f-b redistribution
= A\ | |

Top-down view

v

—,
Intracycle strain Intracycle strain
Material-air interface hardening softening
Fig888chematic illustration capturing key asp
genesis of branching phenomena. The diagram
coating roll movement, and thelionmi.tiation of
The genesis of the branching phenomena in t|

summari zed byFiag&8cehBmhbingidevel ops due to an

meni scus during the roll coating process. A ne
a finger i nto two separate fingers. |l ntracyc
spl hgt as the modulus increases with the incr
intracycle strain softening sampl es, any smal
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increased perturbation reduces the modul us mal

di stance, the total number of branches must r
to perturbations, branches mars.t Wiothlv eirmger & as an
branches must converge more dramatically, whi

with the meni scursi.g8Bhe wherme bretsaewnwclia strain

have more ridges patallyelextpperti eeacmemioseudrainme

3.8oncl usions

Il n this study, we investigated the rheology
focusing on the I mpact of CNTs and fumed si l
reveal ed t hat CNTs domi nated t hesel aofye PBWMB I
composites, but the presence Fametlumed i sal i e
freqguemeyndent intracycle strain hardening re
overshadowed by high CNT | oadings. These find
by examining two paramebemphotbgty. d&whi hedbohb
composites exhibited similar viscous finger w
which could be attributed to the contrasting i
of i ncreasaddn@NTnl tdcenfamedngi sampl es. The p

showed a consistent effect of intracycle stra

While theheAOSndawaa analyzed using Fourier t

Physical Proces¥ewsul(dBPPl)sd rmemeuvsoeadk t o gain adoc
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materi al behaviors. At high applied strains at
ejected from the rheometer geometry before f
cases, SPP analysis couldnysehddr psobvtdef famt:t
the ribbing process that would be%ThacSePPsi b

approach coul d prove es pceocaitaeld ymautseerfiuall sf oars etxr

rapid increases in shear rate exposure during
Understanding the complex interactions be
composites allows for optimization of —roll C C

composition and/ or processing paramébetecseaFed
frorPDIBS with CNTs and the distance between r
di stance. |l f more textured surfaces are desir
Future research coul d ewmlsoroer tphreocefsfse mtgs cmfn
rheol ogical and roll coating properties of PDI
of surface featurssichomsvauipeuhyddowoghdthiesilslu

el ectito®?i cs.
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4 AMbstract
This study investigates »stohne tihnef | uleem@leo goifc ad u g

polystyrene through a comprehensi vee premacelndgi
Vviscosity <curves and corresponding torque p |
pl asticizat honReesfufletcst sd eonio n&GQ rrathea thdtucesupel gt
Vi scosityowpgmniof i9c6a¥mtdty at mospheric conditior
condidothigms i ghting its effectiveness in polym
uni ver sal viwbcobitywcmogelates tempenatnt eat ist
effect-6QMmeIrt S Thi s model 23$@ol chhimbii nyt mode lws t h
framework for accurately predicting CO2 diff
deepens our unedpeorlsytsanydriemnge oafnt@Q@2acti ons but al
future researchiaadi amsd,uspreséntaippg a more e

friendly alternative to traditional methods.
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4 I2ntroducti on:

Supercritical cAr bhoans deinoexrigdeed (ac CaO hi ghly va

industrial applications, thanks to its numero
notnoxi cf,l amoma bl e, and inexpensiyve, making it
solvehtke volatile organic ¢&©mppalchdise vaensd ac hclroi

temperature near room temperature and-Imdkdeest
densities whilliek ee xvhiisbciotsiintgi egsas This wunique <co
ScGCOo act as an effective solvent i n a wide

material “r ®Qoessfngghe keypi sapphipaltymas pfoSe<€

ability to induce swelling and plasticizsation
not highly effective in dissolving high mole
physical properties of polymers by reducing vVvi

This plasticization eflfyenetr ips ocoeepadin@lsyeshmpar

injection molding, extrusion, mi chreorcee | il mp raag v €f
processability and "product quality are critiec
Given its i mpact on pol ymer ciprtoepreactise swi tumn dea
essential for optimizing these protaspes ymeEhses
determine how effectively it can be used as a
of the material. Rheology, the study of the f
essential tool f ord aospsteisnsiiznign gt hpeosley menrp apcrtosc easns
Rheol ogi cal studies provide valuable insight
supercritical fluid conditions, particul arly
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( PMMA¥! and pol y8hgvenkeeéPS)nvestigated for th

di fferent rheological conditions. These studi
can reduces the viscosity of polymers, which
pol ymer matrix, where it disrupts the inter mo
der Waals forces and hydrogen bonds. As scC
temper @t wrfe t(hTe pol ymer, maki ngadihreg cthtae nfsr ene r
within the matrix. This increased mobility re:
in viscosity. The extent of this reduction is

pressures gengreadtlegr resludbdiilnigt y nand more signi
viscosity is particularly beneficial i n proce
processing temperatures and pressures, treduci

guality.

Whil e numerous experimental met hodol ogi es hav
di ffusivity of gases anddsupbrasi gguant zf tuouyds:
(QCM™M) gravi met8r,f%s psetcuucdrioesscopy, 3Barmderehricsmaa oge
devel op model s that accurately predict t hese
Di ffusivity studies have traditionally empl oy
with diffusivity mos2!| Mpranddpanmedtitenhsigde
studies where diffusivity is determined from
provided d&lep?eHowiernvseirghtcsurrent models often |
gas diffusion, solubility, and viscosity dat a,

pol ymer systems in supercritical environments
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To bridge this gap, this study-deepwvaldemed rda efoo

torgue as CO2 diffuses into molten polystyren:
in reverse, the diffusion c opefefsiscuireenta nodf tCGOR
conditions can be estimated, t hereby advancir
Ssystems. By combining experiment al rheol ogy v

aims to develop a modiectriobgisand ramteiwmir ki fgrt Ip
pol ymer processing, ul ti mately contributing
manufacturing practices.

4 Met hods

4. MaG eri al s

Polystyrene (PS) with an estimated mol ecul ar

Pol ymer Product:wasnpr ¢PSdd8kby L£Or Gas.

4. ExpPperi mental Setup

Overall, the system comprisedigiieea m@O02a fcam
cont ai aiinngvla@@®@ui d equi l i bri um; a piston pump r
stream; and a pressure cell connected to the
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Heating zone Heating zone

controlled by PID1 controlled by PID2
Fi gdtHi gh pressure rheol ogy etxgprek,imedhCa@lpuwvmrg u:
pressure cell attachment connected to the MC
il lustration and b) digital i mage of the setu

The C®Onk was sampled through 2a Avaglavse rtehgautl ad x
mai nt ai n.dd otwhelo@@ stream at room temperature V
| SCO Pump 260D, featured an upstream flow that
backpressur exttamkar dhhritsheoudh@apdedbsuectzed thed€
another check valve (CV2), which stopped back
equi pped with various faid¢aslalf er ameedhamos mé, 56Q
and PI D pressure control to prevent overpress:!
to over 31AC, which i s tThhei scrwatsi ceasls etpdtmmaehr attou |
converting into a |iquid, which hindered suff|
pressurized the rheometer pressure cell. Cons
either gaseous or supbédecpresccalrsessicdbDél] odtvepgn &
the tubing extended to the rheometer pressure

mai ntained at a temperature of 45AC wusing PII
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maxi mum heat

flow to prevent over pressuri zat

avoigeoh@Qensation. A pressure relief (RV1) val

pressure cel

to serve as a secondarreya arteeadh st hod

rheometer pressure cell, where resistive heat

temperatures

sampl e whil

of up to 150 Bar and 300AC. A ma

ma ii mtga i nTihneg rshaenopmieet ese aplr essur e c

di sk as a safeguard against overpressur e.

Hi eor essur e

experiments were conducted using &

with a pressure cell as described. The cell

contained a

t

op 20 mm crosshat chedgneptaircal dedplp

The | ower housing contained a fixed | ower 20

el ements to

t

he sample. Deformation and torqu

rheometer's transducengsTivaedpppenbhed Wwbowhr ah
mm.
The polystyrene samples were cut into oversi z

a preheated

rheomet er.

4 Rltheol ogi cal

pressure cell bottom. Then the up]

protocol

The frequency sweep experiments were conducted under both suberiticdl super cri ti c

conditions. Initially, the sample was at a temperature of 90°C. The system pressastto/&d

bar for subcritical conditions or 80 bar for supercritical conditions. Subsequently, the temperature

was increased to 150°C, and the system was allowed to equilibrate for 15 housq@itzated

a frequency sweep experiment was performed at 150°C. The temperature was then reduced to
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140°C, and the system was equilibrated for an additional 2 hours before conauntithgr
frequency sweep. This process was repeated in a stepwise manner for temperatures of 130°C,
120°C, 110°C, and 100°C, with each temperature step followed Hyoar2equilibration period

beforethe frequency sweep measurement.

4 Generation of model of tor.que from transient
Il n the forward direction, a model can gener at
in polystyrene. I n reverse, we can | everage t
Thti the pe ndamtu ewarsmadleel of many parts. The syster
The overall nFa dgedl2. ei s s hown i n

Model of solubility to Model of viscosity to Model of viscosity to

Fickian diffusion of CO, . X
temperature and pressure shear rate saturation of CO,

Forward

£ Z z
+| = +| : _—
= ? 2
7] = s
—
r=0 r=R © Temperature Shear rate Shear rate

o

o)

Lo

Fi gd2¥i scosity model of CO2 diffusion causing

I n the forward directiondi mensgonanalti tbwma®ohr at

estimateds a cylinder that represented the r hi
presan@d@s,ol ubility data from |iterature, the s
di sk over time was estimated. Fi nalolnyc, e nvtirsactoisoi
were generated, by letting the saygErtesnsurachwlsi
gener aednepde raat ur egnseshelaubirlattey, model of Vi scosi
calcul ated by integrating the viscous stress ¢
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By wutilizing the above model in the reverse

knowi ng 4t henetcugquwes. Knowing this, temperatur
an optimization model to fit theoretical torgqg
To createomnbhentCOati on model ,° We asmattyaedphtus
through a cyliodficuohbtddomfnislieoenahd concentrat.
di ffusion model is coupled with a torgue mode

z z

Qi ©zp ¢2B ——2A @D (1)

Wheroge Byt B, and tr arde purse odntt htethe heometer pl ate
di ffusion coefficient, and ti me ongeasnp ebcet isveetl yl.a

than the polymer melt to account for overfil]l

To build a model for temperature (T), pressur
from | ittehsemt wur@toon concentrabt?dFhi of d&€O2 1 int
surface in a space represented by CO2 concent

were used to define the surface to be used | a

For temper atur e, solubility, shear rate model
frequency was converted to rebetarrviecosotge
mo d el that relates steady scoantcee nvtirsactoisointsy, ttoh
WLF model s 4{coorncTenatnrdat®n were applied. Then,

a bounded BFGS solver.
—_ _zd)zd) (2)
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o
- - p vl

. 0Z w
| 1 —

& 0 W !
Finally, to ctalmael atevehef t@omgqube previous Ve
equati on:

z z z h h z .

Tt T (5)
Wher e:

1: Angul ar frequency

r: Scaling factor for position, the Radius. 1
H: Gap height for rheometer, 1 mm.

Thdai ffusi on waosn sftoaunnnd (bDy) v aurnytiinlg tthhee rceosnisdtuaanlt
computed and exwpmirnimeint ad -Mebandg undeet! hdoedd i1 s empl o

optimization process.

4 RFeesul bi smuadssi on

4. 8/i6cosity reduction of polystyrene melt thr
We initially i nvexsatdidg atieodh tome tehfef evcitscoofsi @Q@ of

CQdiffusion across a representative PS sampl

solubilities, temperature and pressure was us

Firstly, to determine t he swaet urnavteisotd egpaet nedde atth el
di ffusi ennoéd &¢lCOndri cal sampl e, representati:
using the viscosity model of CO2 dihMéubodsas ir

section). The cylindrical samplheanrdasi sa proasdiituis
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bet ween two plates of the parall el pl ate geom
we assumed that ¢tlhoea dion gy meenrd haa sc onnoc eCnftwasi on o
introduced into the pressure celmlol atulaes odisft:
through the sample until compl ete saturation
cylindrical and symmetry is maintained by the
place in the radidal déimoestiranesFither swilaati ve
anal ytical mod el in a cylindrical shape PS me
and then approaches uniform value over time. |
at the outer rim of timekisgddpd enavlmpl ete saRur A

the sample occurs after around 40 hours at th

E 1 O \,\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\’\\\\\\\\\\(\::::(\:(\:(\(\::Zz(\;:::\\:\\:}t:}:}}&\‘\‘\‘\»\\‘\\\\\\\\\' u Z 1 2
@@((U(a(3Gacagmgm 8 1.0F A 6
—0.8 1 G = o
S @ O o
506 d 2 g
% % 0.6 O O 100°C
204 - % ol O O 120°C
% > @ 130°C
0.2 1 o 0. © 140°C
z O 150°C
0. 1 1 1 1 1 1 1
0.0 25 50 75 100 0 50000 100000 150000 200000

43.Rel ati ve conceimt raatciyolni nodfr iSccaGO shape PS n
mMmr: el ati ve concentration as a function of

g
0
20BRG,verage relative concentration along the
unction of time at multiple temperatures ran

Next, time sweep experi meat sl ®eAh@adapararnide dl 500uh(
(Fi g uidle) to determine the actual saturation
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cal cul ati ons. The time sweep experiments wer
angul ar frequlendheofobtlairmmedd sresults indicate
approximately 15 and 3 ho&fi gdgae alnd0 bgdnd AL 5 AAC
viscosity drop is slightly | ower which can be
temperatures than33Mot dolwer ttheempeq @itluir®rsati on
experi ment al data was found to be considerab
calcul ations of the 1 di mensional di ffusion
rheometeg wampousnvariables by measuring torgq
edges ofshtalpeddisakpl e. Si ngteakehse pliddes s ami dIfy
edge of a sampl e, he equilibration tiisme me
considerably shorter than the one calcul ated
effect of pressure on the equilibration ti me
bar As Fslgedae iinncreasing the pressure in a s
decreases viscosity but has no effect of equi
H"’-m4 u"!103_

L @ 100 bar L F

- O 80 bar -

= =

S S

_0_3103_ _9102_

> - = [

X x

Q Q

o Q.

= &

Q 102 Q ol

O 0 200 400 600 800 1000 O 0 50 100 150 200 250

Time (min) Time (min)

Figd4Equilibration time measAtedef swmephealpegy
120AC unxhdr 89c @OBdt i1nDe0 sbwaere,p exper i meatt &Q@ H&Hr0.A
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Foll owing the determination of the equilibrat
sweep experiments were conducted at mul tiple

at mospher iFc gpibae)s,s us e b-q givitbhe)c a&d nd s uFpiegrutbce) t i ¢ al

conditions to investigate ohet hempacscos$i byptaf
experi ment al procedure for conducting freque
mul tiple temperatures was as foll ows: 1) | oad

(to 60 bar forr subcrsaperatcr anidec 80 dandi ti ons) ,
UC and wait for 15 hours for equilibration, 4
UC, 5) setting the temperature to 140gUQC hand
frequency sweep experiment at 140 UC, 7) repe

110, and 100 UC.

As s hoRwng dibrec , the viscosity decreases as a f
Figd3ae b demonstrate t hoen itnhpea cvti socfo ssiutbyc ra ft iac aF

that even in itsigumnbtrcanclay seavtees COhe visc

Moreover, the viscosity experiengesasa ifldrutshtera
Fi gdsce Overall, at all investigated pressure
viscosity of the PS sample. To compare the ex
pl ot showing viscosity at |l owadrirequaneiaedh Ca
at mospheric pressur e, subcriticaHi gathbde, stuper c|

viscosity reduction during transitioning from
i s consi derbath% yo fl omesrc o(sli7t y reduction) when c«
observed when transitienttmg sfubemi &ai maspltemida t

96 % of viscosity reduction). Additionally, it

8 3



CQcan be approximated to the vVviscohesiil@ hRighha
temperature. Furthermore, we performed:aftreque
100 bar to investigate the i mpact o f pressur
demonstkFiag g@le i mcreasing the pressure from 80
viscosity. Here also we observed that the vis
to 100 bar) is considerably | ower wheaemeoaomparl
transitioning from atmospheric presalutbotghsu
the solubihctgaondéds CWith increasing prassgur e,
resuldlt mi nnshing returnszsiol utbhd iamoudthusf texmnrs
80 bar the system camvatomesmotatetsiagsi ti oamnmn
the amouwndl whe<LLOt hat can be added is not very

froml 0800 bar is | ower than that observed going

8 4



Atmospheric pressure P =60 bar
a 106 T T T T q 10* T T T T
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Figdbse Effect of subcrbkdn ctalh e awnids s afgfiertrgeqrw dtni ceya |
sweep experiment for PBfdBRuencagt mwepbhbeekpepi
under subari 6@tlmléqgCO&ncy sweep exper partend 0 fboarr ,F
Dcolumn bar plot comparing the viscosity of
subcridaitc &bl0 ®G&@&r, and 8@ndamr . Sc CO
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T Temperature = 120 °C

—a— atm
—4— 80 bar
—4— 100 bar

-
o
3

1

Complex Viscosity (Pa.s)
2
il

/./

10" 10° 10’ 10?
Angular Frequency (rad/s)

Fi g46.Brequency sweep experiment at 120 UC sho\
supercriticwilsaegitom ofn RHhed5k.

3.2 Develtoepmpeenrtadoutreent r ati on superposition (TT

To obtain a sumwmaeffzedtednvefr temperature, conc
viscpopedugtion in PS duevebopg®&d addiasiemn, cwe v
tempexcanheceatrati on superposition (TTCS) wusing
procedure for devel opment of the TTCS <curve
equations 2, 3u,s 4y weirte ussiimugl taa nbecounded BFGS s

t he model

Figure 7 demonstrates the master curve in a b
subcritical and supercritical pressures. The
summari zed in
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Tabd4levhi | e t he shi ftTabhd2et or s are shown in
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Tabd4le Parameters for t

gi ven i

n equat

i on 5.

he WLF and

cross model

di fferen

WLF C1,T 4.07
WLF C2, T 102.23
WLF C1, S 3.77
WLF C2, S 211.51
k 1
n 0.54
do 1885.8
de 2.61
Tab42d8 TCS shift factors for PS 45k at
atm 60 bar 80 bar
100°C 8.383 0.971 0.695
110°C 2.965 0.382 0.274
120°C 1.171 0.168 0.121
130°C 0.507 0.081 0.058
140°C 0.237 0.042 0.030
150°C 0.118 0.023 0.017
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Solubility
s 30
3 = e 4
o°'. e 50
e 60
e 70
; ’ :em;l)g(r)ature
-G- % e 110
% . 10
= 107 . L2
S (
=
n
0
Q
oL
>
x
Q
Qo
=
o
O
102.
1072 1071 10° 10! 102 103 10*
Angular Frequency [rad/s]
Fi gaarAgggr egated solubility and temperature shi

3.3 PrediaxdtiifdrusdafonC@ on sdiafnftu giham umgdd elO

Il n t hi s dseevcetlioopne dwea metzdod ftuc i @ s:6ipmatbée hGOL Omo

CQdi ffusion model, and our developed TTCS mas:
of . ée®fects the concentration profile in a rh
viscosity and torque. We then compared the a
experi ment al readings. Compari ngerteret vdisfcfouss

coefficients enabled a correlation between to

calcul ate the diffusion coefficients from tor
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From the |literature ®WwW€Og@esolabéeédiay2Dns ploil 1ye
solubility to pressur dsasd@ffecinme radmursee o f wiCtOh
pressure and decreasi ng:itreanmpeeasaga uraend tewee rstod al

devel opmendi bfushenC@odel and TTCS has alread:

A deeper |l ook at the CO2 diffusion data revea
sweep experiments to understand the effect of
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Tabdla, b reveal ¢tpraes s warse siosonapapsl iICOd, t he visc

rea

ches similar values, despite being at di f 1

temperature as also dexpinctPssd @THUuBTCS heiraegraarm

at

di f

nor

sho

We

t he

not

dat

r he

hi gher puptsshkie esxadsSlo€dPxedC@t higher tempera

eling off is | ower at higher temperatures,
h i ncreasing temperature.
thermore, in Figure 8 we | ook more closely

riguing correlationsFi dd8e sihmevsc dlhe fvar i ad
ragld memrsiocnoanlc e@®r ati on along the radius ¢
ferent t efnpgedbbe aFrn d@gydBoehddpei ct t he variati on
mal i zed torgque across the PS sample at dif
ws the wvar i adtiinoenn soifo ntahle ttoottaall sntorness with t
show ttorregrude oafnd t ot al sFti rgeddlse aarcd ocs sa ¢ hteh esya n
raw signal out put from the rheometer whic
know the viscosity at each radial positio
a shows t hRitgwBae) c @ mmtkreast iaonl olnger ti me to |
ometer torFjuged8dep. | Elvied iog feXpl ained by equ
l es withbowdi usmeéaniheg ®Bhe viscosity of the
act on the torque, which is how a r heomet e
fusion model and TTCSatmoddieflf ewrseinntg te gmuea tsicoan
cosity and taoirfqgfules icchm ntgaek eass pPClOace at speci
ssure (80 bar) values. Trieg4sideraurl Atd dd g peisaitli

gue and viscosity profiles across bhwePS s
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can get greatly varying viscosity profiles an
the radius) at a given time for any given dif

results can be used totédackataboyl aempehet dr é&

2 - .
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Figd8 AAverage relative concentration along th

as a function of time at mul t iBpMies ctoesmpteyr aatsu rae s
of radius at different timescales f-d02%mS aat 1!
di fferentCtomeguscadretsri buti on of a rheometer |
and 80 bar at a -iDffsusaitondiddresteannt tafmedescal es
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l og tinmeTvaltuetsal stress experienced by the rt
at 150C and 80 Bar altO%ms di ffusion constant of
By generating viscosity curves over a simul at
curves that iIindicate the pr odireesaxcitwen | pltaostqiucei
by the rheometer and the residual bet ween t he
mi ni mized through varying the value of the dif
9a shows tperpadakecubbued @green, orange symbol s
torqgue val udet wEken tdei dwanl i s minimized enabl
di ffusion constam®aeltth acta nt hbee esxepeenr iimme nt al t or
on the green curve depicting matching with the
di ffusion constantBbleivtiettBr@turoes al afepiomsihye g o md m.
with those repTheddibfyf uSsaitoon ecto nasatraen t nso tsehdo wino
atypical due to their high values and thus it
values are within reason.
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Fi guOeA.Esti mated torque values over ti me for
corresponds toBé&xperimental data. was <coll ecte
to |literature data collected via other method
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4 Cloncl

Il n con
of pol
introd
condit
condi t
for wvi
resul t
proces
i mprov
superc

har mf u

By ana
condi t
temper
mo d e |

consi d

The pr
the ro
master
exper.i

bet wee

usi on

clusion, our investi gxtni drmei mthe otl og i efaf
ystyrene has yielded significant i nsig

uction of CO2 significantly iampreoctps etrhec

i ons, CO2 can reduce the viscosity of i
ions, the reduction reachéteup sev éemb ol
scosity reduction. I|Its ability to penet
s in pronounced changes in rheological
sing and modi fmeitmg dp elayymemsh.anTth the eas:s

e matiees al apdoeprabl e more efficient ma n

rditsi caalr eClCati vely environmentally frien
| or expensive chemical s.

l yzing botht dreanrshenlto@yndd att ® adryder vary
ions, we successfully developed a unive
atur e, shemacemtarteet,i oaan.d TChQ s model , al on
and existing CO2 solubidifyumoodel speéhal

erabl e accuracy.

edicted diffusion values align closely
bustness and reliability of our approac
curves with predictffviecimontel alnfger rodtfiev
ment al techniques. This advancement not

n supamdar iptoilcyaslt yC@ne but also provides
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di ffusion coefficients across a broad range ¢

future research and industrial applications.
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5 Albstract

Rheol ogical characterization of emul sions st al
insights into microstructur al behavior and tu
Pickering emulsions, théhaavimrcroetnott ocoampl gi

This study adopts a comprehensive approach, i
strain (LAOS) experiments with -iimagsiingu ocfo ne nouwcl
mi crostructurebsduefngcshea emul sions stabildi

nanoparticles armagiubg eanddanal ywhed using ad

techniques. The results establish a daweot col
and shear modul i, providing a visual expl ana
alignments and rheol ogi cali npaagiamge tveirdse. o SAniad yuwss

noini nearities that arisenfhemved®OSi, nrreraepntl @ gc
and compression and the third harmonic. Thus,

vi sual exploration of Pickering emulsion rheo
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5.12nt roducti on
Emul sions are ubiquitous around wus with wide

stabilized t hPriocukgehr isnugr 4 @armut liagniitasesl vi a sol i d co

receiving wide scale research attentlidorugwi th

del i’catw,l ysi s, additive manufacturing amongst
application front, there has also been an i mpe
of these systems to enabl e gettaerruttiohittryl of
The nature of the interactions between emul si c
significant i mpacts on their rheological prop

|l i ke elastic characterpbét dcecagprliledmweas aemldasnt ict oe

start behaving |like sol PDisf fagr enucérs | iometr h @irro py
have also been reported. These differences ca
(droplets attached to one central dr omlnat ) an
i ncl astectiabhs resulting in a stress bearing

whet her the clusters break completely For part
i nstance, Falhs enrawnsmtdeedt wyaile.l di ng for weakly attr
yielding events for highly attractive ones, ¢
compl ete DPhes&dolwnsters result from growth of
into a network of interconnected clusters. ClI
studded but the effect of shearing on cluster

emul sions is hitherto not fully explored.

Rheol ogi cal characterization of emul si ons has

and more recently also through LAOS with Four
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and -lnioonear rheol 8408al sparameeeand tested fiel
properties in the LVE regime. LAOS, on the ot
popul arity due to its ability to proviudceh new
as sdtriafifneni ng or soft enithogwetvheart, aLrAeOSn owi tshe eFnT
often I imited in physical i ntui tion, requiri
anal ybus. we¢tdasied popul arity, the need for t

mechani sms wunderlying the m&Rtheomadi nrgespaonsect

whermd cad oscope is fixed to image an ongoing rh
of mechanisms | eadindetspipartihel daulgpree plod ewn i a
time visualization studies that can provide
phenomena due to issues such as refractive i

commer caialldlyl evequi pment for studying such an
conduct-iedagrihnego o f repul si ve, attractive and |
providing visual mi crographic evidence of the
cage breaking yielding for tvhee ermaup wsli soinvse teneuwl
yielding to the breaking of bonds between dr
Al t hough one-immgimg fKSitusli eshed he aut hors use
processing, witllhasmalol nomagaeapsiuzes enough part
Kagankuk an@udeohmiawe@ascapy to study the defor.

emul sions under shear flow. They reported pre

cessation beyond specific Capillary nsambers d
dropl et surfaces. These studies have mainly f
i norganic synthetic and spherical particl es.
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of shapes and thus verfPVhaifhereasecd mudbsi®nomh
environmentally friendly emulsions mandates ¢

mi crostructure behavior.

Il n this work, we h-awmagubhgl|l tpeprobef obal yilédi
acetate stabilized Pickering emulsions. Cell u
established usagé®Thaseaceblual osneuatetase nanct
variety of a@inlds tihn swastteurdy probes both Miner al
emul sWeonlsegin with conventional rheol ogi cal C
det ect dropl et centroids and size to reconst
emul si ons across the range of our ammptlhiet uedfef escv
of shear on structural breakdown. Finally, we
interpretations for boitm Pihekdriirmmg eamudl steha nrsd
vi deos. These mechani stic connections enhanc

rheology in terms of droplet cluster dynamics
5.Met hods and Materials

5. Emal si on synthesis

To prepare CA stabilized Pickering emulsions
di ssolved in acetone followed by addition of
resulting in the precipitatiohomé WaAS i nemdwe
evaporation at room temperature over-thiigdd.i Th

aalbconco Fr eedroyien @ L3 A G tBennde@ 8f onh a3 days to rem

resulting in dry CA N&quiTmedpr@hdaNP amalsi omws
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water/ glycerol followed by addition of the re

Red. The two phases were first emulsified thr
resulting in the formation 9Ubjae cctoead steo eunutl rsa
25% amplitude for 5 minutes with 2s on and 4s

5. Rh#tol ogy

The rheological experi mdnréoeovmetecabyi 84 pbnost
mm sandbl asted parallel plate geometry at 100C¢
the samples were first all owlerdadt/os rfersetq ufeonrc yl (
foll owed with a frequency sweep at 0. 1% strai.!

strain at 0.5, 1 and 5 rad/s. The amplitude s
and one measurementormavéfrommt heThenpWwavefde swe
Fourier Transform, then split into harmonics.
t hese sampl es. From the amplitude and phase s

calculmaear inoynl par ameter s.
Strain hardening parameter:

Q y 2z Al1O

Q ‘0z AT10
Shear thickening parameter:

b )z OEIl
b 020Kl
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WhefReQ,0, anadre the elastic and viscous Chebysh
har monic r@9plectamwarley.the intensities and pha

har monics, respectively.

5. Xo&hfocal rheol ogy

We used a coupled confocal |l ight scanning mic
Paar MCR 502) to measure the internal microstr
schemat iFdglBage iTMhe emul si on wagsl uleaa dgelda s®n tcoo \
(thickness = 0.17 mm) which actedhamsnedlhei hadit
(laser waved&dgastsmsd8B@ nm) was used to separat e
of the nmkmeddb DOl 5&5h= amBIC OGDA DEF) . Ni |l e Red
to emit multiple bandgaps dipre naigeneorni d tosi Imor
emit as a green wavelength. Howewvpeir ,s tNad kei nRge dv

the CDA nanoparticles, shifting to a higher e

A sandbl asted 25 mm parall el pl ate geometry v
frequency of w = 5 rad/s for all experi ments.
the center of the plate, apppoxdmagel g 70686 aif <
the average strain emeltdescamt ar erwaildeds pdfata
100 um above the bottom plate at a time reso
resolution 2w thla »ixe? sRwe tod d Ixadk uaf st r
paused the protocol and capture the 3D micros

10, 20, 30, 40, 50, 63, 80, 100, 200, 630, an
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emul s

a VvVoX

ion microstructure was i maged frwntth to

el siz® of 1 x 1 x1 um

5.3.mMage segmentation techniques:

A comprehensive approach wdaismamdiean alk erne gdroe ser
systems bfgbiBeperkestti(ally, a collection of i me
pi xel or micron spacing along the x, vy, and z
sequences, provide the foundational data for

Foll owing the acquisition of images, 3D histo
for the adequate identification of features, i
tend to exhibit reducedquwiolnitbbraastti oann df aacriel i d ar
visibility throughout the sample depth.

The next phase involved organizing the equil.i
them to achiev-di mées idersdlr ede grhesxent ati on. Gi v
rheol ogy to compress <cl usteoafs liinnetahre txr aaarsd oy
empl oyed. These transformations aimed to shif
enhanced theFifg®® ng process (

To accurately measure the true diameter of th
utilized under i1its most | iberal settings. Thi
i mpl ementing a maximize |Iimda&xnwsr dme nftusncrt e folne ct
di mensions of the particl es.

However, this | iberal approach to particle de
positiveenasncadomarticle formations. To addre
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capable of detecting and eliminating these ar

random sampling for each detected particle, dr
points. The standard deviatues wadeavbeageal o
particle, plotted, and analyzed. Particles exl
art iofspetcs fically, formations resulting from t
met hod tchkati sPybasead off . Similarly, particl es
amplification of noise and thus excluded from
Af ter dat aset cleaning, we developed an al g
neighboring clusters. Within the context of
dropl ets that coll ectively forsm ta grnceu pan oThhee
evaluated using a nearest neighbor search, en:
This methodol ogi cal approach all ows for a de

interaction of ptrngcVvel cahilseée erssi glons ri buo t

systems studied.
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Emulsion

Parallel

glass 102 Objective

FigblAeSchematic showing 8&8mMDf ogealderhed!| ddgy sanu
COutput of i mage analysis fits for confocal m
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5 Rlesults and Discussion

O 60%0il © 50%O0il © 40% il 0 30% Oil

10°

< 104+
gﬁﬁﬁiﬁﬁﬁiﬁiﬁi
9990000000000000088

O 102_

] 1 ] 1 ] 100 ]
102 10" 10° 10! 102 10-210-1 10° 101 102 103 104
w(rad/s) v(%)

10]

Figb2ASEM micrograph showing freeze dB,j)ed CA

and opticalC,)d ¢magreaphsh@@wi ng mi ner al oi |l i n
respecti veHB)y.s hlonwssetmiinrer @l oi |l in glycerol e\
precipitating in mineral oil thus Forfrierqmiemg y

sweepG) amtl aétic stress curves for different \
2wt . %9 CA concentration. Coérftocdlusmiech og@grodq h g h
J 5®Y%, 60% miner al oil i n water aH-K2Zepr e%eGA
100 microns.
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Fi gbtAs hows the SEM micrograph of freeze dried
in water. The particles are irregul ar spher o
average feature size around 190 No60 nm. (W ew
and (2) glycerol at four different CA concent
oi |l are index matched (refractive index 1.47)

all ow for deeper i rga ggiunag .i t ly mpernoavbil negsg ii rmagagl 0 ht itr

mi crostructur al rearrangements within the bul
under a coupled confocal mi ‘oFri gua epe lébn da nrdh edo |
i mages of the corresponding emul sions. Mi ner a

white appearance attributed to the higher res

continuous phase seastut ¢rningg i aIMinkeapaossingnl i
emul si ons are index matched, evidenced by tl
corresponding emulsions are shown in figures

for the water based emwlril onosn ecsa mplahree do itlo itnh
emul si ons was verified through both confocal
hydrophobic dye Nile Red (Figure S1) and thr
glycerol whil enepbpabubati vgalidaming the preser
phase as depHicgtbeteWh nl enBegupbé S1 shows the oil

water/ glycerol phase.

Pickering emul st%nsr elpchd peervchitntg aacrnt itvlee natur e
bet ween the stabilizing coll oi ds. The attract
mi crograph which shows the NP as aggregates cl

el astic aemulrseipaunsiive their rheol ogi cal beha:
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emul sions show fluid |ike behavior at | ower ¢
l i ke properties e%Tehnusat tlooweerr idiyl tfhrea cattitornasc.t i
we conducted SAOS experiments for MO in water

50 and 60%) stabRilg&ittedsbhypw® %t €A NPsults of th

al | four rati os, we see GO6 > G066 and indepen
Further mor e, the modul i values are very simil
indicatpropattitdhe are influenced more by the
amplitude sweep data is replotted as el astic
bet ween the four tested oil r dit7iOoamhadyi yt ihe Isd ns tl |
(205 % i.g b.thk s how confocal i mages of miner al o]
40% (1i), 50% (1j) and 60% oi l vol ume (1k) wi

magenta showing the CA NP adsorbed on ndm dr oy
t he confocal i mages we can see the dropl et c

anot her .
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moduli values, but at | ower concentrations th
compared to t heFigd &3cé& roHow muhHe iowmer.l ayed conf o
clusters at 1% and 4% CA in water and glycer

packed polydisperse droplet network where whil

t hese ardeeds bryr sumal | er droplets (20 N 30Om) in
observe CA aggregates in between utsherdradpglreatcd
the CA concentration is reduced, we whanc ho bcsoeurl
reduce the moduli values and cause a softer c

Fi gb3g& shows the elastic stress curves for th
water curves show sharp peaks with increase ir
however shows a successive decrease with con
concentrations to decreasingutlcibh% wdalowe fdtat
stress curves from 0.75 to 2% CA. At 4% CA we
show the same range from 0.75 to 2% CA droppi |

the dropl et «c | usttheer sd eacnrde acsoel lion dyail elgde |l st r ai n

i nfdl@ac comparfeldod oi ntheer a onttiean strengths. Furtdhk
by Shithhet dakrease in yield strain with concer
with | arger floc sizes. The confocal vi deos
evidence of the stronger intra cilmustendiiwitdu

connections between the droplets can be obser

the confocal i maging anal ysi s.
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10% strain 63% strain 100% strain 630% strain

| -
Fi gb#ae Confocal mapping of the amplitude swee
mi neral oil in glycerol emuAd4i owmBs2%awt .dSe4fdred e n-
wt. % CA concentration. Scale bars represent 1
Moving on in the next part of the project, we

characterize and understand the effect of o0sc
confocal rheological analgylsyicserwals enwldsuicdare ds amr
via 1, 2 and 4% CA NP. While the detailed proc
premise was to perform a confocal mapping of
1000 %) to quantitfhye aohraormpdeli gnbdasrhosvtsr utchheur e o n f
mi crographs at the 4 different strain values |

the LVE regi me, 63% i s above tohveeryisetlrdaisnt raani n
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towards the end of theFiagnpBhe t wee sewe ap .s pAtr sk
polydi spersed droplets. The droplet arrangeme.]
at 630% strain values we observe smaller drop
same holds forni2% @WAecenaoerntirea we see a compar
the droplet configuration only appears visual
densest microstructure, observing possinlyl e cl

and more uniform droplet sizes at 630% strain

5. 88i&e distribution

Whi Fiegbdeummari zes ndohoeedhemarcrostructur al chan
perspective, we now to proceed to provide a
rheol ogi cal anal ysi s.
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emul sBOmlsumn graphs showing distribution of d
at 1, 63, 100 and 630% strains.
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Fi gbssehows the droplet size distribution of t|
by 1, 2 and 4% CA NP. Particle size and neigh
processingi gbise sihtolwm. t he variati ofn)owi tthhes mea
As previodwe yobserovgwasmas | ar IRi gher CA conten
As to t he stwietnhd sotfr atihne,b Rwve observe some inter

more varying droplet size as compared to 2 an

The dotted vertical l i nes i n Figure bca edaespei c't
i ng, &t the yield strain values while for the hi
al | three concenasread | ©inse sdrowu nadn 1 0N0c% est r ai n
reduced size at 630% strain and beyond allud
Emul si ons can und¥afgos maltlhe rc odarl cepslcestnsc €iorit o | a
| arger droplets into smalslhheorwsornédre dwreirmg es e at

the amplitude sweep, the polydispersity of th
of the droplet size distribution, which we at
across theFtebibe d hotwsaibrms. graphs of the nor ma
dropl et size at 1 %, 6 3 %, 100% and 630% strail
frequency distribution of the droplet radius
t hempda® space is occupied by | arger vs smaller
of both coalescence and rupture. At 1% CA, i n
bi gger droplets, at 63% thepancy ky rtelde sk ar @
depicting ruptur e, at 100% we again see a tai
at 630% strain. 2 and 4% CA depict similar ©be

consi stFe gytbsaeidcehpi cting a higher fraction of s
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The droplets size distributionsnartmall |ditshter ishh

similar results have been r¥ported for surfac

Droplet breakdown can o*@tul.tBroagh bheakumei!
breaks down into two equal vdl emae dvauadhtemowdryc
magni tude. 2. Capillary breakdown in which a c
and deforms in elongated shapes breaking down
occurs mos tulny febuweh ¢ iof nem di stri bution causing
ends of the primary droplet. Capillary number
often used in emulsion |iterature toychamaet e
is the value of the Ca above which a dropl et
similar vi’&dgwirtey Sr2atsihoosws the trend of the Cé
increase in strain reaching a maximum value a
for 1, 2% CA. Al though wewiabhs drnwe eaa ssilnigg hstt rrae o
much | ower than wunits.ribDriamlletCabrheaask dad vBfo atr esv
and different systems can have varying values
Additionally, we propose that breakdown in th
CA nanoparticles from theerdalopd ®nsdmdauwes pihmslkl
Pickering particles are very strongly adsor b
adsorption, shear inducé@hirsppenpgrbopesal s bk
observed dropl et rupture and the reduced dro
supported by microscopy videos showingl%ransp

CA being sheta3rOs%r &raim 200
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Figb6ASchematic depicting droplet clusBers wi

Variati dwi toi @ltSiRahiermat i ¢ depicting emulsion m
coll ecti omsvaafi adli waierhs .8 NfF Ri n,

| Ri gb6, e we characterize thédeclemautd siiomg shenlpéeiso
di spersions and suspensions has been studied,
| shi ga@hefenedl the coordination number as the

we use the same déf idneiftiinoinn ga SN Baisn dtgheen neutmbaelr o

dropl et . For a monodi sperse system, N provi de
connections, however polydisperse systems | iK
wider miilzetidosg. Thus, while a spherical dr opl

nei ghbors 2%nar3glers pdarcoep,l et s can have a much |
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attaEhgdodbae graphically explains this phenomen

|l i kely have | ower neighbors compared to | arg:¢
droplets. This is also by virtue of aobbaegesrt
To account for this disparity, we normalize N

Fi gBBbe shows théadress otfr &Ni/trR for the three C/
slightly higher than 1 and 2% CAindécavemnagl I
the individual connections remain uniform acr
strain. Further more, whil e the microstructur

unaffected. This furtdhohttheviad idag &rsdioug Ptralpiols

presented in Figure 3. We next attempt to quar
through accounting for the total number of <cl
i Fi g b.6ece. Il n agreement with the rheology data
concentration i ndicating a denser mi crostruc

amplitude sSaeepl atnd2 2 %nCA while for 4% CA we

strain and then a gradual decrease indicating
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5.

Fi
co
f u

Fi
co
st

c h

Andalysis of Large Amplitude Oscill atory Swe

gbr.ALi ssajous plots for gl
ncentrations of 1% (gBe&ers),
nction of strain at a freq

ycer ol emul si ons
0 U3 %rdapaigotpilaon )dr, a tainc
uency of 5 rad/ s.

gwi7fee shows tBeowdi sshj puots for glycerol e |
ncentrations at varying strains and frequen:t
rain. At |l ow strain percentagespphseldO®)y, tal

aracteristic of a Hookeanl ienleaasrtiitcys saalndn dan gsi pn

icrostructure. As oscillatory strain is incr e

comes mor e -vniesacrojussiagnndi fnioerd by the deviati o

ape of | inear?Mhies aedlaadtviec degmelee.f nonline
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