
 

 

ABSTRACT 

Perera, K Himendra Suraj. General Understanding of Complex Fluid Flows Utilizing Rheology 

and Big Data. Requirement to Research at North Carolina State University. (Under the direction 

of Dr. Saad Khan). 

This thesis encompasses a series of projects applying data-driven techniques to investigate fluid 

dynamics through rheology. Topics covered include the flow dynamics of polymeric materials, 

interactions of polymers in supercritical fluids, and the flow nonlinearities of polydisperse 

emulsions. The goal is to advance understanding of rheological phenomena by combining 

computational analysis with experimental investigation. 

Chapter 2 examines the hollow fiber extrusion process, employing melt rheology and 

computational fluid dynamics (CFD) to analyze the forces shaping hollow fibers. This 

investigation integrates fundamental insights afforded by CFD with the practical application of 

fiber spinning, emphasizing the importance of rheological principles in optimizing manufacturing 

processes. A variety of polypropylene blends were characterized by rheology and were eventually 

described by their relaxation time and viscosity. These blends were spun under a variety of flow 

rates and temperatures. Image processing techniques are utilized to quantify fiber morphology, 

including hollowness and diameter. Rheological values were also used in computational fluid 

dynamics models to simulate a polymer melt going through a hollow fiber geometry.  In the end, 

we found that hollowness generally increases with increased relaxation time due to increased radial 

stress and becomes ñsquarerò with relaxation time due to increased stress at the corners of the 

hollow fiber spinneret.   

Chapter 3 investigates structure formation in the roll coating process using Fourier transform 

rheological analysis and machine vision. The roll coating process could be used in developing 

large-scale, functional surfaces on ships, which can reduce biofouling and improve drag 



 

 

characteristics. In this chapter, polydimethylsiloxane (PDMS) ï carbon nanotube (CNT) ï fumed 

silica nanocomposites were created. These nanocomposites were roll-coated under different 

conditions (with varying gaps and speeds between the rolls). These samples were then imaged with 

a 4K camera and surface structures were converted into graph form using image segmentation and 

network analysis. The density and the amount of branching were quantified. The samples were 

also analyzed under large amplitude oscillatory shear using Fourier Transform rheology. We found 

a correlation between intracycle strain hardening and branching, with decreased branching with 

increased intracycle strain hardening. 

Chapter 4 presents an approach to understanding CO2 diffusion processes in transient supercritical 

rheology of polystyrene using machine learning techniques. This analysis has implications for 

improving polymer processing by enhancing process knowledge of diffusion mechanics and 

providing an alternative approach to calculating diffusion constants sensitive at smaller timescales, 

improving measuring time. In this system, we utilized a pressure cell rheometer using a parallel 

plate system. We introduce CO2 at different conditions and measure rheometer torque change over 

time. The diffusion coefficient was backcalculated using an optimization approach on a model 

simulating rheological stress coupled with a diffusion model. With this approach, we were able to 

measure the diffusion constant of CO2 in polystyrene, which closely matched literature values 

measured with other techniques. 

Chapter 5 investigates the microstructure of Pickering emulsions of oil droplets in water stabilized 

by cellulose diacetate through confocal rheology. We examine how oscillatory shear forces induce 

changes in these systems. We also propose mechanisms for the onset of harmonic nonlinearities in 

large amplitude oscillatory shear in emulsions, which gives a more fundamental understanding of 



 

 

LAOS and Fourier Transform rheology. For this chapter, we used a confocal microscope coupled 

to a microscope and performed oscillatory shear experiments with increasing amplitudes. The 

waveforms were analyzed via Fourier Transform rheology. We also took 3D images as well as 2D 

videos of the experiments to understand how the size and distribution of emulsion as increasing 

oscillatory shear was applied. To analyze these structures, we utilized a SIFT and YOLO algorithm 

to detect and characterize particles, then used a nearest neighbor search to find the neighbors and 

structure correlations for the emulsions. We also performed object tracking on particles to validate 

structure change throughout a waveform. The modulus of the system was seen to correlate with 

increased interconnects of the system. Through tracking results, we determined that energy storage 

due to emulsion droplet deformation could contribute to higher harmonics in LAOS. 
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Chapter 1: Introduction 

1.1 Rheology Basics 

Rheology is the study of the flow and deformation of materials, encompassing behaviors observed 

under various stress conditions. This study focuses on the ways in which materials deform when 

subjected to external forces. Deformations can occur in extensional mode, where the material is 

pulled apart, or in shear mode, where the material slides between two surfaces; often, real-world 

applications involve a combination of these modes. For the purposes of this thesis, we will 

specifically concentrate on shear rheology. A visual representation of these deformation modes is 

provided in the following figure. 

 

Figure 1.1. Depiction of extensional deformation (A) versus shear deformation (B). 

1.1.1 What is a Rheometer? 

A rheometer is an instrument that either imposes a deformation to measure the resultant stress or 

vice versa. In this thesis, we explore two types of rheometers: rotational rheometers and sliding 

plate rheometers. Sliding plate rheometers are relatively straightforward in their construction, 

typically consisting of a driving unit and a sensing element, both of which are piezoelectric 

elements in the context of this thesis. This setup allows for the application of deformation, with 

the corresponding stress being measured. 
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Figure 1.2. Depiction of sliding plate rheometer in a piezo driven rheometer setup. 

Rotational rheometers, on the other hand, apply deformation in a rotational manner and are 

categorized into two types based on their control mechanism: stress-controlled and strain-

controlled. Strain-controlled rheometers apply a deformation, similar to sliding plate rheometers, 

with a motor equipped with an encoder for position feedback driving the deformation and a torque 

transducer measuring the stress. Stress-controlled rheometers feature a motor and encoder to apply 

a precisely measured torque at one end, with the other end fixed. This setup allows for the direct 

application of stress, and deformation is measured in response. Moreover, stress-controlled 

rheometers can operate in a strain-controlled mode through rapid adjustments in torque, ensuring 

the desired strain control is achieved. 

 

Figure 1.3. Depiction of a strain-controlled versus a stress-controlled rheometer. Note, that the 

stress-controlled rheometer has fewer parts than the strained-controlled rheometer, but the motor 

has its power accurately monitored, thus torque and therefore stress can be calculated. 
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In both stress and strain-controlled rheometers, the fundamental measurements involve the torque 

applied to the plate, which is determined either directly by the motor torque or indirectly by a force 

transducer. These rheometers also measure the angular displacement using an encoder. To calculate 

the stress at the plate, the torque is converted into shear force, which is then divided by the area of 

the plate. This calculation incorporates various factors that adjust for the geometry of the plate, 

such as whether it involves parallel plates, a cone and plate, or concentric cylinders. Similarly, the 

measured angular displacement is converted into linear displacement, again adjusted by factors 

specific to the plate geometry. 

1.1.2 Rheology Measurements 

Rheological measurements within rotational rheology encompass a diverse array of 

methodologies, which can be broadly classified into three categories: transient, steady shear, and 

oscillatory rheology. Transient rheology involves experiments such as stress-relaxation and the 

start-up of stress, where rheological behavior is measured in response to changes in stress over 

time. Steady shear experiments are conducted by rotating a rheometer plate at a constant speed in 

a specific direction, primarily probing viscous effects of the material. In contrast, oscillatory 

rheology involves the back-and-forth rotation of the rheometer plates at specified frequencies and 

amplitudes, enabling the study of viscoelastic effects. For the purposes of this thesis, the focus will 

be on oscillatory rheology, which provides insights into the viscoelastic properties of materials. 

Oscillatory rheology typically involves applying a sinusoidal input of stress or strain and 

measuring the corresponding output of strain or stress, respectively. For the sake of clarity, we will 

discuss this using a strain-controlled rheometer, where strain is applied, and stress is measured. 

The two types of experiments utilized in this thesis are amplitude sweeps and frequency sweeps. 

Frequency sweeps are generally used at small amplitudes and can help determine the 

microstructure of samples response at different timescales. Amplitude sweeps are performed at 

constant frequency while the amplitude of strain is increased.  

In oscillatory rheology experiments, both the input strain and output stress are represented as sine 

waves, typically of the same frequency. This allows for the determination of amplitude and phase 

delay between these waves. The amplitude of the stress response and the phase delay provide 

insights into the material's viscoelastic properties: a phase angle near zero degrees suggests an 

elastic behavior, whereas an angle close to 90 degrees indicates a viscous behavior. Since we know 

phase delay, stress, and strain, we have measures for modulus associated with viscous and elastic 

stress. These are shown below. 

Ὃ ίὸέὶὥὫὩȾὩὰὥίὸὭὧ άέὨόὰόί
„

‎
ÃzÏÓ‏ 

ὋͼὰέίίȾὺὭίὧέόί άέὨόὰόί
„

‎
ÓzÉÎ‏ 

Where: 

„ ίὸὶὩίί 

‎ ίὸὶὥὭὲ 



4 

 

‏ ὴὬὥίὩ ὥὲὫὰὩ 

 

 

At low levels of applied strain, the output stress predominantly mirrors the first harmonic of the 

input strain. However, as the strain amplitude increases, higher harmonics become significant in 

the stress response, affecting the material's overall behavior (shown in Figure 1-4). To analyze 

these complex responses, we employ Fourier transform techniques to separate and quantify the 

amplitudes and phase angles of each harmonic (Figure 1-5). These analytical methods are further 

detailed in Chapter 5. 

 

Figure 1.4. Example of multiple harmonics in sinusoidal waveform in an amplitude sweep. 
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Figure 1.5. Fourier transform of rheological stress signal into harmonic components. 
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2.1 Abstract 

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, viscoelastic stresses in the polymer melt can significantly 

influence fiber formation and geometry, potentially resulting in reduced void space in the fiber 

core or irregular cross-sectional shapes. This study examines the effects of viscoelastic stresses in 

4-C segmented arc melt spinning, a process where polymer is extruded through four C-shaped 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 core. The 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 volume.  By relating the rheological properties of 

different polypropylene melts at the temperature and conditions of spinning to the final measured 

fiber properties of hollowness and circularity, we determine that the processing parameters of 

spinning temperature and flowrate are of significance. Experiments maintaining constant denier, 

or linear density, reveal that hollowness can be related to the flow behavior through the 

Weissenberg number (Wi). At low Wi, hollowness increases with rising Wi; however, as Wi 

exceeds unity, the fiber transitions to steady hollowness, followed by instability at higher Wi 

values. Computational fluid dynamics (CFD) simulations conducted using the Giesekus model 

allow for the analysis of stresses present during extrusion, revealing that uneven stress distributions 

at high Wi leads to a decrease in the circularity of the inside of the fiber. We 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. 
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These findings taken together provide valuable insights on hollow fiber spinning, enabling better 

predictions of hollow fiber geometry based on the viscoelastic properties of the polymer melt.  
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2.2 Introduction 

Polymeric hollow fibers have become increasingly important in membrane technologies and 

bulk nonwoven applications due to their unique geometry which enhances functionality by 

facilitating fluid inclusion and transport through the fiber core. The significant surface area relative 

to fluid volume in hollow fibers improves reactive or separation processes.1 Additionally, filling 

fiber cores with a fluid of low thermal conductivity, such as air, enhances the insulative properties 

of the resulting structures.2  Compared to solid fibers of equivalent bulk volume, hollow fibers 

require less material per unit length because a portion of the fiberôs volume is occupied by the 

void. This reduction in material not only reduces costs and product weight but also offers an 

environmental advantage by decreasing the amount of material consumed and disposed of.3 

Melt spinning is an attractive method for industrially producing hollow fibers due to its high 

throughput, cost-effectiveness, and environmental advantage of not requiring solvents for 

extrusion, unlike wet or dry spinning.4ï6  The melt spinning technique involves heating polymers 

above their melting point and extruding them through a spinneret, a collection of holes, dies, on a 

metal plate. Hollow fibers can be melt spun through either annular or segmented dies. Segmented 

dies are preferred for scaling up production and reducing complexity compared to annular dies, 

which require a core fluid to induce hollowness.7 The dimensions of the segmented arc die used in 

this study are depicted in Figure 1A. The segments must recoalesce after extrusion to form the full 

hollow fiber, a process where polymer rheology and processing conditions are critical.  

Critical rheological phenomena influencing fiber geometry include die swell, melt strength, and 

viscosity. Die swell is a primary shaping force in the hollow fiber process and occurs when the 

extrudate diameter exceeds the spinneret size.8 Die swell increases with shear rate, decreases with 

higher temperatures and longer capillary lengths, and increases with relaxation time.9 Previous 
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investigations indirectly explored effects of melt strength and viscosity by varying shear rate and 

melt temperature. For isotactic polypropylene (PP) extruded through a 3-C segmented arc die, Oh 

et al. found that both inner and outer diameter die swell increased with shear rate and decreased 

with spinning temperature, consistent with solid fiber trends.10 Rwei et al. related normal stress 

differences to die swell for PP and polybutylene terephthalate (PBT) spun through a 1-C 

segmented arc die, observing greater die swell in the more elastic PP and effects in fiber formation 

and stability.11  Ruckdashel et al. reported that thinner 4-C segmented arc dies created larger shear 

rates and increased the hollowness retained in PP fibers but decreased the processing window.12 

Other studies quantified the impact of process variables (quench speed, draw down ratio, etc.) on 

hollow fiber morphology, identifying that solidification rate affects final fiber geometry by altering 

fiber deformation during spinning.7,22 However, these studies did not simultaneously consider melt 

rheology and lacked variations in molecular weight (MW), essential for precisely understanding 

rheological impacts on hollow fiber spinning.  

The formation of hollow fibers from segmented dies may also be influenced by other forces, 

such as surface tension. While melt spinning models for solid fibers often treat surface tension 

effects as negligible compared to inertial and air drag effects due to its rapid decrease with distance 

from the die,14 other studies found that surface tension can dominate the final shape of fibers with 

complex geometries.15ï17 During hollow PET fiber spinning, Takarada et al. observed surface 

tension minimizes fiber surface area, rounding the cross-sectional shape, and was counteracted by 

increased viscosity, preventing shape change.18 Dimensional analysis and the creation of 

dimensionless numbers can help to evaluate the behavior and magnitude of forces in viscoelastic 

fluids.19 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 simulations.20 Concepts for solid fibers have been adapted to hollow fiber 

models, often limited to specific system configuration or assumptions of directional 

uniformity.21,22 Oh et al. demonstrated that two-dimensional finite element simulations with a 

Newtonian fluid model accurately captured experimental PP hollow fiber diameters spun with a 

3-C segmented arc die.10 Takarada et al. used finite difference methods to model high-speed 

polyethylene terephthalate (PET) spinning, reporting that their models slightly underpredicted 

fiber hollowness by not accounting for die swell.18 De Rovere et al. compared a Newtonian and a 

Phan-Thien 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.23  Su et al. modeled 4-C segmented arc conjugated hollow fibers using a Phan-Thien-

Tanner viscoelastic model to understand coalescence.15 Despite 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 spinning. The high aspect ratio of 4-C hollow 

fiber segments affects die swell and viscoelastic shaping forces, influencing the final geometry. 

Additionally, uneven stress distributions during hollow fiber formation and subsequent 

morphology can lead to malformed fiber annuluses prone to rupture under load. The effects of 
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polymer melt rheology on the morphology of hollow fibers have not been extensively explored 

and is important to understand for designing 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 on 4-C hollow fiber formation by linking rheological measurements to hollow fiber 

geometry and morphology. 4-C hollow fibers were chosen due to industrial importance and 

simulation ease. We generated a comprehensive viscosity and relaxation time dataset from 

rheological analysis of multiple polypropylene blends at different temperatures and shear rates, 

informing both extrusion experiments and computational simulations. Two industrially relevant 

experiments were conducted: one maintaining constant mass flow rate while other processing 

parameters were varied and the other maintaining constant denier, the fiber mass in grams per 9000 

meters. Experiments identified transition points in hollow fiber formation based on changes in 

relaxation time, process time and viscosity. Computational fluid dynamics (CFD) simulations, 

based on the 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 hollowness. Integrating rheological data with experimental and simulation results, this study 

provides a detailed analysis of polymer propertiesô impact on fiber morphology, contributing to a 

deeper understanding of the hollow fiber extrusion process for optimization of fiber hollowness 

and morphology.  
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2.3 Experimental Section  

2.3.1 Materials 

We selected a range of industrially used spun-bond grade polypropylene and their blends to 

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

rates (MFRs) are outlined in Table 2.1. The MFR of a polymer is inversely related to the viscosity; 

a higher 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 in Table 2.2.  

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

further testing.  

Shorthand Polymer MFR 

P0 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 

 

2.3.2 Rheological Studies 

To characterize these polymer blends, we utilized a TA Instruments Discovery Hybrid 

Rheometer-3 (DHR3) with an environmental test chamber attachment. For the rheometry 

geometry, we employed 25 mm stainless steel parallel plates with a 1 mm gap. We ran frequency 

sweeps from 0.1-100 rad/s at a temperature range from 210-250 °C. We utilized dynamic 

oscillatory experiments to determine relaxation time and zero shear viscosity (using the Cox-Mers 

rule), two essential parameters for characterizing viscoelastic fluids in experiments and defining 

fluid model parameters in computational fluid dynamics simulations. The crossover between G' 

and G" determined the longest relaxation time.24 If the rheometer did not cover the relaxation time, 

a quadratic extrapolation was used. Zero shear viscosity was determined using the viscosity regime 

at low oscillatory frequencies, deemed to be where viscosity levels off. Methods and results of 

these experiments are included in the Supporting Information (Figure A.1 Example of zero shear 

viscosity (–ᶻ) and relaxation time (‗) determination from a frequency sweep of the polypropylene 

sample, M5, at 230 ., Table A.1, Table A.2).  

2.3.3 Fiber Extrusion 
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The experiments on melt extrusion of hollow fibers were conducted at NCSU using a Hills Inc. 

research multifilament spinning line. A 69 hole, 4-C hollow fiber die was utilized for the 

experiments. A single hole is displayed in Figure 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 a calibrated gear pump to ensure pressure-independent flowrate was 

maintained at the die. Fibers were collected on a take-up roll. Three process parameters were 

adjusted directly: the polymer melt temperature; the mass flowrate, measured in 

grams/hole/minute; and the take-up 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 take-up 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 comparable melt densities, the fiber denier can be 

calculated by applying a mass balance.  

ὈὩὲὭὩὶ
ωπππὗ  

Ὗ 
 (1) 

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 flowrate must scale linearly with take up speed.  

We used the non-dimensional 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 number25 is calculated by the following equation: 

ὡὭ ς‗‎ (2) 
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For our system, ‎, is the shear rate at the wall of the die and the characteristic time, ‗, is taken to 

be the relaxation time of the polymer determined from rheological studies.26 The shear rate is 

calculated using the Rabinowitsch correction, which is already determined for our system.12 For 

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.  

 

 

Figure 2.1. Schematic of the 4-C segmented arc die through which polymer is extruded to 

produce a hollow fiber. A. Critical geometry descriptors are an inner diameter of 1 mm, an outer 

diameter of 1.4 mm, and a gap length of 0.15 mm. B. Microscope image of hollow fibers cross-

sections sliced using a microtome.  

2.3.4 Microscopy 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 Keyence microscope to capture 

images of the fibers, which contain between 100-500 fibers per image. Figure 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 scikit-image 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 was utilized to analyze 

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

ὌέὰὰέύὲὩίίρ  
ὃ

ὃ
 (3) 

ὅὭὶὧόὰὥὶὭὸώ
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where At is the total cross-sectional area enclosed by the outer edge of the hollow fiber and As 

is the amount of the cross-sectional area taken up by the solid, polymeric shell of the hollow fiber. 

Pi is the perimeter of the hollow void area, A i, in the center of the hollow fiber. 

2.3.5  Computational fluid dynamics method 

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 constitutive equation from the rheoTool 

package. The log conformal version accounts for numerical instability present in simulations of 

polymer melts.27 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 implement.28 The Giesekus constitutive 

equation determines the relationship between the overall stress tensor, Ⱳ, and the strain tensor, D, 

for the polymer fluid by summing the stress tensor contributions from a Newtonian solvent, Ⱳ▼, 

(Equation 5) and from a viscoelastic polymer, Ⱳ▬, (Equation 6).  
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Ⱳ▼ ς–╓ (5) 

Ⱳ▬ ‗Ⱳ▬

‌‗

–
Ⱳ▬ ς–╓ (6) 

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

Giesekus equation, respectively, ɚ is the relaxation time of the system, and Ŭ is a mobility factor.  

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.  The results are shown in Figure 2.2, 

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

temperatures. revealing a linear relationship between zero-shear viscosity and relaxation time.  

Based on the observed relationship, four combinations of viscosity and relaxation times, consistent 

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

equation, Ŭ = 0.2, was derived from literature, and generally does not vary much for polypropylene 

melts.29 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 needed for CFD 

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, shown in Figure 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. Additionally, the simulation domain contained an extrusion 

channel measuring 5 mm in length and 3.14 mm in diameter, leading up to the 4-C spinneret die 

channel, which is also present in the hollow fiber die. To reduce computational costs, symmetry 

planes were utilized, allowing us to simulate only one-fourth of the 4-C 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 are applied at 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 around 1e-5 seconds, and were run until a steady state solution 

was achieved for each case. 
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Figure 2.3. Illustration 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 4-C die channel, through which the polymer was extruded to form hollow fibers. No-slip 

boundary conditions were applied at the walls of the channels. A. free 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 extrusion setup, showing the 4-C 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 one-fourth 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 polymer viscoelasticity 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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2.4 Results and Discussion 

2.4.1 Factors Impacting Hollowness  

Smaller hollow fibers generally 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 smaller fibers. For a given combination of polypropylene sample, temperature and extruder 

flow rate, we systematically vary take-up 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 shear viscosity and relaxation 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 210 and 230 °C 

were chosen for industrial relevance as being 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, and material type impacts fiber 

geometry and hollowness.  
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Table 2.3. Test matrix for hollow fiber spinning experiment set 1. 

Flowrate 

(g/h/m) 

Target Denier Temperatures 

Tested (°C) 

Samples 

Tested 

0.17 3.5, 2.5, 1.75, 

0.75 

210, 230 3155, M4, 

M5 

0.33 3.5, 2.5, 1.5 210, 230 3155, M4, 

M5 

0.41 3.5, 2.5 210, 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 sample-flowrate pairs, an increased temperature 

reduces hollowness. On the other hand, increasing the take up speed, represented 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 230 °C) have increasing hollowness with increasing 

flowrate, yet others (e.g. M4, M5 at 210 °C) 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 or melt fracture, meaning that there is likely a 

practical upper limit to hollowness.30 

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 less elastic 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 increasing temperature 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 take-up speed and flowrate processing ranges 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 draw the 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 the polymer. It was observed that under 

processing conditions which result in low Wi values, such as M5 at 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, causing hollowness 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.  

 

Figure 2.4. The effects of denier on hollowness for 3 polypropylene samples; A. 3155, B. M4, 

and C. 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 settings: (ƴ) 

210 °C, 0.17 g/h/min; (ǒ) 210 °C, 0.17 g/h/min; (ƶ) 210 °C, 0.17 g/h/min; (Ǐ) 230 °C, 0.17 

g/h/min; (ƺ) 230 °C, 0.33 g/h/min; (ȹ) 230 °C, 0.41 g/h/min.  

2.4.2 Tests 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 effect on hollowness, was maintained by 

simultaneously changing the spinning speed and flow rate. Having a constant denier assigns the 

fibers a constant cross-sectional area of polymer, allowing for better comparison between materials 

and operating conditions. Specifically, the effects of temperature, polymer sample and flow rate 
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were evaluated through the test conditions shown in Table 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 

Tested (°C) 

Samples Tested Flowrates Tested (g/h/m) 

210 M1-M5, P1-P3 0.11, 0.17, 0.25, 0.33, 0.41 

230 M1-M5, P1-P3 0.11, 0.17, 0.25, 0.33, 0.41 

250 M1-M5, P1-P3 0.11, 0.17, 0.25, 0.33, 0.41 

 

 

2.4.3 Comparison of Experimental and Simulation Data 

To explain the observed trends seen in the first experiment, we surmise that there are two ways 

die swell and viscoelastic forces can impact hollowness: through radial stress, which pushes the C 

shape radially outward, and through tangential stress, which elongates or shortens the C-shaped 

arc. Radial stress serves to prevent hollow collapse and potentially reduce welding, while 

tangential stress 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 can be evaluated 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 doesnôt develop as quickly, which prevents hollowness from increasing as 

much. The experimental data range does not extend to Wi greater than 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 number 

increases. The first stage occurs below a Wi of 1, which corresponds to a rapid 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 hollowness. However, 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 on hollowness 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 effects of die 

swell on the formation and shape of the hollow fiber may differ depending on these directions. 
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Figure 2.5. A. Comparison of experimental hollowness against non-dimensional time and B. 

average radial normal stress in 4-C hollow fiber simulation against the non-dimensional 

Weissenberg number.   

2.4.4 Exploring the Inner Shape of the Hollow Fiber 

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 the stresses donôt allow for the segments to 

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 from CFD 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 seen in Figure 

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 square-like. From a perspective of the original die shape, the resultant hollow fiber is 

increasingly deformed, indicative of an uneven stress profile. With increasing Wi, 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 numbers (Figure 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 resistance 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 in Figure 2.6B shows the region of the 4-C segmented arc die where the 

stress analysis was conducted. The tangential and radial stress components in the die directly after 

extrusion are shown in the images in Figure 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 segment end for 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 seen in the microscope images at the bottom of Figure 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 bulk. Going from 1 to 3 in Figure 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 further contribute 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 decreases. The seventy six experimental data points shown in Figure 2.7 were collected 

across varying polymer samples, flow rates and temperatures, and all appear to follow a linear 

trend between hollowness and circularity showing the universality of the result. A 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 R2 value of 0.776, where x is hollowness and y is 

circularity. The Pearsonôs r value was -0.883, indicating a strongly linear, negative correlation 

between circularity and hollowness. Additional analysis of variance (ANOVA) at a confidence 

interval of 95% rejected the null hypothesis that the slope is equal to zero, confirming that the 

slope is significantly different from zero.  This trend highlights a potential trade-off that may be 

considered when designing hollow fibers. Under the conditions studied here, less circularity 

creates less uniformity which may be necessary for some hollow fiber applications. For instance, 

the thinner weld thickness could create a mechanically weak point. 
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Figure 2.6. Depiction of internal hollow fiber circularity from experiments and its relation to 

stresses calculated in CFD simulations. (A) Circularity of the inside of the hollow fiber as a 

function of Wi. Three conditions from this graph are selected for the CFD simulations, indicated 

by the circled points. (B) The red box shows the region of the die for which the stress analysis 

was conducted. (C) The CFD simulations represent the stress field, which is broken up into the 

radial and tangential stress components. The inversion of the tangential stress direction from 

sample 1 to sample 2 and 3, explains the fibersô decrease in circularity and more square 

appearance in the corresponding images from experiments, shown at the bottom of the figure. 
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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 

Pearsonôs r value of -0.883 indicates a strong, linear, inverse relationship between circularity and 

hollowness.  

2.5 Conclusions 

In this study, we analyzed the effects of viscoelastic stresses within the polymer melt on fiber 

formation and morphology during 4-C segmented arc melt spinning. Flowrate, polymer type, and 

temperature were identified as key spinning parameters affecting hollow fiber morphology within 

the experimental processing range. These parameters were related by the non-dimensional 

Weissenberg number, which is a measure of elastic to viscous forces. An inflection point at a 

Weissenberg number of one was observed in both the 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 that non-dimensional analysis of flow parameters and CFD simulation of 

viscoelastic stresses could give insights into physical changes of fiber morphology. Under the 

conditions studied, we observed that there is a design trade-off 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 result. These insights could 

guide fiber extrusion die design, as well 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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3.1 Abstract 

Scalable manufacturing of micro- and nano-scale textured surfaces from polymer composites 

is desirable in many applications from drag reduction in ship applications to energy-efficient 

radiative cooling of infrastructure. The creation of such surfaces, however, remains a challenge. 

By exploiting the ribbing phenomena that arise when viscous forces dominate over surface tension 

forces, topographic patterns can be created using roll-to-roll manufacturing techniques. In this 

work, we analyze how the rheology of yield stress fluids impacts the morphology of roll-coated 

surfaces using polydimethylsiloxane (PDMS) samples enhanced to varying degrees with multi-

walled carbon nanotubes (CNTs) and fumed silica. We observe that CNTs increasingly dominate 

the large amplitude oscillatory shear response of PDMS composites. However, their impact is 

modified by the presence of fumed silica, which introduces a transition from intracycle strain 

softening to hardening behavior. The roll coating behavior of these PDMS composites is examined 

using image processing to link the rheological properties with the resulting surface morphologies, 

specifically focusing on two parameters defining surface morphologyðribbing wavenumber and 

branching patterns. While both types of PDMS composites display comparable wavenumbers, they 

exhibit different degrees of branching. The deviation in branching can be attributed to the 

intracycle strain hardening behavior seen at low CNT loadings in PDMS composites containing 

fumed silica. The study provides insights into the interactions occurring between CNTs and fumed 

silica in PDMS composites and highlights the significance of analyzing rheological parameters 

that are relevant at the high strains and strain rates experienced during roll coating, advancing our 

understanding of ribbing stability in yield stress fluids. 
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3.2 Introduction 

Micro- and nano-scale surfaces have a wide range of applications, including hydrodynamic 

drag reduction,1 daytime radiative cooling,2,3 and surface wetting modification.4 The reliable and 

scalable manufacturing of these surfaces remains a significant challenge. Additive manufacturing 

techniques such as laser trapping and curing,5 energy-induced deposition (such as focused-ion 

beam induced deposition),6 and direct ink writing processes7 have often been used in this regard. 

Subtractive techniques for creating nano-/micro-scale surfaces have also been employed, which 

include machining, lithography, and etching.8 Although these approaches can create microscale 

structures, they are limited in throughput, scalability, and economic feasibility.8,9 

Roll-to-roll manufacturing techniques offer reliable and economical methods to distribute 

material onto a surface with uniform coatings of tunable thicknesses.10 Forward roll coating 

(Figure 3.1) typically utilizes two counterrotating rolls at a set distance apart and is used to produce 

various products from solar cells,11 energy storage,12ï14 and microfluidic devices.15,16 While typical 

roll coating operations aim to create a smooth surface, ribbing phenomena can arise when viscous 

forces dominate over surface tension forces,17,18 creating a regular or semi-regular topographic 

patterns on the roll coated surface.19 These ribbed surfaces have been shown to reduce skin friction 

at the hull-water interface on ships due to retention of air bubbles.1 The ratio of viscous forces to 

surface tension forces can be quantified via the capillary number (Ca), a dimensionless parameter 

defined as follows: 

 ὅὥ          (Eqn. 1) 

where ɛ is the fluid viscosity, U is velocity, and ů is the surface tension. For Newtonian fluids, the 

critical capillary number (beyond which ribbing instabilities occur) is linearly proportional to the 
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gap distance (H) between the roll coating device and the surface.20ï22 Grillet et al.20 studied the 

ribbing instability in elastic Boger fluids (elastic fluids which maintain constant viscosity with 

respect to shear rate) and found that substantial changes in ribbing instability morphology occurred 

when the roller gap distance was decreased. They also observed tooth-like structures in the ribs 

and decrease in the critical capillary number with decreasing gap distance. Similar results were 

reported by Varela L·pez et al.23 In shear thinning fluids, the critical capillary number showed 

similar trends to Newtonian fluids when the shear dependent viscosity is accounted for in the 

calculation of Ca.20,23  

 

 

Figure 3.1. Schematic representation of the roll coating device: A. Overview of the assembly 

highlighting adjustable variables, including roll velocity (V) and gap distance (H); B. Close-up 

view emphasizing that the surface velocities for both rolls are maintained at an equivalent rate and 

set gap. Image adapted from Ref. 19. 
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Ribbing instabilities are a subset of Saffman-Taylor (ST) instabilities, where ñfinger-likeò 

patterns are created when a less viscous fluid interpenetrates a more viscous fluid above a critical 

value of the capillary number.24 This phenomenon is typically studied in a Hele-Shaw cell, a system 

consisting of two plates with a small space between them filled with two fluids.25 To exhibit the 

instability, a less dense fluid is interspersed radially or unidirectionally through the denser fluid at 

varying flowrates and pressure. The ST instability, or viscous fingering, has been studied in a 

variety of fluids, with research focused on the properties of the displaced (denser) fluid. The nature 

of the displaced fluids changes the morphology and number of the fingers. Shear thinning fluids 

show smaller relative finger widths compared to Newtonian fluids, which can be accounted for in 

weakly shear thinning fluids by incorporating the shear rate dependence of viscosity.26 Shear 

thickening fluids display an opposite response, with relative finger widths being larger than purely 

viscous counterparts.27 Additionally, an increased shear thickening response induces viscous finger 

instabilities at lower pressures and larger gap heights.27  Yield stress fluids exhibit multi-regime 

behavior, with regimes dictated by yield stress and applied pressure. Branched behavior is 

observed until the sample yields, giving way to Newtonian behavior.28ï30 Additionally, side 

branching behavior is observed at higher velocity interpenetration regimes.28,31 While Hele-Shaw 

cells have some similarities to roll coating, the displacement of the denser fluid is governed by the 

fluid pressure of the less dense component, whereas in roll coating, it is governed by surface-

mediated flow as well as by pressure differentials generated by the flow. Therefore, not much is 

known about ribbing stability in shear thickening and yield stress fluids in roll coating, which 

could be relevant in a wide range of applications such as coating operations of dense suspensions 

or pastes. 
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To address this knowledge gap, a variety of polydimethylsiloxane (PDMS) composites were 

created incorporating hydrophobic fumed silica and multi-walled carbon nanotubes (CNTs). 

PDMS-CNT composites are relevant due to the ubiquity of PDMS-based materials, intriguing 

electrical properties of the composites,32,33 and the hydrophobic nature of both components1,19 

which is useful in antifouling applications.34 CNT-filled polymer melts form physical gels at 

loadings as low as 2% (in PDMS),35,36 while elevated loadings of fumed silica can induce a shear 

thickening response in suspensions.37,38 In rubbers, mixtures of fumed silica and CNTs have been 

shown to improve dispersion of both fillers within the polymer matrix at optimized loadings39 

To characterize the composites, large amplitude oscillatory shear (LAOS) experiments40ï42 are 

executed to obtain rheological parameters that are relevant at the high strains and strain rates 

experienced during roll coating (50-500 s-1).1 To further understand the roll coating process, this 

study used image processing to analyze retained surface features and then correlated them to 

steady-state roll coating behavior in PDMS composites exhibiting yield stress. Image processing 

revealed that side branching in roll coating correlated with intracycle elastic nonlinearities 

observed in LAOS. The wavenumber, or overall surface feature density (number of branches per 

viscous air finger width), remained the same across samples for a given processing condition and 

was independent of filler loading. This bifurcated approach helps to advance our understanding of 

ribbing stability in shear thickening and yield stress fluids, improving the capabilities of roll-to-

roll manufacturing techniques at creating micro- and nano-scale surfaces. 
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3.3 Experimental Section 

3.3.1 Materials.  

PDMS without fumed silica (Millipore Sigma, notated as ns-PDMS) has a viscosity of 17.5-

21.3 Pa*s and was used as received. PDMS containing fumed silica (Sylgard 186, Dow Chemical, 

notated as s-PDMS) had a viscosity of 124 Pa*s and contained between 30-50 wt% fumed silica 

by weight and only the base was used, not the curing agent. Multiwalled carbon nanotubes 

(Nanophite, 6-9 nm in diameter, 100-200 Õm in length, notated as CNTs) were used as received. 

3.3.2 Sample Preparation.  

The nanocomposite pastes were prepared by varying the weight percentage of CNT in ns-

PDMS and s-PDMS. CNTs and PDMS were mixed using a universal planetary mixer for 10 

minutes followed by a high-shear three-roll milling machine for approximately 20 minutes. The 

roller speed was kept constant in the three-roll milling machine, and the paste was recycled through 

the machine while the roller distance was gradually reduced. Further details of preparation are 

provided in related work.1 The use of the high-shear three-roll milling machine ensured adequate 

homogenization and dispersion of the CNTs. 

3.3.3 Rheological Measurements.  

All rheological experiments were performed at 25 ÁC using a Discovery Hybrid Rheometer 3 

(TA Instruments). Depending on the sample torque, an 8 mm stainless steel crosshatched upper 

plate or a 25 mm stainless steel mirror upper plate was used in conjunction with a lower Peltier 

plate (Table B.1). The two measurement geometries produce very similar results (Figure B.1). 

Samples were tested at set gaps ranging from 0.4-1 mm, trimming at 5% above the set gap. 
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Frequency sweeps were performed under small amplitude oscillatory shear at strain amplitudes 

within the linear viscoelastic regime.  

The yield stress was determined using two methods, the elastic stress and creep methods. The 

elastic stress method determines the yield stress to be the maxima of the product of storage 

modulus and strain as taken from an amplitude sweep, also known as the elastic stress43 (Figure 

B.2). Iterative creep experiments were used to confirm the yield stress determined by the elastic 

stress method. The experiments were standardized on 25 mm mirror plates at a gap distance of 1 

mm. Each stress in the creep test was performed for 30 seconds followed by a 5 second rest, with 

the initial stress equal to 10% of the original yield stress determined from the elastic stress method. 

The stress was iteratively multiplied by 1.1 until the sample yielded (evidenced by an increase in 

shear rate over time, instead of leveling off). 

Amplitude sweeps were performed at frequencies of 0.1, 1.0, and 10 rad/s for all samples under 

a logarithmic strain sweep from 0.1 to 1000% strain. This strain range encompasses both the small 

and large amplitude oscillatory shear regimes. Waveforms were collected for expanded Fourier 

transform analysis at a polling rate of 1000 Hz.  

3.3.4 Large Amplitude Oscillatory Shear (LAOS) and Expanded Fourier transform rheology.  

Under large deformation, oscillatory measurements reveal a stress output consisting of a 

superposition of harmonic frequencies relative to the frequency of the original strain. Analysis of 

the first harmonic storage and loss moduli is therefore unsuitable for describing the rheological 

response. Two methodologies can be used to analyze the LAOS stress response: Lissajous-

Bowditch curves and Fourier transform rheology. Lissajous-Bowditch curves plot stress versus 

strain or strain rate to visualize non-linearity in the viscous or elastic response to deformation.42 
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This can be further expanded to a space that corresponds to experimental variables, such as total 

strain and frequency. However, this is generally a qualitative approach to understanding large 

amplitude oscillatory shear. 

An expanded Fourier transform rheology approach can be employed to characterize the 

material at large amplitudes quantitatively. The superimposed harmonics are decomposed using a 

fast Fourier transform in Python using NumPy. Using a framework pioneered by Ewoldt,42 the 

amplitude and phase shifts of the first and third harmonic are used to calculate intracycle elastic 

and intracycle viscous non-linearities, which are indicators of sample strain stiffening/softening 

and shear thickening/thinning, respectively. The theory of the orthogonality of higher-order stress 

decomposition is available in the paper by Ewoldt42 and prior work by Cho.41 The calculations 

used for the scaled intracycle elastic (e3/e1) and viscous (v3/v1)  non-linearities are shown in Eqn. 

2a-b:  

  ᶻ
 

 
        (Eqn. 2a) 

  ᶻ
 

 
        (Eqn. 2b) 

 

where ŭi is the phase angle (relative to the strain input) of the i
th harmonic and Ii is the intensity of 

the ith harmonic. 

3.3.5 Two-roll mixing of composites. 

 To analyze the ribbing behavior, a two-roll coating machine was utilized (Figure 3.1). The 

rollers (radii of 25.4 mm) are controlled independently, with varying angular speeds from 0-120 

rpm. Coating materials were inserted between the rollers and process conditions were adjusted by 
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varying roller speed and gap distance. The roll coated PDMS samples were not cured prior to 

imaging.  

3.3.6 Image processing of ribbing patterns.  

 

A Fujifilm XT4 mirrorless camera was used to record ribbing patterns, using a light diffuser to 

create optimal contrast between ribs and the remainder of the sample. The 4K video was split into 

still frames, using OpenCV,44 correlated to different processing conditions (roller speed and RPM). 

A subset of images was used to train an image segmentation model using a random forest classifier 

from scikit-image and scikit-learn.45,46 The rest of the images were segmented using the trained 

model. 

To analyze the structure of the ribbing parameters, the segmented images were skeletonized 

(Figure B.3). The skeletonized image was converted into a graph structure using sknw (skeleton 

network),47 which was analyzed using NetworkX.48 A wavenumber (n) is calculated from the 

sample wavelength (ȿ, the average distance between two ribs) using Eqn. 3: 

   ὲ
ᶻᶻ

        (Eqn. 3) 

where H is the gap distance between the two rollers (Figure 3.1). Nodes in the graph structure 

with three or more edges are of particular interest, as these nodes describe the branching behavior 

in ribbing instabilities. A branching parameter (B) is utilized to define the side branching behavior 

of the ribs (Eqn. 4): 

   `
Π    

  ᶻ   
   (Eqn. 4) 
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3.4 Results and discussion 

3.4.6 Linear rheology and yield behavior of PDMS composites. 

 We first examine the elastic and viscous moduli of the s-PDMS and ns-PDMS as a function 

of frequency (Figure 3.2A, C). Samples without CNT show frequency-dependent moduli; the neat 

sample with fumed silica (Figure 3.2A) shows behavior reminiscent of some degree of 

flocculation as is observed in other systems with fumed silica49 whereas the neat sample with no 

fumed silica (Figure 3.2C) shows characteristics of solution-like behavior. The composite samples 

containing CNTs exhibit moduli relatively independent of frequency, characteristic of physical 

gels.50 Tan delta, defined as the ratio of Gò to Gô, is larger for the s-PDMS samples (Figure 3.2B) 

as compared to the ns-PDMS samples (Figure 3.2D). The CNTs likely have a high impact on Gô 

values, which is why Gô values are similar for a given CNT loading for both systems. The observed 

gel-like behavior at CNT loadings as low as 0.5 wt% corresponds well with literature for 

composites containing large aspect ratio fillers.35,51 Gò differs substantially between the two types 

of PDMS due to higher total filler loading in s-PDMS samples as compared to ns-PDMS, which 

increases the loss modulus. The samples with fumed silica have reduced linear viscoelastic (LVE) 

regimes in amplitude sweeps (Figure B.4), which could be attributed to the high loading of fumed 

silica reducing the LVE due to decreased particle mobility.      
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Figure 3.2. Linear viscoelastic data for two types of PDMS composites: (A, B) s-PDMS and (C, 

D) ns-PDMS. Select data points have been omitted from panels A and B due to inaccuracies in 

data collection. 

 

The elastic stress and creep methods were used to determine the yield stress and the results 

were consistent for both methods for all samples containing CNTs, as depicted in Figure 3.3A-B. 

2-way ANOVA testing confirmed that the two measurement methods were not statistically 

significant from each at other Ŭ = 0.05 for both PDMS types (Table B.2). Compared to samples 
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with fumed silica (Figure 3.3A), those without fumed silica (Figure 3.3B) exhibited lower yield 

stresses at a given CNT loading. Additionally, there is greater dependence of yield stress on CNT 

loading in samples with fumed silica (higher power law exponent in Figure 3.3A compared to 

Figure 3.3B). When looking at the Gô vs. CNT loading data (Figure 3.3C, D), a similar trend is 

observed of s-PDMS having a higher power law exponent compared to ns-PDMS. This may 

indicate that the fumed silica augments the network structure of the CNT, allowing stress to be 

better distributed and allowing the system to store more energy.52 
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Figure 3.3. (A, B) Yield stress results obtained from creep testing and elastic stress methods for s-

PDMS (A) and ns-PDMS (B). (C, D) Storage modulus (Gô) plotted against loading at a fixed 

frequency of 1 rad/s for s-PDMS (C) and ns-PDMS (D). For panels A and C, analysis of the power 

law exponents is restricted to the three highest CNT loadings due to distinctive rheological and 

physical behavior. 
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3.4.7 LAOS behavior of PDMS composites. 

 Small amplitude oscillatory shear (SAOS) rheology provides a simple framework for 

rheological characterization without much sample perturbation, but fails to describe the behavior 

of the system after yielding (which is large deformation behavior). Large amplitude oscillatory 

shear (LAOS), coupled with Fourier transform rheology, provides a framework for understanding 

material response under higher deformation that SAOS cannot capture. Lissajous curves directly 

visualize large amplitude stress response to strain and strain rates. When coupled to a Pipkin 

diagram, material response to a space of strain, strain rate and frequency can be explored.42 

The neat ns-PDMS sample demonstrates a purely linear viscous response, evident by the 

circular curves in the elastic Lissajous projections across all explored strains and frequencies 

(Figure 3.4B). This finding is also observed in the viscous Lissajous projections (Figure 3.4D), 

which show lines for neat ns-PDMS at all frequencies and strains. However, when CNTs are added 

to ns-PDMS, the system acquires elastic characteristics. This is evident by the reduction in the area 

of the elastic projection. The samples have no frequency-dependent response, which is an 

indication of physical gel formation. The exception is the lowest CNT loading (0.459 wt% CNTs), 

which likely approaches the lower limit of CNTs needed to make a gel structure, previously 

reported in the range of 0.2-0.5 wt%.35,53,54 At higher loadings, identical normalized Lissajous 

behaviors indicate that CNTs dominate the rheology, even under high strain amplitudes. 

A viscoelastic response is observed for the neat s-PDMS sample as indicated by ovals in the 

elastic Lissajous projections at low applied strains (Figure 3.4A). These ovals gradually become 

more circular with increasing strain, indicating a transition to more viscous behavior. This 

corresponds well to the amplitude sweep data, which shows a shift of Gò becoming relatively 

greater than Gô with increased strain (Figure B.4.A). The structural breakdown that occurs during 
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the transition from low to high strains could increase the relative viscous nature of the material. 

Additionally, secondary loops can be seen in Figure 3.4C at low frequencies and high strains in 

the viscous projections. Secondary loops are indicative of strong elastic nonlinearities55 and could 

be attributed to microstructural changes,36 such as floc-breakdown which has been documented in 

the literature for fumed silica systems, albeit in ideal yield stress fluids.37,43 

When CNTs are incorporated into s-PDMS, s-PDMS composites exhibit a gradient of stress 

responses with respect to CNT loading for the entire space of frequency and strain in both the 

elastic (Figure 3.4A) and viscous (Figure 3.4C) projections of the Lissajous curves. The viscous 

stress response difference is not pronounced when compared to the base s-PDMS sample, which 

may indicate a change in mechanism of microstructural rearrangement. The elastic stress response 

difference between loadings becomes larger at higher strains, with the curves exhibiting frequency 

dependence. Therefore, CNT addition induces a concentration-dependent rheological response, 

which causes the system to respond less viscously as seen through smaller enclosed volume in the 

elastic projections.  
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Figure 3.4. Pipkin diagrams illustrating the rheological behavior of PDMS composites via 

Lissajous curves. (A, C) Elastic and viscous responses for s-PDMS; (B, D) elastic and viscous 

responses for ns-PDMS. Select Lissajous curves have been omitted from (D) due to insufficient 

signal quality. 
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By applying the Fourier transform to the stress signal, different stress harmonic waveforms      

(relative to the initial strain input) can be decoupled. Using a rheological framework proposed by 

Ewoldt et al.,42 the phase shift and amplitudes of the harmonics can be used to establish rheological 

characteristics that describe large deformation material response. The ratio of the 3rd and 1st elastic 

nonlinearities (e3/e1, Eqn. 2a) detail intracycle strain hardening or softening if the ratio is greater 

or less than one, respectively. Similarly, the ratio of 3rd and 1st viscous nonlinearities (v3/v1, Eqn. 

2b) details intracycle shear thickening or thinning, if the ratio is greater or less than one, 

respectively. 

The Fourier transform results (Figure 3.5) demonstrate similar trends as those seen from the 

Pipkin diagrams (Figure 3.4). The ns-PDMS composites show an intracycle strain softening 

response with increasing strain (Figure 3.5D-F). Across all CNT loadings, there is a weak 

frequency dependence, though not enough to change the elastic nonlinearity response significantly. 

For s-PDMS formulations (Figure 3.5A-C), there is significantly more frequency dependence, the 

degree of which varies with CNT loading. At the lowest CNT content of 0.459 wt% CNT, sample 

elastic nonlinearity increases with frequency, causing a transition from an intracycle strain 

softening to an intracycle strain hardening response. This effect is present at the next highest 

loading of 0.92 wt% CNT, though with decreased variation in response. At loadings higher than 

0.92 wt%, samples exhibit an entirely intracycle strain softening response, though to a lesser 

degree than the ns-PDMS formulations. 
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Figure 3.5. Assessment of intracycle elastic non-linearities in s-PDMS and ns-PDMS samples, 

calculated using Eqn. 2a. The evaluations are presented for three different conditions or treatments 

for s-PDMS (A-C) and ns-PDMS (D-F) samples at varying CNT loadings. 

 

The differences in stress responses between the s-PDMS and ns-PDMS sample point to a 

competition between CNT and fumed silica at large strains, which affects large deformation flow 

behavior. As seen in the Pipkin diagrams and elastic nonlinearity data for ns-PDMS composites, 

there is no CNT concentration-dependent response. However, CNT content does modify the 

rheological response for s-PDMS samples. s-PDMS samples depart from the linear response at 

lower strains compared to ns-PDMS samples (as evidenced by the amplitude sweep data in Figure 

B.4, viscous non-linearity data in Figure B.5, and the elastic non-linearity data Figure 3.5), despite 

both sets of samples being physical gels. This behavior is due to increased filler loading since 
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Sylgard 186 (s-PDMS) contains greater than 30 wt% of fumed silica. Particles jam at lower strains 

and thus the s-PDMS composites exhibit a non-linear response at lower strains. 

CNTs also modify the type of non-linear response in s-PDMS composites. As CNT content 

increases in s-PDMS samples, the frequency dependence of the elastic response decreases. 

Additionally, the secondary loop present in the Lissajous plot of base s-PDMS disappears, which 

could be attributed to the CNT response overshadowing the fumed silica. The frequency-dependent 

intracycle strain hardening response reduction in s-PDMS could be due to a synergistic effect 

between the fumed silica and the CNTs. Fumed silica increases viscosity,38 which puts more stress 

on CNT aggregates, thus promoting better dispersal. CNTs can act as a binder, better jamming and 

breaking down fumed silica flocs, thus reducing the intracycle strain hardening response. This, in 

conjunction with the magnitude of the intracycle strain softening response of CNT, reduces the 

frequency dependence of the composites with increasing strain. 

3.4.8 Ribbing behavior of PDMS composites containing CNTs.  

The surface structures of the ribbing instabilities are quantified using two methods. First, 

wavenumber (n, Eqn. 3) is plotted against dimensionless gap distance (Figure 3.6), similar to 

previous analysis by others.20,56 For the range of roller velocities tested, n is independent of roller 

velocity for all samples. Wavenumber increases as a function of dimensionless gap distance, with 

a power law exponent of 0.83 for s-PDMS and 0.73 for ns-PDMS. The system likely is fully 

yielded under the high deformation rates between the rollers, hence similar trends between the 

samples. This corresponds well to the theory, which suggests that n grows with (r/R)1/2 in surface 

tension-dominant regimes. The slight deviation from theory could be attributed to different 

geometries used in studies that estimate n for ribbing systems. Most studies in the literature analyze 

concentric cylinders20,56 with opposing surfaces that diverge at a lesser rate than that of two 
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opposing cylinders, as used in our system. The rapid converging of surfaces increases the total 

deformation and shear rate on the sample, which changes the capillary number and affects the 

resulting microstructure. 
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Figure 3.6. Plots of wavenumber vs. nondimensional gap distance in (A) s-PDMS and (B) ns-

PDMS composite materials containing CNTs produced by roll coating. Error bars represent the 

95% standard error of the mean while dashed lines represent power law fits to the data. Selected 

images below show the resulting surface morphology under the specified conditions. 
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Despite having similar wavenumber dependence on gap, the ns-PDMS and s-PDMS have 

different degrees of branching. Branching is studied via a second parameter indicating the amount 

of branching per viscous air finger (Eqn. 4). Since for a given r/R value n is constant, a created 

branch must either terminate or another branch must terminate for n to remain constant. Therefore, 

the frequency of branching events can occur independently from wavenumber, as seen in Figure 

3.6, Figure 3.7. 

 

 

Figure 3.7. Dependence of the number of branches per finger on the product of rotational speed 

and gap distance in roll coating processes for s-PDMS (A) and ns-PDMS (B) composites 

containing CNTs. 

In general, the branching will decrease with increasing gap distance as surface perturbations 

are less likely to bridge surfaces further from the meniscus, reducing the chance of new side branch 
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formation. This is also seen in experiments conducted in Hele-Shaw cells, which reveal yield stress 

fluids displaying increased side branching behavior in viscous fingers at smaller gap sizes.27 For 

intracycle strain softening fluids, surface perturbations are more likely to progress as new 

perturbations cause the sample to undergo more overall deformation, resulting in a full branch. As 

samples are increasingly sheared, such as at high rotational speeds, the microstructure breaks down 

and the intracycle strain softening effect becomes less present, causing less branching to occur. 

This is evident in work by Huang,35 where with increased mixing time, CNT nanocomposites 

behaved more like viscoelastic liquids than gels and therefore would experience less dramatic 

intracycle strain softening behavior with increased strain. By plotting the branching parameter 

against rotational speed*gap distance in Figure 3.7, deviations from the expected behavior (of 

reduced branching with increased rotational speed and increased gap distance) can be visualized. 

The ns-PDMS samples containing CNTs (Figure 3.7B) follow an inverse logarithmic relationship 

plotted against rotational speed*gap distance, whereas some s-PDMS samples (Figure 3.7A) do 

not, despite the presence of yield stresses. We attempt to explain this disparity via large amplitude 

oscillatory shear rheology.  

The ns-PDMS samples all exhibit similar viscous and elastic stress responses, as seen in the 

Pipkin diagrams and intracycle elastic nonlinearity graphs (Figure 3.5A, C), even though the yield 

stress of ns-PDMS samples varies with CNT loading (Figure 3.3A). However, s-PDMS samples 

exhibit a variation in LAOS response, with the highest CNT loadings responding similarly to ns-

PDMS samples but lower CNT loadings experiencing frequency-linked intracycle strain hardening 

(Figure 3.5B, D). Though not a direct measure of flow, the e3/e1 parameter indicates when non-

linear effects have increased impact on the modulus and thus can aid in understanding of shear 
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behavior. As CNT loadings in s-PDMS increase, the system transitions from intracycle strain 

hardening to intracycle strain softening behavior.  

 

 

Figure 3.8. Schematic illustration capturing key aspects of the roll coating process alongside the 

genesis of branching phenomena. The diagram elucidates the mechanics of fluid distribution, 

coating roll movement, and the initiation of branched structures within the flow. 

The genesis of the branching phenomena in the roll coating process of PDMS composites is 

summarized by a schematic in Figure 3.8. Ribbing develops due to an air ñfingerò splitting the 

meniscus during the roll coating process. A new branch will occur when a small perturbation splits 

a finger into two separate fingers. Intracycle strain hardening reduces the chance of a finger 

splitting, as the modulus increases with the increased strain needed to turn one finger into two. In 

intracycle strain softening samples, any small perturbation in a meniscus will be amplified, since 
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increased perturbation reduces the modulus making the sample easier to deform. For a given roller 

distance, the total number of branches must remain the same. Since new branches will form due 

to perturbations, branches must converge to maintain the wavenumber. With increased branching, 

branches must converge more dramatically, which causes the branches to become more parallel 

with the meniscus. This can be seen in Figure 3.8, where intracycle strain softening materials will 

have more ridges parallel to the meniscus since they experience more branching. 

 

3.5 Conclusions 

In this study, we investigated the rheology and roll coating behavior of PDMS composites, 

focusing on the impact of CNTs and fumed silica on their viscoelastic response. Our findings 

revealed that CNTs dominated the large amplitude oscillatory shear response of PDMS 

composites, but the presence of fumed silica modified their effects. Fumed silica imparted a 

frequency-dependent intracycle strain hardening response to PDMS composites which was 

overshadowed by high CNT loadings. These findings were correlated with roll coating behavior 

by examining two parameters that defined the surface morphology. While both types of PDMS 

composites exhibited similar viscous finger widths, they displayed different degrees of branching, 

which could be attributed to the contrasting intracycle strain hardening to strain softening behavior 

of increased CNT loading in the fumed silica-containing samples. The pure PDMS samples 

showed a consistent effect of intracycle strain softening across all CNT loadings. 

  

While the LAOS data herein was analyzed using Fourier transform rheology, the Sequence of 

Physical Processes (SPP) framework57 could also be used to gain additional insights into transient 
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material behaviors. At high applied strains and/or high filler loadings, polymer composites may be 

ejected from the rheometer geometry before full oscillation cycles can be performed. In those 

cases, SPP analysis could yield results from transient experiments and provide further insights into 

the ribbing process that would be inaccessible using Fourier transform rheology.58 The SPP 

approach could prove especially useful for examining roll-coated materials as they often undergo 

rapid increases in shear rate exposure during processing. 

Understanding the complex interactions between CNTs and fumed silica in PDMS 

composites allows for optimization of roll coating surface morphologies by tuning the sample 

composition and/or processing parameters. For example, surfaces with linear ridges can be created 

from ns-PDMS with CNTs and the distance between ridges can be tuned by adjusting the gap 

distance. If more textured surfaces are desired, fumed silica can be added to increase branching. 

Future research could explore the effects of other additives or processing conditions on the 

rheological and roll coating properties of PDMS composites, paving the way for improved control 

of surface features for various materials such as superhydrophobic surfaces1,59 and flexible 

electronics.11,60 
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4.1 Abstract 

This study investigates the influence of supercritical CO2 on the rheological properties of 

polystyrene through a comprehensive rheological analysis. By generating time-dependent 

viscosity curves and corresponding torque profiles, we accurately assess the progressive 

plasticization effects of CO2. Results demonstrate that supercritical CO2 can reduce polystyrene 

viscosity significantlyðup to 96% at atmospheric conditions and 56% under supercritical 

conditionsðhighlighting its effectiveness in polymer processing. Furthermore, we develop a 

universal viscosity model, which incorporates temperature, shear rate, and CO2 concentration 

effects for PS-CO2 melts. This model in combination with CO2 solubility models, offers a robust 

framework for accurately predicting CO2 diffusion coefficients. This methodology not only 

deepens our understanding of CO2-polystyrene interactions but also provides a reliable tool for 

future research and industrial applications, presenting a more efficient and environmentally 

friendly alternative to traditional methods. 
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4.2 Introduction: 

Supercritical carbon dioxide (ScCO2) has emerged as a highly valuable solvent in various 

industrial applications, thanks to its numerous beneficial properties. It is environmentally benign, 

non-toxic, non-flammable, and inexpensive, making it an attractive alternative to traditional 

solvents like volatile organic compounds and chlorofluorocarbons 1,2. ScCO2 achieves a critical 

temperature near room temperature and modest pressures, which allows it to maintain liquid-like 

densities while exhibiting gas-like viscosities. This unique combination of properties enables 

ScCO2 to act as an effective solvent in a wide range of processes, from chemical reactions to 

material processing 2ï6. One of the key applications of ScCO2 is in polymer processing, where its 

ability to induce swelling and plasticization in polymers plays a crucial role. Although ScCO2 is 

not highly effective in dissolving high molecular weight polymers, it significantly alters the 

physical properties of polymers by reducing viscosity, increasing diffusivity, and changing density. 

This plasticization effect is especially important in polymer processing techniques like gas-assisted 

injection molding, extrusion, microcellular foaming, and particle production, where improved 

processability and product quality are critical 7ï9 

Given its impact on polymer properties, understanding how ScCO2 interacts with polymers is 

essential for optimizing these processes. The solubility and diffusion rates of ScCO2 in polymers 

determine how effectively it can be used as a plasticizer and how it influences the final properties 

of the material. Rheology, the study of the flow and deformation of materials, has emerged as an 

essential tool for assessing these impacts and optimizing polymer processing conditions. 

Rheological studies provide valuable insight into the behavior of polymer melts under different 

supercritical fluid conditions, particularly ScCO2. Various polymer systems, including 

polydimethylsiloxane (PDMS), 10ï15 polyethylene glycol (PEG) 16,17, polymethyl methacrylate 
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(PMMA) 18ï21, and polystyrene (PS),22ï27 have been investigated for their response to ScCO2 under 

different rheological conditions. These studies have demonstrated that the incorporation of ScCO2 

can reduces the viscosity of polymers, which is primarily due to the solubility of scCO  within the 

polymer matrix, where it disrupts the intermolecular forces between polymer chains, such as van 

der Waals forces and hydrogen bonds. As scCO  dissolves, it lowers the glass transition 

temperature (Tg) of the polymer, making the chains more mobile and increasing the free volume 

within the matrix. This increased mobility reduces resistance to flow, leading to a notable decrease 

in viscosity. The extent of this reduction is highly dependent on the pressure of scCO , with higher 

pressures generally resulting in greater solubility and more significant plasticization. The lowered 

viscosity is particularly beneficial in processes like polymer extrusion, where it allows for lower 

processing temperatures and pressures, reducing energy consumption and improving product 

quality. 

While numerous experimental methodologies have been applied for measuring the solubility and 

diffusivity of gases and supercritical fluids in polymer meltsðsuch as quartz crystal microbalance 

(QCM)28, gravimetric studies 28,29, spectroscopy, and chromatography30ðthere is a need to 

develop models that accurately predict these parameters, particularly in the case of ScCO2. 

Diffusivity studies have traditionally employed methods like pressure decay, gravimetric analysis 

with diffusivity models, and permeation studies28. More advanced techniques, such as viscosity 

studies where diffusivity is determined from transient viscosity changes using Fickôs law, have 

provided deeper insights31,32. However, current models often lack comprehensive integration of 

gas diffusion, solubility, and viscosity data, limiting their ability to predict the behavior of complex 

polymer systems in supercritical environments. 
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To bridge this gap, this study developed a forward model to simulate time-dependent rheometer 

torque as CO2 diffuses into molten polystyrene (PS) within a rheometer plate. By using this model 

in reverse, the diffusion coefficient of CO2 in PS under various pressure and temperature 

conditions can be estimated, thereby advancing the understanding of gas diffusion in polymer 

systems. By combining experimental rheology with advanced modeling approaches, this study 

aims to develop a more robust framework for predicting and optimizing the effects of ScCO2 on 

polymer processing, ultimately contributing to more efficient and sustainable polymer 

manufacturing practices. 

4.3 Methods 

4.3.6 Materials. 

Polystyrene (PS) with an estimated molecular weight of 45000 was obtained from Scientific 

Polymer Products Inc (PS 45k). CO2 was provided by AirGas. 

4.3.7 Experimental Setup. 

Overall, the system comprised three main components as shown in Figure 4.1: a CO2 tank 

containing CO2 in vapor-liquid equilibrium; a piston pump responsible for pressurizing the CO2 

stream; and a pressure cell connected to the rheometer.  
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Figure 4.1. High pressure rheology experimental setup including CO2 tank, ISCO pump and the 

pressure cell attachment connected to the MCR 501 Anton Paar rheometer: a) the schematic 

illustration and b) digital image of the setup. 

 

The CO2 tank was sampled through a valve that extracted vapor CO2. A gas regulator (GR1) 

maintained the CO2 flow downstream at room temperature vapor pressure. The piston pump, an 

ISCO Pump 260D, featured an upstream flow that passed through a check valve (CV1), preventing 

backpressure towards the CO2 tank. This pump pressurized the CO2 and directed it downstream to 

another check valve (CV2), which stopped backflow into the ISCO pump. The piston pump was 

equipped with various failsafe mechanisms, such as a rupture cell rated for 7,500 psi, a shear pin, 

and PID pressure control to prevent overpressure events. The ISCO pump was jacketed and heated 

to over 31ÁC, which is the critical temperature of CO2. This was essential to prevent the CO2 from 

converting into a liquid, which hindered sufficient pressure from pushing past the check valve and 

pressurized the rheometer pressure cell. Consequently, all fluid that passed the check valve was in 

either gaseous or supercritical state, depending on the pressure. Following the second check valve, 

the tubing extended to the rheometer pressure cell. The tubing was rated for 6,000 psi (PG1) and 

maintained at a temperature of 45ÁC using PID controllers and VARIACs (TC1) that regulated 
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maximum heat flow to prevent over pressurization. The tubing was kept at a minimum of 31ÁC to 

avoid CO2 condensation. A pressure relief (RV1) valve was situated between the check valve and 

pressure cell to serve as a secondary means of relieving overpressure. Finally, the CO2 reached the 

rheometer pressure cell, where resistive heaters warmed the polymer samples at pressures and 

temperatures of up to 150 Bar and 300ÁC. A magnetic bearing enabled torque application to the 

sample while maintaining sample sealing. The rheometer pressure cell also contained a rupture 

disk as a safeguard against overpressure.  

High-pressure experiments were conducted using an MCR 501 Anton Paar rheometer, equipped 

with a pressure cell as described. The cell consisted of two parts: the upper housing which 

contained a top 20 mm crosshatched parallel plate geometry connected to a magnetic coupling. 

The lower housing contained a fixed lower 20 mm geometry and transferred heat from resistive 

elements to the sample. Deformation and torque signals were transmitted from the coupling to the 

rheometer's transducer. The upper and lower housings were non-adjustable, with a fixed gap of 1 

mm. 

The polystyrene samples were cut into oversized 20 mm disks, each 1.2 mm thick, and placed into 

a preheated pressure cell bottom. Then the upper housing of the pressure cell was inserted into the 

rheometer. 

4.4 Rheological protocol  

The frequency sweep experiments were conducted under both subcritical and supercritical CO  

conditions. Initially, the sample was at a temperature of 90°C. The system pressure was set to 60 

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 hours. Once equilibrated, 

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 conducting another 

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 by a 2-hour equilibration period 

before the frequency sweep measurement. 

4.5 Generation of model of torque from transient CO2 diffusion.  

In the forward direction, a model can generate torque curves from fundamental properties of CO2 

in polystyrene. In reverse, we can leverage the model to back calculate the diffusion constant. 

The time-dependent torque model was made of many parts. The system models a rheometer disk. 

The overall model is shown in Figure 4.2.  

 

Figure 4.2. Viscosity model of CO2 diffusion causing transient viscosity. 

In the forward direction: using a diffusion constant, the non-dimensional concentration of CO2 was 

estimated across a cylinder that represented the rheometer disk over time. Then, from temperature, 

pressure, and CO2 solubility data from literature, the solubility profile of CO2 across the rheometer 

disk over time was estimated. Finally, viscosity versus shear rate data at known CO2
 concentrations 

were generated, by letting the system reach saturation at a given temperature, and pressure, which 

generated a temperature, solubility, and shear rate model of viscosity. The torque was then 

calculated by integrating the viscous stress across the area of the top face of the rheometer cylinder. 
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By utilizing the above model in the reverse direction, we estimate the diffusion constant by 

knowing the torque-time curves. Knowing this, temperature, and pressure, we can iteratively use 

an optimization model to fit theoretical torque to true torque.  

To create the CO2  concentration model, we used a diffusion model
6,12 to analyze gas diffusion 

through a cylindrical profile and calculate the non-dimensional concentration gradient. The 

diffusion model is coupled with a torque model. 

 

ὧὶȟὸ ὧᶻρ ςz В
ᶻ

ᶻ
ÅzØÐ

ᶻᶻ
             (1) 

Where C0, R, Rout, D, and t represent the radius of the rheometer plate, radius of the polymer melt, 

diffusion coefficient, and time respectively. and R is. It should be noted that Rout can be set larger 

than the polymer melt to account for overfill and increased diffusion time due to radial fill. 

To build a model for temperature (T), pressure (P), and CO2 concentration, we aggregated data 

from literature on the saturation concentration of CO2 in polystyrene.8,9,11  This data fit a 2D 

surface in a space represented by CO2 concentration, temperature, and pressure. SciPy splines 

were used to define the surface to be used later in the integrated model. 

For the temperature, solubility, shear rate model of viscosity, first complex viscosity vs angular 

frequency was converted to regular viscosity vs shear rate via the Cox-Mers rule. To develop a 

model that relates steady state viscosity to T, shear rate and CO2 concentrations, the Cross and 

WLF models for T and CO2 concentration were applied. Then, their parameters were solved with 

a bounded BFGS solver. 

–  – ὥz ὥz                   (2) 
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Finally, to calculate the torque-time curves from the previous variables, we use the following 

equation: 

‬†
ᶻᶻ ᶻ ȟ ȟᶻ

‬ὶ                       (5) 

Where:  

Angular frequency :‫ 

r: Scaling factor for position, the Radius. 10mm 

H: Gap height for rheometer, 1 mm.  

The diffusion constant (D) was found by varying the constant until the residual between the 

computed and experimental torque was minimized. The Nelder-Mead method is employed for this 

optimization process. 

4.6 Result and Discussion 

4.6.6 Viscosity reduction of polystyrene melt through ScCO2 injection 

We initially investigated the effect of CO2 addition on the viscosity of PS through analyzing the 

CO2 diffusion across a representative PS sample. The obtained viscosity data at different 

solubilities, temperature and pressure was used to generate the CO2 diffusion model. 

Firstly, to determine the saturation time of PS melt by ScCO2, we investigated the time-dependent 

diffusion of ScCO2 in a cylindrical sample, representative of the sample in the experimental setup 

using the viscosity model of CO2 diffusion in the forward direction (explained in the Methods 

section). The cylindrical sample has a radius denoted by R and thickness, h, and is positioned 
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between two plates of the parallel plate geometry inside the pressure cell. Prior to the experiment, 

we assumed that the polymer has no CO2 loading and a concentration of zero, and then ScCO2 was 

introduced into the pressure cell at a constant pressure. Subsequently, CO2 molecules diffuse 

through the sample until complete saturation of the PS sample is achieved. As the sample is 

cylindrical and symmetry is maintained by the two plates, we assume that diffusion only takes 

place in the radial direction. Figure 3a demonstrates the relative concentration of ScCO2 via 

analytical model in a cylindrical shape PS melt sample at 120ÁC. Concentration initially increases 

and then approaches uniform value over time. It also increases with radial distance (r), culminating 

at the outer rim of the sample where r = R. As shown in Figure 4.3b, near-complete saturation of 

the sample occurs after around 40 hours at the temperature of 120ÁC. 

 

 

Figure 4.3. Relative concentration of ScCO2 in a cylindrical shape PS melt with the diameter of 

20 mm: A. relative concentration as a function of radius at multiple times at the temperature of 

120ÁC, B. average relative concentration along the radius of the PS melt cylindrical sample as a 

function of time at multiple temperatures ranging from 100 to 150ÁC. 

Next, time sweep experiments were carried out under ScCO2 at 120ÁC (Figure 4.4a) and 150ÁC 

(Figure 4.4b) to determine the actual saturation time and compare it with the analytical 
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calculations. The time sweep experiments were performed at a 20% strain amplitude and an 

angular frequency of 1 rad s-1. The obtained results indicate that the saturation time was 

approximately 15 and 3 hours at 120 and 150ÁC, respectively Figure 4.4a and b). At 150ÁC, the 

viscosity drop is slightly lower which can be attributed to the lower maximum solubility at higher 

temperatures than at lower temperatures.33 Notably, the equilibration time obtained from the 

experimental data was found to be considerably shorter than that predicted by the analytical 

calculations of the 1 dimensional diffusion model. This difference could be attributed to the 

rheometer computing various variables by measuring torque that is strongly contributed to by the 

edges of the disk-shaped sample. Since the diffusion of ScCO2 takes place rapidly through the 

edge of a sample, the equilibration time measured from experiments by the rheometer is 

considerably shorter than the one calculated from the diffusion model. We then investigated the 

effect of pressure on the equilibration time in the supercritical region at a higher pressure of 100 

bar. As shown in Figure 4.4a, increasing the pressure in a supercritical state from 80 to 100 bar 

decreases viscosity but has no effect of equilibration time.  

 

Figure 4.4. Equilibration time measured from rheology experiments: A. time sweep experiment at 

120ÁC under ScCO2 at 80 and 100 bar, B. time sweep experiment at 150ÁC under ScCO2 at 80 bar. 
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Following the determination of the equilibration time under supercritical conditions, frequency 

sweep experiments were conducted at multiple temperatures ranging from 100 to 150ÁC under 

atmospheric pressure (Figure 4.5a), subcritical (Figure 4.5b) and supercritical (Figure 4.5c) 

conditions to investigate the impact of both gaseous and ScCO2 on the viscosity of PS melt. The 

experimental procedure for conducting frequency sweep experiments at both conditions for 

multiple temperatures was as follows: 1) loading the sample at 90 ÜC, 2) increasing the pressure 

(to 60 bar for subcritical and 80 bar for supercritical conditions), 3) setting the temperature to 150 

ÜC and wait for 15 hours for equilibration, 4) performing the frequency sweep experiment at 150 

ÜC, 5) setting the temperature to 140 ÜC and wait for 2 hours for equilibration, 6) performing the 

frequency sweep experiment at 140 ÜC, 7) repeating steps 5 and 6 for temperatures of 130, 120, 

110, and 100 ÜC.  

As shown in Figure 4.5 a-c, the viscosity decreases as a function of temperature as expected. 

Figure 4.3a, b demonstrate the impact of subcritical CO2 on the viscosity of a PS melt. It is evident 

that even in its subcritical state, CO2 significantly reduces the viscosity of PS at all temperatures. 

Moreover, the viscosity experiences a further decrease when subjected to ScCO2, as illustrated in 

Figure 4.5c. Overall, at all investigated pressure temperature conditions we observe a reduction in 

viscosity of the PS sample. To compare the extent of viscosity reduction, we plotted a column bar 

plot showing viscosity at low frequencies (complex viscosity at 0.1 rad/s in each case) under 

atmospheric pressure, subcritical and supercritical conditions. As shown in Figure 4.5d, the 

viscosity reduction during transitioning from subcritical to supercritical region (from 60 to 80 bar) 

is considerably lower (17-56% of viscosity reduction) when compared to the viscosity reduction 

observed when transitioning from atmospheric pressure to subcritical conditions of 60 bar (75-

96% of viscosity reduction). Additionally, it can be inferred that the viscosity under pressurized 
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CO2 can be approximated to the viscosity at atmospheric pressure, but at a 20-30 ÜC higher 

temperature. Furthermore, we performed frequency sweep experiments at 120ÁC under ScCO2 at 

100 bar to investigate the impact of pressure on viscosity under supercritical conditions. As 

demonstrated in Figure 4.6, increasing the pressure from 80 to 100 bar results in a reduction in 

viscosity. Here also we observed that the viscosity reduction in the supercritical region (from 80 

to 100 bar) is considerably lower when compared to the reduction of viscosity observed when 

transitioning from atmospheric pressure to supercritical conditions (from 1 to 80 bar). Although 

the solubility of CO2 increases with increasing pressure, the system already contains CO2 and 

results in diminishing returns in the amount of extra CO2 solubility. Thus transitioning from 1 to 

80 bar the system can accommodate significant CO2 volumes but transitioning from 80 to 100 bar 

the amount of CO2 volumes that can be added is not very high. Due to this the viscosity reduction 

from 80-100 bar is lower than that observed going from 1 to bar. 
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Figure 4.5. Effect of subcritical and supercritical CO2 on the viscosity of PS melt: A. frequency 

sweep experiment for PS 45k at atmospheric pressure, B. frequency sweep experiment for PS 45k 

under subcritical CO2 at 60 bar, C. frequency sweep experiment for PS 45k under ScCO2 at 80 bar, 

D. column bar plot comparing the viscosity of PS 45k measured at atmospheric pressure, under 

subcritical CO2 at 60 bar, and under ScCO2 at 80 bar.  
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Figure 4.6. Frequency sweep experiment at 120 ÜC showing the effect of increasing pressure in 

supercritical region on the viscosity of PS 45k. 

3.2 Development of temperature-concentration superposition (TTCS) model for PS 

To obtain a summarized over-view of the effects of temperature, concentration, and shear rate on 

viscosity reduction in PS due to CO2 addition, we developed a master curve for PS through 

temperature-concentration superposition (TTCS) using frequency sweep data. While the detailed 

procedure for development of the TTCS curve is explained in the methods section, briefly 

equations 2, 3, 4 were simultaneously fit using a bounded BFGS solver to obtain the total fit for 

the model.  

Figure 7 demonstrates the master curve in a broad frequency range for PS 45k at atmospheric, 

subcritical and supercritical pressures. The corresponding parameters for the WLF model are 

summarized in   
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Table 4.1 while the shift factors are shown in Table 4.2. 
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Table 4.1: Parameters for the WLF and cross model where WLF is the WLF model of the form 

given in equation 5. 

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 

ɖ0 1885.8 

ɖÐ 2.61 

 

Table 4.2 TTCS shift factors for PS 45k at different pressures 

 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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Figure 4.7 Aggregated solubility and temperature shift WLF models with Cross model. 

3.3 Prediction of CO2 diffusion constant through CO2 diffusion model 

In this section we developed a method to estimate CO2 diffusivity using CO2 solubility model, 

CO2 diffusion model, and our developed TTCS master curve. We first analyzed how the diffusion 

of CO2 effects the concentration profile in a rheometer plate, and the subsequent effect on the 

viscosity and torque. We then compared the analytically calculated viscosity values with the 

experimental readings. Comparing the viscosity to torque readings at different diffusion 

coefficients enabled a correlation between torque and diffusion coefficients allowing us to back 

calculate the diffusion coefficients from torque values. 
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From the literature of CO2 solubility in polymers,33ï35 we generated a 2D spline surface that maps 

solubility to pressure and temperature of CO2.  As seen in Figure C.2, we can see with increasing 

pressure and decreasing temperature, the solubility of CO2 increases and eventually plateaus. The 

development of the CO2 diffusion model and TTCS has already been discussed. 

A deeper look at the CO2 diffusion data reveals interesting insights. First, we look at the time 

sweep experiments to understand the effect of T and P on the viscosity. As discussed previously,   
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Table 4.1a, b reveal that, as soon as CO2 pressure is applied, the viscosity of the system drops and 

reaches similar values, despite being at different pressures. The viscosity drop decreases with 

temperature as also depicted by TTCS diagram of CO2 in PS. Thus, there are diminishing returns 

at higher pressures of CO2 uptake and less CO2 absorbed at higher temperatures. The timescale of 

leveling off is lower at higher temperatures, which tracks as diffusion constants typically increase 

with increasing temperature. 

Furthermore, in Figure 8 we look more closely at the concentration diffusion analysis observing 

intriguing correlations. the timescale for concentration. Figure 4.8a shows the variation of the 

average non-dimensional CO2 concentration along the radius of PS sample with time across 

different temperatures while Figure 4.6b and Figure 4.6c depict the variation of the viscosity and 

normalized torque across the PS sample at different radii and diffusion time scales. Figure 6d 

shows the variation of the total non-dimensional total stress with time across the rheometer plate. 

We show trend of torque and total stress across the sample in Figure 4.6b and c as they represent 

the raw signal output from the rheometer which consists of the stress/torque signal. Since we do 

not know the viscosity at each radial position in the sample, we use the torque/stress signal. The 

data shows that concentration (Figure 4.8a) takes a longer time to level off than it does for 

rheometer torque to level off (Figure 4.8d). This is explained by equation 5, where the torque 

scales with radius to the 4th power, meaning the viscosity of the sample near the edge has a dramatic 

impact on the torque, which is how a rheometer calculates the viscosity. Thus, we utilize the CO2 

diffusion model and TTCS model using equations 1-5 at different time scales to visualize how 

viscosity and torque change as CO2 diffusion takes place at specified temperature (130ÁC) and 

pressure (80 bar) values. The simulated results are summarized in Figure 4.7c and d depicting the 

torque and viscosity profiles across the PS sample. Overall using the TTCS and equations 1-5 we 
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can get greatly varying viscosity profiles and torque (from integrating the viscosity profile across 

the radius) at a given time for any given diffusion constant. By virtue of this strong effect, the 

results can be used to back calculate the diffusion constant at any temperature and pressure. 

 

Figure 4.8. A. Average relative concentration along the radius of the PS melt cylindrical sample 

as a function of time at multiple temperatures ranging from 100 to 150ÁC. B. Viscosity as a function 

of radius at different timescales for PS at 150ÁC and 80 bar at a diffusion constant of 4e-10 m2/s at 

different time scales. C. torque contribution of a rheometer plate at different radii for PS at 150ÁC 

and 80 bar at a diffusion constant of 4e-10 m2/s at different time scales. Legends in (b) (c) depict 
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log time values. D. The total stress experienced by the rheometer plate with increasing time for PS 

at 150C and 80 Bar at a diffusion constant of 4e-10 m2/s  

By generating viscosity curves over a simulated time, we can generate time dependent torque 

curves that indicate the progressive plasticization effect of CO2. The actual torque signal is given 

by the rheometer and the residual between the actual torque signal and the simulated torque is 

minimized through varying the value of the diffusion constant to determine the actual value. Figure 

9a shows the calculated (purple, blue, green, orange symbols) and experimentally obtained (pink) 

torque values. The residual between the two is minimized enabling the calculation of the actual 

diffusion constant. It can be seen in Figure 4.9a that the experimental torque values almost overlap 

on the green curve depicting matching with the actual diffusion constant. We compare our obtained 

diffusion constants with those reported in the literature.33,35 Our values show a fairly good match 

with those reported by Sato et al.35 The diffusion constants shown by Wang33 are noted to be 

atypical due to their high values and thus it can be surmised that our calculated diffusion constant 

values are within reason.  
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Figure 4.9. A. Estimated torque values over time for different diffusion constants. Pink 

corresponds to experimental data. B. Experimental data was collected via rheology as compared 

to literature data collected via other methods at a pressure of around 80 bars. 
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4.7 Conclusion 

In conclusion, our investigation into the effect of supercritical CO2 on the rheological properties 

of polystyrene has yielded significant insights and advancements. Our study reveals that the 

introduction of CO2 significantly impacts the viscosity of polystyrene. Specifically, at atmospheric 

conditions, CO2 can reduce the viscosity of polystyrene by up to 96%, and under supercritical 

conditions, the reduction reaches up to 56%. The use of supercritical CO2 offers several benefits 

for viscosity reduction. Its ability to penetrate polymer matrices and interact at the molecular level 

results in pronounced changes in rheological properties, making it an effective medium for 

processing and modifying polymers. This method can enhance the ease of polymer processing, 

improve material properties, and enable more efficient manufacturing techniques. Additionally, 

supercritical CO2 is a relatively environmentally friendly solvent, reducing the need for more 

harmful or expensive chemicals. 

By analyzing both transient and steady-state rheology data under varying temperature and pressure 

conditions, we successfully developed a universal viscosity model that incorporates the effects of 

temperature, shear rate, and CO2 concentration. This model, along with our established torque 

model and existing CO2 solubility models, enables us to predict the CO2 diffusion coefficient with 

considerable accuracy. 

The predicted diffusion values align closely with those reported in the literature, demonstrating 

the robustness and reliability of our approach. Our methodology, which combines the viscosity 

master curves with predictive modeling, offers a practical and efficient alternative to traditional 

experimental techniques. This advancement not only enhances our understanding of the interaction 

between supercritical CO2 and polystyrene but also provides a valuable tool for predicting 
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diffusion coefficients across a broad range of conditions, thereby streamlining the process for 

future research and industrial applications. 
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5.1 Abstract 

Rheological characterization of emulsions stands as a critical and convenient approach for gaining 

insights into microstructural behavior and tunability. Despite the increasing research interest in 

Pickering emulsions, their microstructural yielding and behavior are not completely characterized. 

This study adopts a comprehensive approach, integrating small and large amplitude oscillatory 

strain (LAOS) experiments with in situ confocal microscopy, enabling rheo-imaging of emulsion 

microstructures during shear. Isorefractive emulsions stabilized by biodegradable cellulose acetate 

nanoparticles are subjected to rheo-imaging and analyzed using advanced image processing 

techniques. The results establish a direct correlation between emulsion droplet clustering behavior 

and shear moduli, providing a visual explanation of the relationship between microstructure 

alignments and rheological parameters. Analysis of in situ rheo-imaging videos is used to analyze 

non-linearities that arise from LAOS, revealing a correlation between intracycle droplet extension 

and compression and the third harmonic. Thus, the proposed techniques offer a gateway for in situ 

visual exploration of Pickering emulsion rheology. 

  



103 

 

5.2 Introduction 

Emulsions are ubiquitous around us with wide scale applications. While typical emulsions are 

stabilized through surfactants, Pickering emulsions - stabilized via solid colloidal particles are 

receiving wide scale research attention with diverse applications including agriculture,1 drug 

delivery,2 catalysis, additive manufacturing amongst a few. In addition to being studied on an 

application front, there has also been an impetus towards understanding the fundamental properties 

of these systems to enable greater control of their end properties for better utility.  

The nature of the interactions between emulsions droplets, whether attractive or repulsive can have 

significant impacts on their rheological properties. For instance repulsive emulsions display solid 

like elastic characteristics above random close packing of droplets ὲRCP, whereas elastic emulsions 

start behaving like solids at much lower droplets volumes.3 Differences in their yielding behaviors 

have also been reported. These differences can be attributed to the formation of droplet clusters 

(droplets attached to one central droplet) analogous to colloidal gels that possess both inter- and 

intra-cluster attractions resulting in a stress bearing 3D network of droplet clusters. Depending on 

whether the clusters break completely or partially can result in various yielding behaviors. For 

instance, Fuhrmann et al.4 observed two-step yielding for weakly attractive emulsions and single 

yielding events for highly attractive ones, correlating it to droplet cluster realignment rather than 

complete breakdown. These clusters result from growth of droplet neighbors that can percolate 

into a network of interconnected clusters. Clustering of colloidal suspensions has previously been 

studied5,6 on  but the effect of shearing on clustering and the resulting microstructure in Pickering 

emulsions is hitherto not fully explored.  

Rheological characterization of emulsions has mainly been done through either SAOS analysis 

and more recently also through LAOS with Fourier Transform analysis to investigate both linear 
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and non-linear rheological parameters. SAOS is a true and tested field, looking at material response 

properties in the LVE regime. LAOS, on the other hand, is a subfield of rheology quickly gaining 

popularity due to its ability to provide new descriptions of materials, characterizing features such 

as strain-stiffening or softening that are not seen in SAOS.  However, LAOS with FT analysis is 

often limited in physical intuition, requiring more physical interpretation to be a more viable 

analysis. Thus with increased popularity, the need for techniques to validate the theorized 

mechanisms underlying the material response has also increased. Rheo-imaging, a technique 

where a microscope is fixed to image an ongoing rheology experiment, enables the direct capture 

of mechanisms leading to particle breakdown. Despite the huge potential, there is a dearth of real 

time visualization studies that can provide primary insights into the microstructure yielding 

phenomena due to issues such as refractive index mismatch, image resolution, and a lack of 

commercially available equipment for studying such an issue at the micron scale. Hermes et al7 

conducted rheo-imaging of repulsive, attractive and highly compressed Pickering emulsions 

providing visual micrographic evidence of the associated yielding in each case. They reported a 

cage breaking yielding for the repulsive emulsions while for attractive emulsions they attributed 

yielding to the breaking of bonds between droplets in the network spanning droplet network. 

Although one of the first rheo-imaging studies, the authors use only correlation functions for image 

processing, with small image sizes that do not capture enough particles for meaningful inference. 

Kagankuk and Mohraz at al8 used rheo-microscopy to study the deformation of particle stabilized 

emulsions under shear flow. They reported preservation of anisotropic droplet shapes due to flow 

cessation beyond specific Capillary numbers due to formation of arrested particle networks on 

droplet surfaces. These studies have mainly focused on monodispersed emulsions stabilized by 

inorganic synthetic and spherical particles. Biodegradable Pickering stabilizers can have a variety 
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of shapes and thus very different emulsion rheology.9 The increased focus on sustainability and 

environmentally friendly emulsions mandates an increased investigation of their fundamental 

microstructure behavior. 

In this work, we have utilized confocal rheo-imaging to probe the yielding behavior of cellulose 

acetate stabilized Pickering emulsions. Cellulose acetate is a biodegradable cellulose ester with an 

established usage in various industries.10 These cellulose acetate nanoparticles can stabilize a 

variety of oils in water1, and this study probes both Mineral oil in water and Mineral oil in glycerol 

emulsions. We begin with conventional rheological characterization through SAOS. We then 

detect droplet centroids and size to reconstruct the three dimensional microstructure of our 

emulsions across the range of our amplitude sweeps, allowing us to draw connections on the effects 

of shear on structural breakdown. Finally, we look at the LAOS data, hypothesizing upon potential 

interpretations for both the first and third harmonics in Pickering emulsions through real-time 

videos. These mechanistic connections enhance our understanding of traditional emulsion 

rheology in terms of droplet cluster dynamics and rearrangements. 

5.3 Methods and Materials 

5.3.6 Emulsion synthesis 

To prepare CA stabilized Pickering emulsions we first prepared CA nanoparticles. 2wt.% CA was 

dissolved in acetone followed by addition of equal volume of water at an instantaneous rate 

resulting in the precipitation of CA in the form of nanoparticles. Acetone was removed via 

evaporation at room temperature overnight. The resulting CA dispersion was then freeze-dried in 

a Labconco FreeZone 6L freeze-drying system at 3ÁC and Ḑ0.003 mbar for 3 days to remove water 

resulting in dry CA NP. To prepare emulsions, required CA NP amount was dispersed in 
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water/glycerol followed by addition of the required mineral oil volume containing 0.1mg/mL Nile 

Red. The two phases were first emulsified through a high shear mixer at 7200 rpm for 2 minute 

resulting in the formation of a coarse emulsion which was further subjected to ultrasonication at 

25% amplitude for 5 minutes with 2s on and 4s off signal. 

5.3.7 Rheology 

The rheological experiments were carried out on a DHR-3 rheometer by TA instruments on a 40 

mm sandblasted parallel plate geometry at 1000 Õm gap. A consistent protocol was followed where 

the samples were first allowed to rest for 10 minutes at 0.1 Pa and 1rad/s frequency. This was 

followed with a frequency sweep at 0.1% strain (LVE) and an amplitude sweep from 0.1 to 1000% 

strain at 0.5, 1 and 5 rad/s. The amplitude sweep was conducted with one conditioning waveform 

and one measurement waveform.  The waveforms from the amplitude sweep were cleaned via a 

Fourier Transform, then split into harmonics. The first and third harmonics were considered for 

these samples. From the amplitude and phase shift of the first and third harmonics, we can then 

calculate nonlinearity parameters. 

Strain hardening parameter: 
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Where Ὡ, Ὡ, ὺ, and ὺ are the elastic and viscous Chebyshev coefficients of the first and third 

harmonic respectively.  Ὅ, ), ‏, and ‏ are the intensities and phases of the first and third 

harmonics, respectively. 

 

5.3.8 Confocal rheology 

We used a coupled confocal light scanning microscope (Leica TCS SP8) and rheometer (Anton 

Paar MCR 502) to measure the internal microstructure of both glycerol and water samples depicted 

schematically in Figure 5.1A. The emulsion was loaded onto a UV-glued glass coverslip 

(thickness = 0.17 mm) which acted as the bottom plate of the rheometer. Two-channel imaging 

(laser wavelengths ɚex= 488 nm and ɚex = 552 nm) was used to separately capture the fluorescence 

of the mineral oil (ɚex = 495 to 545) and CDA (ɚex,CA = ABC to DEF). Nile Red has been known 

to emit multiple bandgaps depending on its molecular interactions.11 In a generic oil phase, it will 

emit as a green wavelength. However, Nile Red can coordinate and encounter pi-pi stacking with 

the CDA nanoparticles, shifting to a higher emission bandgap. 

A sandblasted 25 mm parallel plate geometry was lowered to a gap size of 1 mm and run at a 

frequency of w = 5 rad/s for all experiments. We aligned a 10x microscope objective 8.8 mm from 

the center of the plate, approximately 70% of the plate radius, corresponding to the distance where 

the average strain emerges in a parallel plate geometry.12 We captured videos of amplitude sweeps 

100 um above the bottom plate at a time resolution of 21.47 frames per second and an image 

resolution of 512 x 512 px2 with a pixel size of 1 x 1 um2. Due to a lack of structural recovery, we 

paused the protocol and capture the 3D microstructure after measuring system properties and at 1, 

10, 20, 30, 40, 50, 63, 80, 100, 200, 630, and 1000 percent strain during amplitude sweeps. The 
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emulsion microstructure was imaged from 0 to 200 um at a resolution of 512 x 512 x 200 px3 with 

a voxel size of 1 x 1 x1 um3. 

5.3.9 Image segmentation techniques: 

A comprehensive approach was undertaken to construct a three-dimensional representation of the 

systems of interest (Figure 5.1B). Initially, a collection of images was obtained, ensuring identical 

pixel or micron spacing along the x, y, and z dimensions. These images, acquired through xy image 

sequences, provide the foundational data for subsequent analyses. 

Following the acquisition of images, 3D histogram equilibration was applied. This step is critical 

for the adequate identification of features, particularly as images obtained deeper within the sample 

tend to exhibit reduced contrast and are darker. This equilibration facilitates more uniform 

visibility throughout the sample depth. 

The next phase involved organizing the equilibrated images into a 3D array, effectively stacking 

them to achieve the desired three-dimensional representation. Given the tendency of confocal 

rheology to compress clusters in the x and y directions, a series of linear transformations was 

employed. These transformations aimed to shift distorted images back into circular forms, which 

enhanced the fitting process (Figure 5.1C). 

To accurately measure the true diameter of the particles within the sample, Pyrtrack software was 

utilized under its most liberal settings. This included disregarding overlaps between particles and 

implementing a maximize intensity function, ensuring that measurements reflected the true 

dimensions of the particles.  

However, this liberal approach to particle detection led to the identification of numerous false 

positives and non-sensical particle formations. To address this, a filtering algorithm was deployed, 
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capable of detecting and eliminating these anomalies. The filtration process involved spherical 

random sampling for each detected particle, drawing 1000 intensity values from randomly selected 

points. The standard deviation and average intensity of these values were then calculated for each 

particle, plotted, and analyzed. Particles exhibiting high standard deviation in intensity were likely 

artifactsðspecifically, formations resulting from the peculiarities of the difference of Gaussians 

method that Pyrtrack is based off. Similarly, particles with low intensity were deemed to be 

amplification of noise and thus excluded from further analysis. 

After dataset cleaning, we developed an algorithm to identify particle clusters and their 

neighboring clusters. Within the context of this study, a cluster refers to a group of clumped 

droplets that collectively form a group. The proximity of these clusters to one another was 

evaluated using a nearest neighbor search, enabling the determination of particle cluster neighbors. 

This methodological approach allows for a detailed analysis of the spatial distribution and 

interaction of particle clusters, contributing valuable insights into the underlying structure of the 

systems studied. 
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Figure 5.1. A. Schematic showing confocal rheology setup. B. 3D render of the emulsion sample. 

C. Output of image analysis fits for confocal micrographs. 
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5.4 Results and Discussion 

 

Figure 5.2: A. SEM micrograph showing freeze dried CA nanoparticle aggregates. Digital (B,D) 

and optical micrograph (C,D) images showing mineral oil in water and glycerol images 

respectively. Inset in (E) shows mineral oil in glycerol emulsion diffusing in glycerol but 

precipitating in mineral oil thus confirming glycerol as being the continuous phase. (F) Frequency 

sweeps and (G) elastic stress curves for different volumes of mineral oil in water emulsions at 

2wt.% CA concentration. Confocal micrographs showing droplet clustering at (h) 30%, (I) 40%, 

(J) 50%, (K) 60% mineral oil in water at 2 wt.% CA concentration. Scale bars in H-K represent 

100 microns. 
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Figure 5.1A shows the SEM micrograph of freeze dried CA nanoparticles after being redispersed 

in water. The particles are irregular spheroids interconnected in a web like morphology with 

average feature size around 190 Ñ 60 nm. We emulsified equal volumes of Mineral oil in (1) water 

and (2) glycerol at four different CA concentrations (0.75, 1, 2 and 4 wt.%). Glycerol and mineral 

oil are index matched (refractive index 1.47) enabling preparation of isorefractive emulsions, to 

allow for deeper imaging. Improving imaging quality enables real time rheo-imaging of the 

microstructural rearrangements within the bulk sample occurring in response to an applied strain 

under a coupled confocal microscope and rheometer configuration.7 Figures 1b and d show digital 

images of the corresponding emulsions. Mineral oil in water emulsions are opaque with a milky 

white appearance attributed to the higher refractive index of the oil droplets compared to the 

continuous phase resulting in intense scattering of the passing light.13 Mineral oil in glycerol 

emulsions are index matched, evidenced by their translucency. The optical images of the 

corresponding emulsions are shown in figures 1 c and e, where we observe much smaller droplets 

for the water based emulsions compared to the glycerol ones. The oil in water nature of the 

emulsions was verified through both confocal imaging where the oil droplets were dyed by a 

hydrophobic dye Nile Red (Figure S1) and through the drip test. The emulsion dispersed in 

glycerol while coagulating in mineral oil validating the presence of glycerol as the continuous 

phase as depicted in inset of Figure 5.1E. While Figure S1 shows the oil droplets dispersed in the 

water/glycerol phase. 

Pickering emulsions can be attractive14 or repulsive15 depending on the nature of the interactions 

between the stabilizing colloids. The attractive nature of the CA NP is evident from their SEM 

micrograph which shows the NP as aggregates clumped together. A distinguishing feature between 

elastic and repulsive emulsions is their rheological behavior at varying oil ratios. Repulsive 
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emulsions show fluid like behavior at lower oil fractions while attractive emulsions display gel 

like properties even at lower oil fractions.3 Thus, to verify the attractive nature of the emulsions, 

we conducted SAOS experiments for MO in water emulsions at four different oil fractions (30, 40, 

50 and 60%) stabilized by 2% CA NP. Figure 5.1f shows the results of the amplitude sweeps. At 

all four ratios, we see Gô > Gôô and independent of frequency indicating solid like behavior. 

Furthermore, the moduli values are very similar for all the tested ratios. This may potentially 

indicate that the properties are influenced more by the CA NP rather than the oil volume. The 

amplitude sweep data is replotted as elastic stress (Gô) vs strain. Here also we observe overlap 

between the four tested oil ratios with similar values of yield stress (130-170 Pa) and yield strain 

(20-25%). Figure 5.1h-k show confocal images of mineral oil in water emulsions at 30% (1h), 

40% (1i), 50% (1j) and 60% oil volume (1k) with green depicting the mineral oil droplets and 

magenta showing the CA NP adsorbed on the droplet interphase and in the bulk water phase. From 

the confocal images we can see the droplet clustering indicating their tendency to attract one 

another. 
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Figure 5.3. Frequency sweeps at different CA nanoparticle concentrations for mineral oil in A 

water and C glycerol emulsions. (C-F) Confocal micrographs indicating droplet cluster behavior 

at (E,G)1 wt.% and (F,H) 4 wt.% CA concentration for mineral oil in water and glycerol 

respectively. Elastic stress curves for mineral oil in (G) water and (H) glycerol emulsions.  

Figure 5.3a-b show data from SAOS experiments on the two emulsion sets. With both water (3a) 

and glycerol (3b) emulsions we observe gel like behavior with frequency independent Gô and Gôô 

while Gô remains higher than Gôô. At 4% CA concentration the two emulsions set show comparable 
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moduli values, but at lower concentrations the water based emulsions show higher moduli values 

compared to the glycerol emulsions. Figure 5.3c-f show the overlayed confocal images of droplets 

clusters at 1% and 4% CA in water and glycerol respectively. At 4% CA, we observe a tightly 

packed polydisperse droplet network where while we can see slightly larger droplets (75 Ñ 16 Õm) 

these are surrounded by smaller droplets (20 Ñ 3Õm) in a percolated network structure. Also, we 

observe CA aggregates in between the droplets which could increase intra-cluster attraction. As 

the CA concentration is reduced, we can observe empty spaces in between droplets, which could 

reduce the moduli values and cause a softer consistency.  

Figure 5.3g-h shows the elastic stress curves for the water and glycerol samples respectively. The 

water curves show sharp peaks with increase in the yield stress with concentration. The yield strain 

however shows a successive decrease with concentration ranging from around 35% at lower 

concentrations to decreasing to 15% value at 4% CA. The glycerol emulsions show flatter elastic 

stress curves from 0.75 to 2% CA. At 4% CA we see a jump in the yield stress. The yield strains 

show the same range from 0.75 to 2% CA dropping to 22% at 4% CA. Drawing parallels between 

the droplet clusters and colloidal gels the decrease in yield strain can be indicative of stronger 

intra-floc compared to the inter-floc interaction strengths. Furthermore, as per the model proposed 

by Shih et al.16 the decrease in yield strain with concentration is indicative of the strong link regime 

with larger floc sizes. The confocal videos showing microstructure breakdown are a direct 

evidence of the stronger intra cluster interactions where even at higher strains individual 

connections between the droplets can be observed (Videos S1 to S4). This is discussed further in 

the confocal imaging analysis. 
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Figure 5.4: Confocal mapping of the amplitude sweep showing microstructure breakdown of 

mineral oil in glycerol emulsions at different strain percentages for A. 1 wt.%, B. 2 wt.% and C. 4 

wt.% CA concentration. Scale bars represent 100 microns. 

Moving on in the next part of the project, we conducted confocal rheological analysis to visually 

characterize and understand the effect of oscillatory shear on the emulsion microstructure. The 

confocal rheological analysis was conducted on mineral oil in glycerol emulsion samples stabilized 

via 1, 2 and 4% CA NP. While the detailed procedure is explained in the methods section, the basic 

premise was to perform a confocal mapping of the entire amplitude sweep (strain range 0.1 to 

1000%) to quantify changes in the droplet microstructure. Figure 5.4 shows the confocal 

micrographs at the 4 different strain values for the three tested concentrations where 10% is above 

the LVE regime, 63% is above the yield strain, 100% is above the cross-over strain an 630% is 
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towards the end of the amplitude sweep. At 1% CA (Figure 5.3a) we see a sparse network of 

polydispersed droplets. The droplet arrangement appears pretty similar till upto 100% strain while 

at 630% strain values we observe smaller droplets distributed in a somewhat uniform pattern. The 

same holds for 2% CA concentration where while we see a comparatively denser microstructure, 

the droplet configuration only appears visually different at 630% strain. At 4% we observed the 

densest microstructure, observing possible cluster movements as strain is increased, observing tiny 

and more uniform droplet sizes at 630% strain values.  

5.4.6 Size distribution  

While Figure 5.4 summarizes the shear-induced microstructural changes from a more visual 

perspective, we now to proceed to provide a more quantitative explanation of the confocal 

rheological analysis. 
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Figure 5.5: A. Variation of Mean sauter radius (R3,2) with strain for mineral oil in glycerol 

emulsions. B. Column graphs showing distribution of droplet normalized volume vs Feret radius 

at 1, 63, 100 and 630% strains. 
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Figure 5.5 shows the droplet size distribution of the mineral oil in glycerol emulsions stabilized 

by 1, 2 and 4% CA NP. Particle size and neighbors were calculated via the output of the image 

processing algorithm. Figure 5.5a shows the variation of the mean sauter radius (R3,2) with strain. 

As previously reported1 we observe, smaller R3,2 values at higher CA content at each tested strain. 

As to the trend of the R3,2 with strain, we observe some interesting patterns. At 1% CA we see a 

more varying droplet size as compared to 2 and 4% CA pinpointing a less stable microstructure. 

The dotted vertical lines in Figure 5a depict the yield strain values. At 1% CA we see an increase 

in R3,2  at the yield strain values while for the higher concentrations there is no change. Interestingly 

all three concentrations show an increased size around 100% strain while showing an overall 

reduced size at 630% strain and beyond alluding towards alternate coalescence and rupture. 

Emulsions can undergo both coalescence17 of smaller droplets into larger ones and rupture18 of 

larger droplets into smaller ones during shearing. While R3,2  shows the average droplet size across 

the amplitude sweep, the polydispersity of the emulsions demands a more through investigation 

of the droplet size distribution, which we attempt through dissecting the frequency distribution 

across the tested strains. Figure 5.5b shows bar graphs of the normalized droplet volume vs mean 

droplet size at 1%, 63%, 100% and 630% strain. The normalized volume rather than a simple 

frequency distribution of the droplet radius allows a more direct comparison as to what fraction of 

the sample space is occupied by larger vs smaller droplets. This enables a more direct estimation 

of both coalescence and rupture. At 1% CA, initially at 1% strain we observe a large fraction of 

bigger droplets, at 63% there is a redistribution with smaller occupancy by the larger droplets 

depicting rupture, at 100% we again see a tail at higher sizes depicting coalescence which shrinks 

at 630% strain. 2 and 4% CA depict similar behavior, at 4% we see a tail at lower sizes which is 

consistent with Figure 5.5a depicting a higher fraction of smaller droplet sizes. 
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The droplets size distributions at all the shear speeds can be fitted by a log-normal distribution, 

similar results have been reported for surfactant stabilized systems.19  

Droplet breakdown can occur through three mechanisms2018: 1. Binary breakup in which a droplet 

breaks down into two equal volume daughter droplets under a velocity field with slowly increasing 

magnitude. 2. Capillary breakdown in which a droplet is subjected to a rapidly changing flow fields 

and deforms in elongated shapes breaking down into many smaller droplets. 3. Tipdropping which 

occurs mostly due to non-uniform emulsifier distribution causing release of smaller droplets from 

ends of the primary droplet. Capillary number which is the ratio of viscous to interfacial forces is 

often used in emulsion literature to characterize droplet breakdown. The critical capillary number 

is the value of the Ca above which a droplet breaks down, usually having an order of unity at 

similar viscosity ratios.21 Figure S2 shows the trend of the Ca with strain. The Ca rises with the 

increase in strain reaching a maximum value at 1000% strain at 0.02 for 4% CA and around 0.01 

for 1, 2% CA. Although we observe a slight reduction in R3,2 with increasing strain, the Ca remains 

much lower than unity. Droplet breakdown at sub-critical Ca has also previously been reported22 

and different systems can have varying values of the critical Ca depending on the viscosity ratios. 

Additionally, we propose that breakdown in this case occurs due to shear induced removal of the 

CA nanoparticles from the droplet interphase. While the general consensus in literature is that 

Pickering particles are very strongly adsorbed to liquid interphase due to the high energy of 

adsorption, shear induced ripping has also been reported.23 This we propose is the reason for the 

observed droplet rupture and the reduced droplets size at higher strains. Our hypothesis is 

supported by microscopy videos showing transport of CA aggregates during shear (video S1 ï 1% 

CA being sheared from 200-630% strain) 
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Figure 5.6: A. Schematic depicting droplet clusters with large and small droplet at the center. B. 

Variation of N/R3 with strain. C. Schematic depicting emulsion microstructure consisting of 

collections of clusters. D. Variation of ×N/R3 with strain, 

In Figure 5.6, we characterize the clustering behavior within the emulsion samples. Clustering for 

dispersions and suspensions has been studied, there is a variety of definitions and metrics used. 

Ishigami et al5 defined the coordination number as the number of liquid bridges per particle. Here 

we use the same definition as Bindgen et al6, defining N as the number of neighboring droplets per 

droplet. For a monodisperse system, N provides a somewhat direct estimate of the number of 

connections, however polydisperse systems like ours will have a greater variability due to the 

wider size distributions. Thus, while a spherical droplet may have a maximum of 12 equal volume 

neighbors in 3D space,24 larger droplets can have a much larger number of smaller droplets 
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attached. Figure 5.5a graphically explains this phenomenon where smaller droplets will most 

likely have lower neighbors compared to larger droplets which will have smaller neighboring 

droplets. This is also by virtue of a larger number of smaller droplets compared to larger droplets. 

To account for this disparity, we normalize N by radius cubed enabling a more direct comparison. 

Figure 5.5b shows the trend of N/R3 across strain for the three CA concentrations. While 4% is 

slightly higher than 1 and 2% CA, the overall values remain constant at 0.01 Õm-3 indicating that 

the individual connections remain uniform across the different sizes and is also not affected by 

strain. Furthermore, while the microstructure rearranges the individual connections remain 

unaffected. This further validates our proposed hypothesis regarding stability of droplet clusters 

presented in Figure 3. We next attempt to quantify the compactness of the emulsion microstructure 

through accounting for the total number of clusters detected in a sample as schematically depicted 

in Figure 5.6c. In agreement with the rheology data, ×N/R3 increases with increase in CA 

concentration indicating a denser microstructure. The value remains consistent across the 

amplitude sweep at 20 Õm-3 at 1 and 2% CA while for 4% CA we see a slight peak closer to 50% 

strain and then a gradual decrease indicating breakdown. 
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5.4.7 Analysis of Large Amplitude Oscillatory Sweep 

 

Figure 5.7. A. Lissajous plots for glycerol emulsions across both strain and frequency for CDA 

concentrations of 1% (green), 2% (purple), and 4% (red). B. Viscous ratio and C. elastic ratio as a 

function of strain at a frequency of 5 rad/s. 

Figure 5.7a shows the Lissajous-Bowditch plots for glycerol emulsions for all three CA 

concentrations at varying strains and frequencies with subplots plotting the intracycle stress versus 

strain. At low strain percentages (1, 10%), all samples show a nearly linear response for the stress, 

characteristic of a Hookean elastic solid, indicating a lack of non-linearity and a space-spanning 

microstructure. As oscillatory strain is increased to intermediate values (40, 63, 100%), the sample 

becomes more viscous and non-linear, signified by the deviation from the characteristic elliptic 

shape of linear viscoelastic samples.25 The relative degree of nonlinearity maximizes around 100% 






















































































