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ABSTRACT

Using various concentrations of Laponite, results were obtained on an AR1000 rheometer
through various testing methods: stress sweep, creep tests, and large amplitude oscillatory
shear tests, defined as LAOS. Concentrations of 1%, 2%, 2.5%, 3%, and 4% wt. of
Laponite and distilled water solutions were tested. Laponite gels over 1% wt.
concentrations were characterized as yield stress materials, as determined by stress
sweep, creep test, and LAOS tests. The stress sweeps determined the yield stress, and the
creep tests verified the results with a range of creep tests over and below the yield stress
discovered in the stress sweep tests. The LAOS tests mapped a specific “fingerprint” of
how the Laponite gel behaved on a Lissajous figure of stress and strain. These LAOS
results are then fit with an evolution of deformation model in Matlab over various
oscillation stresses. The results show that slug slime emulation is possible by altering the
Laponite gel’s properties with polymers to result in a slug slime equivalent for use in
studying slug locomotion.
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Chapter 1
Introduction

The mountains flowed before the Lord, the One of Sinai, before the Lord,
the God of Israel.
Judges 5:5

1.1 Motivation

From the bible verse above, one can infer that if even the mountains flow then one can
conclude that Rheology is a study of how any material flows! Rheology is a complex
subject, more exposed in higher levels of Chemical Engineering and fluids classes. Yet
similar to materials research, studying basic material functions in static mechanics, it may
be just as important to understand fluids characteristics when studying fluid applications.
This is so that one can understand how “real” fluids might respond to stresses and strains,

as any solid material would.

This undergraduate thesis was a self study on Rheology, conducted in order to gain a
more in depth knowledge about the fundamentals of Rheology. From the fundamental
fluid concepts learned from introductory classes, this project aims to not only extend
upon that knowledge, but also to gain an understanding of how Rheology is used, and
how those concepts can be applied to current research and applications. This paper will

go over some of fundamental ideas concerning Rheology using basic rheological analysis
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in stepped shear sweeps and creep tests, and then move onto more current research
analysis using large oscillatory amplitude shear (LAOS), plotting the stress and strain
responses on Lissajous figures, and matching it to a evolution of deformation model of

complex fluids showing yield stress characteristics [1, 2].

1.2 Goals

The goal of this undergraduate thesis is to develop a basic understanding of Rheology
through fundamental rheometer testing and analysis. Furthermore, this thesis is to learn
how to use more advanced analysis using large amplitude oscillatory shear and how it can
be used to characterize a fluid’s material properties. By testing Laponite (material
explanation in section 2) using basic rheological tests, applying LAOS tests, and then
fitting it to a theoretical model, a more in-depth knowledge into Rheology can be
obtained. Finally, the concepts verified by this approach will be used to emulate the
properties of slug slime, leading into a further study of a mechanical slug and

understanding slug locomotion.

1.3 Overview

Chapter two reviews essential background information for this project. Chapter two
provides a quick broad understanding of yield stress, a little bit of its history and what
current discussions there are regarding that topic. Chapter two will also discuss the
material that will be extensively studied, Laponite. It will discuss its chemical structure as
well as the current uses of the synthetic clay material. By mixing Laponite with water a
“shake-gel” can be created. The chapter will also briefly explain the locomotion of slugs

and what fluid it uses to travel.
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Chapter three describes the theoretical analysis used in understanding the data extraction
and explains the process in which the data is applied. It will explain the three types of
testing used: stress sweep tests, creep tests, and LAOS tests, and will discuss how yield

stress characteristics are extracted from the data.

Chapter four explains the procedure used to gather data, from sample preparation of the

various concentrations of Laponite, to the various settings and tests used.

Chapter five shows and explains all the relevant data gathered for this experiment. It will
compile and compare the various results obtained. The LAOS data will be matched and

fit by the evolution of deformation model.
Finally, the conclusion will summarize the main topics discussed in this paper and the

results. Further applications for Laponite and how it can be altered to be used as a

medium for slug-like locomotion are discussed.
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Chapter 2

Background

2.1 Yield Stress

In current rheological literature there have been numerous papers, discussions, and

arguments regarding the topic of yield stress.

Yield as a general definition is used to as a term to give in or give way to. Regarding
fluids, it is used the slightly different way. The definition from An Introduction to
Rheology states that yield stress is a “stress corresponding to the transition from elastic to
plastic deformation™ [3]. Among the discussions, there are generally three ideas that try
to define yield stress. Some say there is a gradual change in a yield “region”, some feel as
if no such point exists, and others feel as if there is exactly one point where the yield

occurs [4].

The three most used equations to describe yield stress liquids are the Bingham plastic

model, Casson model, and the Hershel — Bulkey model[4].They are shown below:
The simplest model and probably the most well known model is the Bingham plastic

model. Proposed by Professor Eugene C. Bingham, who was one of the pioneers who

first defined Rheology [4].

22



c=0,+1,"7 2.1)

where, o is the shear stress, o, is the yield stress, y is the strain rate, and 7, is the

plastic viscosity.

Another model is proposed by Casson which is a modification of the Bingham model,

Jo=Jo, +Jo,7 2.2)

The Herschel — Bulkey equation is a three parameter model,
c=0,+k-y" (2.3)

A comparison of these three models is shown in figure 1. Although the Bingham model is

the simplest it is a still a good approximation of the fluid behavior of yield stress fluids.
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Figure 1: Compares the three most used yield stress models: Bingham, Casson, and Herschel —
Burkely [4].

Other opinions, from researchers, mention yield stress as an “engineering reality,” that
for practical purposes it can be used as an approximation for application [4]. There has
also been discussion on the idea of an “apparent yield stress.” The concept of “apparent
yield stress™ is when a strict yield stress isn’t assumed to be there, when a sharp transition
from a low to high viscosity fluid is present [5]. Dekee also suggests an idea of how
yield stress works, that yield stress is caused by a buildup in the fluid, in which the

applied stress just needs to break down in order to flow [6].
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As discussed, yield stress is an important concept, but one with several differing
definitions. When relating back to the engineering, as the Webster dictionary defines it,
Engineering: The application of science and mathematics by which the properties of
matter and the sources of energy in nature are made useful to people. It is the practical
aspect of engineering that drives research towards not only academic understanding, but
also useful applications that will positively impact people. Hence, being goal centric and
focusing on a problem at hand, only then can a definition of yield stress be applied, not

specific to the sake of science but for the sake of helping people.

2.2 Material

The material used in this study is Laponite RD from Southern Clay Products, Inc. in

Gonzales, TX.

2.2.1 Structure

Laponite is a purely synthetic material, and when mixed with water it creates a type of
gel, when sheared, acts as a viscous fluid. The chemical composition is
Na "o 7[(SigMgs sLio 8)O020(0H)4]7 [7]. The particles are held together by electrostatic

forces, and when Laponite is sheared, it creates a gel-like viscous fluid.

The Laponite particles are disc shaped crystals 0.92nm thick and 25nm in diameter. The
electrostatic force of the particles causes the crystals to attract to the negative surfaces of
the surrounding crystals, which gives the Laponite solution its gel-like formation.
Stronger concentrations, lead to stronger attractive forces due to more Laponite crystals.
These electrostatic forces cause the Laponite structure to be a three dimensional structure

of Laponite crystals as seen in figure 2 [7].
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Figure 2: A three dimensional structural form of Laponite which shows the electrostatic attraction

forces on the faces and edges of the surrounding Laponite crystals [7].

Laponite is very similar to colloidal suspensions such as bentonite and hectorite in

structure but is magnitudes smaller, as seen in figure 3.

Californian
hectorite

Wyoming
bentonite

-
<>

Laponite 100nm

Figure 3: Shows the size magnitude difference of Laponite compared to other colloidal suspensions,

bentonite and hectorite [7].

2.2.2 Current Uses

Colloid suspensions, like Laponite, are used in a variety of applications. Currently some
of the fields where Laponite is used are paint, cleaning products, drilling, cosmetics,

food, and pharmaceuticals [8].
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Laponite is generally used where natural clays were once used [9, 10]. Laponite is
chemically pure, consistent in structure, and is colorless and odorless. It is generally used
as a thickening agent. When used in toothpaste, it allows the material to squeeze out of

the tube, while retaining the shape when applied on the toothbrush.

One of Laponite’s more extensive uses is in the drilling industry. It is often used as a
drilling fluid in heavy oil drilling machinery. As the drill bit meets the rock layer, the
Laponite is used as a drilling fluid. By altering the properties of Laponite to a slurry, it is
applied to where the drilling occurs to bring back up the debris.

Further uses can be applied when polymer is added onto the Laponite substance. When a
polymer is added to a colloidal suspension, the additional polymer alters the rheological

properties of the fluid, allowing for application specific design [8].

2.3 Slug Locomotion

Slug locomotion is an interesting phenomenon. Slugs can move over most any type of
terrain, and can even climb vertically. Though slow and perhaps messy, because they
leave a slime residue as they move, they have many advantageous qualities worth
emulating. Research is currently being done at MIT Hatsopolous Microfluids Laboratory
to understand this locomotion fully, and to emulate it with robotics, via Robosnail [11,

12].

Figure 4 shows a brief illustration of how the muscles work in order to move on a layer of
slug slime. The slug moves its one foot, and from the outside observer, the layer in touch
with the slime moves in a wave-like pattern down the length of the snail, slowly moving

across the terrain, and leaving behind a layer of slime.
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Figure 4: Illustration of how a slug contracts and expands its muscles in order to use the slug slime as

a means of locomotion.

A rough analysis of the fluid is done below for a slug climbing vertically on a wall

(figure 5).

Slug Slime _______—"

Figure 5: Rough diagram of a slug fixed onto a vertical wall on a layer of slug slime.

In figure 5, a slug is stuck onto its own slime and resting on the wall. The dimensions of

the slug are
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WxDxH =V (2.4)

where W is the width, D is the depth, H is the height, and V' is the approximated

volume. Its density is given by p, and the force, F, that’s acting on the slime face due to

gravity, g, is
F=mg=(pV)g (2.5)

The shear stress, 7, that the force is causing on that face is given by

HW HW

which has units of pressure.

Using the Bingham plastic model to model the slug slime, the object will start falling if

r=0 Q2.7)

o, being the yield stress of the slug slime.

After substituting and rearranging,

o, =p_Vg and V =WDH, (2.8)
- HW
then one can conclude that if
o,>pDg (2.9)

Looking at banana slugs, the second largest among the slug family, and doing an order of

magnitude estimate, the weight is about 0.2 kg [13, 14], length is about 20cm [15], and its
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width is approximated to about 5 cm. By this estimation, that o, has be greater than 200

Pa!

As the yield stress is very high on the fluid, it is understandable how it manages to stay
attached to the wall, but it is phenomenal to see that slugs’ ability to not only stay, but to

travel along vertical walls.

At this point, an application to the slug slime will be constructed using the analysis and
rheological characterization done on the Laponite fluid, coupled with the understanding

of these properties of slug slime.
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Chapter Three

Theoretical Analysis

3.1 Stress Sweep and Observing Yield Stress

A shear stress can be applied in a step-wise manner from a low stress to a high stress.
After a certain region or point, the material transitions from a solid-elastic material, to a
viscous fluid. By applying a stress sweep, one can observe a change in the viscosity as a
function of the stress. After a yield stress material has been sheared from a low shear
stress to a high stress, and then sheared in the opposite direction from a high stress to a

low stress, hysteresis can be observed, similar to that of solid elastic theory.

Elastic solid theory, as shown in figure 6, shows that when an elastic material is applied a
shear stress, the value of the strain goes linearly upwards corresponding to the Young’s

modulus. When the stress exceeds the yield stress, the material starts to strain harden, and
when unloaded, unloads corresponding to the Young’s modulus and back into its original

form.
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Figure 6: Theoretical hysteresis loop for a metal plotted on stress and strain axes.

Similarly as an elastic solid, when applying a stress to a yield stress fluid it can be
modeled the same way. The fluid loads according to a modulus then becomes a viscous
fluid after the yield stress. When unloaded, it slowly comes back to its original form. This

phenomenon is seen in figure 7 and is verified in section 3.3.
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Figure 7: Hysteresis curve of a sample fluid as the stress is swept up and down.

From the graph in figure 7, using a geometric mean from the high viscosity value and the
low viscosity value, that value scaled down to the respective stress can be categorized as

the yield stress.

My =My My (3.1)

where, 7, is the viscosity at yield stress, 77, is the viscosity when yielded, and 7, is the

viscosity before the fluid gets to the yield point.
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3.2 Creep and Observing Yield Stress

When a material undergoes creep testing, it is tested at one stress value and the
deformation is shown over time. It deforms the fluid and measures the strain with respect
to the length of time the stress is applied. In different ratios of input stress to yield stress

(s=o0, / o, ) different fluid strain responses are seen in figure 8.
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Figure 8: Matlab graph illustrating the effect of s =& / O, on creep tests.

Values under a ratio of s</, the material strain approaches a constant value. As the ratio

of input stress to yield stress exceeds 1, the strain values increase linearly with time on a

log scale. Citerne [16] used the creep graphs to see a visible difference between the

results of s < / and s > I corresponding to visible difference in an elastic response and a
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viscous response. By using observing those visible differences a yield stress can be
determined from the transition from the elastic response to the viscous response. This
same analysis can be used in this case to approximate the yield stress and match it with

the yield stress values obtained in the shear stress analysis.
By doing creep tests on yield stress values obtained from the stress sweeps, a range of
effects can be seen with respect to various input stresses. By applying a stress in which
exhibits high viscosity, the strain levels out at a low value, and by applying a stress which
exhibits low viscosity, the material linearly deforms on a log-log plot. By applying a
creep test with s = 1, as determined on the stress sweep, and marginally increasing and
decreasing that value for use in creep tests, one can see where the transition from an
elastic-solid to a viscous liquid occurs. These tests can verify the yield stress value
obtained in the stress sweep tests.
By plotting the strain graphs as compliance, the opposite of a modulus, one can also get a
better look at the viscosity analysis. How the viscosity values are extracted from a
compliance graph is shown in the simple analysis below.
Stress by definition is:

o=ny (3.2)

where o is the stress, 7 is the viscosity, and y is the strain rate.

This can also be shown as:

c=n—— (3.3)

where y is the strain, and ¢ is time.
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Integrating with the initial condition that at 7 =0, =0, and rearranging,

y="-1 (3.4)

Compliance is defined as strain over stress, finally giving the relationship.

Jg=2_
(e

(3.5)

|~

where J is the compliance.

Using this relationship, one can fit the viscosity values from the compliance graphs onto

a stress sweep graph to verify the obtained results.
By comparing the yield stress from the stress sweeps with an estimated one from the

creep experiments and fitting the viscosity values from the compliance graphs, one can

see if the two tests are comparable.

3.3 Large Amplitude Oscillatory Shear and
Observing Yield Stress

By applying the equations [1, 2] the coupled nonlinear equations below describe the state

of deformation in a fluid showing yield stress properties.

When an oscillatory shear stress is applied a strain rate can be modeled as:
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. 1
}/:;E[O-” -cos(wt)—G'A(t):l (3.6)

where y is the strain rate, 7 is the time constant, G is the modulus, o, is the input stress,

w is the frequency, 7 is the time, and A(¢) is the population imbalance of defects in the

material.

The rate of change of the population imbalance of defects in the material is given by:

2
y

A= 7;|:1 _MA@)] (3.7)

where o, is the yield stress.

When the coupled non-linear ordinary differential equations are solved for materials
fitted with a proper modulus, time constant, frequency, input stress, and yield stress,
solutions can then be applied on a Lissajous figure of stress and strain. This would show
a rheological “fingerprint” illustrating the characteristics of the material at certain

parameters. For instance as a function of input stress to yield stress, s =0, / o, , various
different “fingerprints” can be examined. When s =0, / o, < 1, the linear elastic response
is shown, resembling a straight elliptical shape in the Lissajous figure. As s =0, / c,

approaches 1, the non-linearities are introduced into the Lissajous figure and it becomes

bigger with the edges becoming more skewed. As s =g, / o, exceeds 1, the Lissajous

figure becomes a parallelogram, showing the accumulated deformation and strain in the
Lissajous figure. The various Lissajous figures corresponding to different input stress to

yield stress ratios are seen in figure 9.
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Figure 9: Compares the Lissajous figures of s = O'O/O'y <l, 5= O-a/o-y =],and § = O'O/O'y >]

using the evolution of deformation model.

By using large amplitude oscillatory shear, the Lissajous figures can be used to further

verify the yield stress values from the stress sweep tests and creep tests, by exhibiting

specific shapes corresponding to the values from the stress sweep and creep tests.
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Chapter Four

Experimental Methods

The experiments performed were three different types of tests to characterize the
concentrations Laponite gels: stepped stress sweeps, creep tests, and large amplitude
oscillatory tests. All tests were performed on an AR1000 rheometer, seen in figure 10,

with a 40mm, 1.59 degree cone and plate geometry all at 20° C.

Figure 10: AR1000 used for all the stress sweep, creep, and large amplitude oscillatory shear tests on

the Laponite solutions.
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4.1 Sample Preparation

Samples were prepared by mixing Laponite with distilled water. The weight percentages
that were prepared were 1%, 2%, 2.5%, 3%, and 4% wt. solutions. The mixture was
prepared at room temperature into 100 mL solutions, and then mixed for 72 hours to
ensure complete mixture. Then, the solutions then sat at room temperature for 3 days to
make sure the Laponite mixture settled and the beginning aging effects would not affect

the results significantly [17].
The fully mixed solutions were mixed were carefully placed on a scale. The Laponite was

measured to 0.001g accuracy and the distilled water was measured to 0.01g accuracy.

The error bars are noted in the table below.

Table 1: Error bars associated in mixing the Laponite percentage weight solutions in distilled water.

Concentration Error Bars
1% +0.1005
2% +0.0412
2.5% +0.0412
3% +0.0348
4% + 0.0264

The 2%, 2.5%, 3%, and 4% Laponite distilled water mixtures that were made a type of
gel material. The solutions when left out undisturbed would feel like a gel type material.
When shaken, the solution would then flow like a viscous fluid. Figures 12-13, show a
graphic illustration of the Laponite mixture states, before being shaken and after being
shaken.
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Figure 11: A sample of 3% wt. Laponite solution = Figure 12: A sample of 3% wt. Laponite solution,

upside down before being shaken, the stir bar upside down after being shaken, showing the
suspended in the gel shows the elastic gel-like viscous fluid-like properties.
properties.

4.2 Stress Sweep

By applying a stepped stress sweep on each of the concentrations, a relationship of stress

to viscosity was shown. The experimental parameters are shown in table 2 below.
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Table 2: Testing parameters when using applying the stepped stress sweep tests on the Laponite

solutions.

Conditioning Step:

Initial Temperature ' Pre-Shear Equilibrium
20C 10 seconds 10 seconds

Steady Step Flow Step:

Stress Range [Pa] Points a Decade Temperature Sample Period

5.968 E-3 ~ 5968 5 20C 20 seconds
Steady State:

Percentage Tolerance Consecutive within Max. point time
Tolerance
5% 3 1 minute

The observations during testing show that the sample does not reach the equilibrium
stated in the range specified by the 5% tolerance, but it would at least stay within the 10%

tolerance range.

The stress sweep tests were stepped up from 0.005968 Pa to 5968 Pa. On the step up
procedure, the test would finish when the rheometer would overspeed. Once the
procedure was complete, on the same sample, the stress would then be stepped back
down from the last point 0.005968 Pa. The rheometer would then stop gathering data at
the point where the change was too small for the resolution of the rheometer to pick up.

This shear step up and down procedure made the hysteresis in the fluid visible.

The main goal was to understand the yield stress of the material at certain concentrations.

Creep tests would directly follow the stress sweep tests to verify the data received.
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4.3 Creep

By applying a creep test we were able to see at certain stresses how the strain would

change over time. Testing was done at various stresses, ranging from the solid-like

regime to the liquid-like regime in order to see the stark contrast between the two. By

observing the results in the stress sweeps, values were chosen for the solid regime, and

the viscous regime, depending on the high and low viscosities the shear stresses would

correlate to. For each fluid, thorough testing was performed to verify the yield stress

results for the stress sweep step tests, by testing points to see clearly what the yield stress

might be. The testing parameters are shown below.

Table 3: General testing parameters used when applying the creep tests on the Laponite solutions.

Conditioning Step:
Initial Temperature Pre-Shear Equilibrium
20C 10 seconds 10 seconds
Retardation:
Temperature Equilibrium Time Points a Decade
20C 2 minutes 5
Steady State:
Percentage Tolerance Consecutive within Sample Period
Tolerance
5% 3 20 seconds
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4.4 Large Amplitude Oscillatory Shear

For each Laponite concentration an oscillatory shear was applied. For a stepped
oscillation stress input a strain response was obtained. The tests were performed at 0.1
Hz, pre-sheared, and at a sampling cycle of 5 cycles. Once obtained, the data was then
compared to the visco-elasto-plastic model in section 3.3. The stress oscillation gave an
overview of the points and showed how it compared to the stress sweep results. A strain
sweep was also done in order to get more data close to where the ratio of input stress
approached the yield stress. An AR2000 was used for the strain sweep tests since the
AR2000 has a better resolution than the AR1000.

Table 4: General testing parameters used when applying the large amplitude oscillatory tests on the

Laponite solutions.

Conditioning Step:

Initial Temperature Pre-Shear Equilibrium
20C 10 seconds 10 seconds
Steady Sweep Step:
Sweep Points a Decade Temperature Equilibrium Frequency [Hz]
[micro N m] Time
0.10 ~ 1.00E5 5 20C 1 minute 0.1
Steady State:
Percentage Tolerance Consecutive within Max. Point Time
Tolerance
5% 3 1 minute

44




Chapter 5

Results and Discussions

5.1 Stress Sweep

Using the stepped stress sweep methods described in section 4, tests were applied to 1%,

2%, 2.5%, 3%, and 4% wt. solutions of Laponite.

Figure 13 shows the stepped stress sweep data for the 1% wt Laponite solution. It shows
that it is very similar to that of a Newtonian liquid. It is evident it does not show a yield
stress, or a characteristic that at a certain stresses there is a difference in how the material
flows. The comparison to a Newtonian fluid can be seen in figure 14. The plot in figure
14 shows silicone oil tested at the same testing procedure as the 1% wt. Laponite. It
shows a low viscosity and a constant viscosity value throughout the entire stepped stress
sweep. Understanding there are no interesting characteristics for the 1% wt. solution, no

further testing was applied to that sample.
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Figure 13: Two tests of stepped stress sweeps of a 1% wt. Laponite-water solution, showing no yield

stress characteristics.
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Figure 14: Stress sweep test of silicone oil that showing characteristics of a Newtonian fluid.
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Figure 15 shows a 2% wt. concentration of the Laponite water mixture. This solution
shows very different characteristics than that of the 1% wt. concentration. Through a
stepped stress sweep up and down, a hysteresis can be shown as mentioned in section 4.1.
In the region of 1Pa to 10Pa, there is a slow drop in viscosity, corresponding to the fluid

yielding in that region.

By applying a simple geometric mean, using equation 3.1, of the viscosity before yielding

and viscosity after yielding, the corresponding yield stress is 4 Pa.
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Figure 15: Numerous stress sweep tests stepped up and down on 2% wt. concentration of Laponite
and water, showing yield stress characteristics and a hysteresis.

The 2.5% wt. concentration of Laponite in figure 16 shows a steeper decrease in viscosity
than shown in the 2% wt sample. This demonstrates a more defined yield stress as

opposed to a region of yielding in the 2% wt. concentration in figure 2.
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Figure 16: Numerous stress sweep tests stepped up and down on 2.5% wt. concentration of Laponite

and water, showing yield stress characteristics and a hysteresis.

The following figures 17-18 show that the 3% wt. concentration and the 4%
concentrations have an even steeper drop in viscosity after a certain yield stress or point.
Another observation shows that the hysteresis the reverse stress sweep goes back to the
original viscosity much more quickly in the higher concentrations than the lower

concentrations, showing a faster restructuring time than the lower concentrations.

48



1.00E+06 ¢
1.00E+05 ¢

1.00E+04

1.00E+03 L

1.00E+02

Viscosity [Pa s}

1.00E+01 -

TrT

1.00E+00 &

L2100 anmn

1.00E-01 ¢

1,00E-02 : —— e
1 10 100

Shear Stress [Pa]

Figure 17: Numerous stress sweep tests stepped up and down on 3% wt. concentration of Laponite
and water, showing yield stress characteristics and a hysteresis.
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Figure 18: Numerous stress sweep tests stepped up and down on 4% wt. concentration of Laponite
and water, showing yield stress characteristics and a hysteresis.
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By combining the above stepped stress sweep graphs, a clear difference can be seen in
the various concentrations. In figure 13, the 1% wt. Laponite solution shows no yield
stress. The 2%, 2.5%, 3%, and 4% wt. Laponite all show clear signs of yield stress. The
only exception might be the 2% wt. Laponite solution, it is a very gradual perhaps
showing a yield stress region. By applying the geometric mean, table 5 shows the yield

stresses correlating with the stress sweep tests.

Table 5: Compilation of the yield stresses determined from the stress sweep data using geometric

mean from the viscosity before yielding and the viscosity after the yielding.

Concentration Yield Stress
1% none
2% 4 Pa
2.5% 11 Pa
3% 52 Pa
4% 75 Pa

On a log-log scale it looks as if the viscosity is decreasing drastically when the shear
stress is above the yield stress. Though, when looking at the graphs on a semi-log scale,
one can observe that the viscosity of all the samples drops in about an absolute 20 Pa
range. Figures 19-21 show the stress sweep data for the 2%, 3%, and 4% solutions on a

semi-log scale.

50




10000
20°C

EI

£

1000

100

10

Viscosity [Pa s]

0.1 ¢

0.01

Stress [Pa]

Figure 19: Semi-log scale of the 2% Laponite solution when applied a stepped stress sweep test.
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Figure 20: Semi-log scale of the 3% Laponite solution when applied a stepped stress sweep test.
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Figure 21: Semi-log scale of the 4% Laponite solution when applied a stepped stress sweep test.

Though it may seem that with each increase in Laponite concentration, there is a steeper
drop in viscosity, the drop in viscosity is mainly done in a 20 Pa window in the fluid. In
figure 22, plots of all the stepped stress sweep tests are combined onto one graph. It

shows the difference in how each concentration mixture is affected by the varying shear

stresses. An increase concentration of Laponite corresponds to higher yield stress values.
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Figure 22: Compendium of the stepped stress sweep curves for the 1%, 2%, 2.5%, 3% and 4% wt.
Laponite solutions all at 20°C.
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5.2 Creep

Creep testing was conducted to verify the stepped stress sweep tests. For 2% wt.
Laponite, the yield stress according to the stress sweeps were determined to be around 4
Pa. In the creep tests shown in Figure 23, one can see that there is a big difference
between the 6 Pa test and the 9 Pa tests, while the 15 Pa test and 9 Pa test behaved
similarly. For such a big difference in stress values and to behave similarly, and for such
a small difference in values to behave so differently shows that the yield stress must be
around the 6 Pa mark. This evidence can also be seen in the difference of the 6 Pa creep
test and the 3 Pa creep test. Since there is a drastic difference in the way the fluid flows,
one can assume that there be a corresponding yield stress in that region of shear stress

values.

1.00E+04 ¢
1.00E+03 |
1.00E+02
1.00E+01 |
1,00E+00
1.00E-01

1.00E-02 |

Compliance [1/Pa]

1.00E-03 »
1.00E-04 -

1.00E-05 |

100E_06> L A1l L I R R L L4l T N SR A | 1 Ll Lo
1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time [s]
Figure 23: A comparison of the Compliance J(t) for the creep tests on a 2% wt. solution of Laponite

when applied shear stresses from 1 Pa to 27 Pa, showing the difference in creep tests done with shear

stresses below the yield stress and shear stresses above the yield stress value.
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By applying the same analysis for the 2% wt. Laponite solution in figure 23, yield
stresses can be estimate in the creep graphs in figures 24-26 for the 2.5%, 3%, and 4%

wt. Laponite data.

1.00E+04 ¢
1.00E+03 |

1.00E+02 L

1.00E+01 L
1.00E+00 |
1.00E-01 ¢

1.00E-02 E

Compliance [1/Pa]

1.00E-03 ¢

1.00E-04 | 4 ——2357Pa
I

—#—-12 Pa
1.00E-05 ¢ 9.44 Pa
F - § Pa
—¥—2.374

1.00E-06

100E_07’ L T B | 1 TR S T U 10 1 N TN S S S G T W I L1 gl L 1o iyl I Lt 1l
1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03

Time [s]

Figure 24: A comparison of the Compliance J(t) for the creep tests on a 2.5% wt. solution of Laponite
when applied shear stresses from 2.374 Pa to 23.57 Pa, showing the difference in creep tests with

shear stresses below the yield stress value and shear stresses above the yield stress value.
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Figure 25: A comparison of the Compliance J(t) for the creep tests on a 3% wt. solution of Laponite
when applied shear stresses from 15 Pa to 75 Pa, showing the difference in creep tests with shear
stresses below the yield stress value and shear stresses above the yield stress value.
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Figure 26: A comparison of the Compliance J(t) for the creep tests on a 2.5% wt. solution of Laponite
when applied shear stresses from 23.57 Pa to 120 Pa, showing the difference in creep tests with shear
stresses below the yield stress value and shear stresses above the yield stress value.
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Compiling all the data gathered from the creep tests, table 6 shows the yield stresses

obtained from the creep analysis.

Table 6: Compiled yield stresses extracted from the creep tests of 2%, 2.5%, 3%, and 4% wt.
Laponite solutions.

Concentrations Yield Stress
2% 5 Pa
2.5% 12 Pa
3% 32 Pa
4% 90 Pa

Now using any one of these graphs, one can also verify the viscosity results of the stress
sweep tests by using the analysis in section 3.3. Using the Compliance graph of 2% wt.
Laponite in figure 22 , the viscosity values can be extracted from the graph and fitted
right onto figure 15, the stepped stress sweep plot of 2% wt. Laponite. One can see that
the overlap in figure 27 is reasonable. This allows the reassurance that the two test results

are similar with also similar yield stresses.
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Figure 27: A fit of the creep test extracted viscosity values for a 2% wt. Laponite solution mapped

onto the stepped stress sweep data for the same 2% wt. Laponite sample.

Table 7, shows the comparison of the stress sweep test viscosity values to the creep test

viscosity values to evaluate how closely the values line up.
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Table 7: Viscosity values for both the creep tests and stress sweeps tests at certain shear stresses on

the 2% wt. Laponite solution.

Shear Stress [Pa]

Viscosity [Pa s] Creep

Creep
27 0.033
15 0.1
9 0.33
6 1
3 33.33
1 250
Shear Stress [Pa] Viscosity [Pa s] Shear Stress [Pa] Viscosity [Pa s]
Sweep Tests #1 Sweep Tests #1 Sweep Tests #2 Sweep Tests #2
23.58 0.02106 24.92 0.01921
14.95 0.05802 15.79 0.05419
9.452 0.2422 9.993 0.2198
5.968 1.71 6.309 1.224
3.765 13.93 2.512 38.35
0.9458 317 0.9999 171.9

Figure 28 and table 8, shows samples from the 2.5% wt. Laponite solutions tests. Similar

to the 2% solution, the figure shows that the creep viscosity values follow the stress

sweep results.
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Figure 28: A fit of the creep extracted viscosity values for a 2.5% wt. Laponite solution mapped onto

the stress sweep data for the same 2.5% wt. Lapdnite sample.

Table 8: Viscosity values for both the creep tests and stress sweeps tests at certain shear stresses on

the 2.5% wt. Laponite solution.

Shear Stress [Pa] Viscosity [Pa s] Creep
Creep
23.57 0.333
12 10
9.44 12.5
6 333.33
2.374 1000
Shear Stress [Pa] Viscosity [Pa s] Shear Stress [Pa] Viscosity [Pa s]
Sweep Tests #1 Sweep Tests #1 Sweep Tests #2 Sweep Tests #2
23.57 0.1288 27.34 0.07412
14.96 1.327 12.83 3.822
9.441 23.07 N/A N/A
5.957 513.7 5.955 491.8
3.76 2214 2.761 2634
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Figure 29 shows the results of the stress sweep tests and the creep tests superimposed
onto one graph. The trend lines show the relationship between the yield stresses on a

power law curve and on an exponential relationship with respect to Laponite wt.

concentration.
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Figure 29: Compendium of all the yield stress points gathered from the stress sweep tests and creep
tests for all the 2%, 2.5%, 3%, and 4% wt. solutions of Laponite and also shown is the equation of a

fitted power law line and a exponential line corresponding to the yield stresses at a certain Laponite

weight concentrations.
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5.3 Large Amplitude Oscillatory Shear (LAOS) Tests

After applying an oscillatory shear test and outputting the form in a Lissajous figure of

stress and strain, one is able to see a fingerprint of the characteristics of the fluid.
At an oscillatory stress at

o, =sin(wt) 5.1

and the strain response is

o, = cos(wt) (5.2)

This shows a 90° phase difference between the input stress and the strain response. In
figure 30 a perfect circle denoting a pure linear Newtonian fluid. Figure 31 shows the
results from two LAOS tests of the Newtonian fluid of silicone oil. A perfect circle is not
visible, since the phase difference is tilted a couple degrees, is this seen in the phase
difference plot in figure 31. This phase difference is a result of silicon oil’s similar but

imperfect Newtonian fluid properties.
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Figure 30: This perfect circle on a Lissajous figure representing a pure Newtonian fluid.
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Figure 31: A Lissajous figure of stress and strain of a Newtonian fluid, silicone oil, at input stress

amplitudes of 3.761 Pa and 0.5919 Pa, showing that a Newtonian fluid is characterized by a stress

input and strain response that is close to a 90° phase difference, showing a fingerprint close to a

circle.
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Based on the results in figure 31, the phase shift for the 0.5919 Pa sample was 89.94° and
for the 3.76a Pa test, the phase shift was 90.11° which explains the imperfect circle in
figure 31. Figure 32 shows the phase difference with respect to the oscillation stress, and

it can be seen that the data wavers around 90°.
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Figure 32: Experimental LAOS data on the silicone oil showing the relationship between the phase
degree difference and the oscillation stress.

On the other hand, an elastic solid would give a profile of a straight line on a Lissajous
figure of stress and strain. Where given an oscillation stress, there would be very little

strain response since the material is a linearly elastic solid. This is seen in figure 33.
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Figure 33: Lissajous figure corresponding to a perfect elastic solid.

When applying the large amplitude oscillatory shear to the Laponite samples at different
oscillation stresses there were many different Lissajous figures that characterized the
fluid at different stages. In figure 34, a 2% wt. Laponite solution is shown at two different
oscillatory stresses on a Lissajous plot, 5.963 Pa and 9.454 Pa, corresponding to an input
stress to yield stress ratio, s = 0.5963 and s =0. 9454. The yield stress as determined by
the LAOS test and model, not the stress sweep and creep test. Fitted with that is the
model that predicts the shape of the Lissajous figure, as explained in section 4.4. The

linear visco-elastic region is shown by the elliptical figure on a Lissajous plot.
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Figure 34: Lissajous figures of 2% wt. Laponite at s = 0.5963 and s = 0.9454 , fit with the model in

the linear visco-elastic regime.

As the oscillation stress approaches the yield stress, the Lissajous figure becomes
expanded, transforming from an ellipsoid to a parallelogram. This phenomenon is also
shown in the LAOS Lissajous fingerprint model. The fitted model with experiment data

can be seen in figure 35 at s = 1.5.
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Figure 35: Lissajous figure of 2% wt. Laponite at s = 1.5 fit with the model as the oscillation stress

exceeds the yield stress of the solution.

When fitting the model to the experimental results there are two main factors to control, z,

the time constant of the fluid and G, the modulus. The table below shows the values used

to model the 2% wt. Laponite at specific oscillation stresses.

Table 9: The values used to fit the model to the experimental results of the 2% wt. Laponite LAOS

tests.

Input Stress

Yield Stress, o,

Time Constant,

Modulus, G [Pa]

Frequency, w

Amplitude, o, [Pa] 7[s] [rad/s]
[Pa]
5.963 10 0.25 150 0.628
9.454 10 0.25 175 0.628
14.99 10 0.22 125 0.628
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When observing the 2.5% Laponite mixture the results are similar to that of the 2% wt.
Laponite solution. Figure 36-37 show the model again fit to the LAOS data obtained
from the 2.5% wt. Laponite mixture on stresses ranging from 9.454 Pa to 23.75 Pa to see

the entire range of shapes from the linear elastic region to the non-linear region.
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Figure 36: Lissajous figures of 2.5% wt. Laponite at s = 0.5 and s = (.75, fit with the model in the

linear visco-elastic regime resulting in ellipsoid Lissajous figures.
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Figure 37: Lissajous figure of 2.5% wt. Laponite at s = 1.2 fit with the model as the oscillation stress

exceeds the yield stress of the 2.5% wt. Laponite solution.

The tables of values used to fit the 2.5% wt. Laponite experimental results are below in

table 10.

Table 10: Values used to fit the model to the experimental results of the 2.5% wt. Laponite.

Input Stress Yield Stress, 6, | Time Constant, | Modulus, G [Pa] Frequency, w
Amplitude, 6, [Pa] 7 [s] [rad/s]
[Pa]
9.454 20 0.2 180 0.628
14.99 20 0.3 150 0.628
23.75 20 0.012 55 0.628
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The 3% wt. Laponite and the 4% wt. Laponite show more of the nonlinear characteristics
of the Laponite solutions. As the stress increases and comes close to the yield stress of
the fluid, one can observe that in the Lissajous figures, the edges start to stray from the
ellipsoid shape. This shows that at those oscillation stresses, the Laponite solution is
becoming more non-linear. Figure 38, shows the LAOS results of the 3% wt. Laponite
solution at 23.75 Pa or s = 0.4, where the ellipsoid shape is still retained, and at 37.65 Pa

or s = (.7, where the nonlinearity can be start to be seen on the edges of the ellipsoid.
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Figure 38: 3% wt. Laponite solution tested at s = 0.4 and s = (.7, showing the progression from an

ellipsoid shape to a non-linear shape that deforms the ends of the ellipsoid.

The evolution of deformation model also fits the non-linear regions of the Laponite fluid

as shown in figure 39. The equations in section 4.4, models the population imbalance of
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the defects in the structured fluid and predicts the deformation in the Lissajous figure due

to the increasing stress.
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Figure 39: Lissajous figure with both the experimental data and model fit for 3% wt. Laponite as

stress was increasing closer to yield stress, showing a nonlinear portion of the fluid ats = 0.7.

The values used to fit the LAOS result of the nonlinear 3% wt. Laponite at 37.65 Pa are

shown in table 11.

Table 11: Values used to fit the model to the nonlinear experimental results of the 3% wt. Laponite at

37.65 Pa.

Input Stress

Yield Stress, o,

Time Constant,

Modulus, G [Pa]

Frequency, w

Amplitude, «, [Pa] 7 [s] [rad/s]
[Pa]
37.65 55 0.1 500 0.628
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In the 4% wt. Laponite solutions, one is able to see the entire transition from a linear
ellipsoid shape, to a non-linear skewed ellipsoid shape, to a deformed shape where the
input stress exceeds the yield stress of the 4% wt. Laponite solution. Figure 40, shows the
linear elasto-plastic regimes of the 4% wt. Laponite fluid at 37.65 Pa (s = 0.3), 59.68 Pa
(s =0.52), and 94.59 Pa (s = 0.8). Figure 41 shows the 94.59 Pa oscillatory stress LAOS
data plotted on a Lissajous figure of stress and strain fit with the model to match the

deformation in the fluid.
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Figure 40: LAOS tests of 4% wt. Laponite solution s = 0.3, s = 0.5, and s = (.8 showing the transition

from a linear ellipsoid to a non-linear skewed ellipsoid on a Lissajous figure of stress and strain.
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Figure 41: LAOS data of the 4% wt. Laponite at s = 0.8, and fit with the same fingerprint in the

model to describe the state of deformation in the fluid on a Lissajous figure of stress and strain.

Figure 42-43, combines both graphs above and adds another fit of an input stress above
the yield stress to see the evolution of the fingerprints from a perfect ellipsoid, to a
skewed ellipsoid with edges moving into the non-linear regime, and finally in the
parallelogram shape showing the large changes in deformation rate and accumulated

strain [1, 2].
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Figure 42: Showing the transition from a linear visco-elastic ellipsoid Lissajous figure to a
parallelogram nonlinear Lissajous figure of a 4% wt. Laponite solution by LAOS testing at s = 0.5, s
=0.8,and s = 0.95.
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Figure 43: The comparison of Lissajous figures near the yield stress s = 0.95, and above the yield

stress at s = 1.1 fit with the model for tests on the 4% wt. Laponite.
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Figure 44 shows G, the storage modulus and G ”, the loss modulus for oscillation stress

sweep and strain sweep tests. At around 100 Pa, one can notice a drop occurs in both G’

and G with the increase of the phase angle difference. This area is where the fluid has

been yielded.
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Figure 44: Storage modulus, G,’ loss modulus, G”, and delta plotted with respect to the oscillation

stress for a 4% wt. Laponite solution to see where the yielding occurred on the solution.

Figures 45-46 shows the corresponding waveforms of stress and strain responses to s </
and s >] on the LAOS tests on the %4 wt. Laponite. The waveform of s < 1 shows the
two oscillations in phase, while the accumulation of deformation and change of phase
angle is clearly visible in the waveform of s > 1.
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Figure 46: Waveform of a 4% wt. Laponite
solution at s > 1, showing the deformation and
phase difference of the strain response to the

applied stress.

The nonlinearity of the LAOS plots as the input stress approaches and exceeds the yield

stress corresponds to the energy dissipated in the deformations and accumulated strain

[16]. To compare the values used in the simulation model to the values extracted from the

4% wt. Laponite results can be seen in table 12 below.
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Table 12: Values used to fit the model to the experimental LAOS results of the 4% wt. Laponite

solution.
Input Stress Yield Stress, 6, | Time Constant, | Modulus, G [Pa] | Frequency, w
Amplitude, o, [Pa] 7 [s] [rad/s]
[Pa]
59.68 115 0.1 1110 0.628
14.99 115 0.15 1025 0.628
108.8 115 1 500 0.628
131 115 .07 800 0.628

When comparing all the yield stresses obtained in the stepped stress sweep tests and the

creep tests, with Lissajous fingerprints exhibiting non-linear characteristics

corresponding to the oscillation stress on the LAOS tests and the fitted model, one can

see in table 13, that the yield stresses values are comparable. The yield stress value from

the LAOS tests is the value closest to the yield where a clear data point was obtained.

Therefore, it is a slight higher value than the yield stresses as characterized by the stress

sweep tests or creep tests. The yield stresses on the deformation model, is one that gave a

good fit to the LAOS Lissajous figures.

Table 13: Comparing yield stress values from 2%, 2.5%, 3%, and 4% Laponite samples from the

stepped stress sweeps and creep tests, with the oscillation stresses corresponding to the non-linear

Lissajous figures from the LAOS tests and from the model.

Concentration Yield Stress Yield Stress Yield Stress Yield Stress
Stress Sweep Creep Test LAOS Tests Model
2% 4 Pa 5 Pa 15Pa 10Pa
2.5% 11 Pa 12 Pa 23 Pa 20 Pa
3% 52 Pa 32 Pa 38 Pa 55Pa
4% 75 Pa 90 Pa 109 Pa 115 Pa

77




Chapter Six
Conclusion

The goal of this thesis was to first gain a basic understanding of the methods and analysis
used in Rheology. Studying the phenomenon of yield stress, the complexities of
Laponite, and slug locomotion, a basic scope was obtained for the project. Then by
applying stepped stress sweeps and creep tests, basic and fundamental rheological data
was obtained and analyzed. The stepped stress sweeps helped to first categorize the
concentrations of Laponite was yield stress fluids or not, and the creep tests verified those
results. The stepped stress sweeps categorized the 2%, 2.5%, 3%, and 4% wt. Laponite
concentrations as fluids with yield stresses. The creep tests verified the viscosity values,
as well as the yield stresses from viewing the differences in Compliance J(?) data on
whether the fluid response was that when applied a shear stress above or below the yield
stress. Those concepts then were translated when applying large amplitude oscillatory
shear tests on to the Laponite concentrations. Through the LAOS tests, the results were
plotted onto Lissajous figures of stress and strain, and specific fingerprints of

characteristics were seen at different input stress to yield stress ratios, s = (o, / o,). At

s < 1, the rheological fingerprint would resemble an ellipsoid shape, giving information
that the fluid is in the linear elasto-plastic regime. As s approached 1, the nonlinearities
would be visible with an ellipsoid shape growing outward with the ends starting to
become skewed. When the input stress exceeded the yield stress, at s >/, the Lissajous
figure would start to resemble a parallelogram to show the accumulated strain and
deformation. The LAOS results were fit to a model of the evolution deformation in the

fluid. This model matched the data well.

After characterizing the Laponite fluid concentrations and observing slug slime, an

emulation process to create a artificial slug slime is possible. Looking at the properties of
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slug slime in table 14, one can notice that the yield stress is a bit higher than
characterized by the concentrations of Laponite so far. The viscosity after yield values for
Laponite are also magnitudes below the slug slime. The heal time, though not
qualitatively measured, quantitatively the 4% wt. solution is sufficient for that heal time

value.

Table 14: Slug slime properties.

Yield Stress Viscosity After Yielding Heal Time

~ 400Pa — 500 Pa ~5Pa < 1 second

From this point, with the Laponite solutions characterized, one might want to increase the
yield stress by testing higher concentrations of Laponite solutions, say a 5% wt. solution.
Then by adding various polymers, more alterations in the fluid properties can be made to

fit the viscosity after yielding values.

Laponite solutions are used in a variety of applications. Through this characterization of
Laponite in the various analyses and tests, a model to emulate slug slime is established
and by adding polymer one can eventually create a solution matching the properties of
slug slime, in order to further understand the complexities and uses of slug locomotion.
Slug locomotion is an unique type of movement and potentially has many practical
applications. As nature is the most efficient engineering design on the planet, it is only
appropriate that research can be done to understand and then emulate those designs that

may be used to help in positively affecting people.
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Appendix : Matlab Code Used to Fit LAOS

Results on Lissajous Figures

1* Matlab script. Calls on the second script “equation.m” to solve the coupled non-linear
ordinary equations for the evolution of the deformation of a yield stress characteristic
fluid and outputs a Lissajous figure of stress and strain.

cxlobal Variablies

global tau G sigma y sigma knot omega

“lnput Variables

omega = 0.628; tfrequency

G = 150; ulus
tau = 1; % :
sigma_knot = 95;
sigma_ y = 115;

C2 = 2*pi/omega;

“Irnitial conditions
YO = [0 07;

Cillaeps tha goront B IS

[tout, yout] =-ode4§('e;

“Tuncemicr Definitlions

stress = sigmaknot*sin (omega*tout);
strain = yout{(:,1);

delta = yout(:,2);
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N vraction on the Lissas
~Cifset correctlon on tnée Lissalo

cffset = (max(strain)+min(strain))/2;
strain = strain - offset;

s figures

“wlots ol artress, strain, and delta wi
figure(l), plot(tout,stress), title('
tout'),xlabel (Ttime'),ylabel ('stress’)

figure(2), plot(tout,strain), title('strain wvs tout'),

xlabel ('tirme"),ylabel ('strain')

figure(3), plot(tout,delta), title('delta vs tout'), xlabel('time'),
ylabel ('delta')

»Fluts 2z Lissadous figure of stress and strain
figure(l), plot(strain,stress), title('St
Strain'),xlabel ('Strain'),ylabel ('

DLIRSH

2" Matlab script used in the first script as a function which is called on to solve the
ODEs.

fases

function dydt =

ST e E SIS I SR
Tl LO0E varialles

glokal tau G sigma_y sigma knot omega CZ2

delta
sigma =

0 S D
N
-

igma knot*sin (omega*t);

Choffzrerntial Eouations
dgammadt
ddeltadt

of Strairn and Delta

i

(1/(tau*G))* (sigma - G*delta);
dgammadt * (

1 - ((G*sigma*delta)/(sigma y"2)));
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