New Jersey Institute of Technology

Digital Commons @ NJIT

Theses Electronic Theses and Dissertations

8-31-2023

Investigating the rheological behavior of a simple yield stress fluid
under shear flows

Francesco Accetta
New Jersey Institute of Technology, francesco.accettal8@gmail.com

Follow this and additional works at: https://digitalcommons.njit.edu/theses

b Part of the Complex Fluids Commons, Mechanics of Materials Commons, Polymer and Organic
Materials Commons, and the Polymer Science Commons

Recommended Citation

Accetta, Francesco, "Investigating the rheological behavior of a simple yield stress fluid under shear
flows" (2023). Theses. 2298.

https://digitalcommons.njit.edu/theses/2298

This Thesis is brought to you for free and open access by the Electronic Theses and Dissertations at Digital
Commons @ NJIT. It has been accepted for inclusion in Theses by an authorized administrator of Digital Commons
@ NJIT. For more information, please contact digitalcommons@njit.edu.


https://digitalcommons.njit.edu/
https://digitalcommons.njit.edu/theses
https://digitalcommons.njit.edu/etd
https://digitalcommons.njit.edu/theses?utm_source=digitalcommons.njit.edu%2Ftheses%2F2298&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/243?utm_source=digitalcommons.njit.edu%2Ftheses%2F2298&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/283?utm_source=digitalcommons.njit.edu%2Ftheses%2F2298&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/289?utm_source=digitalcommons.njit.edu%2Ftheses%2F2298&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/289?utm_source=digitalcommons.njit.edu%2Ftheses%2F2298&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/246?utm_source=digitalcommons.njit.edu%2Ftheses%2F2298&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/theses/2298?utm_source=digitalcommons.njit.edu%2Ftheses%2F2298&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@njit.edu

Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



ABSTRACT

INVESTIGATING THE RHEOLOGICAL BEHAVIOR OF A SIMPLE YIELD
STRESS FLUID UNDER SHEAR FLOWS

by

Francesco Accetta
Many soft materials display unique and complex rheological behavior characterized by a
transition from a solid-like to a fluid-like state upon the application of a force that
exceeds the threshold to flow, known as the yield stress. Yield stress fluids are found in a
wide range of commonly encountered materials including microgels, emulsions, and
foams, and have been widely studied by rheologists over the last several decades.
Carbopol is a popular polymeric microgel system as it displays simple, non-thixotropic
rheological behavior and is typically seen as an ideal yield stress fluid. Previous research
has demonstrated the reproducible behavior of shear stress in Carbopol systems, but
measurements of the normal stress differences are either limited in scope or demonstrate
chaotic behavior. Here a Carbopol yield stress fluid is evaluated to examine how
experimental test history effects subsequent constant shear strain rate experiments, and
how the shear stress and normal stress differences evolve during and after being subject

to a period of zero stress known as recovery.
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CHAPTER 1

INTRODUCTION

1.1 Objective
The objective of this study is to investigate the behavior of normal stresses in a Carbopol
rheological system under shear flows. Various test geometries and parameters were
employed to examine the rheological behavior of Carbopol and enhance our
understanding of the influence of test protocols on the nature of the normal stress
responses.

Multiple rheometers, employing both cone-plate (CP) and parallel-plate (PP)
geometries, were used to measure the yield stress, shear stress, and normal stress
differences. The key experiments involved constant strain rate tests, with waiting periods
defined by two distinct conditions: either constant strain relaxation or constant stress
recovery. These protocols aim to reveal the impact of test history on the stress response

of yield stress fluids.

1.2 Shear Rheology
Rheology, the study of the flow and deformation of soft matter, explores the relationship
between stress, deformation, and time. While it encompasses the deformation of solid-
like materials, its primary focus lies in understanding the flow behavior of liquid-like and
complex viscoelastic materials, which exhibit characteristics of both solids and liquids
[5]. In fluid rheology studies, shear flow is commonly considered, which involves the

movement of fluid layers past one another with a velocity gradient between the applied



force on the moving top layer and the stationary bottom layer. In practice, a fluid sample
is typically placed between two plates separated by a gap (H). These plates consist of a
stationary bottom plate and a moving top plate, which is subjected to a known force (F)
acting on a specific sample area (4) and moves at a known velocity (7). The resulting

ratio is expressed as the shear stress (o), given by the equation

F

with units of [N/m?] or [Pa]. Due to the difference in velocity of adjacent layers in the
fluid, a velocity gradient develops in the sample that is represented by the shear rate (y),

a measure of the change in strain with time

. avl_V
y_d_xz_ﬁ (1.2)

with units of [s"!] and is the slope of the velocity gradient that develops during shear flow

(Figure 1.1.)

v

R
v = ’?(f)Eg
H
T2
4 > Y
Ty

Figure 1.1 Time dependent shear flow between parallel plates with shear rate y(t). [6]



The ratio of the shear stress and shear strain rate is determined by the viscosity 7, where

(1.3)

=19

with units of Pascal seconds [Pa-s]. Fluids that have a linear relationship between shear
stress and strain, or a constant viscosity independent of the shear rate, are referred to as
Newtonian fluids. Fluids that have a viscosity that depends on the shear rate are broadly
termed non-Newtonian and can be classified further into other categories based on their
rheological behavior, which can be seen in Figure 1.2. Each of the categories has multiple
models that can be used to represent their behavior but are not necessary for the work

presented here. If the upper surface is displaced by a distance L, the shear strain (y) is

L
= — 1.4
Y=y (1.4)
and the ratio of the shear stress to the shear strain is the shear modulus G,
G = ? 1.5
" (1.5)

One of the most common rheological measurements is oscillatory shear, often
categorized as small- or large-amplitude oscillatory shear (SAOS or LAOS) . For this

work, the test conducted is known as the oscillatory frequency sweep test.



Shear stress, o (Pa)

Shear rate, y (s7)

Figure 1.2 Shear stress versus shear rate various fluid classifications.

Source: [1]

These tests give information on the time dependent stress response of the material by

applying a sinusoidal strain with an angular frequency o, as

Y(®) = yosin(wt) (1.6)

where y, << 1 for SAOS, allowing for the viscoelastic response to be measured on
different time scales [5, 7]. The sinusoidal strain is applied to the sample and the stress

response is measured as

o(t) = g, sin(wt + §) (1.7)



where ¢ is known as the phase angle [7, 8]. The phase angle represents the lag between
the shear stress from the applied strain. For perfectly elastic materials ¢ = 0°; for purely
Newtonian fluids ¢ = 90°, and in viscoelastic materials 0 will fall between 0 and 90°,
with 45° representing the boundary between solid-like and liquid-like behavior [5].
Because the stress response is also sinusoidal with the same frequency as the applied

strain, a complex modulus G* can be developed, with

T
G* = y_o = G'sinw + iG'" cosw (1.8)
0

where 7,/7, is the shear modulus amplitude at a given frequency, and G’ and G’ are
storage and loss moduli, respectively, that are related to the materials storage and

dissipation of energy during deformation, which are given by

To
G'(w) =—cosé (1.9)
Yo
" To .
G"(w) = —sind. (1.10)
Yo

In viscoelastic systems, the phase angle is typically expressed as the loss tangent (tan o)

and represents the ratio between G’ and G’ as

G" 1.11
tan (8) = o (1.1



This culminates in producing diagrams (Figure 1.3) that give insight regarding the
viscoelastic behavior of the fluid by creating plots of G’ and G '’ against the angular
frequency, where various classes of fluids exhibit characteristic behavior of the storage
and loss moduli. Because experiments are run on multiple samples throughout this work,
frequency sweeps will verify that each sample evaluated has the same microstructural

arrangement so rheological measurements are reliable.

Viscoelastic solid Viscoelastic liquid Gel-like
A
© X © S ©
& 9 & = E @
o <) N o
U} £ (U] £ .Q). £
(U] - O -1 L} -
2 © o © o ©
= +) E= o =
| o al o - o
Log o/ rad-s"! Log @/ rad-s! Log » [ rad-s”!

Figure 1.3 Typical G’, G’’, and & for viscoelastic solid, viscoelastic liquid, and gel-like
materials.

Source: [1]

A low frequency approximation can be sued to determine the shear modulus G from G,
since at low frequencies the response of a viscoelastic solid is strongly dominated by the

storage modulus, meaning that G’ >> G’ [7]. The low frequency limit is given as,

G = lim ¢'(w). (1.12)

w—0

and will be used in later analysis to determine the shear modulus for the sample tested.

1.3 Yield Stress Fluids



Yield stress fluids have become a prominent area of interest in rheological research due
to their unique and complex behavioral phenomena. These fluids comprise materials such
as microgels, emulsions, and foams, and are commonly found in everyday household
products like hair gels, lotions, and food items, as well as in various industrial
applications including crude oil, mortars, and cement. What sets yield stress fluids apart
is their characteristic behavior: they exhibit solid-like elastic properties until they are
subjected to a force that surpasses their threshold to flow, known as the yield stress.
Beyond this threshold, they exhibit the behavior of a viscous liquid. This physical
phenomenon is often referred to as elastoviscoplastic behavior.

One of the biggest questions that remains open in the field of rheology is what exactly
defines the yield stress. While the mechanics of Newtonian fluid flow have been
extensively studied and modeled, fluids such as microgels, foams and emulsions
demonstrate complex flow characteristics. These fluid categories are collectively known
as yield stress fluids, as they display properties that encompass both solid-like and fluid-
like behavior. However, the underlying physical phenomena that govern this yielding
behavior is difficult to describe [2, 9].

A classic example of an everyday yield stress fluid frequently discussed in
literature is whipped cream. When placed on a surface, whipped cream retains its shape,
acting as a solid. The structure of whipped cream traps air bubbles, preventing their
escape when undisturbed. However, when a utensil is passed through the whipped cream,
it readily spreads, resembling the behavior of a viscous liquid. This is commonly
juxtaposed with syrup or honey, both highly viscous liquids that readily flow and

therefore do not show any signs of solid-like behavior, indicating that no solid structure



develops like the whipped cream. The yield stress serves as a crucial physical parameter
that aids in comprehending the solid-to-liquid transition in whipped cream. However,
among rheologists, there exists some debate regarding the precise definition and
interpretation of the yield stress, giving rise to two primary viewpoints. The first
perspective suggests that the yield stress denotes the transition between a solid and liquid
state. Conversely, the second viewpoint posits that the yield stress solely represents the
transition between two fluid states characterized by significantly different viscosities.
Resolving this conflict extends beyond the scope of this study, but it underscores the
presence of numerous unanswered questions in yield stress rheology. For the purposes of
this study, the yield stress will be considered to align with the former argument,
representing the transition from a solid to a liquid state.

Describing the solid-to-liquid transition in yield stress fluids poses a considerable
challenge. Traditionally, when researchers discuss the yielding behavior of a solid
material, there exists an initial structure that governs its mechanical properties, and once
yielding takes place, the material undergoes irreversible changes known as plastic
deformation. The behavior of these materials can be effectively explained by considering
the movements of structural defects, including dislocations, impurities, or grain
boundaries within the material's structure. In contrast, yield stress fluids have the unique
ability to revert to a solid-like state once the yielding and flow have ceased, suggesting a
process of rebuilding the initial microstructure when the applied force is removed. This
indicates that the deformation behavior of yield stress fluids lacks the simple deformation
mechanisms seen in solids. The microstructural origins of this flow behavior have been

extensively investigated by numerous research groups using a combination of physical



experimentation and computer modeling across a range of fluid systems [3, 10-16]. It is
difficult to develop constitutive equations that encompass all aspects of deformation for
these materials as microstructure can vary widely from one material to the next.
Microgels behavior is dictated by the polymer concentration and the degree of
crosslinking that impacts how stresses are distributed through the network. Polymer
chains stretch and deform without moving past one another until sufficient force is
applied, breaking chains, and allowing small aggregates to flow past one another. Foams,
emulsions, and suspensions consist of colloidal spheres that are considered to flow past
one another under an applied force, whose behavior depends on adhesive or repulsive
effects [16, 17], interfacial phenomenon[ 18, 19] or others depending on the material [16,
20].

Various rheological tests can be employed to measure the properties of yield
stress fluids, and a subset of these tests will be utilized in this study. One commonly used
rheological test is the shear rate ramp test. In this test, shear rates are gradually increased
and then decreased in a series of steady-state steps to construct a flow curve. It is crucial
to carefully control the shear rate steps in this experiment since there is evidence
suggesting that the yield stress of the fluid may exhibit variation based on its flow history
[21]. Ensuring sufficient time for the material to reach a steady state at each shear rate is
crucial because there are slight differences between measurements of the yield stress
when shear rates are increased versus decreased. When the shear rate is increased, the
fluid undergoes a transition from a solid-like state to a fluid-like state, yielding the
measurement of the static yield stress. Conversely, when the shear rate is decreased, the

fluid undergoes a transition from a liquid-like state to a solid-like state, resulting in the



measurement of the dynamic yield stress. This suggests that the flow behavior of the
material may be dependent on the conditions of the flow itself. When a yield stress fluid
exhibits such behavior, it is said to be thixotropic.

The thixotropic response is related to the time dependent microstructural
rearrangements that occur during deformation that can be partially destroyed during shear
flow [2, 5]. A thixotropic yield stress fluid will have a viscosity and yield stress that
decreases under any flow that liquefies the material [22], but will returns to its original
value given sufficient time. The fluid response will depend on the rate at which the shear
rate is ramped, and the rest time between measurements [2]. In contrast, a nonthixotropic
fluid will maintain its viscosity and yield stress without any time dependence, whose
stress response depends only on the shear rate [23]. Figure 1.4 shows the difference
between a nonthixotropic Carbopol and thixotropic bentonite solution [2, 3].
Nonthixotropic materials develop a flow curve with no hysteresis (Fig. 1.4a), while
thixotropic materials develop a large hysteresis loop during shear rate ramp tests (Fig.
1.4b). After ensuring the accuracy of the flow curve, the data can be fitted using a
suitable model to determine the yield stress. In this study, like many others, the Herschel-
Bulkley model (1.17) will be employed to fit the data. The flow curve obtained by
decreasing shear rates will be used for extrapolation to the limit of vanishing shear rates,
from which the model will provide the estimation of the dynamic yield stress.

Constant shear rate experiments are another commonly used rheological test. In
these experiments, the fluid is subjected to a constant shear rate for a specified duration to
achieve a desired level of shear strain. The resulting stress response is measured and

plotted against the shear strain or time, providing valuable insights into the yielding
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transition between the elastic solid and viscous liquid regimes. Figure 1.5 illustrates

various methods for determining the yield stress in these experiments.
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Figure 1.4 (a) The behavior of a 0.1% wt Carbopol microgel under increasing and
decreasing shear rates shows a nonthixotropic response (filled circles, up; open circles,
down). (b) Thixotropic response of a 10% wt bentonite solution under increasing and
decreasing shear rate ramp.

Source: [2, 3]

However, in this study, the yield stress is defined as the point of departure from
the region of linear elastic behavior. By comparing the approximate yield stress value
obtained from the curve to the calculated yield stress, we can verify consistent yielding
behavior across multiple systems, runs, and samples. This comparison will also enable us
to assess whether the stress development within the sample follows a consistent pattern in
each experiment, thereby enhancing our understanding of the behavior of the normal
stresses.

To investigate the influence of flow history, intervals between constant rate
experiments in this study will involve two different rest protocols. The first protocol will

involve a 30-minute period of 0 shear rate (y = 0.0s™1,) referred to as relaxation. This
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rest period allows for the relaxation of internal shear and normal stresses, as well as
microstructural rearrangements, without any imposed conditions. In previous studies, the
residual stress observed when setting the shear rate to zero was utilized to determine the

yield stress.
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Figure 1.5 Typical start-up response of “yield-stress” materials during constant shear rate
experiments, with various definitions of determining the yield stress.

Source: [22]

However, it has been determined that the residual stress obtained from these experiments
is significantly smaller than the dynamic yield stress determined by shear rate ramp
experiments [2]. Furthermore, it has been observed that the residual stress in these
experiments is influenced by the imposed shear rate, highlighting the dependence on test
history [24]. As part of the second protocol, a state of zero shear stress (t = 0 Pa), referred
to as recovery, will be imposed. The behavior of shear and normal stresses, as well as

strain, will be studied during this interval and in subsequent constant rate experiments.
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Immediately after each constant shear rate experiment, the instrument will be instructed
to return to a position where it maintains a state of zero shear stress, and it will remain in
this position for approximately 30 minutes.

It is well known that different flow conditions can lead to varied measurements of
the yield stress[2, 3]. While this work does not specifically aim to compare yield stress
measurements, it is a critical point in yield stress rheology. Dynamic oscillatory shear
measurements offer valuable insights into the viscoelastic behavior of the fluid. In this
technique, a sinusoidal shear strain is applied to the fluid, and the stress response is
recorded by measuring the dynamic moduli. The point at which the two moduli intersect
is regarded as the yield point, indicating the transition of the material from a solid-like to
a fluid-like state. In the low strain amplitude region (SAOS), which is often considered
the linear regime, the stress response exhibits a sinusoidal pattern independent of the
strain amplitude [25]. In the nonlinear regime, characterized by higher strain amplitudes,
the stress response deviates from a sinusoidal pattern. LAOS (Large Amplitude
Oscillatory Shear) experiments have demonstrated that at high frequencies, the stress
response becomes more complex and requires advanced analytical techniques for
evaluation [26]. It has been observed that yield stress estimations in this regime can be
inaccurate due to complicated effects of the frequency ramp protocol. Additionally, the
dependence of the stress response on both the applied frequency and harmonic response
of the stress or strain may not align with the observations from other steady-state shear
experiments. [2, 25, 27]. Creep experiments involve applying a constant shear stress and
monitoring the corresponding strain response. Below the yield stress, the strain

approaches a constant value, indicating the fluid behaves as an elastic solid. Above the
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yield stress, the strain increases linearly with time resulting in flow like a viscous liquid.
This test gives a calculation of the static yield stress. The difference in reaching a
constant value of strain from linearly increasing strain is accompanied by a distinct
change in viscosity, a phenomenon known as viscosity bifurcation [2], and can give
reliable measurements of the static yield stress. However, it is important to note that
measurements obtained through this technique often exhibit a dependence on flow history
and may experience a phenomenon known as "delayed yielding" in very long test
durations, where no flow is detected until the material eventually yields [2].

While there is no universal model that encompasses all these different flow
conditions, there have been several models developed to represent their general flow
behavior. The Bingham model for viscoelastic fluids was first introduced by Eugene
Bingham in 1916 [28] and presents the simplest model that describes the rheological

behavior for yield stress fluids in shear flows

o<1, —>y=0, (1.13)

0271, = 0=T,+n7, (1.14)

where 7,, is the yield stress, and n is the so-called plastic viscosity, which is constant [2].
Equation (1.14) reinforces the notion that above the yield stress, the fluid exhibits
Newtonian behavior, with a constant viscosity. Conversely, equation (1.13) suggests that
under a constant shear rate, the fluid's viscosity remains unaffected. Rearranging equation

(1.14) highlights that the viscosity of yield stress fluids is indeed shear rate-dependent,
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%, foro =1, (1.15)

_o
=3

n—- o, foro<rt, (1.16)

further emphasizing that yield stress fluids are non-Newtonian with a non-constant
viscosity that depends on the shear rate past the yield point as previously discussed.
Herschel and Bulkley improved upon the Bingham model that has since become the more
widely utilized model to represent the yielding behavior of yield stress fluids. The

Herschel-Bulkley [29] model is,
o= 1y, +Ky", 02T, (1.17)

where K is the consistency, and # is the shear thinning index, which describes the degree
to which a material has shear thinning (n<1) or shear thickening (#>1) behavior [30]. It is
important to note that by setting n=1, this becomes equivalent to the Bingham model in
(1.13) and (1.14). The model is a more generalized as it allows some flexibility for fitting
experimental data and can accurately represent the yield stress region T = 7,, at low shear
rates, and shear-thinning behavior at large shear rates [2]. In modern rheology, the
behavior of these fluids can be described simply by the elastoviscoplastic model proposed

by Oldroyd [31],

o=Gy, foro<rt, (1.18)

=1, +Ky", foroc=>1, (1.19)
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that combines the Herschel-Bulkley model (1.17) with linear relationship between the
shear stress, shear strain and shear modulus (1.5) that describes Hookean elastic solid

behavior at low shear stresses prior to yielding.

1.4 Von Mises Yielding

For more complicated flows, the simple models described above must be generalized.

The state of stress in a fluid is represented by the total stress tensor, ;T:, made up of nine
components that give information on the state of stress at any point in the fluid, and it is
well established that the stress tensor is symmetric for most fluids [8]. The total stress
tensor includes two contributions: an isotonic part that involves thermodynamic pressure,

and a part that originates from fluid deformation,

(1.20)

=1
Il
e
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+
S
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where p is the thermodynamic pressure, 8 is the identity tensor and is symmetric, and T is
the (symmetric) extra stress tensor. Since only unidirectional shear flow is considered

here, the extra stress tensor simplifies to

- Ty T2 O
T= Ty1 Ty 0 | (121)
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From this, the well-known definitions of the shear stress and the first and second normal

stress differences are simply[8, 32, 33],
0 ="T12 = T21
Ny = 791 — T22,

Ny = T35 — T33.

The most used criterion for determining the yield stress is the von Mises criteria,

\/EZTy

where,

is the second invariant of the deviatoric stress tensor,[23]

o (?)

3

-
=1

—7—

For simple shear flow, the von Mises yielding criteria is given by,

, . (N +2N,N, + N7)

V1L =\/a + 2 > 1,
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(1.23)

(1.24)

(1.25)

(1.26)

(1.27)

(1.28)



and 1s comprised of contributions from both the shear stress and normal stress

differences. However, the elastoviscoplastic models in (1.18) and (1.19) imply that N1 =

N> =0, so that \/1I;» = &.

1.5 Carbopol
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Figure 1.6 (a) Chemical reaction of (poly)acrylic acid with NaOH; (b) dry cross-linked
polymer becomes hydrated and swells; (c) Carbopol powder prior to synthesis.

Source: [4]

Carbopol 940 is a high molecular weight, crosslinked polyacrylic acid (Co2H;COOH)n
polymer (Figure 1.6). It is three-dimensional network that forms a colloidal dispersion
with particles that vary in diameter based on solution concentration [23, 34-36]. Typical
network structures contain between 1450 — 3300 [37, 38] monomer units between

crosslinks with single chains reported to have molecular weights ranging from 104,000
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[37] — 5 million g/mol [39], meaning the highly crosslinked network structure can weigh
up to 4.5 billion g/mol[40]. Varying the concentration of the Carbopol solution also
results in a range of reported viscosities, from 19,000 — 60,000 cPs[41, 42]. Carbopol is
considered a model yield stress fluid as its steady state viscoelastic behavior is well-
represented by the Herschel-Bulkley equation representing ideal yield stress and power-
law shear thinning behavior [35, 36, 43]. It is widely accepted that the rheological
properties of Carbopol dispersions stems from the microstructure deformation under
various flow conditions [34-36, 43-46]. At low stresses, the Carbopol behaves as a
viscoelastic solid until the yield stress is exceeded, upon which it flows like a viscous
liquid [36, 43, 47]. The microstructure first deforms elastically, with chains stretching
without moving past one another that return to their original state upon the removal of the
force. With higher applied stresses, the colloidal particles begin to move past one another
as chains breakdown, decreasing the number of entanglements in the system. Given
enough time at rest the network beings rebuilding to a form that resembles that of the
undeformed material [43]. The varying conditions of the rest period is the focus here, as
there is evidence that subsequent experiments on a Carbopol sample can simultaneously

result in both reproducible and chaotic behavior of stresses during shearing flows [23].

1.6 Normal Stresses in Yield Stress Fluids
To understand why the normal stresses are being investigated here, previous works must
be evaluated to understand their shortcomings or lack of clarity regarding the information
they present. There are numerous previous studies done studying carbopol microgels,

primarily because they present model yield stress fluid properties that allow for simplistic
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modelling and evaluation of rheological phenomena. However, many works either
neglect the study of normal stress differences, include little information on their behavior
or neglect a key mechanical artifact known as axial compliance.

Carbopol’s rheological properties have been studied extensively over the last 50
years. Many studies report measurements of the shear stress and rheological properties,
and some do include considerations of the normal stress. But most leave out any
measurements of the normal stress differences [2, 4, 34, 35, 43, 44], despite being a key
component of stress development in complex fluids. This has changed in the last 20 years
with some researchers turning their focus to the behavior of normal stresses under shear
flow, and Carbopol being a perfect candidate for study. Multiple reviews on Carbopol
rheology have been written that critique the lack of inclusion of normal stress differences,
saying they cannot be ignored and doing so ignores a key component of complex fluid
rheology [23, 35, 36, 43].

Despite best efforts there are still shortcomings that appear repeatedly in papers
on the subject. Many authors that report normal stress difference measurements seem to
typically report only a limited number of datasets regarding normal stress behavior[14,
15, 48, 49]. This eliminates the possibility of assessing the reproducibility of normal
stress behavior in these systems, as even more recent work has demonstrated a
nonreproducible nature of their behavior in Carbopol microgels [23]. The lack of repeat
runs also suggests that even though care may be taken to ensure an ideally relaxed state
prior to making measurements, there is no assessment of the impact of test history on the
normal stress in subsequent flow experiments. Microstructural rearrangements between

measuring intervals require sufficient time or conditions to return to their initial or near
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initial state so that subsequent tests return accurate results. The recent work from Venerus
et. al.[23] found that a 30 minute relaxation window leads to chaotic behavior of normal
stress behavior in a Carbopol yield stress fluid. Other studies have noted that normal
stresses may require hours of relaxation time between shearing events for sufficient
microstructural rebuilding [50-52]. This work aims to improve understanding of the
impact of test history and a recovery period on the behavior of normal stress differences.
For research that has considered normal stress behavior, there is also some
disagreement on the sign of N and M. For the case of Ny, it is well known that for
polymer liquids that N1 > 0, and most literature has reported data that supports this [14,
15, 48]. However there are some reported values of N1 <0 [53] or N1 ~ 0 [23] for
constant shear rate and oscillatory shear experiments of yield stress fluids. For the case of
N>, there have been no reports of N> > 0, meaning that current available works report N> <
0 or N1 — N> > 0[48, 49], and there is only one reported work with the opposite case of N
— N> <0 [53]. The range of disagreements may stem from the fact that most of these
works only consider one type of experiment, whereas allowing for multiple tests may
provide further insight into the true behavior of the normal stresses, and aid in the

development of yield stress fluid models.
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CHAPTER 2
EXPERIMENTAL
In this chapter, the techniques for preparing Carbopol samples will be discussed, along
with the test parameters and procedures used in the experiments conducted in this work.
Since two different instruments were employed to investigate rheological phenomena,
certain sections will provide methods applicable to both instruments, while others will

specify the instrument used.

2.1 Sample Preparation
Samples of 1 wt. % Carbopol 940 (Lubrizol Corp.) were prepared in a manner like that
described in Venerus et.al.[23] Carbopol powder was collected after passing through a
40mm mesh sieve to ensure uniform powder particle distribution. It was then dissolved in
de-ionized water and stirred for 60 minutes, after which a dilute sodium hydroxide
(NaOH) solution was added to neutralize the polyacrylic acid solution. The neutralized
polymer network then absorbs water and swells to form the final gel. The gel was then
removed from the stir plate and stirred by hand for approximately 5 minutes until it
displayed uniform characteristics. It was then transferred to a centrifuge tube and
centrifuged at 3500 rpm for 10 minutes to eliminate air bubbles trapped in the microgel.
The pH of the gel was measured and found to be pH = 7, which typically produces gels
with the same microstructure. The sample was allowed to rest for at least 24 hours prior

to testing to allow for any residual stresses from the centrifugation process to dissipate.

22



2.2 Rheometry

There are numerous techniques and tools at the disposal of rheologists for studying
rheological phenomena in fluids. Understanding the operational principles and
measurement modes of rotational rheometers is crucial. In this study, two commonly
employed rheometers are utilized. The first is a strain-controlled rheometer (RMS800),
which applies a controlled strain to the sample. The second is a stress-controlled
rheometer (MCR301), which maintains a constant stress on the sample. The key
distinction between the two rheometers lies in the placement of the transducer within the
instrument. In strain-controlled rheometers, the transducer is located in the upper
stationary plate, and it measures the deformations caused by the rotation of the bottom
plate. These rheometers receive a signal specifying the desired strain level, and based on
this input, the required rotational speed is determined. The resulting torque and force
experienced by the transducer are measured to characterize the sample's rheological
properties. In contrast, stress-controlled rheometers have the transducer situated in the
upper rotating plate, which applies deformation to the sample resting on a stationary
bottom plate. These instruments operate using a constant feedback loop, where an angular
velocity is applied, and the resulting torque is continuously measured. Corrections are
made based on the measured torque to maintain the desired stress conditions throughout
the test.

There are multiple types of tools and test geometries available for rheological
tests. The most common are parallel-plate, cone-plate, and concentric cylinders. Here
only cone-plate and parallel-plates will be discussed, as concentric cylinders were not

used in this work. Figure 2.1 shows a schematic of parallel-plate and cone-plate

23



geometries used to make rheological measurements. These geometries rely on the
principle of torsional flow, where the material is subjected to shear stress resulting from
the rotational motion of one plate with respect to the other. In parallel-plate experiments,
a fluid is placed between two disks of identical radius R at a known gap width H, such
that R >> H (Figure 2.1, left). The upper plate rotates with a known angular velocity, Q to
apply a constant shearing force across the surface area of the sample. This allows for
measurements of the shear strain experienced by the sample, and measurements of
rheological properties such as viscosity, and yield stress. An important note about
parallel-plate measurements is that the applied shear rate is dependent on radial position.
Boundary conditions state that the velocity vg = 0atz =0,and vy =1rQatz = H, and

results in the following relationship shear strain rate,

where y, is the strain rate at the outer edge of the parallel plate, and has the following

relationship,[ 8]

Vo= (22)

The system also records the axial force, F, exerted on the upper plate during these
experiments, which will be needed to make calculations of the normal stress coefficients

N1 and M.
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Figure 2.1 Schematic of parallel-plate (left) and cone-plate (right) test geometries.

Knowing this allows us to make measurements of the shear stress and normal stress
difference N1 — N2, which is done by relating the torque, M, experienced by the moving
plate to maintain the desired shear rate or angular velocity, and is calculated using the

known relations [8, 33]

2M
5= E(ﬂ) 4 V_R@ 2.3)
4 T[R3 4 d]/R
2F
v (2FY, et ) (2.4)
1 2= T[RZ 2 d]/R '

However, the more preferred testing geometry for rheological experiments is the
cone plate setup (Figure 2.1, right) Its popularity stems from the fact that it eliminates the

problem of radial dependence of the shear rate that occurs in parallel-plate flow [8]. In
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cone-plate flow the shear rate is constant throughout the entire sample for small angles of
[, meaning the material will yield homogenously throughout the sample [30]. With this,

the shear rate is instead simply

(2.5)

ﬁ
Il
SIS

Like parallel plate experiments, the instrument measures torque and axial force so that the
shear stress and first normal stress difference N1 can be determined with the following

equations [8, 33],

3M

o= CPTE (2.6)
2F

N; = 7 (2.7)

The above techniques have an associated error propagation that stems from instrument

tolerances and is described in detail in Section 2.6.

2.3 Test Instruments
During the experiment, two rheometers, namely the RMS800 (Rheometrics Inc) from and
the MCR301 (Anton Paar,) were utilized. Both rheometers were equipped with S0mm
diameter cone-plate and parallel-plate fixtures. To minimize slip during testing, 400 grit
sandpaper was affixed to the test fixtures. The selection of the surface roughness was

based on the general guideline that it should be comparable to the microstructural size of
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the sample under investigation [2]. For the RMS800 parallel-plate experiments, a 5S0mm
diameter was used with a 2.0mm gap (H = 2.0mm). For cone-plate experiments on the
RMS800, a 50mm diameter plate with a cone angle () of 0.1 rad and a truncation
distance of 60pum were employed. For the MCR301 parallel-plate experiments, a S0mm
diameter plate was used with a 2.0mm gap (H = 2.0mm). For cone-plate experiments on
the MCR301, a 50mm diameter plate with a cone angle () of 0.105 rad and a truncation
distance of 500um were employed. Figure 2.2 provides images of the above instruments,

along with examples of the test geometries with the sandpaper-adhered surfaces.
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Figure 2.2 Rheometric RMS800 strain-controlled rheometer (top left); Anton Paar
MCR301 Stress controlled rheometer (top right); sandpaper adhered parallel-plate
geometry on RMS800 (bottom left); sandpaper adhered cone-plate geometry on MCR301
(bottom right.)
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2.4 Sample Loading and Pre-shear
All rheological measurements were conducted at room temperature 22 + 1°C in an
enclosed environment with a water-saturated sponge to minimize evaporation. Carbopol
was loaded onto the lower plate and subjected to a controlled squeeze to ensure uniform
filling of the gap in both cone-plate and parallel-plate geometries. On the RMS800 the
squeezing procedure is conducted manually. The upper plate was lowered over the course
of approximately 500 seconds to the final test position. For the cone-plate geometry the
position was a truncation distance of 60 um, and for the parallel plate geometry the gap
was 2.0mm. The squeeze procedure for the MCR301 is similar but is instead
automatically controlled by the Anton Paar Rheometrics software. The upper plate was
lowered from a 5.0mm starting position to the test position over the course of 400s: 500
um truncation for cone plate tests, and 2.0mm for parallel plate tests. On both
instruments, after squeezing the edge of the sample was trimmed of excess material and
allowed to stand for approximately 30 minutes to allow for the relaxation of residual
stresses. Next, a pre-shear conditioning test was run on all samples. It consists of the
application of alternating constant shear rates in the following sequence: y = 1.0, -1.0,
1.0, -1.0 s! for 100s each, after which the edge of the sample was gently repaired and

allowed to rest for 30 minutes to allow residual stresses to relax prior to rheological tests.

2.5 Rheological Tests
The first rheological test conducted on all Carbopol samples was an oscillatory frequency
sweep experiment to make measurements of the shear (G) and complex moduli (G¥) ,

and dynamic moduli (G’ and G ’".) For cone-plate experiments, the applied angular
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frequency is increased logarithmically from ©=0.1 rad/s to 100 rad/s, at a strain
amplitude of 0.005. For parallel plate experiments, the applied angular frequency was
increased logarithmically from ®=0.1 rad/s to 100 rad/s, at a strain amplitude of 0.003.

A shear rate ramp test was conducted on samples using the Anton Paar MCR 301.
The shear rate was increased logarithmically from 0.004s' to 10s™!, then decreased
logarithmically from 10s™! to 0.004s™'. Each shear rate was run long enough to induce a
shear strain y = 4 on the sample. This demonstrates the materials dependence only upon
shear rate and not the magnitude of shear. Rate ramp experiments also verify the
nonthixotropic nature of the Carbopol samples, and to provide repeat experiments to
reliably determine the yield stress when fitting with the Herschel-Bulkley model.

On the RMS800 constant shear rate experiments were conducted on Carbopol
samples using both cone-plate and parallel-plate geometries to collect a large number of
data sets to study the behavior of the normal stresses. Samples were subjected to a
constant shear rate of y = 0.17° for 40s to reach a final strain of y = 4. Each subsequent
run was sheared in the opposite direction (clockwise versus counterclockwise, or positive
versus negative shear direction) to eliminate any directional dependency that may appear
in the results. It is important to note that the normal force (£)) and torque (M) were
manually set to zero between each constant rate experiment. Prior to the onset of shear
flow, the dials that measure these quantities were reset to zero, so that uniform stress
measurements were made for each experiment. The samples were then allowed to wait
for 30 minutes so residual stresses could naturally relax prior to the start of the next test.

Each loaded sample produced 5-6 runs before the Carbopol began to dry out or degrade
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from repeat flow experiments. The shear and normal stress data were collected and
analyzed to study their behavior.

On the MCR301 constant shear rate experiments were conducted in a similar
manner. However, a larger range of shear rates were evaluated that aid in developing a
more detailed picture of the rheological behavior. Shear rates of 0.01s™!, 0.03s™!, 0.1s7!,
0.3s7!, 1.0s™!, and 3.0s™! were used with the cone and plate geometry. For parallel plate,
shear rates of 0.01s™!,0.1s! and 1.0s"! were evaluated. Each shear rate was run for a
prescribed amount of time that would result in a final shear strain of y = 4. This was again
done in alternating directions to eliminate any directional dependence that may appear in
the results. In contrast to the RMS800, here the normal force (F) and torque (M) are set to
zero only prior to the first constant rate experiment. Between constant rate and recovery
intervals, the Rheometrics software does not return measurement values to zero, and
therefore the data is adjusted to acquire accurate results. This is done by subtracting the
final value (either shear or normal stress) of the previous test from the first value of the
“current” test to determine the zero point for that experiment. These samples were not set
to relax 30 minutes. Immediately upon completion of the constant rate experiment, the
Carbopol was subjected to a recovery interval where T = OPa. During this time the strain
and normal stresses were allowed to recover in a controlled manner, whose results are

shown in chapter 3.

2.6 Transducer Axial Compliance
A mechanical consideration that impacts the reliability of rheological measurements of

the normal stress differences is transducer axial compliance [23, 54-57]. Simply put, it is
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related to the rheometer’s transducer stiffness. The compliance of the transducer can
influence the measurement of rheological parameters, such as viscosity, the yield stress,
and shear and normal stresses. Therefore, it is essential to account for the axial
compliance of the transducer when conducting rheological experiments to ensure
accurate and precise results. Because the normal stresses that are being investigated are
small, it is important to eliminate any potential artifacts that may develop during shear
flows. When normal stresses are generated in a complex fluid, there is a small axial
displacement of the fixture attached to the transducer. This displacement in turn generates
flows in the radial direction, which then further generates additional normal stresses [23].
Avoiding this is therefore critical to ensure that only the normal stresses that develop due
to shear deformation are measured. To achieve this, it is required that the transducer has
an axial stiffness large enough to eliminate this concern [23, 55]. This is accomplished by
ensuring that the transducer response time is small compared to the relaxation time of the
material in question. Multiple studies discuss the impact of axial compliance on
mechanical measurements and have presented criteria that allow for avoiding the impact
of transducer axial compliance. It has been shown [23, 54-57] that the relationship to

create ideal conditions for cone-plate and parallel are represented by,

PV E (28)

Ay 2K,(H/R)?
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where A, is the axial response time of the transducer, A, is the relaxation time of the
material, G is the shear modulus, R is the radius of the plate, K, is the axial stiffness, f is
the cone angle, and (H/R) is the ratio of the gap to plate radius. The suggested criteria to
satisfy the above relations to avoid compliance problems is A4/, < 1 [23], and the
above relations suggest that S or (H/R) must be large, along with the axial stiffness. It has
been demonstrated that using large cone angles improves the consistency of normal stress
measurements when compared to small cone angles [23]. This is an important
consideration that is made here to eliminate any experimental artifacts, giving confidence
that measurements are reliable and accurate when evaluating the impact of the recovery
period. Care was taken to ensure that the test geometries were used that satisfy (2.1) and
(2.2), meet the criteria of 14/A, < 1. The response time ratios for the geometries
employed here are shown below in Table 2.1, using a value of G =421 as determined
below in section 3.1, where it is apparent that artifacts due to transducer axial compliance

do not play a role in the normal stress measurements recorded in this work.

Table 2.1 Transducer Axial Compliance Response Ratios of the RMS800 and MCR301
Rheometers

RMSS800 A4/ Ay MCR301 A,/Ay

(Ka=4N/ pum) (Ka=2N/ pm)
Cone -Plate 0.05 0.09
Parallel -Plate 0.02 0.05
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2.7 Error Propagation
In any measurement, there is inevitably some degree of error stemming from instrument
tolerance and sensitivity. In the case of rotational rheometers, errors arise from the
sensitivity of the transducer torque and normal force, as well as deviations in the sample
radius from the plate radius. To quantify the uncertainties that may arise in measured
quantities, such as shear and normal stresses, error propagation formulas are employed.
Equations (2.3), (2.4), (2.6), and (2.7) are used to calculate the shear and normal stresses,
and they incorporate an associated error based on the variables measured in rheological

experiments. The tolerances of these variables are summarized in Table 2.2.

Table 2.2 Instrument Tolerances for the RMS800 and MCR301 Used in Error
Propagation Calculations

Source of Error RMSS800 MCR301
Torque (AM) 2x10* N'-m 2x107 N'm
Normal Force (AF) 2x102 N'-m 2x10 N'm
Plate Radius (AR) I mm 1 mm

The equations for error propagation for the shear stress and normal stresses are,

o oy

-
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2.8 Rheometer Consistency Tests
To ensure the consistency and comparability of results between the RMS800 and
MCR301 rheometers, a calibrated Newtonian viscosity standard was tested on both
instruments to function as a reference material with known rheological properties. A
shear rate ramp test was conducted on the samples, with shear rates increasing from y =
0.1s71 to y = 10571, the results of which are shown in Figure 2.3. This plot
demonstrates the consistency and agreement between the instruments when measuring
the viscosity standard above y = 0.5s71. Below this shear rate there is disagreement
between data due to the resolution limitation of the transducer on the RMS800. This
comparison ensures the reliability and accuracy of the rheological measurements

performed using the two rheometers throughout the experiment.
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Figure 2.3 Viscosity calibration tests on the MCR301 (black circles) and RMS800 (red
circles), with reported viscosity from the calibration standard (blue line) at 22.6 °C. Error
bars represent the standard deviation between the measurements.
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In addition to the viscosity test, a single sample of Carbopol was evaluated on
each instrument on the same day. A pre-shear test was conducted with the following
sequence ¥ = 1.0, -1.0, 1.0, -1.0s™! for 100s each, with stress responses from these tests
shown in Figure 2.4. Both samples then had edge fractures repaired and were allowed to
rest for 30 minutes. The stress response from each instrument is identical, indicating the
samples were conditioned appropriately. Next, a small amplitude oscillatory shear
experiment was run with angular frequencies that increased logarithmically from 0.1

rad/s to 100 rad/s at a strain amplitude of 0.005.
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Figure 2.4 Pre-shear agreement tests on the MCR301 and RMS800.

These results are shown in Figure 2.5, where again there is good agreement of the
dynamic moduli measured on each instrument, giving information that both samples

possess the same fluid properties in both low and high frequency regimes.
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Figure 2.5 Dynamic moduli G’ (0) and G’ (o) versus angular frequency, o, on the
MCR301 (black symbols) and RMS800 (red symbols.)

Finally, both samples were subjected to 4 constant shear rate experiments with
¥y = 0.1s71 for 40 seconds to a strain of 4 (Figure 2.6). The results compiled from the
above tests give confidence that measurements made between instruments are
comparable and reliable when the comparison between relaxation and recovery is

considered.
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Figure 2.6 Constant shear rate experiments conducted on the MCR301 and Rheometrics
RMS800 with y = 0.1s~1 for 40. The average of 3 runs from each instrument are shown.
Error bars represent standard deviations of measurements.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 Results and Discussion
Results of rheological experiments are presented here, beginning with squeezing profiles.
During squeezing the normal force was monitored as the gap decreased from 5.0mm to
0.5mm in cone-plate tests, and from 5.0mm to 2.0mm in parallel-plate tests. Results are
shown in Figure 3.1, where ten squeezing profiles are plotted from each test geometry.
The response reaches a maximum when the final test position is reached, then decreases
as excess fluid is trimmed and the sample is let to rest for ~30 minutes so residual
stresses can relax. It is important to note here that normal force never returns to a state of
0 N when the squeezing procedure is complete, even after the rest period. This is an
expected result and is like others discussed in the literature [50-52].

The average of 10 SAOS experiments using cone and plate geometry are shown
in Figure 3.2. The curves show an expected profile for gel-like viscoelastic behavior with
G’ > G’ across the range of test frequencies. Using the approximation from (1.12), G’ is
used to determine the shear modulus of the carbopol sample. The value is taken at © =
0.1 rad/s so that G=G’'(w) = G’(0.1 rad/s) [7, 23], giving G =421 Pa, which is in
agreement with similar Carbopol 940 solutions from previous works [15, 48]. Like the
validation measurements, these measurements confirm that all samples evaluated have
the same microstructural and viscoelastic characteristics. At all measured frequencies, the
storage modulus dominates measurements indicating that the material is behaving as a

viscoelastic solid.
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Figure 3.1 Squeezing and rest profile of Carbopol in cone-plate (top) and parallel plate
(bottom) geometries on the MCR. Different colors represent different runs.
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Figure 3.2 Dynamic moduli G’ (0) and G’ (0) versus angular frequency o for 10 runs of
Carbopol 940. Red error bars indicate standard deviations of measured values.

Next the results of the shear rate ramp are shown in Figure 3.3 and Figure 3.4.
The average of 10 repeat runs using cone and plate geometry are presented, where the
lack of hysteresis in Fig. 3.3 indicates the presence of simple yield stress fluid behavior
[3, 5, 23, 58]. The Bulkley-Herschel model in (1.17) was used to fit the data from the
decreasing strain rate ramp and used to determine the dynamic yield stress of the
microgel. Fitting and extrapolation of the data to y = 0 s™! leads to the determination of
the yield stress to be 7,, =92 Pa, which is similar to other results discussed in the
literature [36]. Figure 3.4 is the average Ni data for 10 shear rate ramp tests. There is only
some hysteresis present, but there is good agreement of the normal stress behavior in both
the increasing and decreasing shear rate ramps. While this is not typically a method

considered to model simple yield stress fluid behavior, it does suggest that perhaps like
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the shear stress, the normal stresses may be independent of time and has some

dependence on the shear rate.
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Figure 3.3 Flow curve for Carbopol 940 microgel using cone-pate geometry of shear

stress (¥ increasing ®, y decreasing o) versus shear rate. The solid line is a fit of equation
(1.19) with 7,, = 92 Pa, K = 57 Pas", and n = 0.38. Error bars represent standard

deviations of measured values.
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Figure 3.4 Flow curve for Carbopol 940 microgel using cone-pate geometry of N; (y
increasing X, y decreasing 0) versus shear rate. Error bars represent standard deviations
of measured values.

Constant rate experiments for ¥ = 0.1s~! following relaxation are shown in
Figure 3.5. Shear stress and N; data are plotted for 34 runs on the RMS800 with cone-
plate geometry; o and N; measurements were made simultaneously. Initially the shear
stress shows a linear dependence on strain until yielding (y ~ 0.1) after which the stress
approaches a steady state value (~200 Pa here) for the remainder of the experiment, like
other results [23, 35, 45]. Shear stresses demonstrate good reproducibility for all runs,
while Ni progresses in a clearly chaotic manner. This result agrees with similar recent
work by Venerus et.al. [23]. Initially, N1 measurements are small compared to the values
of the shear stress prior to the onset of viscous flow. This would suggest that the normal
stresses do not significantly contribute to the flow behavior of the fluid prior to yielding,

which is again consistent with previous results [23, 48]. The average of N results from
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these experiments indicate that N1 < 0, which agrees with other results found in the
literature [23]. Monitoring during relaxation also gives some insight into the behavior of
residual normal stresses that exist after cessation of the shear flow, where results are
shown in Figure 3.6. The shear stress relaxes in a viscoelastic manner, approaching a
steady state value of residual stress known as the relaxation modulus described by the
Maxwell Model [7, 59]. However, N1 shows a decrease briefly at the start of the interval,
then once again grows chaotically, recovering some of its previous magnitude in
agreement with the literature [50], and it suggested to be attributed to the restricting of
the microgel while at rest [60]. These results further indicate that normal stresses may
never fully relax in this period and may impact the normal stress response in subsequent
flows.

Constant rate (y = 0.1s™1) experiments following recovery intervals for cone-
plate and parallel plate flows are shown in Figures 3.7 and 3.8, respectively. There is a
noticeable change in the magnitude of the steady state shear stress and behavior of the
normal stresses from relaxation experiments. These plots are qualitatively similar,
indicating good reproducibility and similar flow behavior between test geometries.
Difference in the normal stress behavior in parallel plate experiments is due to the
measurement of N1 — N2, rather than solely Ni. Again, at low strain values (y ~ 0.1) the
shear stress demonstrates a linear relationship with strain with an approach to a constant
value of stress (~125 Pa) for the remainder of the experiment after yielding, a decrease

from ~200 Pa from relaxation experiments (Figure 3.5.)
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Figure 3.5 Shear stress 6 (0) and N; (0) from constant shear rate (y = 0.1s™1)
experiments after a 30-minute relaxation period conducted on the RMS800 with cone-
plate geometry. Error bars represent estimated error in computed quantities.
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Figure 3.6 Shear stress ¢ (0) and N (curves) during relaxation intervals after constant
rate experiments on the RMS800 with cone-plate geometry. The inset show N behavior
at the start of the relaxation interval.
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Figure 3.7 Shear stress ¢ (0) and N (0) from constant shear rate (y = 0.1s™1)
experiments after a recovery period conducted on the MCR301 with cone-plate geometry.

Error bars represent estimated error in computed quantities.
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Figure 3.8 Corrected shear stress 2M/nR? (o) and N1 — N> (o) from constant shear rate
(y = 0.1s™1) experiments after a recovery period conducted on the MCR301 with
parallel plate geometry (different color symbols.) Error bars represent estimated error in

computed quantities.
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There is also a marked difference in the behavior of the first and second normal stresses.
Where relaxation experiments suggest chaotic growth during shear flows, the recovery
experiments demonstrate a more consistent growth pattern of the normal stresses. This
may be indicative of a forced reorganization of the Carbopol microstructure during
recovery. Because recovery intervals are characterized by returning the fluid to a state of
zero stress, microstructural rearrangement that typically require time to relax are perhaps
instead moved back into sate that resembles pre-yield conditions. These measurements
find that N1 > 0 and N1 — N> > 0, meaning N> < 0. These averages of the shear and normal
stresses in Figures 3.7 and 3.8 are shown in Figure 3.11. This is in agreement with both
the established normal stress behavior for polymeric fluids [32, 33] and previous studies
investigating normal stress differences in yield stress fluids [14, 15, 48, 49]. The results
presented here are therefore believed to be accurate representations of the normal stress
behavior during constant shear rate experiments. In addition, the comparison of the
average o and N; from relaxation and recovery experiments are shown in Figures 3.9 and
3.10. These plots show a clear impact on the stress behavior of the carbopol when
subjected to the recovery period that results in a decrease of the magnitude of the shear
stress and sign change for Ni over the entire test range. This significant change in N
behavior raises a question of instrument performance. Such a stark difference may
suggest that the rheometers may be incorrectly measuring the normal stress behavior
during flow experiments. However, when referring to the supplemental material of
Venerus et.al. [23], it is demonstrated that the instruments used in this work and their
paper show good agreement and agree with the rheometer consistency tests conducted in

this work. They also tested a common viscoelastic fluid (10%polystyrene in diethyl-
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phthalate solution) that demonstrated reproducible shear and normal stress behavior,
further indicating that the instruments are making measurements of the normal stresses
accurately.

At this point it is important to discuss the importance of transducer compliance
once again in rtheological measurements. At shown in Table 2.1, care was taken to ensure
that the response time ratios in this work satisfy the criteria of 1, /1), < 1. This gives
confidence that the findings here are accurate and reliable measurements of the normal
stresses. When comparing our results to others, it is apparent that others may not have
taken transducer compliance into account when making normal stress measurements [15,
48, 49, 53]. These results were calculated using very small cone angles with transducer
stiffness of K4 ~ 2 N/um that result in A4 /4, > 1, meaning it is not evident that axial
compliance concerns were considered, and their normal stress difference measurements
may not be reliable. Others[14, 23], chose cone angles that were large enough to satisfy
the criteria of 1, /4, < 1.

Results from relaxation and recovery experiments were then plotted against the
elastic prediction (1.18) and von Mises yielding criteria (1.28) in Figure 3.12. The plot
shows that at low strain below the yield point (y ~ 0.1), the stress growth is linear and in
agreement with the elastic prediction and von Mises yielding criteria, indicating Hookean
elastic behavior, as expected as N and N> data are small in this region. After yielding the
von Mises yielding shows a deviation from the observed measurements of ¢, indicating
that the growth of Ny and N, impacts the fluid behavior greatly after the onset of yielding.

This plot further emphasizes the impact of recovery intervals between constant shear flow
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experiments, as the shear stress deviates from the elastic prediction at a lower value of

shear stress than that observed in relaxation experiments.
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Figure 3.9 Average ¢ from relaxation () and recovery (o) experiments at y = 0.1s71
for 40s. Error bars represent standard deviations from measurements.
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Figure 3.10 Average N; from relaxation (o) and recovery (0) experiments at ¥ = 0.1s~ 1.
Error bars represent standard deviations from measurements.
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Figure 3.11 Average o (©) and N; (0) (black symbols) from Figure 3.6 and computed
average o (red curve) and N1 — N> (blue line) from Figure 3.7. Error bars represent
standard deviations from repeat experiments.
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Figure 3.12 Shear stress ¢ (0) and +/II;, (curves) versus strain y for RMS800 cone-plate

relaxation and MCR cone-plate and parallel-plate recovery experiments for shear rate y =
0.1s71. The dashed line is the linear elastic solid prediction (1.18) with G = 421 Pa; the

arrow indicates the yield stress 7,, = 92 Pa obtained from Figure 3.3.

Recovery experiments were also conducted at a wider range of shear rates.
Results of individual shear rates are shown in Figures 3.13 —3.19, and their average
stress response is plotted in Figure 3.20 along with the stress response from relaxation

experiments in Figure 3.5. There is a clear impact of shear rate on the stress response of

Carbopol, with the magnitude of the stress increasing with shear rate.
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Figure 3.13 Shear stress o (o) and N (0) from constant shear rate (y = 0.01s71)
experiments after a recovery period conducted on the MCR301 with cone-plate geometry.
Error bars represent estimated error in computed quantities.
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Figure 3.14 Shear stress ¢ (0) and N; (0) from constant shear rate (y = 0.03s™1)
experiments after a recovery period conducted on the MCR301 with cone-plate geometry.

Error bars represent estimated error in computed quantities.

52



600

254 500

150 | | |
125 -
100 -
— 75}
©
DI__. ij:p:mj;dﬂm:ﬂiﬂ-
Vt o
e} | ﬁ* DEDDDDDDDE o g
50 EﬂﬂuDDDDﬁggggggggg%gggaggmﬂ@m@%@mﬂﬂ
o] i
25 ;
mjjjjjjjj:ﬂiﬂ:‘jj:\:mj
O |:|jZEEEDZDDDDDDEE\:EEDDDDDDDDDEDDDDDDDDEEEU:EDDD i
25 . I |
0 1 5 . )
¥

400

300

N, [Pa]

200

100

-100

Figure 3.15 Shear stress ¢ (0) and N; (0) from constant shear rate (y = 0.3571)

experiments after a recovery period conducted on the MCR301 with cone-plate geometry.

Error bars represent estimated error in computed quantities.
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Figure 3.16 Shear stress ¢ (0) and N; (0) from constant shear rate (y = 1.0s™1)

experiments after a recovery period conducted on the MCR301 with cone-plate geometry.

Error bars represent estimated error in computed quantities.
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Figure 3.17 Shear stress ¢ (0) and N; (0) from constant shear rate (y = 3.0s™1)
experiments after a recovery period conducted on the MCR301 with cone-plate geometry.

Error bars represent estimated error in computed quantities.
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Figure 3.18 Shear stress ¢ (0) and Ni — N> (0) from constant shear rate (y = 0.01s™1)
experiments after a recovery period conducted on the MCR301 with parallel-plate
geometry. Error bars represent estimated error in computed quantities.
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Figure 3.19 Shear stress ¢ (0) and Ni — N> (0) from constant shear rate (y = 1.0s71)
experiments after a recovery period conducted on the MCR301 with parallel-plate
geometry. Error bars represent estimated error in computed quantities.
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Figure 3.20 Average o from cone-plate (o) and calculated parallel-plate recovery
experiments at multiple shear rates (curves.) Different colors indicate different shear
rates. Error bars represent standard deviations from measurements.
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For shear rates below ¥ < 0.3s71, there is a small increase in stress with shear rate.
Cone-plate and parallel plate results agree at these shear rates; however, they remain well

below observed relaxation stress values. As the shear rate is increased from y = 1.0s™!

toy = 3.0s71

, a large increase in stress values is observed with only the highest shear
rate achieving stress values equivalent to that of the relaxation experiments. This
increased stress response in relation to increasing shear rate is commonly discussed
previous research [45, 50-52, 60, 61]. This behavior is attributed to the reduction in
particle cohesion that occurs as the shear rate is increased [60].

Normal stresses do not demonstrate such a clear relationship with shear rate
during constant rate experiments. Their growth is also shown in Figures 3.13 - 3.19 for all
shear rates, and their averages shown in Figure 3.21. It is apparent that for all shear rates,
N1 > 0 was observed, but unlike the shear stress there is not a direct relationship with
shear rate. The lowest shear rates tested with the cone plate geometry (y = 0.01s~1 and
¥ = 0.03s™1) show similar magnitudes of N as those tested with the highest shear rates (
¥y = 1.0s7 ! and y = 3.0s71.) This may have to do with the difference in aging response
between flows conducted at low and high shear rates. Negi and Osuji [60] suggests that a
colloidal gel subjected to very low shear rates may not be completely fluidized, whereas
those subjected to high shear rates achieves a completely fluidized state. They discuss
that a fluid subjected to high shear rates displays the full aging response upon flow
cessation that rapidly jams the colloidal structure returning it to the glassy state. In
contrast, a fluid subjected to low shear rates maintains some of its elastic solid character

throughout the duration of flow, therefore resulting in the buildup of internal stresses in

the solid-like state, and never fully again upon flow cessation. This could provide an
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explanation for the large N values observed at shear rates y = 0.01s71

andy =
0.03s71. These large values are also seen based on steady state values of the shear and
normal stresses shown in Figure 3.22, where N values from cone-plate experiments at
low shear rates have similar steady state values to those conducted at the highest shear
rates, as previously discussed. This trend does not hold throughout N1 measurements, and
shear stress and N1 — N> data collected using the parallel plate geometry, where there
appears to be a consistent increase of the stress magnitude as the shear rate is increased.
The strain and normal stress were recorded during recovery periods, and the data
is presented in Figures 3.23 and 3.24 (normal stress recovery plots for all shear rates and
test geometries shown in Appendix A.) Upon cessation of the flow, both the strain and
the normal stresses instantaneously recover some amount, with experiments conducted at
higher shear rates demonstrating a greater amount of recovery, in agreement with results
in the literature [59, 62, 63]. The recovered strain ranges from ~0.5% (y = 0.01s™1) to
~20% (y = 3.0s™1). The normal stresses, however, did not display such a clear
relationship between the shear rate and amount of recovery. There is some correlation
between the two, with samples subjected to higher shear rates decreasing a slightly
greater amount (~280 Pa) than those subjected to lower shear rates (~200Pa.) This could
be again related to the above phenomenon described by Negi and Osuji [60], where the
lowest shear rate experiments recover less due a greater retention of solid-like
characteristics, while the largest shear rates are returning to a solid state after complete

fluidization.
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Figure 3.21 N; behavior during constant rate experiments following recovery intervals
using cone-plate geometry. Error bars represent standard deviations in calculations.

The strain appears to approach a constant value during this time. As stated above most of
the strain recovery occurs instantaneously, then continues to recover a small amount until
the next constant rate experiment. Upon cessation of the flow, extended polymer chains
experience a rapid retraction to their equilibrium contour length followed by a more
gradual relaxation of relative chain motion [64]. This phenomenon is well described in

the literature for recovery experiments, as the strain approaches a steady state value [7,

59, 62].
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Figure 3.22 Steady state values of ¢ (cone-plate o, parallel-plate ©), N1 (0) and N1 — N2
(o) for cone plate and parallel plate geometries. Error bars represent standard deviations
from calculations.
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Normal stresses do not approach a steady state value, and little mention of their behavior
during recovery experiments is mentioned in the literature. Throughout the recovery
period, the normal stresses continue to decrease through the entire period but never reach
a steady or zero value. As previously mentioned, others have discussed that normal
stresses may never fully relax on moderate timescale, making it difficult to determine the
necessary time for complete relaxation.. What is clear, however, is that the material is
elastically contracting during these time periods. The growth of normal stresses that
occurs during constant shear rate experiments is reversed as the material continues to
recover. The conditions under which this contraction occurs seem to have an impact on

the behavior of normal stress measurements in subsequent experiments.
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Figure 3.24 Average recovery profiles of N1 (o) and Ny — N> (X)) for cone-plate and
parallel plate experiments. Different colors represent different shear rates. Error bars
represent standard deviation of measurements.
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To understand how the shear and normal stress develop during constant shear rate
experiments, statistics were collected for relaxation and recovery experiments conducted
at the shear rate y = 0.1s™1. To determine the deviation of runs from the average for

both the shear and normal stress, the following equations were utilized

0; — O,
Oavg
Ny, —N
AN, = Lt lavg (3.2)
Nl,avg

where Ac and AN are the deviation of individual shear and normal stress data from the
average for constant rate experiments, respectively, Gavg and N1 avg are the average values
of the shear and normal stress, and o; and N ; are individual data points from constant
rate experiments for the shear and normal stress, respectively. A normal distribution was

then fit to the data using the equation

f(x) = 1 e_%(%)z

Vo (3.3)

where s is the standard deviation, x is the data point, and p is the mean. Standard

deviation (SD) and variance (v) values were calculated for the associated datasets using

(3.4)
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v = SD? (3.5)

where x; is the individual data point, and N is the size of the dataset. The calculations of
the standard deviations and variance values are shown in Table 3.1, and the histograms
for the relaxation and recovery experiments from Figure 3.5 and 3.7 are plotted in Figures
3.25 and 3.26, respectively. When comparing the statistics of ¢ from the two
experiments, it is observed that recovery experiments resulted in a slightly larger standard
deviation and variance around the average but are on similar orders of magnitude as
relaxation results. However, the difference is not statistically significant and both
experiments demonstrate good reproducibility of shear stress measurements. Both data
sets were fit with normal distribution curves and appear to behave in a Gaussian manner
with good symmetry about the mean.

N1 however demonstrates vastly different behavior between the relaxation and
recovery experiments. When comparing standard deviation and variance values presented
in Table 3.1, the standard deviation for recovery decreases by a factor of ~5, while the
variance is reduced by a factor of ~26. This is a significant change in the behavior of
normal stresses and further emphasizes the observed reduction in their chaotic behavior
that is seen in Figure 3.7. Again, both histograms were fitted with a normal distribution
curve, where the N1 measurements from relaxation experiments demonstrate greater
Gaussian behavior than recovery data. Though the recovery experiments do not clearly
demonstrate such clear symmetry about the average as the relaxation data, what is clear
and evident is that the recovery conditions had a significant impact on the behavior of N

during subsequent shear flow experiments.
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The results suggest that residual normal stresses present after a recovery period
can influence the yielding behavior of the yield stress fluid. The sample retains a memory
of the remaining normal stresses, which become more uniform as the sample is subjected
to higher strain levels. These findings provide additional support to the hypothesis that a
recovery period may offer favorable conditions for microstructural rearrangement
compared to relaxation. Consequently, this promotes more predictable behavior of
normal stresses.

Table 3.1 Comparison of Standard Deviation and Variance Values for ¢ and N from
Relaxation and Recovery Experiments Conducted at y = 0.1s ™2

Standard Deviation Variance Standard Deviation Variance

c c M M
Relaxation 0.02729 0.00074 2.80268 7.85503
Recovery 0.03361 0.00113 0.54041 0.29204
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Figure 3.25 Average deviation of 6 (top) and N (bottom) from cone-plate relaxation

experiments (y = 0.1s~1) on the RMS800.
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CHAPTER 4

CONCLUSION AND FUTURE CONSIDERATIONS
The obtained results clearly demonstrate that the flow behavior of yield stress fluids is
influenced not only by flow history but also by the rest period between shear flow
experiments. Despite Carbopol being a nonthixotropic yield stress fluid, there is
compelling evidence suggesting a relationship between rest periods and the rheological
behavior observed in repeat measurements of the system. Shear stress measurements
reveal a decrease in the equilibrium stress value attained by the system when subjected to
relaxation intervals compared to recovery intervals. Additionally, there is an apparent
reduction in the resulting yield stress. The findings from the recovery experiments further
support the notion that repeat measurements of normal stress can be more consistent and
repeatable compared to measurements obtained solely from relaxation periods. The
behavior of normal stress in subsequent experiments is highly dependent on the rest
conditions applied between tests, allowing the system to relax towards its original state as
much as possible. The study highlights the importance of carefully considering the
conditions required for appropriate structural rearrangements, enabling the fluid to return
to a state that closely resembles its initial configuration before subsequent flow
experiments are conducted within a reasonable timeframe.

To gain a deeper understanding of the observed changes in shear and normal
stress behavior, further testing is necessary. It is crucial to explore various combinations
of flow experiments and rest periods to unravel the factors contributing to the apparent
changes in flow behavior. This should extend to a wider range of complex fluids, such as

emulsions, foams, and suspensions, which exhibit diverse flow behaviors due to various
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microstructural arrangements. By conducting additional testing while considering these
factors, it is possible to advance our understanding of the rheological behavior of
complex fluids. This will provide valuable insights into the intricate dynamics of these
materials, allowing for improved models and theories that accurately describe their flow

behavior.
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APPENDIX A
ADDITIONAL FIGURES
This appendix contains plots of normal stress measurements made during recovery
intervals at each of the various shear rates mentioned above. The average of each of the

following plots is presented in Figure 3.21.
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Figure A.1 Recovery profiles of N; (o) for cone-plate experiments at y = 0.01s~ L. Error
bar represents error propagation from computed quantities.
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Figure A.2 Recovery profiles of N; (o) for cone-plate experiments at y = 0.03s ™. Error
bar represents error propagation from computed quantities.
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Figure A.3 Recovery profiles of N (o) for cone-plate experiments at y = 0.1s~ Error
bar represents error propagation from computed quantities.
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Figure A.4 Recovery profiles of N (o) for cone-plate experiments at y = 0.3s~ Error
bar represents error propagation from computed quantities.
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Figure A.5 Recovery profiles of N (o) for cone-plate experiments at y = 1.0s~ . Error
bar represents error propagation from computed quantities.
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Figure A.6 Recovery profiles of N; (o) for cone-plate experiments at y = 3.0s ™1 Error
bar represents error propagation from computed quantities.
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Figure A.7 Recovery profiles of N1 — N> (0) for parallel-plate experiments at y =
0.01s~1. Error bar represents error propagation from computed quantities.
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Figure A.8 Recovery profiles of Ni — N, (o) for parallel-plate experiments at y = 0.1s71.
Error bar represents error propagation from computed quantities.
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Figure A.9 Recovery profiles of Ni — N> (o) for parallel-plate experiments at y = 1.0s ™1,

Error bar represents error propagation from computed quantities.
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