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Nonlinear Viscoelastic Properties of Nano and Micro

Sized Clay Suspensions

Abstract

Clay colloids and suspensions are distinguished from other colloidal minerals by wide
ranges of application area. Clay-based colloidal systems are frequently used in various
industries, including cosmetics, oil industry, medicine, pharmacy, catalysis, textiles,
remediation, and food packaging. Mechanical and thermo-structural properties of
these systems provide valuable information in terms of some important criteria such
as shelf life, gelation process, and degradation time. The foucus point of this study is
to consider the application of water-clay suspensions in drilling fluid more than

aforementioned industries.

It is aimed to characterize the nonlinear viscoelastic properties of five different water-
clay suspensions under Large Amplitude Oscillatory Shear (LAOS) based on the stress
decomposition approach. Four type of sepiolite clay sample collected directly from
specific beds near Eskisehir in Turkey and a commercial bentonite clay (Wyoming
bentonite) as the API reference clay was considered to prepare fresh water-clay
suspensions. Sepiolite clay rocks were subjected to some physical treatments to obtain

nano- and micro-sized particle distribution.

Prepared water-clay suspensions were firstly subjected to LAOS test using Discovery
Hybrid Rheometer (DHR-II) at 25°C. Furthermore, experimentally verified sepiolite

sample (Tiirk Tajiri Bej, TTB) with nano-and micro- particle size distributions was



selected for further LAOS analysis at elevated temperatures. The material stress
response was decomposed through Fourier transform (odd-integer harmonic
decomposition) into elastic and viscous stress components. Lissajous-Bowditch loops
(Lissajous curves) plotted in Pipkin space were assessed as rheological fingerprints to
detect the initiation of nonlinear region and the nature of nonlinearity. Oscillation
sweep tests were conducted to deliver viscoelastic nonlinearities of fluid systems as a
function of strain and strain rate at four temperatures (25, 50, 100, 150° C) and
frequencies (0.25, 0.5, 0.75, 1 Hz).

Lissajous-Bowditch curves analysis revealed that Bentonite suspension system
provided stronger structural stability compared to other sepiolite suspension samples
at 25° C. Even though nano-sized TTB sepiolite suspension demonstrated lower gel
strength than micro-sized TTB at low temperatures, it providred almost the same gel
strength with micro-sized TTB sepiolite suspension at 100°C and 150°C. The elastic
nonlinear response was determined to be strain softening for the both fluid systems (
Micro-and Nano-Sized) at all states since elastic parameters (G; and G,) decrease.
The viscous nonlinear response for both fluid systems was shear rate thinning at large
strain rates since the dynamic viscosity parameters (1), and n;) decrease. However,
at low to moderate strain rates, the nano-sized TTB sepiolite suspension systems
demonstrated more shear rate thickening than micro-sized TTB suspension behavior

by the analysis of viscous parameters altogether.

Keywords: Nano-sized sepiolite, viscoelasticity, LAOS, clay suspensions, shear

thickening



Nano ve Mikro Boyutlu Kil Siispansiyonlarinin

Dogrusal Olmayan Viskoelastik Ozellikleri

Oz

Kil kolloidleri ve silispansiyonlari, genis uygulama alanlar1 olmasi sebebiyle diger
kolloidal minerallerden ayrilmaktadir. Kil bazli kolloidal sistemler kozmetik, petrol
endiistrisi, tip, eczacilik, kataliz, tekstil, iyilestirme ve gida paketleme gibi cesitli
endiistrilerde siklikla kullanilmaktadir. Bu sistemlerin mekanik ve termo-yapisal
ozellikleri, raf omri, jellesme siireci ve bozunma siiresi gibi bazi 6nemli kriterler
acisindan 6nemli bilgiler saglar Bu ¢alismanin odak noktasi, yukarida belirtilen diger
endiistrilerden ziyade petrol endiistrisinde su-kil siispansiyonlarinin sondaj sivisinda

uygulanmasinin ele alinmasidir.

Bu c¢alismada, Biiyiik Genlikli Salinimli Kesme (LAOS) altinda bes farkli su-kil
stispansiyonunun dogrusal olmayan viskoelastik 6zelliklerinin karakterize edilmesi
amaglanmistir. Tirkiye'de Eskigehir yakinlarindaki belirli yataklardan dogrudan
toplanan dort tip sepiolit kil numunesi ve API referans kili olarak ticari bir bentonit
kili (Wyoming bentonit) saf su-kil siispansiyonlari hazirlamak igin kullanilmistir.
Sepiyolit kil kayaglari, nano ve mikro boyutlu pargacik dagilimi elde etmek i¢in bazi
fiziksel islemlere tabi tutulmustur. Hazirlanan su-kil siispansiyonlar1 ilk olarak
Discovery Hybrid Rheometer (DHR-II) kullanilarak 25° C'de LAOS testine tabi

tutulmustur. Ayrica, nano ve mikro parcacik boyutu dagilimlarina sahip sepiyolit



numunesi (Tirk Tajiri Bej, TTB), yiiksek sicakliklarda daha fazla LAOS analizi igin
secilmistir. Malzeme stres tepkisi (material stress response), Fourier doniisiimii (tek
tamsayil1 harmonik ayrisma) yoluyla elastik ve viskoz stres bilesenlerine ayristirildi.
Pipkin uzayinda ¢izilen Lissajous-Bowditch dongiileri (Lissajous egrileri), dogrusal
olmayan bolgenin baslangicin1 saptamak icin reolojik olarak degerlendirilmistir.
Osilasyonlu tarama testleri, dort sicaklikta (25, 50, 100, 150° C) ve frekanslarda (0.25,
0.5, 0.75, 1 Hz) gerinim (strain) ve gerinim hizinin (strain rate) bir fonksiyonu olarak
akigkan sistemlerinin viskoelastik dogrusal olup olmadiklarin1 saptamak igin

uygulanmigtir.

Lissajous egrilerinin analizi, bentonit siispansiyon sisteminin 25° C' de diger sepiolit
siispansiyon drneklerine kiyasla daha fazla yapisal kararliliga sahip oldugunu ortaya
koymustur. Diistik sicakliklarda mikro boyutlu TTB den daha diisiik jel kuvveti
ozelligi gosteren Nano boyutlu TTB sepiolit siispansiyonu, 100°C ve 150°C'de mikro
boyutlu TTB sepiolit siispansiyonu ile hemen hemen benzer jel kuvveti sagladigi
gorilmiigtiir.  Elastik dogrusal olmayan tepki, elastik parametreler (G; and Gy,)
azaldigindan, her iki akiskan sistemi i¢in tiim durumlarda gerinim yumusamast (Strain
softening) olarak belirlendi. Her iki akigkan sistemi i¢in de viskoz dogrusal olmayan
tepki, dinamik viskozite parametreleri (3 and ;) azaldigindan, biiyliik gerinim
hizlarinda kesme hizinda incelme olmustur. Bununla birlikte, diisiik ila orta gerilim
oranlarinda, nano boyutlu TTB sepiolit siispansiyon sistemleri, viskoz parametrelerin
tamami analizi ile mikro boyutlu TTB siispansiyon davranisindan daha fazla kesme

kalinlagmasi (shear thickening) gostermistir.

Anahtar Kelimeler: Nano boyutlu sepiyolit, LAOS, viskoelastisite, kil

stispansiyonlari, kesme kalinlagsmasi
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Chapter 1

Introduction

Clays are utilized as natural resources in a variety of industries, including ceramics,
paper, paint, petroleum, effluent clarity, catalysis[1]. Their structure, composition, and
physical qualities are the main factors affected their usage area [2]. Clay suspensions
as the colloidal minerals can be used for a variety of purposes such as cosmetics, the

oil industry, medicine, pharmacy, catalysis, textiles, cleanup, and food packaging.

Bentonite and sepiolite, predominantly constituted of the mineral montmorillonite, are
two of the most well-known and commonly used clays distributed in water in various
industries. Bentonite minerals are used in a variety of sectors, including ceramics,
cement, paints, food, drilling fluids, pharmacy, and paper manufacturing [3], [4].
Sepiolite is used to absorb agricultural chemicals, water, and oil, as well as as a
suspension in a variety of applications like saline drilling fluids, dyes, and
pharmaceuticals, as well as catalytic applications in the fiber reinforced cement
industry, rubber industry, bioreactors, industrial waste water treatment, and flue gas

waste removal [5].

Understanding the science behind the different shear mechanisms of various Clays in
water suspensions can lead to characterize thier mechanical and thermostructural
properties. All of these provide useful information about some critical features of clay

colloidal systems such as shelf life, gelation process, and degradation time.

Most advanced technologies including quality control, design and process assessment,

and commercial product formulation require an understanding of rheological behavior

of materials. The nature of mineral clays and their mechanical characteristics in

different suspension systems necessitate an evaluation of the rheological properties of

these systems. Various methodologies, equipment, and rheological approaches have
18



already been identified and contributed to the literature to explore the rheological
behavior of these aqueous suspensions. The rheological properties of suspensions,
colloids, and dispersions are often analyzed under elastic, viscous, and viscoelastic
deformations [6]. The rheological properties of sepiolite base drilling fluid under
viscous deformations have been described in a number of research [7]-[11].
Furthermore, different experimental approaches were used to evaluate the rheological
properties of bentonite suspensions [12]-[14]. Some studies have been conducted on
how the rheological characteristics of clays will alter when they are reduced to nano
size. In some recent studies nano-sized clay suspensions have been investigated for
different industrial applications. Mohammadi et al., (2015) investigated the usage of
nanoclay from the Kheirabad mine as a drilling fluid additive, and compared the
findings to the bentonite based drilling fluid widely used in drilling operations [15].
Nano clays are ideal for packaging applications because of their excellent barrier
characteristics and transparency. According to Patel et al. (2005) nanoclay is utilized
as a rheological modifier in paints, inks, greases, and cosmetics, as well as as a drug

carrier in medicinal applications and for the treatment of industrial waste water [16].

The Large Amplitude Oscillatory Shear (LAOS) Test can be used to investigate
complex fluids' nonlinear viscoelastic behavior. The parametric responses of stress vs.
strain or strain-rate curves are used to conduct the LAOS method. The LAOS method
was developed to explore the rheological properties of some industrial liquids like
polymer solutions and melts [17], colloidal dispersions [18], food products [19] and
hair or skin gels [20]. Currently, there is a lot of interest in applying the LAOS test to
evaluate nonlinear behavior of materials [21]-[22],[17],[23]-[24]. The linear and non-
linear viscoelastic rheological properties of water-clay suspensions should be
considered since they exhibit both viscous and elastic features when subjected to shear

deformation.

This study attempted to characterize the nonlinear viscoelastic properties of bentonite,
and four type of sepiolite suspensions including one nano sized sepiolite clay
suspensions under Large Amplitude Oscillatory Shear (LAOS) based on stress
decomposition approach. In the present study the LAOS rheological procedure is
applied for the first time in the case of nano-sized TTB sepiolite clay suspensions. The

aim of this study is to comprehensively investigate and simulate the LAOS behavior

19



of nano-and micro-sized TTB sepiolite clay suspensions. The rheological behavior of
these aqueous suspensions was reported as a function of frequency and strain. The
evolution of plotted normalized intra-cycle stress-strain behavior was evaluated
regarding both strain and frequency. In addition, all LAOS parameters were analyzed
and reported along with previously unreported shear mechanisim (strain thickening
and strain hardening behaviors) as a function of both applied strain and frequency.

20



Chapter 2

Literature Review

In this section, recent studies are given for diffrent industrial usage of nano-sized clay
suspensions. Additionally, literature is presented for LAOS studies, viscoelasticity of

drilling fluids and sepiolite clays.

2.1 Applications of Nano-sized Clays

Nanoscale particles provide numerous benefits in a variety of fields due to their unique
properties. When reduced to nano size, clay is one of the materials that has a wide
range of applications in a variety of industries. Clays are materials with a wide range
of applications that occur naturally in nature and are thus inexpensive. The surface
areas of the clays increase dramatically as they are reduced to the nanoscale. Nano
clays are used in a variety of fields, including medicine, cosmetics, paint, drilling fluid,
packaging, and water treatment, due to this and other important properties.

The effect of nanoclay on the rheology of drilling fluids is studied. This study found
that at optimal clay concentrations, Kheirabad modified clay behaves well for drilling
[15]. Shakip et al. investigated that nano-clay outperformed nano titanium, copper
nanooxide, nano alumina, nano clay, and CMC in the rotational viscometer. This
material also performed well in the filtration test, and nano-clay performed better than
others in controlling filtration. This is due to the fact that a 6 percent concentration of

nanoclay increases the viscosity of the drilling fluid[25].

Cheraghian (2017) revealed that the addition of nanoparticles to drilling fluid raises
the viscosity of the fluid. The rheological properties of the fluid, such as apparent
viscosity (AV), plastic viscosity (PV), yielding point (YP), mud cake thickness, and

fluid loss (FL), were studied before and after the addition of different concentrations
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of nanoclay. Clay nanoparticles have been used in this study to improve the rheological
properties of drilling fluids. The results demonstrated that nanoclay controls fluid loss

and is resistant to both high temperatures and fluid loss [26].

2.2 Large amplitude oscillatory shear (LAOS) studies

Early studies from 1960 to 1975 considered nonlinear properties of several viscoelastic
materials based on oscillatory shear and introduced stress waveform analysis with
Fourier transform approach [17], [27]-[34]. These studies defined the concept of Large
Amplitude Oscillatory Shear (LAOS); however, its application could not be developed
further due to some technical problems stemmed from lack of hardware and
computational methods. The LAOS test protocols introduced by Giacomin and Dealy
[35], and Dealy and Wissbrun [36] extended the knowledge and provided more
information about the experimental process and analysis of data. However, a
substantial progress in LAOS test interpretation has been achieved in a comprehensive
study by Ewoldt [37]. They established new measures to evaluate viscoelastic
nonlinearity in Large Amplitude Oscillatory Shear (LAOS). A rheological framework
was introduced by Ewoldt et al. 2008 based on total stress decomposition into elastic
and viscous stress characters using Fourier transform approach. They signified both
elastic and viscous component of total stress by Chebyshev polynomials and derived
nonlinear viscoelastic parameters to quantify nonlinearity based on LAQOS protocol.
Ewoldt et al. (2008) expressed that parametric plots involving closed Lissajous-

Bowditch curves were able to visualize nonlinear viscoelastic characters of materials

by depicting trajectories of oscillation stress o(t) as a function of strain y or strain rate
Y.

Numerous studies have recently considered LAOS protocols to evaluate nonlinear
viscoelastic properties of some materials and expanded the usage of LAOS test in
various industries [6], [17], [19], [20], [23], [37]-[42]. By the best knowledge of the
authors, no study was found about nonlinear viscoelastic characteristics of nano-sized

TTB sepiolite suspensions.
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2.3 Sepiolite based colloidals

Recently, nano-sized sepiolite clay is used in various applications especially in drilling
fluids. Abdo et. al, (2016) investigated the effect of nano-sized sepiolite clay in
rheological properties of drilling fluids. According to the study nano-sized sepiolite
clay improved the gel strength and fluid loss of drilling fluids at high pressure and high

temperature conditions [43]

As a fibrous clay mineral, sepiolite is a naturally occurred hydrous magnesium silicate
[44] . Numerous studies were reported about mineralogical properties of sepiolite that
makes it valuable for a wide range of applications. However, limited studies
considered the sepiolite clay as a main constituent in designing water-based drilling
fluids. The usage of sepiolite drilling fluid (drilling mud) in hostile conditions such as
high temperature, high pressure, and excessive salinity has been investigated in some
relevant studies [7], [8], [45]-[49]. The common point in all of these studies is that the
usage of several additives to control and improve the filtration properties of proposed
sepiolite muds is necessary. Although providing appropriate rheological properties at
extreme temperatures (>150° C), filtration control ability of sepiolite muds has been
failed and reported to be unacceptable [7], [9], [48]. Further studies revealed that the
filtration properties of sepiolite muds could economically be controlled by the usage
of recently available commercial additives [10], [11]. None of these studies considers
the nonlinear viscoelastic properties of sepiolite suspensions in rheological

characterization.
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Chapter 3

Method and Materials

3.1 Materials

Four sepiolite clays commertially named as TTB, YD-K, Kurtseyh, and S were used
to prepare clay-water suspension systems investigated in this study. Raw sepiolite clay
samples were collected directly from beds near Sivrihisar-Eskisehir district of Turkey
and subjected to some physical treatments to obtain fine scaled sepiolite sapmles.
Large crushers were used to reduce the particles of sepiolite clays to a smaller size.
Clay powders with nano-scale particle sizes were created using a high-speed dynamic
air classifier following rotary grinding and vibratory disc mill in department of mineral
processing engineering at Istanbul Technical University. In addition, commercial
Wyoming bentonite clay (QUIK-GEL) provided by Baroid Company was used as a
major additive for bentonite-water suspension. Particle size distribution results of
Nano-sized TTB (NTTB) sepiolite clay that is measured by Nano-ZS90 zetasizer is

given in Figure 3.1. Nano-ZS90 zetasizer is showed in Figure 3.2.

Size Distribution by Volume

WVolume (Percent)

0.1 1 10 100 1000 10000
Size (dnm)

Record 1: Sepiolite 1 Record 20 Sepiolite 2

Record 3: Sepiolite 3|

Figure 3.1: Zetasizer analysis results of Nano-sized TTB sepiolite clay.
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Figure 3.2: Size of Nano-sized TTB sepiolite clay is measured by Nano-ZS90
zetasizer.

It is known that the prefix "nano" denotes one billionth, or 10, in the International
System of Units; hence, one nanometer is one billionth of a meter. Figure 3.3 also
shows the particle size of nano-sized TTB sepiolite with respect to cumulative volume
percent. Particle size distribution curves for other clay samples are also presented in
Appendix A. Table 1 lists the d(0.1), d(0.5), and d(0.9) values obtained from particle
size distribution analysis for all used samples. The percentages 10%, 50%, and 90%
of particles under the reported particle size are represented by the particle size
distributions d(0.1), d(0.5), and d(0.9) [50].
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30 A

Cumulative Volume Percent (%)
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Figure 3.3: Cumulative volume percent versus to particle size for Nano-sized TTB
sepiolite clay.
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Tablo3.1: d(0.1), d(0.5), and d(0.9) values for all sepiolite clay samples.

Type of clay d(0.1) d (0.5) d (0.9) Unit
TTB 8.7 30.2 69.2 pm
Kurtseyh 7.59 30.2 79.4 pm
YDK 8.71 34.67 69.2 pm
S 3.8 22.91 52.48 pm

3.1.1 Sample Preparation Protocol

API RP-13B Standard was employed in preparing the clay-water suspensions. All
samples were based on the formulation of 350 ml of water phase (distilled water)
containing sepiolite, bentonite clays. All clay suspensions are mixed with multimixer
during 20 minutes. The amount of clay content in both bentonite suspension and

sepiolite suspensions were determined as 13 and 17.5 gr, respectively.

Figure 3.4: Clay suspensions is mixed by using Multimixer.
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3.2 Methods

3.2.1 Experimental setup and adjusted parameters

An advanced stress-controlled rheometer (DHR-2 rheometer, TA Instruments, USA)
was used to test rheological properties of samples under LAOS. In addition, stress-
controlled measurements for colloidal dispersion complex fluid systems (i.e., drilling
fluids) is more convenient as they are yield stress fluids. Oscillatory shear deformation
of clay suspensions was conducted based on frequency sweep and strain sweep
protocols. Complete contact between the sample and two plates was established by
setting gap between the upper plate (rotating plate) and Peltier plate (static plate) to be
1.0 mm. It provides the area of contact that is equal to or smaller than the overlapping
area of two plates. For the tests at 25° C and 50° C, a cross-hatched solvent trap plate
geometry with a diameter of 60 mm and serration on every millimeter were used to
avoid occurrence of apparent wall slip. In addition, solvent trap cover was used to
provide thermally stable (uniform temperature) vapor barrier environment even at 25°
C to prevent evaporation and/or drying of tested sample. The fluid samples were pre-
shared at a shear rate of 5 sec™ for 30 second to erase any shear history already created.
High sensitivity pressure cell unit of DHR-1I with a concentric cylinder geometry (cup
and rotor) was used to characterize rheological properties at pressurized environment
and elevated temperatures (100 and 150° C). All samples were conditioned by pre-
shearing at the rate of 400 sec™ for 120 second prior to test using the pressure cell unit.
The strain sweep protocol was carried out at an angular velocity of 10 rad/sec at strain
amplitudes from 0.001% to 1000% using parallel plate with crosshatched surface (960
mm) at 25° C. Nonlinear rheological behavior and transition from linear (SAOS) to
nonlinear (LAOS) region were determined based on strain sweep protocol. This test
was performed at same amount of angular velocity and stress interval using the
pressure cell unit at 150° C to avoid evaporation. Oscillatory stress sweep at four
frequencies (0.25, 0.50, 0.75, 1 Hz) was also applied to provide deep insight on
frequency effect. The range of appropriate frequencies was achieved after testing in
too low and too high frequencies by considering sample evolution and instrument
inertia effect. Fingerprints of inertia effect was observed for the tested samples at 1

Hz; consequently, testing frequency was limited to maximum of 1 Hz.
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The nonlinear data analysis is performed based on Fourier transformation from time
domain to frequency spectrum using Fourier Transform (FT) rheology embedded on
TRIOS software provided by TA Instrument. It follows by extraction of harmonics,
recasting of harmonics, and reconstruction of sinusoidal waves; and consequently,
LAOS parameters (non-linear rheological parameters) are calculated. Transient mode
was selected during data analysis. Adjusted parameters as conditioning time and
sampling time were set to be 1 cycle and 20 sec. In other words, for each stress
amplitude and frequency 5, 10, 15 and 20 cycles of LAOS were conducted at 0.25, 0.5,
0.75,and 1 Hz.

3.2.2 Oscillation Amplitude Sweep Tests

The first stage in characterization of viscoelastic behavior is to perform amplitude
sweep test and determine the change in the storage and loss moduli (G', G") with
increasing strain amplitude at constant frequency. Viscoelastic behavior is observed
under small strains up to a critical strain where the initial structural network of material
begins to deform. Distortion in material structure increase with increasing strain
applied and the deformation response changes from linear to nonlinear viscoelasticity.
The amplitude sweep is used to determine the Linear Visco-Elastic region (LVE) of
the sample and identify structural stability and dynamic yield point. The amplitude
sweep test was carried out at an angular velocity of 10 rad/s at strains from 0.001% to
1000% using parallel plate with crosshatched surface (@60 mm) at 25°C. Pressure cell

unit was used to apply this test at high temperatures

3.2.3 LAOS protocol procedure

The Large Amplitude Oscillatory Shear (LAOS) measurements were performed to
qualify and quantify the nonlinear rheological behavior of fluid samples for strain
amplitude varying from 0.01 to 1000 % at 0.25 Hz of frequency. The amount of 0.25
Hz was selected as a tested frequency after some pre-testing regarding instrument
inertia effect. The impact of inertia come into play at high frequencies, even if the
inertia calibration of the instrument was carried out. In addition, the concerns regarding
inertia and lost continuum were removed as the fluid inertia correction from the

instrument options was activated. For each stress parameters (amplitude, frequency) a
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sufficient number of LAOS cycles ranging from 5 to 20 were run to guarantee steady
state measurements. The LAOS protocol procedure was explained in details by Ewoldt
etal., [37] and they stated that LAOS is the most convenient way to analyze nonlinear
viscoelasticity of samples compared to other tests. The Fourier-Transform (FT)
software application inserted in the TA DHR-2 rheometer was used to analyze the
nonlinear data. The FT-rheology follows by extraction of harmonics, recasting of
harmonics, and reconstruction of sinusoidal waves; and subsequently, LAOS
parameters were calculated. The Lissajous-Bowdtich curves and the nonlinear
viscoelastic parameters such as maximum/minimum strain dynamic moduli, stiffening
ratio, elastic/viscous Chebyshev coefficients, maximum/minimum rate dynamic
viscosities, and thickening ratio were obtained by FT-rheology application known as
TRIOS. More detailed information about Chebyshev equations and interpretations of
LAOS parameters were given in recent studies [37]- [6]. Nonlinear parameters and
their indications (shear mechanism) have been illustrated schematically by Ettehadi et

al., 2021 to make the procedure easy to follow and use [51].
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Figure 3.5: Nonlinear viscoelastic parameters obtained under LAOS and their
indications [51].
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Dissipation ratio was also used as another parameter to evaluate viscoelasticity in
suspension samples. Even though, Lissajous-Bowditch curves provide qualitatively
nonlinear behavior of clay suspension samples, dissipation ratio enable to summarize
information of Lissajous curves [52]. Enclosed area of Lissajous curves indicated
dissipated energy of sample during oscillatory strain. In a one cycle, a perfect plastic
material dissipates a certain amount of energy that is equal to;

(Eq) pp = 4Y 00 max (3.1)
Where y, is strain amplitude, (E4) pp IS pure plastic dissipation energy and 6,4 1S
maximum stress. Generally, actual dissipated energy of a cycle by a strain-controlled
LAOS response is only a function of the first-order viscous Fourier coefficient and is
calculated by

Eq = $ody = nG; v (3.2)
Ewoldt et. al. (2010) intelligently offered that the ratio of actual dissipated energy to

perfect plastic dissipation energy gives dissipation ratio as indicated below [52] :

¢ = E4/(Eq) pp= nGlyo/ 46, (3.3)
Energy dissipation ratio (@) could be an effective indictor to quantify dissipation and
nonlinearity. Figure 3.5 summarizes that If ¢ = 0, no energy is dissipated, thus the
material behaves purely elastic. When ¢ = 1, the entire energy of material was
dissipated and the response is perfect plastic. In the case of ¢ = n/4, the behavior of
samples will be Newtonian [37].

The ratio of actual dissipated energy to perfect plastic dissipation energy gives
dissipation ratio as indicated below:

_
1 Perfect Plastic
Gy .
¢ = Eql(E g)pp= 1Y0/40max — m/4=0.785 Newtonian (3.4)
0 Purely Elastic
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Chapter 4

Result and Discussion

4.1. Amplitude Sweep Test

Strain sweep experiments were used to investigate LAOS behaviors of suspensions at
frequencies of 0.25, 0.5, 0.75, and 1 Hz. Figure 4.1 obviously depicts the transition
between linear and nonlinear regimes. The storage and loss modulus (G' and G™) of a
nano-sized sepiolite suspension as a function of strain amplitude, yo at 0.25 Hz and 25°
C are shown in this figure. At low-stress amplitudes, the moduli show a plateau (linear
viscoelastic (LVE) regime limit), followed by a large drop in G' and a modest reduction
in G". G' starts to decrease at 1.27 % (percent) oscillation strain while G" remains
constant until 8.3 % oscillation strain, at which point G" decreases at a slower rate
than G'. Strain (output signal) and stress (input signal) are sinusoidal inside the LVE
regime (plateau). Furthermore, strain is identified as the output signal by a constant
amplitude and phase lag over cycling. This means that the material's microstructure
remains stable during the cycling process. Moving forward, the output signal begins
to deviate from a sinusoidal shape for stress amplitudes matching to the decline of the
moduli. Furthermore, as the strain amplitude increases for a fixed stress amplitude, the
strain amplitude and phase lag change slightly over time. This shows that applied shear

stress is breaking the material microstructure's stability.

When a significant deviation from a sinusoidal shape is observed in the output strain
signal far from the linear VE regime, higher non-linearities come into the picture. The
amplitude and phase lag progress significantly over a cycle, the microstructure is

almost completely damaged, and the non-linear flow pattern is mostly considered.
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Figure 4.1: Strain Sweep of nano-sized sepiolite suspension with dynamic modulus G’ and G’
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Figure 4.1 also includes Lissajous curves representing stress vs. strain and strain rate
at three strain amplitudes ranging from linear to non-linear. The measured stress wave
in linear region is sinusoidal, and the stress vs. strain and strain rate describe an
ellipsoid shape. Instead that, the material behaves nonlinearly, and the stress-strain
representation’s ellipsoid shape transforms into a much more geometrically complex
shape. Elastic and viscous stresses are the components of non-linear response that are
in phase with the strain and in phase with the strain rate [53]. These are distinct
functions that represent straight lines in the linear region through the origins of
Lissajous curves. The ellipsoid shapes, on the other hand, tilt with increasing strain.
Although these components (elastic and viscous stresses) continue to be distinct
functions, they can no longer be represented by a straight line. As a result, higher order

Fourier coefficients are required to describe viscous and elastic stresses.

1000 7

00000000000000000000000e, 0.5 Hz

g

100 $0229922822288880000ner
e e P ian VARt - I = e Tt Yo

-
o

oond
en —0— G" W-Bena)
—a—G'YD-K —o—G"YD-K
—o—G'S —0—G"S

jDDDDEDDDDGqD pooooo0o0o000

—8—G'YD-K
——G'S —0—G"S

Storage ModulusG' (Pa)
Loss Modulus G" (Pa)

Storage ModulusG' (Pa)
Loss ModulusG" (Pa)

-
-

—e—G'TIB —o—G"TIB —e—G'TIB —o—G"TIB
—e— G' Kurtseyh —0— G" Kurtseyh —e— G' Kurtseyh —0— G" Kurtseyh
0.1 +—— H(.S:.I‘\‘.IS — H(?"'Hf}\IS T 01 00N oGNS et
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Strain y (%) Strainy (%)
1000 7 1000 7

Wm...““.‘.‘ 0.75Hz

‘‘‘‘‘‘
““““

eS8 E0as

8
g

-
o

-

o

Storage ModulusG' (Pa)
Loss ModulusG" (Pa)
Storage ModulusG' (Pa)

Loss ModulusG" (Pa)

COODg o g RPCOoCCaE g Ben

14 —®GYDK —0—G"YD-K
—e—G'S —0—G"S 1 &
—+—G'TTB —o—G"TTB o
—e— G' Kurtseyh —0o— G" Kurtseyh ] —&— G' Kurtgeyh —o— G" Kurtseyh '..\.‘ .

01 J_—TmGNs  —o—G"NS ‘ e —e—G'NS —o—G"NS o’y
- T T T Tt T T 0.1 + !
0.01 01 1 10 100 1000 001 01 1 10 100 1000
Strainy (%) Strainy (%)

Figure 4.2: Storage modulus (G") and loss modulus (G™) as a function of strain
amplitude for bentonite, YD-K, S, TTB, Kurtseyh and nano-sized sepiolite
suspensions at four different temperatures.

Figure 4.2 depicts strain sweeps for six suspensions at four different frequencies. In

this figure, the limit of linear VE and the onset of non-linear regions are clearly visible.
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The type of clay and increasing frequency have a minor effect on the transition from
linear to nonlinear flow. The quantitative and qualitative differences in G' and G"
behaviors were not changed considerably by LAOS response for different frequencies.
This finding is in accordance with the colloidal system literature [23]. The onset of
non-linear behavior took place at 0.25 Hz for TTB, Nano sepiolite, YD-K, and
Kurtseyh sepiolite clay suspensions with a strain of 1% and remained essentially
unchanged at the other higher frequencies studied. When compared to the other
sepiolite clay suspensions, the onset of non-linearity occurred at lower strain (0.4
percent) for the S type sepiolite suspension at all of the studied frequencies. For almost
all frequencies, strain sweeps revealed that the start of nonlinearity for the Wyoming
bentonite suspension occurred at 20% strain. The longer linear viscoelastic region of
Wyoming bentonite corresponds to a more stable and flexible structural network
formed by the van der Waals attractive forces between clay particles in water. This
outcome is to be anticipated because bentonite suspensions prepared with fresh water

perform well at low to moderate temperatures.

For all frequencies in the linear VE region, however, all of the sepiolite clay
suspensions had a higher storage modulus (G') than the bentonite suspension.
Measured data in the linear VE region showed that TTB sepiolite suspension has much
more elastic fraction compared to the other sepiolite and bentonite clays. The nano
sepiolite-based suspension, on the other hand, has the least elasticity when compared
to other sepiolite clay suspensions. Maximum G’ values in the linear VE region were
in the range of 6.29 x 10%to 8.51 x 10? Pa for TTB sepiolite suspension at all the
frequencies. The nano sepiolite-based suspension, on the other hand, has the least
elasticity when compared to other sepiolite clay suspensions. Maximum G’ values in
the linear VE region were in the range of 4.59 x 10 to 5.48 x 10! Pa for nano sepiolite
suspension at all the frequencies. Maximum G' values in the linear VE region for
Wyoming bentonite, YD-K, S, and Kurtseyh suspensions, on the other hand, have
ranged from 0.41107 to 0.93 10? Pa, 3.5 10% to 1.7 10% Pa, 0.93 10? to 1.3 10? Pa, and
1.3 10% to 2.1 10? Pa, respectively. The stiffness of the sample or the gel strength is
represented by G' values in the LVE region. It is concluded that the nano sepiolite
suspension and bentonite suspension yielded a lower gel strength compare to that of
the other clay suspensions. On the other hand TTB sepiolite suspension yielded a

higher gel strength compare to that of the other clay suspensions. All of the clay
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suspensions exhibited shear thinning behavior, regardless of frequency because of the
fact G” and G’ decreasing with increasing strain. For all sepiolite suspensions, a
significant decrease in the storage modulus (G') and the loss modulus (G™) was
observed at the entrance of the LAOS region. After an almost constant value in the
LVE region, the G" curve for bentonite suspension rapidly increases to a distinct peak
(maximum). The curve then decreases significantly again. Loss modulus (G") values
characterize the fraction of deformation energy lost due to internal friction while shear
stress is applied. The material begins to flow before the structural breakdown as it
approaches the flow point where the first few individual bonds in the network of forces
decay. The material's entire microstructure, however, remains firmly held together.
This means that G' continues to outperform G" in the sample throughout the testing

period.

At the highest frequency applied, crossover in G' and G" values was observed for
bentonite and TTB suspensions up to 52.5 % and 42.33 %, respectively (1 Hz).
However, at around 21 % strain, a crossover stress modulus was observed for nano
sepiolite and S sepiolite suspension, indicating an early structural decay caused by an
increase in fluidity with increasing strain. Based on linear viscoelastic parameters, the
TTB sepiolite and Wyoming bentonite suspensions had higher gel strength, a more

stable network, and a more elastic character.

It is obvious that storage modulus of nano-sized sepiolite suspension is less according
to the other suspensions except 0.75 Hz. However, lineer VE range of bentonite
suspension is higher than other five suspensions at four frequencies. Diversely, micro-
sized sepiolite suspension has more storage modulus than the all of suspensions.
Whereas, storage modulus of micro-sized TTB sepiolite suspension is 845.92 Pa,
storage modulus of nano-sized sepiolite suspension is 55.54 Pa demonstrating that
more power is required to pump TTB sepiolite suspension in shallow wells. Taking all
of the mentioned above consideration, nano-sized sepiolite suspension is more
preferable than the micro-sized TTB sepiolite suspensions at drilling operations under

low temperatures.
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Figure 4.3: Storage modulus (G') and loss modulus (G™") as a function of strain
amplitude for nano-sized sepiolite suspensions at four different temperatures.

Figure 4.3 present the results of amplitude sweep tests on nano-sized sepiolite
suspensions at four different temperatures and frequencies. For 0.25 Hz frequency, the
G' value of nano sepiolite suspensions was reported to be 53.26 Pa, 71.33 Pa, 559.61
Pa, and 552.84 Pa for 25° C, 50° C, 100° C, and 150° C temperatures, respectively.
Additionaly at 150° C temperature onset of nonlinearity of nano sepiolite is lower than
the other three temperatures indicate that increasing temperature give rise to weak
structural stability at small strains. At other increasing frequencies (0.50, 0.75 1.0 Hz),
the situation did not change considerably.

Based on linear viscoelastic parameters, the nano sepiolite suspensions had lower gel
strength, and a less elastic character at low temperatures (25° C, 50° C). On the other
hand at high temperatures gel strength and elastic character are much higher impliying
more pump power requirement at drilling operations. It could be resulted that nano
sepiyolit suspension is preferable at low temperatures since at low tempratures less

pump power is required. It is also observable that, at high temperatures (100, 150° C),
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there was a clear overshoot in loss modulus at intermediate amplitudes, particularly in
micro-sized and nano-sized sepiolite suspensions. This finding is consistent with Hyun
et al’s Type III response [54] (weak strain overshoot) for some complex fluids, in
which the loss modulus increases at intermediate stresses before decreasing at larger
strain amplitudes. The loss modulus overshoot is a notable marker of the transition
from largely solid (viscoelastic equilibrium in linear region) to primarily fluid (plastic
flow) [55].
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Figure 4.4: Storage modulus (G") and loss modulus (G"") as a function of strain
amplitude for micro-sized sepiolite suspensions at four different temperatures.

As can be seen in Figure 4.4, there is no significant difference between the G' values
at all four temperatures and frequencies. The storage modules at 25° C, 50° C, 100° C,
and 150° C were reported to be 592.11 Pa, 636.81 Pa, 502.81 Pa, and 511.95 Pa,
respectively, for 0.25 Hz frequency. Itis clearly seen that the TTB sepiolite suspension
shows similar gel strength and elasticity at low and high temperatures at four different
frequencies. Accordingly, although the elasticity and gel strength of the micro-sized
TTB sepiolite do not change visibly depending on the temperature, the properties such
as the elasticity and gel strength of the nano-sized sepiolite suspension significantly
change depending on the temperature. Furthermore, as shown in Figure 4.4, the lineer
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VE range of the TTB sepiolite suspension is nearly same at all four temperatures
indicating structural stability does not effect by increasing temperature.

4.2 Rheological behavior in non-linear (LAOS) region

Comprehensive assessment of the nonlinear viscoelastic character of six water clay
suspensions was qualified based on Lissajous-Bowditch curves and quantified by
nonlinear parameters. The nonlinear oscillatory responses of fluid samples at a fixed
frequency (0.25 Hz) were visually evaluated using normalized Lissajous- Bowditch
curves at 25° C, 50° C, 100° C and 150° C. Lissajous- Bowditch curves were
normalized in terms of the maximum stresses (6/6max, 6"/6'max,6""/6""max)and maximum
strain and shear rate amplitude (y/ymax and y/ymax). Pipkin diagrams involved
Lissajous-Bowditch curved under 0.063, 0.63, 6.31, 63, 125, 268, 812, and 1015%
strain deformations were created to evaluate nonlinearities. The Lissajous- Bowditch
curves were evaluated along with the energy dissipation ratio to obtain a better insight
into viscoelastic responses. Normalized Lissajous-Bowditch curves were generated
and given through from Figures 4.5 through 4.8. Elastic and viscous projections of
Lissajous curves provide in-dividual plots of normalized total stress (black lines) and
normalized elastic component in stress versus strain plane and the viscous component
of stress in stress versus strain rate plane (red lines). Lissajous curves provided a more
sensitive indicator of nonlinearity since the appearance of higher harmonics in FT

Rheology is the reason for changes in the Lissjous curves’ shape.

4.2.1 Evaluation of normalized elastic projection of Lissajous

curves

Figure 4.5 shows elastic Lissajous—Bowditch curves as a function of frequency for all
clay suspensions. Ewoldt et al. [39]-[18] revealed circular trajectories in elastic
Lissajous curves are presented as response of viscous dominated materials. Elastic
dominated behavior was characterized by narrow elliptical trajectories, while
viscoelastic behavior was characterized by elliptical trajectories with finite major to
minor axes. Figure 4.5 demonstrates that as the strain was increased, the elliptical
shape of the stress response became wider and more distorted, indicating increased
non-linearity, suspended structural decay, and viscous behavior. As a result, the elastic
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Lissajous—Bowditch loops' circular shape and larger size would be obvious evidence
of the transition from elastic dominant behavior to more liquid-like viscous behaviour
[37]- [42]. While non-linearity (change from a narrow ellipse) starts after 0.63% for
all sepiolite suspensions, the Lissajous curves of Wyoming bentonite suspensions
showed that the transition from linear to non-linearity began after 6.31% strain. In
other words, in sepiolite suspensions, nonlinearity and structural deformation start
earlier than in Wyoming bentonite suspensions. Furthermore, when compared to all
sepiolite suspensions, Wyoming bentonite suspension exhibited more elastically
dominated behavior. The trajectories of all sepiolite suspensions were increasing wider
and faster than those of Wyoming bentonite suspension, as seen in the elastic

Lissajous—Bowditch curves in Figure 4.5.

The elastic component (o’) of stress, illustrated by the red lines in Figure 4.5 elastic
Lissajous curves, can also help in understanding the material's viscous and elastic
properties, as well as its non-linearity. In the linear region, this component seems to
be a straight line passing through the origin. As the non-linearity begins, distortion in
the material structure is induced, the deviation will be seen. The more structural
deformation occurs as the shape of elastic component lines deviates from rectilinear,
indicating softer and fluid-like behavior. A quick glance on Figure 4.5 reveals that
beyond lineer VE range, the deviation of elastic component (c’) projections (red lines)
are visible for all the studied clay suspensions imply that deformation in the material

structure is observed.

Energy dissipation ratio (g) defined by Ewoldt, 2008 could be an effective indictor to
quantify dissipation and nonlinearity[37]. Figure 4.6 shows the changes in energy
dissipation ratio concerning strain amplitude for all clay suspensions at 0.25 Hz, 0.50
Hz, 0.75 Hz and 1.0 Hz frequency. Following observation can be made by evaluating
dissipation ratio as a function of strain amplitude for six clay suspensions examined at
25° Cin this study. As can be seen in Figure 4.6, the energy dissipation ratio () shows
0 up to 1% in all clay suspensions except bentonite clay suspension. This explains that
suspensions show excellent elastic properties up to 1%. On the other hand, it is seen
that the bentonite suspension maintains its structural stability up to 10% strain
deformation. As a result the energy dissipation ratio is almost zero for all six clay

suspensions at low strain amplitudes indicating a perfect elastic response. The
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dissipation ratio is increased with increasing strain and finally, a maximum ratio of

about 0.87 was recorded which is a clear sign of viscous behavior.
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Figure 4.5: Lissajous-Bowditch curves for the elastic component of six water-clay suspensions at 0.25 Hz frequency.
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Figure 4.6: Dissipation ratio for six suspensions at 25° C and four different
frequencies.

Figures 4.8 and 4.9 show Lissajous curves for nano and TTB sepiolite suspensions
respectively at four different temperatures (25° C, 50° C, 100° C, 150° C) and a
constant frequency of 0.25 Hz, respectively. Transition from linear to non-linear flow
suggesting structural breakdown, can be identified from deformation in the shape of
Lissajous curves. Under all of four temperatures (25° C, 50° C, 100° C, 150° C)
deviation in shape of Lissajous curves was observed with increasing strain amplitude
for nano and TTB sepiolite suspensions which exhibits viscous behavior even at small
strains. Figure 4.8 shows how, at low strain values, increasing temperature causes
Lissajous curves to narrow. At higher temperatures, the elastic property and gel
strength increase. These findings are also in agreement with those of the amplitude
sweep test. In addition, with the onset of nonlinearity, Lissajous curves appear to be
wider at high temperatures. This indicates that the nano sepiolite suspension dissipates
more energy at higher temperatures. However, there was no noticeable difference in
the elasticity of TTB sepiolite suspension with increasing temperature. Based on this

analysis, it can be concluded that TTB sepiolite suspension has more thermal stability
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than nano sepiolite suspension. Figure 4.7 indicates the dissipation ratio of nano and

TTB sepiolite suspensions under four temperatures and at two frequencies (0.25 Hz,

1.0 Hz). Following observation can be made by evaluating dissipation ratio as a

function of strain amplitude for two sepiolite clay suspensions examined in this study;

At low temperatures, the energy dissipation ratio (DR) is almost zero for two
sepiolite suspensions (nano-micro sized TTB) at low strain amplitudes
indicating a perfect elastic response. The dissipation ratio is increased with
increasing strain and finally, a maximum ratio of about 0.89 was recorded
which is a clear sign of viscous behavior. However, as temperature increased,

DR value in the nano suspension decreased more than in the TTB suspension.

The dissipation ratio value in both suspensions increased dramatically at 0.25
Hz frequency as the excellent elasticity started to deteriorate at high

temperatures.

Compared with TTB sepiolite suspension the dissipation ratio for nano
sepiolite suspension is higher at low strain amplitudes and lower at high strain
amplitude with increasing temperature to 150° C. This implies more elastic
behavior in low strains for TTB sepiolite suspension and more viscous
behavior at high strains compare to nano sepiolite suspension. TTB sepiolite
suspension has a larger dissipation ratio indicating more energy dissipation and

viscous behavior than nano sepiolite suspension under large strains.

At 1.0 Hz and 150° C, the dissipation ratio for nano sepiolite suspension is
much lower than others indicating a stronger elastic response compare to other
sepiolite suspension. This could be a sign of flocculation for nano sepiolite

suspension at high temperatures.

Another important aspect impacting the material's elastic and viscous properties during

oscillatory flow is frequency. Higher strain rates and greater energy spent for

oscillatory flow resulted from higher frequencies combined with increased strain [38].

Because the area covered by the loops is proportional to the energy used during

oscillatory flow, as the frequency increases, the trajectories become wider and more

deviated, indicating softer and more liquid-like viscous dominating behavior. This

detection can be seen in the elastic Lissajous—Bowditch curves of all clay suspensions.
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This can be better identified in the TTB clay more than the others. By increasing

frequency from 0.25 to 1 Hz, the Lissajous curves became wider and thicker indicating

less elasticity and dominant viscous character for the TTB suspension at 1 Hz.
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Hz and 1.0 Hz.
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Figure 4.8: Lissajous-Bowditch curves for the elastic component of nano sepiolite clay suspensions at 0.25 Hz frequency for four
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Figure 4.9: Lissajous-Bowditch curves for the elastic component of TTB sepiolite clay suspensions at 0.25 Hz frequency for four

different temperatures (25° C, 50° C, 100° C, 150° C.
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4.2.2 Evaluation of normalized viscous projection of Lissajous

curves

In order to qualitative evaluation of viscous projection for each sample, Lissajous-
Bowditch curves are plotted as normalized total stress responses 6 /0 max, (black lines)
and normalized viscous component 6"’ /6"’ ;.4 (red lines) as a function of normalized
strain rate ¥’ /¥ max- NOrmalized viscous Lissajous-Bowditch curves for six clay
suspensions at 25° C are depicted in Figure 4.10. In Figures 4.11 and 4.12, the L-B
curves of nano and TTB sepiolite suspensions at four different temperatures,
respectively, are given at a constant frequency of 0.25 Hz. As the ellipses become

wider, the viscoelastic behavior will take precedence over the linear viscous behavior.

From a viscous viewpoint, the circular shape of stress responses disappeared and was
replaced by an elliptic shape as strain increased from 0.0063 to 1015 percent (Figure
4.10). With increasing strain rate amplitude in the nonlinear region, the Lissajous
curves become tighter and narrow representing more viscous dissipation. The
Lissajous curves changed to a sigmoidal curve (S shape) at relatively high strain rate
values designating a strong shear thinning properties in viscous response of total stress
for six clay suspensions. The stress response for the bentonite clay suspensions was
represented by a larger ellipse than the other clay suspensions, as shown in Figure 4.10.
The circularity in the shape of trajectories was greater in the other suspensions (up to
63 percent strain). This indicates that the bentonite clay suspensions have a more stable
and elastic dominant suspension than the others. In the non-linear region, the elliptical
shape of the stress response for nano and S sepiolite suspension was smaller and
narrower than that of the others, indicating more fluid-like and viscous behavior. The
elliptic shape of stress response trajectories became wider as the frequency was
reduced from 1 to 0.25 Hz, and the distance of ellipses from circle trajectories
decreased, confirming the stiffer and elastic behavior of suspensions (Appendix A-B).
All of the clay suspensions exhibited this characteristic.

In Figure 4.11 and 4.12 similar to the elastic L-B curves, deformation in the shape of
viscous Lissajous curves implies that evolution from linear to non-linear flow was
observed with increasing strain amplitude for two clay suspensions. Unlike elastic

stress components, an increase in the slope of the viscous stress component (red line)
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is identified as the signature of gradual transition from elasticity to the plasticity. The
transition from elastic behavior to viscous behavior was more pronounced in both of
nano and TTB sepiolite suspensions at 150° C as a rapid increase in the slope of the
viscous stress component and an abrupt shape deformation was observed in their L-B
curves. A secondary loop identified as self-intersection in viscous L-B curves was
observed for both sepiolite suspensions at high strain amplitude and 150° C. The
formation of secondary loops in the stress-strain rate plot has been previously re-ported

for some materials under the LAOS test.

It means that at this particular point the elastic stress is zero and stress response is not
dependent on strain amplitude. Secondary loops in the stress-strain rate plot are an
indication of viscoelastic overshoot which can be identified by negative slopes of
minimum strain modulus (G'm) in the stress-strain plane. This phenomenon in
viscoelastic behavior is reported to be similar to the shear stress overshoot at the
intercept of steady shear flow[56]. The secondary loops are expected when the broken
microstructure of the sample network is reversibly recovered. Therefore, these loops
appear in L-B curves when the time for recovering microstructure is lower than the
oscillatory deformation time which is strong evidence of thixotropic recovery in nano
and TTB sepiolite suspensions. Lissajous curves are only convenient for a qualitative
evaluation of viscoelastic nonlinearity. Quantitative evaluation of nonlinear
viscoelasticity should be performed using nonlinear elastic and viscous LAOS

parameters.

All of these observations were confirmed and concluded from the interpretation of
elastic Lissajous-Bowditch curves. The Lissajous-Bowditch curves are inconvenient
for assessing non-linearity quantitatively. They can be a valuable way to visually in
qualitative investigation. To quantify non-linearity under LAOS, the other LAQOS

factors should be evaluated. (G, Gy, n;, Ny, ez/e1, v3/v1, S, T).
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Figure 4.10: Lissajous-Bowditch curves for the viscous component of six water-clay suspensions at 0.25 Hz frequency.
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Figure 4.11: Lissajous-Bowditch curves for the viscous component of nano sepiolite clay suspensions at 0.25 Hz frequency for four
different temperatures (25° C, 50° C, 100° C, 150° C).
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Figure 4.12: Lissajous-Bowditch curves for the viscous component of TTB sepiolite clay suspensions at 0.25 Hz frequency for four
different temperatures (25° C, 50° C, 100° C, 150° C).



4.3 Nonlinear Elastic Parameters of Clay Suspensions

Nonlinear elastic parameters (G;, Gy ,e3/eq,S ) were considered to quantify the
nonlinear elastic response of clay suspensions. The change in large strain moduli (G)
with applied strain amplitudes for nano, TTB, S, YDK, Kurtseyh sepiolite and
bentonite clay suspensions at 25° C under four frequencies (0.25, 0.50, 0.75, 1.0 Hz)
are illustrated in Figures 4.13. In order to present a more detailed and clear observation,
the change in large and minimum strain moduli (G, Gy,) values of each clays are
presented in Figure 4.14 under the frequencies of 0.25 to 1.0 Hz and at 25° C.
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Figure 4.13: Large strain modulus (G’L) values for water-clay suspensions at 25° C
and four different frequencies.

Nano sepiolite and Bentonite clay suspension are the two suspensions with the lowest
(G;) value among the six clay suspensions for all frequencies. Therefore, its elastic
properties are less dominant than other clay suspensions. On the other hand, at low
strain in the linear area, TTB clay suspension has the highest large strain modulus (G;)

values in all frequencies. However, it is lower than the large strain modulus (G;)
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obtained for Wyoming bentonite suspension at high strain (over 10%), despite the fact
that its G; values are already the highest among sepiolite clay suspensions. Longer
linearity is observed in Wyoming bentonite suspension, with the lowest and highest
large strain modulus (G;) values in the linear and nonlinear regions, respectively.
Except YDK clay suspension, increasing frequency leads to decreasing of the amount
of large strain modulus (G;) for all suspensions(Figure 4.13). This contradiction should
be interpreted in light of the morphological structures of clay minerals and the
interaction of YD-K clay particles with the aqueous phase, which is not the topic of
this study. Test results revealed that nano clay suspension has the lowest amount of
large strain modulus (G;) in nonlinear region, although except 0.25 Hz frequency its
large strain modulus (G;) values is higher than or equal to bentonite clay suspensions
at linear region. Except for nano sepiolite, all sepiolite clay suspensions have a larger
large strain modulus (G,) in the linear region than bentonite suspensions. This means
that nano sepiolite has a lower gel strength at low temperatures than other suspensions.
Therefore, less power is used to pump the nano sepiolite suspension at low

temperatures during drilling operations.

Figure 4.14 represents the variation of large and minimum strain modulus
G, and Gy, as a function of strain amplitude at 0.25 and 1 Hz to make a detailed
comparison. As a common observation for all suspensions both large and minimum
strain moduli (G, Gy,) were reduced to the first harmonic storage modulus (G) in
linear region indicating little nonlinearity. In addition, both G and G, were
dramatically decreased by increasing strain amplitude indicating strong inter cycle
strain softening behavior for all suspensions at 25° C temperature. However decrement
in the minimum strain modulus G, was much more than the large strain modulus G},
as strain amplitude was increased and all suspensions were subjected to nonlinearities
(Gy) was decreased more quickly than (G}). For instance, the large strain modulus
(G;) was decreased from 50.46 Pa t.0 0.79 Pa for the nano suspensions while the
minimum strain modulus (Gy,) decrease from 48.7Pa to 0.27 Pa with the increasing
strain amplitude from 1% to 127%. This indicates that the strain-rate softening of the
elastic modulus dominated the elastic nonlinearity of all drilling mud samples. In the
nonlinear region, the difference between minimum strain modulus (G,) and large
strain modulus (G}) decreases with increasing frequency. TTB clay suspension has a

greater difference between G; and G, at all frequencies, indicating a more stable gel
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structure than the others. It is also obvious that at 25° C all clay suspensions exhibits
strain softening behavior at high stains under both frequencies (0.25 and 1.0 Hz).

1000 1000

025Hz 1Hz
1% s 100 iowoocmmmoooooowmm
a o
3 10 4 S, _3 10 A
U] 14 —e— W-Ben (G'L) ¢ © 4 —e— W-Ben (G'L) oy
o —o— W-Ben (G'M) %%zbo - —0—W-Ben (G'M) o%o
[G] (U]
01 A 01 4 <
<
0.01 + + + + + 0.01 t t + t +
0.01 01 1 10 100 1000 001 01 1 10 100 1000
Strain % Strain %
1000 1000
0.25Hz
s 100 s 100
o =%
3 10 3 10
R —e—YD-K (G'L) [CI —e—YD-K (G'L)
bj —0—¥DK (G'M) 6 —0— ¥D-K (G'M)
01 4 0.1
0.01 t t t "'? 0.01
0.01 01 1 10 100 1000 0.01 01 1 10 100 1000
Strain % Strain %
1000 1000
0.25Hz 1Hz
s 100 - s 100 4
a =%
: 10 s 10
oo — e 5(G'L) . — e 5(GL)
© . oS (G'M) O © 01 o $(G'M) ;
e %
0.01 t t t t - "9": 0.01 t t t + —
0.01 01 1 10 100 1000 0.01 01 1 10 100 1000
Strain % Strain %
1000 1000
0.25Hz
- 100 W o 100 -
o Oo o
3 10 - °°<>°o 3 10
CHE —s—TTB (G'L) %, CR —e—TTB(G'L)
2 o TTB (G'M) e = —o—TTB (G'M) o
01 A < 01 4
0.01 t } t " " 0.01 " " " PN
0.01 01 1 10 100 1000 001 01 1 10 100 1000
Strain % Strain %
1000 1000
s 100 5 100
(=9 o
5 10 s 10
) 1 —a— Kurtseyh (G'L) ) 1 —a— Kurtseyh (G'L)
(DJ —&o— Kurtseyh (G'M) © 'RDJ —o— Kurtseyh (G'M)
01 4 < 0.1
001 iy e iy 0.01 ¥
0.01 01 1 10 100 1000 0.01 01 1 10 100 1000
Strain % Strain %
1000 1000
1Hz
- 100 - 100
(=8 o
'i 10 'E‘ 10
o1 o
“ o1 © 01
001 + t t t t t 0.01 t t t t t
0.01 01 1 10 100 1000 0.01 01 1 10 100 1000
Strain % Strain %

Figure 4.14: Large and minimum strain modulus (G'L ,G'M) as a function of the
strain amplitude at 0.25 and 1 Hz.

Figures 4.15 and 4.16 depict how G; and G}, change with increasing temperature for

nano and TTB sepiolite suspensions at the constant frequencies of 0.25 and 1 Hz,
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respectively. While the G}, values for nano and TTB suspensions at 25° C were 41.7

Pa and 640 Pa, respectively, it was 490.67 Pa for both suspensions at 150° C. With the

increase in temperature, the G value of the nano suspension significantly increased,

while the G} value of the TTB sepiolite suspension slightly decreased.
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Figure 4.15: Large strain modulus (G’L) and minimum strain modulus (G’m ) values
for water-clay suspensions at 0.25 Hz frequency and four different temperatures.

It means that with the increase in temperature, the gel strength and elasticity property

of the nano suspension increased substantially, while the TTB suspension decreased

slightly. In addition, G; and G, values of nano and TTB suspensions decreased with

the increase of strain value at all four temperatures implying inter-cycle strain

softening behavior. On the other hand, it was seen that there was no obvious change

in G; and G), values of nano and TTB sepiolite clay suspensions at increasing

frequency in Figure 4.16. The change in large and minimum strain moduli G; and G,

with applied strain amplitude was plotted for both suspensions systems in Figure 4.17
and at 0.25 and 1 Hz with respect to four temperatures (25, 50, 100, 150° C).
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Figure 4.16: Large strain modulus (G’L) and minimum strain modulus (G’m) values
for water-clay suspensions at 1.0 Hz frequency and four different temperatures.

Both G} and Gj, were equalized to the first harmonic storage modulus (G’) in the
linear region for two sepiolite clay suspensions. Softening behavior was observed in
both suspensions as G; and G, decrease with increasing strain amplitude at 0.25 and
1 Hz and all temperatures tested (25, 50, 100, 150° C). The general insight about the
large and minimum strain moduli pronounced strain softening behavior for all cay

suspensions as the overall elastic nonlinear response.

As the elastic nonlinear parameters, stiffening ratio (S) and elastic Chebyshev
coefficient (e3/el) are also utilized to determine intra-cycle strain stiffening or
softening nonlinearities. Figure 4.18 demonstrated the change of stiffening ratio (S)
and elastic Chebyshev coefficient (e3/el) with strain amplitude increasing for all clay
suspensions at 25° C. These two parameters are zero in the linear viscoelastic region,
however, with increasing strain and frequency ( from 0.25 to 1.0 Hz) both parameters

take positive values for all suspensions at 25° C.
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Therefore, by considering only the sign of S and e3/el in the nonlinear region, the

strain stiffening behavior should be observed in all clay suspensions at 25° C. The

same evaluation in terms of these two elastic parameters is valid for nano and TTB

clay suspensions at 50° C in Figiire 4.18. As seen in Figure 4.18, two parameters

(e3/el), (S) show positive values for both nano and TTB clay suspensions at all strain

values from 25° C to 100° C implying strain stiffening behavior. It is followed by a

negative value for S parameter at larger strains indicating a transition from strain-

stiffening to strain softening behavior at 150° C.
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Figure 4.17: Large and minimum strain modulus (G'L ,G'M) as a function of the
strain amplitude at 0.25 and 1 Hz.

Therefore, the interpretation of nonlinear viscoelastic behavior based on stiffening

ratio (S) and elastic Chebyshev coefficient (e3/el) resulted in intra-cycle stiffening

behavior dominantly for two clay suspensions. However, the overall response of all

mud samples are strain softening (based on G; and G}, ) and should not be confused
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with this intra-cycle stiffening behavior. This contrast results from the definition of
stiffening ratio (S). The nonlinear response of a material is said to be strain stiffening
if the large strain modulus G} is greater than the minimum strain modulus and based
on the definition of stiffening ratio; S>0= (G- Gy, )/ G [37]. On the other hand, S will
be greater than zero if G, decrease faster than Gyor Gjincreases faster than Gy .
Therefore, positive stiffening ratio can be realized as either the strain stiffening or the
strain rate softening of the material [23].

When an elastic response dominates, the stiffening ratio might hide the accurate
interpretation of nonlinearities. Hence, the cause of action in G} and G;, should be
initially considered to understand the elastic response of material. The applicable
interpretation of the elastic nonlinearities for tested clay suspensions is strain-rate
softening. The strong increase and decrease in S and e3/el values at high strains are

most likely due to the rheometer inertia effect.

14 14 14 14
—0—e3/el (W-Ben] —o—e3/el [YDK) —o—e3fel{W-Ben) —o—e3/el(YD-K)
12 {—o—e3/el(s) —o—e3/e1(TTB) M 12 12 {—°—e3fel(s) —o—e3/e1(TTB) 12
—o—e3/el (Kurtseyh) —o—e3/el(NS) F1 —o—e3/el (Kurtseyh) —o—e3/e1(NS) i
! ——S (W-Ben) —e—S(YD-K) 08 1 1 ——5(W-Ben) ——5(YDK) | os
[ 1 ——5(9)

——5(9) —+—S(TTB)

B | o6
—e— S (Kurtseyh)

a [ o6
k]
roa 506

——S (Kurtgeyh)
—+— S(NS)

o | oa
.....

F 02 04 4 0.2
%

L 02 b 02

F-04 0.5Hz L 0.4

+ T + r + 0.6 -0.2 t t t t + -0.6
001 01 1 10 100 1000 0.01 01 1 10 100 1000
Strain (%) Strain (%)

14 14
rilz

—o—e3/fel(W-Ben) —o—e3/el (YD-K) 14
—o—e3/el (S) —o—e3/fel (TTB)
—o—e3/el (Kurtseyh) —o—e3/el (NS)
—e—5 (W-Ben) ——5(YDK)
——5S(S)

—e—5 (Kurtseyh)

—o—e3/e1{W-Ben) —o—e3/e1 (YD-K)
—o—e3/el (5} —o—e3/el (TTB)
—o—e3/el (Kurtseyh) —o—e3/el (NS)

—+—S(W-Ben)

F12

ros o [03

o
b | o6 do 06
A

3
L 04 ;5 06 F 04

CHiffrnina ratin {01

/ i d
F o2 / Lot BoaPg” p 02
04 A o) ¥
L 0.2 F-02

r -0.4 L -0.4

! + + : + : 0.6 021 f f f f f
0.01 01 1 10 100 1000 001 01 1 10 100 1000
Strain (%) strain (%)

-0.6

Figure 4.18: e s/e 1 and S values for water-clay suspensions at four different
frequencies.

When an elastic response dominates, the stiffening ratio might hide the accurate
interpretation of nonlinearities. Hence, the cause of action in G; and G, should be

initially considered to understand the elastic response of material. The applicable
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interpretation of the elastic nonlinearities for tested clay suspensions is strain-rate

softening. The strong increase and decrease in S and e3/el values at high strains are

most likely due to the rheometer inertia effect.
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Figure 4.19: e s/e 1 and S values for nano-sized and micro-sized sepiolite suspensions
at 0.25 Hz and 1.0 Hz frequencies
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4.4 Nonlinear Viscous

Parameters  of

Clay
Suspensions

The nonlinear viscous parameters (9, Ny, v3/vy1,T) were considered for
quantitative interpretation of the nonlinear viscous response of all of six clay
suspensions at 25° C. Figure 4.20 illustrates the large strain- rate dynamic viscosity
(m1) and the minimum strain-rate dynamic viscosity ( n7,,) values with respect to strain
rate for all clay suspensions at four different frequencies. To digging deep, the changes
in the large strain-rate dynamic viscosity (n;) and minimum strain-rate dynamic

viscosity ( 1y,) values for all water-clay suspensions individually at 0.25 and 1 Hz of
frequencies were displayed in Figure 4.21.
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Figure 4.20: Large (n’'L ) and minimum strain rate viscosity (n'M) change vs. strain
rate values for water-clay suspensions at four different frequencies.
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Figure 4.21: Changes in large strain-rate dynamic viscosity (n’'L) and minimum
strain-rate dynamic viscosity (n'M) values for all water-clay suspensions at 25° C,
0.25 Hz and 1 Hz of frequency.
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In Figure 4.21 it is clear that for the TTB, nano TTB, Kurtseyh, S and YDK sepiolite
clay suspension sample, the nonlinearity of large strain-rate dynamic viscosity (1) at
low and moderate strain amplitudes is greater than that of minimum strain-rate
dynamic viscosity ( 17y,) impying shaer rate thickening behavior. On the other hand,
for all clay suspension samples shear rate thinning (n,, > n;) behavior is observed at
large strain rates. In Figure from 4.22 up to 4.25 changes in large strain-rate dynamic
viscosity (n;) and minimum strain-rate dynamic viscosity ( ny,) values for TTB and
NTTB sepiolite suspensions are given at four temperatures (25° C, 50° C, 100° C, 150°
C), respectively. As a first, large strain-rate dynamic viscosity (n;) and minimum
strain-rate dynamic viscosity ( 1y,) values for nano sepiolite suspensions is lower than

TTB sepiolite suspensions.
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Figure 4.22: Changes in large strain-rate dynamic viscosity (n’'L) and minimum
strain-rate dynamic viscosity (n'M) values for nano and micro sized suspensions at
25° C and four different frequencies.

As seen in Figures 4.22 and 4.23, at moderate and high strain rates nano and TTB
sepiolite clay suspensions showed shear rate thinning behavior under low temperatures
for different four frequencies. It can be observed that for both low temperatures, at
0.75 Hz frequency, at low strain value, (n;) is greater than (n3,) implying shear rate

thickening. Meanwhile, it was observed that large strain-rate dynamic viscosity (1)
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and minimum strain-rate dynamic viscosity (ny,) values for TTB and nano TTB
sepiolite suspension samples decreased significantly as the frequency value increased
(Figure 4.22 and Figure 4.23).
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Figure 4.23: Changes in large strain-rate dynamic viscosity (n'L) and minimum
strain-rate dynamic viscosity (n'M) values for nano and micro sized suspensions at
50° C and four different frequencies.

In Figure 4.24 and Figure 4.25 for high temperatures (100° C, 150° C) the results of
micro TTB and nano TTB suspensions differ considerably from low temperatures.
Unlike at low temperatures, there is no significant difference between large strain-rate
dynamic viscosity (n'L) and minimum strain-rate dynamic viscosity (n'M) values for
both suspensions at high temperatures. However, as the frequency increases, the n'L
and n’ M values of both suspensions decrease slightly. As it is seen in Figure 4.24 and
Figure 4.25 for nano TTB and TTB suspensions, the n'L value is greater than n'M at
low and medium strain rate values for all four frequencies demonstrating shear rate
thickening behavior. Low frequencies represent times when the drilling fluid is
stationary in the well. As a result, the higher thickening at high temperatures of nano

TTB compared to TTB indicates that it has a high ability to suspend particles. Besides,
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both clay suspensions showed shear rate thinning behavior (n'L <n'M') at high strain
rate values.

100 5 100
0.50 Hz
10 10
™ ™
= =
= =z
=2 Z1
& = '
01 § —o—n'L(NS)@ 100°C —+—1'M (NS)@ 100 °C 01 4 —°—n'L(NS)@ 100°C ——Nn'M (NS)@ 100 °C
] ——ryL(TB)@ 100°C —+—n'M (TTB)@ 100°C —o—'L{TTB)@ 100°C —e—i'M (TTB}@ 100°C
001 T r " T T T 0.01 +——rrm—rr——r—— T —rr—
00001  0.001 001 01 1 10 100 0.0001 0001 001 01 1 10 100
Strain rate (1/s) Strain rate (1/s)
100 100
0.75Hz 1.0Hz
10 10
= 1 R sesttmey =
=) =)
2 2
= =
EE oot EE
014 —O—nL(NS)@ 100°C —+—n'M (NS)@ 100°C 01§ —o—nL(NS)@100°C  —e—n'M (NS}@ 100°C
—o—n'L(TTB)@ 100°C  —e—'M (TTB)@ 100°C —o—'L(TTB)@ 100°C —+—n'M (TTB)@ 100°C
001 . . . . . . 001 . . . . . .
0.0001 0001 001 0.1 1 10 100 0.0001 0001 001 0.1 1 10 100

Strain rate (1/s) Strain rate (1/s)

Figure 4.24: Changes in large strain-rate dynamic viscosity (n'L) and minimum
strain-rate dynamic viscosity (n’'M) values for nano and micro sized suspensions at
100° C and four different frequencies.
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Figure 4.25: Changes in large strain-rate dynamic viscosity (rn'L) and minimum
strain-rate dynamic viscosity (n'M) values for nano and micro sized suspensions at
150° C and four different frequencies.

Viscous nonlinear character of both mud samples can also be identified with concern
to shear thickening ratio (T) and third-order viscous Chebyshev coefficient (vs/v1).
Figure 4.26 plots how these two parameters change with the increasing strain
amplitude applied to all clay suspensions at 0.25 Hz, 0.50 Hz, 0.75 Hz and 1 Hz. The
sign of the shear thickening ratio (T) shows whether the viscous nonlinearity of the
material is thin (T<0) or thick (T>0). The thickening ratios of all clay suspensions
indicate the same shear thickening and shear thinning behavior with increasing strain

amplitude, as explained by changes in n,, and n; (Figure 4.26).

Figure 4.27 shows the third-order viscous Chebyshev coefficient vs/vi and thickening
ratio (T) values of Nano TTB and TTB clay suspensions for four temperatures at 0.25
and 1.0 Hz frequency. It is clear that as it is mentioned in n;, and n; plots, at high
temperatures (100° C, 150° C) Nano TTB clay suspension sample demonstrate more
shear rate thickening (vs/vi>0) behavior than TTB sepiolite suspension at low and
moderate strain rates. It is implying that suspension ability of nano TTB sepiolite

suspension is more than TTB sepiolite suspension at high temperatures. Therefore,
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nano TTB sepiolite suspension sample shows high performanse cutting transport and

hole cleaning in drilling operations. To illustrate rheological behavior of all clay
suspensions Table 4.1 is given below.

05

2
0.5Hz —°—Vv3/vi{W-Ben) —0—v3/v1 (YD-K)
12 A —0—Vv3/v1(S) —o—v3/v1 (TTB) F 15
Lo —o—v3/v1 (Kurtseyh) ——T (W-Ben)
. 1 4 —e—T(YD-K) ——T(S) FrT —~
CD— —e—T(TTB) T (Kurtseyh) ~:~
L 05 = 038 —0—v3/v1 (NS) —+— T(NS) ros =
T - 5
c > =
—o—v3/vi(w-Ben)  —0—v3/v1 (YD- 108 04 4 05 &
044 —o—v3p1(s) —o—v3/v1 (TTB) £ E
—o—v3/vl (Kurtseyh) —e—T (W-Ben) = 02 A a "
061 ——T(D-K) ——T(5) r-15
—e—T(TTB) —e—T {Kurtseyh) 0 rLs
—0—v3/v1 (NS) ——T(NS)
0.8 t t + 2 0.2 + t t 2
0.01 01 1 10 100 0.01 01 1 10 100
Strain rate (1/s) Strain rate (1/s)
1.4 2 14 2
0.75 Hz —o—v3/v1 (W-Ben) —0—w3/v1 (YDK) 1Hz  —o—v3/vl (W Ben) —o0—3/v1{YDK)
124" —o—v3/v1(8) —o—v3/v1(TTB) 15 12 —o— 3Vl (S) —o—v3/v1(TTB) 15
—o—v3/vl (Kurtseyh)  ——T (w-Ben) —o—v3 /vl (Kurtseyh) ——T (w-Ben)
1 4 ——T(YD-K) ——T(S) 1 1 ——T(YD-K) ——T(S) 1
08 :IS(}'VT%NS) :HE‘;‘;‘SEVW 0s os | ——T(TTB) ——T (Kurtseyh) 05
: —o0—v3 /vl (NS) ——T (NS) )

v3/vl

-0.5

o
Thickening ratio (T)
o
Thickening ratio (T)

-0.5
1 1
-1.5
-1.5
-2

o
N
N

01 1 10 100

Strain rate (1/s)

Strain rate (1/s)

Figure 4.26: vs/v 1 and T values for water-clay suspensions at four different
frequencies.
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Figure 4.27: v s/v 1 and T values for nano-sized and micro-sized sepiolite suspensions
at four different temperatures and 0.25 Hz, 1.0 Hz frequencies.
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Table 4.1: Nonlinear viscoelastic dominant behaviors for all clay suspensions.

Suspension

Elastic nonlinearity

Viscous nonlinearity

G,,and Gy,

1, and ny

Moderate and large strain

Low /moderate strain

Large strain

Kurtseyh@ 25°C

strain rate softening

shear rate thickening

shear rate thinning

S@ 25°C

strain rate softening

shear rate thickening

shear rate thinning

YDK@ 25°C

strain rate softening

shear rate thickening

shear rate thinning

Bentonite@ 25°C

strain rate softening

shear rate thinning /
shear thickening

shear rate thinning

NS@ 25°C

strain softening

shear rate thickening

shear rate thinning

TTB@ 25°C

strain softening

shear rate thickening

shear rate thinning

NS@ 50°C

strain softening

shear rate thickening

shear rate thinning

TTB @50°C

strain softening

shear rate thickening

shear rate thinning

NS@ 100°C

strain softening and
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Chapter 5

Conclusions

>

It is obvious that storage modulus of nano-sized sepiolite suspension is less
compered to the other suspensions except 0.75 Hz. However, lineer VE range
of bentonite suspension is higher than other five suspensions at all frequencies.
Diversely, micro-sized sepiolite suspension has more storage modulus than the
others. Whereas, storage modulus of micro-sized (TTB) sepiolite suspension is
845.922 Pa, storage modulus of nano-sized sepiolite suspension is 55.537 Pa
demonstrating that more power is required to pump TTB sepiolite suspension
in shallow wells. Taking all of the mentioned above consideration, nano-sized
sepiolite suspension is more preferable than the micro-sized (TTB) sepiolite
suspensions at drilling operations at low temperatures.

Although the elasticity and gel strength of the micro-sized TTB sepiolite do
not change visibly depending on the temperature, the elasticity and gel strength
of the nano-sized sepiolite suspension significantly different depending on the
temperature. The lineer VE range of the TTB sepiolite suspension is nearly
same at all four temperatures indicating structural stability is not affected by
increasing temperature.

In Lissajous-Bowditch curves, the elastic property and gel strength increase
under higher temperatures. These findings are also in agreement with those of
the amplitude sweep test. In addition, with the onset of nonlinearity, Lissajous
curves appear to be wider at high temperatures. This indicates that the nano
sepiolite suspension dissipates more energy at higher temperatures. However,
there was no noticeable difference in the elasticity of TTB sepiolite suspension

with increasing temperature.
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At 1.0 Hz and 150° C, the dissipation ratio for nano sepiolite suspension is
much lower than others indicating a stronger elastic response compare to other
sepiolite suspension. This could be a sign of high suspension ability for nano

sepiolite suspension at high temperatures.

Secondary loops appear in viscous L-B curves when the time for recovering
microstructure is lower than the oscillatory deformation time which is strong

evidence of thixotropic recovery in nano and TTB sepiolite suspensions.

TTB clay suspension has a greater difference between G; and G, at all
frequencies, indicating a more stable gel structure than the others. It is also
obvious that at 25° C all clay suspensions exhibits strain softening behavior at
high strains under both of frequencies (0.25 and 1.0 Hz).

Softening behavior was observed in both suspensions as G; and G, decrease
with increasing strain amplitude at 0.25 and 1 Hz and all temperatures tested
(25, 50, 100, 150 °C). The general insight about the large and minimum strain
moduli pronounced strain softening behavior for all cay suspensions as the
overall elastic nonlinear response.

For nano TTB and micro TTB suspensions, the n; value is greater than n,, at
low and medium strain rate values for all four frequencies demonstrating shear
rate thickening behavior. Low frequencies represent times when the drilling
fluid is stationary in the well. As a result, the higher thickening at high
temperatures of nano TTB compared to TTB indicates that it has a high ability
to suspend particles. Besides, both clay suspensions showed shear rate thinning

behavior (1;<n,,) at high strain rate values.

Nano TTB clay suspension sample demonstrate more shear rate thickening
(v3/vi>0) behavior than micro TTB sepiolite suspension at low and moderate
strain rates. It is implying that suspension ability of nano TTB sepiolite
suspension is more than TTB sepiolite suspension at high temperatures.
Therefore, nano TTB sepiolite suspension sample shows high performance

cutting transport and hole cleaning in drilling operations.

71



Recommendations

In this experimental research, the nonlinear viscoelastic properties of nano-sized TTB
sepiolite clay suspensions compared to micro-sized clay suspensions were examined
using the LAOS test. In order for this study to make a better contribution to drilling
operations, it is recommended that further studies on nano sized sepiolite clay
suspensions should be carried out by the usage of commercial additives in the

formulation of suspensions.
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APPENDIX A:

Particle Size of Sepiolite Clays

In this section cumulative volume percent (%) versus to particle size (wm) and volume
percent (%) versus to particle size (um) are given for S, YDK, Kurtseyh and micro-

sized TTB sepiolite clays respectively.
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Figure A. 1: Volume percent versus to particle size for S sepiolite clay.
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Figure A. 2: Cumulative volume percent versus to particle size for S sepiolite clay.
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Figure A. 3: Volume percent versus to particle size for YDK sepiolite clay.

120 4

100

80

60

40

Cumulative Volume Percent (%)

20

0 T T T T 1111 T T T T TTIIT T T T TTITIT T T T T 1rIr

0.01 01 1 10 100 1000 10000

Particle Size {pum)

Figure A. 4: Cumulative volume percent versus to particle size for YDK sepiolite
clay.
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Figure A. 5: Volume percent versus to particle size for Kurtseyh sepiolite clay.
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Figure A. 6: Cumulative volume percent versus to particle size for Kurtseyh sepiolite

clay.
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Figure A. 7: Volume percent versus to particle size for micro-sized TTB sepiolite

clay.
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APPENDIX B:

L-B Curves of All Suspensions

In this section, elastic and viscous Lissajous-Bowditch curves for five diffrent type
sepiolite suspension and a bentonite suspension is given at four different frequency
(0.25, 0.50, 0.75, 1.0 Hz) and at 25° C temperature.
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Figure B.9: Elastic Lissajous-Bowditch curves of YDK sepiolite suspensions at four different Frequency and at 25° C.
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Figure B.10: Viscous Lissajous-Bowditch curves of YDK sepiolite suspensions at four different Frequency and at 25° C.
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Figure B.11: Elastic Lissajous-Bowditch curves of Kurtseyh sepiolite suspensions at four different Frequency and at 25° C.



Frequency

0.75Hz
Log g |
@
Loa e Ly
®
g g L
L
N
Lop g
N
\
Lop e
\
N

ViV, Yo Vi, Viva i Vs 18

~

15 15 15 15 15 15 15 15
——a"fo, 1Hz ——a"fa, 1Hz ——a'fa, 1Hz ——0"fo, 1Hz —a"/o, 1Hz —o"[o, 1Hz ——a"/oy 1Hz ——a"jo, 1Hz
3 1 3 ) 1 1 f f
N
T o3 os 05 05 as 05 os as
o | - - . - . N N
) o o Sa So o S Sa $o
— © 5 v E ) s ® K
a5 as a5 as as as as as
1 a 1 1 1 4 B 4
i vivo e Vive " vivo " ¥ivo s Vs " Yo " ¥#¥a s Viva
15 4 @5 0 o 1 1S 45 1 45 o 65 1 15 45 1 s o0 o5 1 13 s 4 es o 05 1 1s 45 1 a@s e o5 1 s 15 a4 es o o5 1 1s 15 1 s o es 1 15 as 1 a5 0 05 1 15
] — 18 - 15 m 15 - 15 1 = 15 - 1 —
—— 0"/ 0.75 He a'fa, 0.75 Hz —a"/a, 0.75 Hz o'/o 0.75 Hz —a"la, 0.75 Hz —— "oy 0.75 Hz ——a'g, 0.75 Hz —— "oy 0.75 Hz

Viva

as o o5 as

8s o 0

Vive 15
o

8s o 0 8s o 0 0

os o s

15 a4 a5 a6

os

—d'/o, — oo, —a'fo

0.50 Hz

—— ¢/, —— /oy 050Hz o'foy 0.50 Hz /o, 0.50Hz d'fa, 0.50 Hz 0.50 Hz

0.50 Hz

Lop g
®
Log e
@
Lo U
woe e
g s
P
Lop g
\
P

¥ivo ¥ivo V¥ V¥ ie Vi i ¥y .

N

050 Hz

vivo

Yivs s
o

05 8s o 0

as

as o 05

as 0 o as 0 o5

o5

o5 o 05

es 0 o0

——a"fa, 0.25 Hz ——a"fa, 0.25 Hz ——a"/a, 0.25 Hz ——a"fa, 0.25 Hz —d"ja, 0.25 Hz " [——a"Ya, 0.25 Hz ——a"fa, 0.25 Hz ——a"fa,

0.25Hz

g Mg L
®
Log e
@
Lop e
P
Log e
Log Mg L
Log e
Lop e

Yive 15 Yivo s

5

0.25 Hz

vivo

¥ive a5 ¥ivo s ¥ive e ¥ive s ¥ivo e
E 05 os T a5 o s 4 o5 o o

a5 o os as o o

B
B

a5 o o

0.063 % 125% 268 % 812 %

_1)

63 %

Strain rate {s

Figure B.12: Viscous Lissajous-Bowditch curves of Kurtseyh sepiolite suspensions at four different Frequency and at 25° C.

1015%



1.0Hz

Frequency
0.75Hz

0.50 Hz

0.25Hz

15 - 15 il pe— E—
E—r 1Hz R T Hz =T 1Hz ——a"lo, 1Hz ——a'fo, THz T hz o"/a, 1Hz o"fg, 1Hz

1 1
1 1 1 1 1 1 B
os os os 0s os o5 o5
. . & - . £ &,
g g § g £ g ¢
05 05 a5 s a5 o5 o5
1 1 R ) 1 & .
vive i ¥ i yiva 15 vive . ¥, i ¥ivo 18 ¥lvo m vive
15 1 as L] o5 1 15 15 1 a5 ° as 1 15 15 1 a5 ° as 1 15 15 1 as ° os 1 1 15 1 05 o s 1 2 15 1 Qs L] os 1 15 s 1 as o o5 1 s s 1 s ° o5 B 1
15 15 0 15 15 il pu—
———a"/o, ———0"/o, 0.75Hz E— E— ooy 0.75Hz 15
— 15 d 0.75Hz a"/ a"/s
0.75 Hz E—r 075 . s % 0.75 Hz % 0.75Hz A ——o'/g, 0.75Hz
. 1 : \
05 o5 o5
as - ” - e o3
s L) $ $ 2o
- Lo < go ) o
5, 5 e 3 = = .En
° 5 os o5 05 o
a5 a8
1 B 1 1 '
‘ d iz Ve N
Yo YAV " L. 15 : s Y 15 ViYe Hu 1 05 0 05 1 15 ¥/
] 15 4 95 o 05 1 15 15 4 a5 0 05 1 as 15
50 e e w g w w e 15 1 es o s 1 1s 15 1 es 0 e 1 1s T o s T -
13 13 13 - 15 0 ] o 15 Rl 0.50Hz
——o"lo, 0.50 Hz pr— 050 Hz pr— 050 Hz "o, 0.50 e ', 0.50Hz ——aoy 0.50 Hz ——a"fay 0.50 Hz -
1 1 1 1 1 1
0s 0s 05 05 o8 os
- - . <
s s S 5o 5 2o
Lo Lo = = g 5
as as a5 as o5 o5
1 1 i o+ B :
VY . ¥iva . 15 ¥i¥e 15 LLii) i Vi 15 Yie
15 1 05 o 05 1 15 15 1 5 o 05 1 15 15 1 5 o 05 1 15 i 1 o5 @ o8 i B 15 i s o os B 15 1 e o 0% i i 15 1 s ° s 1 15 ‘S ! o ¢ o !
15 ", i 0 15 15 15 15 15
p— — — — —= =
o'foy 0.25 Hz oo 0.25 Hz a"foy 0.25 Hz a"foy 0.25 Hz "o, 0.25 Hz —— /o, 0.25 Hz
i i i 1 N i
o5 o5 o5 o5 s o8 o5
o Lo £ £ Lo So g
5 3 3 s S 3
o5 as s s as as s
4 i i 4 1 n i W
o . ¥ivo
71 ¥iy W W W W, W 15
. 15 2 15 ¥iYa 15 ¥iYa 15 LLLT i ¥Ho 15 ¥iYa s a4 es o o5 1
45 1 45 0 65 1 15 15 4 05 0 95 1 15 18 4 95 0 05 i 1% 1 4 95 o 065 1 15 5 4 45 0 e 4 48 5 1 45 o o5 1 15 15 4 95 0 05 i 1%

0.063 % 0.63% 6.31% 63 % 125% 268 % 812% 1015 %

Strain(%)

Figure B.13: Elastic Lissajous-Bowditch curves of S sepiolite suspensions at four different Frequency and at 25° C.

90

v



1.0Hz

0.75Hz

Frequency

0.50 Hz

0.25Hz

Strain rate {s

_1)

s
—d'lo, 1Hz — o'/, 1Hz —o'/o, 1Hz —a"fo, 1Hz — oo, 1Hz Y [—o"a, 1Hz —a"fo, 1Hz
3
o5
a5
a
vivs ¥lyo vive ¥lyo . ¥y, vive
1o : 3 wes o e ot 4 es o o5 1 4 es o oes 1 T oes 0 o 1 o1s 15 4 a5 o0 es 1 s a4 o5 o oes 1
" — ", ——a'Y " " s " "
—9"/% 0.75Hz o'ley 0.75 Hz oo 0.75Hz oo, 0.75 Hz ooy 0.75 Hz 9" 0.75 He oo 0.75 Hz
3
o5
a5
4
Yio viYo Vive Vive - ¥ivo Vi
-1 05 1 1 1 1 05 o o5 1 15 k] as ° os 1 B o5 o os 1 15 1 o5 o os 1 15 15 1 o5 o 05 1 15 1 05 o s 1
——a'a, 050Hz T 0s0Hz a'fa, 0.50Hz ——ae, 0.50Hz ——d"fa, 0.50Hz —d'lg, 0.50Hz ——d"lo, 0.50Hz
2
os
<o
os
4
Ve vivg ViV ¥ivy ” A Vlo
PP R — FY I E— 105 e es 1 e 5 1 95 o o5 1 15 2 es o o5 1
15 0
p— ——a"fa, 0.25 Hz ——a"foy 0.25 Hz ———e"fo, 0.25 Hz ———a"fo, 0.25 Hz ———0"[o, 0.25 Hz ——0"/oy 0.25 Hz
'
o5
g
s
1
ViVs Vive ¥Ivo ViVe s Yo Yo
-1 1 1 a5 ° os 1 A 5 ° os 1 15 -1 as ° 0% 1 15 L} 05 o 05 1 15 15 1 a5 o 05 1 3 1 had ° os 1
>
9 o 9 812 %
6.31% 63 % 125% 268 % 1015%

Figure B.14: Viscous Lissajous-Bowditch curves of S sepiolite suspensions at four different Frequency and at 25° C.




1.0Hz

Frequency
0.75Hz

0.50 Hz

0.25Hz

15 . 15 7 15 T 15 7 15 - 15 . 15 -
M= THz —— /% THz —— %, 1Hz —— 975, THz —— a5, 1Hz p— THz —— o, 1Hz 7o, Thz
s 1 1 s 1 1 1 1
" 0s 03 03 03 0s 0s o5
S, 5o Lo Lo Lo 5o £o 5o
k3 5 S S S 5 5 G
as a8 05 as 05 a8 48 as
N 1 1 4 4 1 1 1
Vv ¥ye vivo viva vivo ¥ye ¥ive ¥io
s o s 15 15 15 15 15 15
45 4 @5 & o8 1 a5 a5 1 o5 o es 1 15 e I 45 4 @ 0 s 1 1 45 4 a5 0 o5 1 15 15 1 s ©  as 1 1 as a1 as o o5 1 1 a5 a1 a5 o a5 1 15
15 15 15 15 15 Led g 15 T 15 T
— y = ! - o - / = 7 ——d'/o, —— oo, ——— o'/,
) 0.75Hz a7aa 0.75Hz 9% 0.75Hz 7% 0.75Hz EE) 0.75Hz ° 0.75 Hz ° 0.75 Hz ? 0.75Hz
1 1 1 1 1 B B B
as 05 05 a5 05 o5 a5 as
Lo Lo £ £o Lo £ Lo Lo
B ° B B ° © © ©
a8 05 08 5 05 o5 a5 45
1 1 1 1 -4 o 1 o
vive vive vive ¥ive Ve vive wo vive
15 as 15 15 15 15
15 1 Lt o 0s 1 18 15 1 LL L] s 1 15 15 1 o5 o os 1 15 1 s o 08 1 15 1 Lt o s 1 18 . . = o os 3 Lo d 4 - . L 1 b anl A — o o5 ] s
Ls o'/o, e 7 s 7 e 9 s J = a'fo; Ls oo, e 0.5Hz
— o 0.5 Hz ——dfa, 0.5 Hz —— e, 0.5Hz —— a5, 0.5 Hz —— oo, 05Hz o o 0.5Hz o o 0.5Hz °
1 1 1 1 N 1 1 1
0s 0 as s s 05 0s 03
g D) Lo S, D) £ g 5o
© B s 5 S © ©
s as as as as 05 s s
a N " N . a 4 1
. /v e vive /v vivo ¥ L ¥ as v
Y 15 15 1 15 .
15 a4 as o o5 1 1s i 0 s 8 os 1 s 15 1 o5 o a5 1 s e e 1 - T 1 45 6 es 1 1t as 4 as o 6s 1 1s T
18 T 15 v e o7, 15 ; 8 v l p—y 0.25Hz] 15 a8 v
—— 0o, 0.25Hz —— o, 0.25Hz — o 0.25Hz ——d'fa, 0.25Hz ———0/fa 0.25Hz d [—r 0.25 Hz ——ao, 0.25Hz
1 1 B 1 1 * N 1
s 05 05 a5 05 o8 o5 s
g 3 S, g $ So s g
2o B = Lo 2o 3 °
5 5 B ) ° = 5° =
as as os as 05 o as a5
1 a B 1 EY B . .
Ve Vi . vive vl Via ” Vi Ve
' s as s k B 15 15
15 1 o5 o o 1 15 15 1 es o o5 1 15 15 1 05 0 05 1 15 15 1 a5 o 0f 1 15 15 1 as o es 1 15 ad . ] ' s 15 N s 0 os N 15 15 1 05 o 05 1 15

0.063 % 063 % 6.31% 63 % 125% 268 % 812% 1015 %

Strain{%)
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Figure B.16: Viscous Lissajous-Bowditch curves of Bentonite slurry suspensions at four different Frequency and at 25° C.
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Figure B.17: Elastic Lissajous-Bowditch curves of TTB sepiolite suspensions at four different Frequency and at 25° C.
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Figure B.18: Viscous Lissajous-Bowditch curves of TTB sepiolite suspensions at four different Frequency and at 25° C.
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Figure B.19: Elastic Lissajous-Bowditch curves of nano-sized TTB sepiolite suspensions at four different Frequency and at 25° C.
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Figure B.20: Viscous Lissajous-Bowditch curves of nano-sized TTB sepiolite suspensions at four different Frequency and at 25° C.
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APPENDIX C:

L-B Curves of Micro-Nano-Sized
Sepiolite Suspensions

In this section, elastic and viscous Lissajous-Bowditch curves for micro and nano-
sized sepiolite suspension at high (100, 150° C ) and low (25, 50° C) temperatures at
four different frequencies (0.25, 0.50, 0.75, 1.0 Hz).
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Figure C.5: Elastic Lissajous-Bowditch curves of nano-sized TTB sepiolite suspensions at four different temperature and at 0.75 Hz
Frequency.

103



s 0 18 m 15 - 15 ~ 13 -
00 0.75 Hz a'fo, 075 Hz —a'"/a, 075 he /o, 075 He —a'"/a, I Py 1 . Py i

a'fa, 0.75 Hz

150°C
Log e g
@
Loe g
@

g g
Lg%
%
Log g
%
Lop g
%

Temperature {°C)

Yive VIV, . W . . .
1 s o ¥ive ¥ive
154 es 0 s 1 15 as 1 e 0 e 1 1 Ui 3 e s o T e w1 YW " ¥iYa - ¥ivs
15 1 05 0 s 1 s 15 4 45 o es 1 1s 15 4 s 0 05 1 1
P i 1 . Wi
— 1 15 - 0 —r oo,
a"fa, 0.75 H. @75 07512 T a'fa, 0.75Hz a"fay 0.75Hz o 0.75 Hz 0.75 Hz
o 1 ) s 1
o ' '
o5 05
2 os o5 as 88
5 5 g 3
5o = s 50 ) Lo
£ S, 5o = 5 s
L 5 s ° s
o8 k
o a5 % a5
4 4 4
! B 1 1 . "
as Yo Vive Vive Vive " Vivo 15 Vive 15 LELES
as i 5 E 15 L) oH ° 05 1 15 15 a1 05 o os 1 1
e 1 o5 ° os : i 15 1 05 ° 05 1 15 15 1 05 o o5 as ° os 1 1 e 1 o5 ° o5 1 =
15 15 15 = i s n = "
o"fo, 0.75 Hz —a"/o, 0.75 Hz ——0"fo, 3 —— "o, 0.75 Hz ——d"fo, 0.75 Hz ——a"fo, 0.75 Hz ——d"fo, 0.75 Hz
1 1 i 1 1 1
(8]
g
o 05 os o5 0s o5 os
LN s . s B B B
§ o 0 o
s 5° ° B B b
o5 as as as o5 as
1 " 1 1 A A
. ¥V, " Vive " ¥ivs ¥iVa . ¥ivo " Vive - ¥l
: 15 a s ] as 1 1 : 15 a1 s 0 os 1 15 15 1 as L] s as o 0s 1 1s 15 1 05 o os 1 15 15 a1 05 o 05 1 15 15 a1 o5 o os 1 1
18 1 i i 1 - 1 .
a"fay 0.75 a'foy 0.75 —a"/a, —a"fa, 0.75 ——a"fa, 0.75 ——a"fa, 0.75 ——a"fa, Q.75
1 Hz 3 Hz . Hz 2 Hz ) Hz | Hz
(8]
%4 us os o o os os
o~ $ s N - s -
s 5 £ g g <.
s
as a5 e as as as
1 1 : 1 a B
s Yive . Yy Vive " ¥iVo - Yivs . VYo . Yy . ¥le
15 1 0% © 05 1 15 15 1 0% ° 05 1 .t 5 15 1 05 3 05 1 15 A5 Y 05 '] 05 1 15 15 Y a5 0 05 1 15 15 -1 05 ° L1 1 15 15 a1 05 o 05 1 15

0.063 % 0.63 % 6.31% 63 % 125% 268 % 812% 1015 %

Strain rate (s1)

Figure C.6: Viscous Lissajous-Bowditch curves of nano-sized TTB sepiolite suspensions at four different temperature and at 0.75 Hz
Frequency.
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Figure C.7: Elastic Lissajous-Bowditch curves of nano-sized TTB sepiolite suspensions at four different temperature and at 1.0 Hz
Frequency.
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Frequency.

106



15

0251z —— 7% 0.25Hz —— 05, 0.25Hz bl 0.25 Hz

E— N 025Hz ——a/, 025Hz —— % 0.25H: —— 7% 025 Hz — 7%
3

150°C
S
\
RS
\
SRR
\
RS
‘
RS
l
R
I
RS
I
RS

vivo . g /vy
as o os

vive vlive vvo
05 0 0%

@5 0 08

5
°
s

@5 0 08

1 . s . 1 _ v
” y ——0f6 0.25 Hg —— /% 0.25 H —— 7% 0.25 H % 0.25Hz

0.25 Hi] 0.25 He|
1 1 :

100°C
|

iy vivs vive vivo . vvo e vivo . vivo s
s 1 o8 [ 0s a8 o 0s E -1 £ ° s 15 R a 05 o s 1 15

as o es

——a/o, 0.25Hz —— 075,

Temperature {°C)
s ooy
5 Olo o
g oo g
s oolos o
a B oloy o -
s olos
L ol
o Ol
B

s
b
&
-
-

0.25Hz —— 0o, 0.25Hz —— 070, 025Hz| Y TT—o7g, 0Z5h

15 .
—— o7, 0.25Hz ——dTo, 0.25 He Rl ey 0.25Hz

50°C
SRR
\
R
\
t g .
N
S
\
RS
‘
S
.
S
.
S

a 1 .
v/, v/vo ¥/vo vivo
. Vivo - ¥Yo s 15 o 15 15 s
I 3w 5 e 1 s W 1+ 1 w© o & 1 T as o o8 1 a5 1 @8 o es 1 a8 as a as 8 e 1o BT T o T
15
15 - 15 - v g = y ——a7o 0.25 Hz 1 v
——0T% CFTTI I ey cn 025H: —— a5, 0.25Fz — 7% 0.25Hz 7% 0.25Hz : — V% 0zsH| M T—0Ts, 025Hz

' i

25°C
5 ooy
5 Oloy
5 ooy
L
Lop % o
RS
5 0%
PR
s Oloy
5 00,
e f a8 .

vivo vve e : e
PR

vy

as o oas

o5 o os

5
5
5

as o o ¥ p
R

0.063 % 0.63% 6.31% 63 %

Strain (%)

Figure C.9: Elastic Lissajous-Bowditch curves of micro-sized TTB sepiolite suspensions at four different temperature and at 0.25 Hz
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Figure C.10: Elastic Lissajous-Bowditch curves of micro-sized TTB sepiolite suspensions at four different temperature and at 0.25 Hz
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Figure C.12: Elastic Lissajous-Bowditch curves of micro-sized TTB sepiolite suspensions at four different temperature and at 0.50 Hz
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Figure C.13: Elastic Lissajous-Bowditch curves of micro-sized TTB sepiolite suspensions at four different temperature and at 0.75 Hz
Frequency.
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Figure C.14: Viscous Lissajous-Bowditch curves of micro-sized TTB sepiolite suspensions at four different temperature and at 0.75 Hz

Frequency.
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Figure C.15: Elastic Lissajous-Bowditch curves of micro-sized TTB sepiolite suspensions at four different temperature and at 1.0 Hz
Frequency.
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Figure C.16: Viscous Lissajous-Bowditch curves of micro-sized TTB sepiolite suspensions at four different temperature and at 1.0 Hz
Frequency.
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