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ABSTRACT 

 

 

The rheology and linear viscoelasticity of several model nanoparticle suspensions in 

epoxy have been systematically investigated.  Three detailed studies were carried using 

α-zirconium phosphate (ZrP) nanoplatelets as model 2-dimensional nanoparticles.  The 

effect of inter-particle interactions was investigated using three different surface 

modifiers to exfoliate the nanoplatelets.  The role of nanoparticle size was separately 

investigated by synthesizing the ZrP nanoplatelets with average lateral diameters ranging 

from 100 – 1000 nm.  The rheology of highly concentrated suspensions of ZrP 

nanoplatelets was also probed, and found to show unique properties due to the self-

assembly of the nanoplatelets in discrete layers with regular inter-layer spacing.  The 

rheological properties of each model system are discussed based on the motion of the 

individual particles, and the nature of interaction on local and higher order length scales. 

Multi-walled carbon nanotubes (MWCNTs) were used as model 1-dimensional 

nanoparticles.  We present a method to disentangle the MWCNTs to individual particles 

based on a novel functionalization technique.  The rheology of suspensions containing 

the disentangled MWCNTs reveals that flocculation does not occur over long time 

scales, and suggests that the treatment does not significantly modify nanoparticle size. 

The role of interaction between particles with different geometries was investigated 

using suspensions containing electrostatically tethered ZrP nanoplatelets and MWCNTs.  

The flow properties of this system are proposed to originate from direct interaction 
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between the particles, and the contributions of the individual phases are found to be 

preserved on distinct length scales.  A mechanism is proposed to account for the unique 

strengthening behavior observed in solid epoxies containing the hybrid nanoparticles. 

The findings presented here consider a broad range of nanoparticle shapes and sizes, 

and provide detailed insights into how particle-level effects contribute to bulk response 

in the liquid state.  A framework to understand the fundamental behavior and interaction 

of isolated nanoparticles is presented based on the rheological signatures.  Approaches to 

relate liquid-state behavior to solid systems are discussed.  Future work  on the local 

relaxation processes is anticipated to greatly improve understanding of the interfacial 

properties and driving forces for phase transitions for more complex systems. 
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1 CHAPTER I   

INTRODUCTION 

 

1.1 Background 

Nanoparticles are of significant interest to academic and commercial fields, 

particularly those related to mechanical, electronic, photonic, and biological 

applications.  The unique properties associated with nanoparticles originate from the 

substantial increase in surface area to volume ratio as particle dimension decreases, and 

the existence of quantum size effects not present in bulk materials.  For example, in 

semi-conducting metal oxide nano-crystals, also known as quantum dots (QDs), the 

electronic band gap depends on the fraction of non-coordinated atoms at the particle 

surface [1, 2].  Their optoelectronic properties are therefore size-dependent and can be 

tailored.  The distance between neighboring QDs also influences the optical 

characteristics due to short-range quantum coupling.  Significant electronic energy 

transfer occurs at interparticle distances of up to 10 nm [3, 4].  As the distance decreases, 

the quantum size effects diminish, and their properties approach those of the bulk 

material [5].  Nanoparticles also possess large surface area to volume ratios that are 

crucial for applications as catalysts, gas storage devices, efficient energy conversion, and 

barrier property enhancement.  The benefits related to surface area can be substantially 

diminished due to particle aggregation, as illustrated in Figure 1-1.  Preservation of 

particle dispersion during handling at all length scales is critical, particularly for sensor 
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and multi-functional composite applications.  The resulting higher-order microstructure 

must also be well controlled to realize the desired change in properties in the bulk. 

 
 
 

 

Figure 1-1. Estimated surface area to volume ratio, SA/V, as function of particle radius, 
for individual spherical particles (solid line), clusters of 3 particles (dashed line), and 
clusters of 7 particles (dotted line). 

 
 
 
The ability to predict mesoscale structure based on the various attributes of 

nanoparticles, particularly particle size, size distribution, aspect ratio, and chemical 

functionality, is necessary to understand and potentially tailor the physical response of 

multi-functional materials.  Recently, molecular-scale modeling approaches have 

indicated that simple estimates of particle shape and local order in a fluid are sufficient 

to predict various categories of structural order for a large number of convex polyhedra 

[6].  However, these discontinuous nano-scale modeling approaches implicitly assume 
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local constitutive relationships that may introduce considerable error if interfacial 

interactions or non-local coupling between mechanical fields are present [7].  Extensive 

experimental investigations have been attempted, but very little detail on the 

fundamental physics of the nanoparticles is possible because of challenges in achieving 

reproducible properties of an ensemble of individual nanoparticles.  A schematic 

highlighting the important of interfacial interaction and size scales for nanoparticles is 

shown in Figure 1-2. 

 
 
 

 

Figure 1-2. Schematic showing importance of length scale with nanoparticles. (Left) 
Nanoparticle with diameter of 10 nm is able to directly interact with polymer chains 
(shown with radius of gyration, Rg ≈ 20 nm). (Right) Relative to particle with diameter 
of 10 µm, the dimensions of the same polymer chain and nanoparticle are negligible.  

 
 
 
The current gap in knowledge bridging between continuum and molecular scale 

behaviors may be partially attributed to the lack of characterization methods available to 

visualize meso-scale interactions.  Rheological measurements are the primary meso-

structural characterization tool in the dissertation research because of the intimate 

relationship between the molecular-scale characteristics of a fluid and its resistance to 
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deformation and flow (c.f. [8-11]).  The availability of rigorous mathematical tools to 

analyze the kinematics of deformation enables the measured response to be directly 

related to the material physics across an exceptionally broad range of length and time 

scales [12].  This framework has been used with tremendous success to understand the 

molecular-scale structure/morphology and dynamics of polymers [13], and significant 

progress has been made regarding the dynamics of glass-forming liquids [12, 14, 15]. 

The majority of work on the rheology of nanoparticle suspensions has been 

inherently phenomenological because of the lack of effective methods to disperse 

nanoparticles into various media with adequate reproducibility.  As a consequence, 

reported properties are often conflicting and inconsistent, which pose significant barriers 

to applications.  The poorly defined microstructure also prevents clear understanding of 

the role of the nanoparticles on bulk response [7].  Investigations into the melt-state 

rheology of polymer nanocomposites have similarly been limited to empirical 

observations that depend on various experimental conditions, particularly processing 

method, nanoparticle type, material supplier, and pre-treatment.  These challenges have 

resulted in a significant gap between the atomic and molecular-scale properties of 

individual nanoparticles, and the poorly understood, and often conflicting, macroscopic 

performance of nanoparticle suspensions and nanocomposites. 

Most prior research has focused solely on developing methods to achieve random 

dispersions on local length scales, which should be favorable for optical and some 

mechanical properties [16].  For simultaneous improvement of multiple properties, more 

complex morphologies of the dispersed phase may be desirable [17, 18].  If the shape 
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and interaction of nanoparticles are well controlled, the mesoscale organization of 

nanoparticles may be potentially guided to favor formation of higher-order structures 

[19-26].  These approaches have potential advantages because properties may modified 

across multiple length scales.  This provides unique opportunities for simultaneous 

improvements in properties that are typically in opposition, such as stiffness and 

ductility.  Higher order structures may be able to interact with their environment on 

multiple length scales, which is desirable for photonic crystals and other optical systems 

[27].  The parameters governing dispersion and organization, and the resulting 

macroscale properties of the composite material, remain poorly understood from 

theoretical and empirical viewpoints 

 

1.2 Research objectives and significance 

This dissertation focuses on establishing unambiguous relationships between 

molecular-scale organization of nanoparticles and macroscale property changes in 

nanocomposite materials using physics-based principles.  The approach has been to 

measure the rheological and viscoelastic properties of fluids containing model 

nanoparticles with well-defined local and mesoscale order.  Changes in the elastic and 

viscous response of suspensions provide direct insight into colloidal interactions 

between nanoparticles, fluid-mediated interactions, and changes in mobility due to 

packing, local dispersion, and longer range order.  A schematic of the concentration 

dependence of shear viscosity, 𝜂, for polymer solutions is shown in Figure 1-3.  We also 

investigated the rheology of fluids containing interacting rod-like and plate-like 



 

6 

 

nanoparticles to show how differences in shape can potentially be exploited to improve 

dispersion and promote synergistic property enhancement at low concentration. 

 
 
 

 
Figure 1-3. Schematic showing the different regimes of behavior of shear viscosity as 
function of concentration in polymer solutions.  Adapted from [28]. 

 
 
 
The reported studies in this dissertation take advantage of novel methods developed 

in Professor H.-J. Sue’s research group at Texas A&M University to tune the structure 

and dispersion of various nanoparticles, which are summarized in Table 1-1.  This 

allows clear identification of behavior associated with the individual particles at low 

concentration, and factors influencing transitions due to the geometric packing 

constraints of non-spherical particles at higher concentrations.  The results are used to 

approach several challenging questions in the field.  For example, what is the rheological 

signature associated with an individual dispersion, and how is this affected by shape and 
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interactions?  Is an individual dispersion necessary for property improvement, and are 

there situations where some degree of controlled aggregation is preferred?  What are 

effective methods to control and quantify structure?  Many of these questions have been 

approached previously, but not with the same degree of structural control and range of 

particle shape, size, and interactions considered here.  This work probes a unique range 

of behaviors and offers a consistent framework to interpret rheological behavior. 

 
 
 
Table 1-1. Summary of results from research group regarding synthesis and dispersion of 
model nanoparticles in various solutions and polymers. 
Nanoparticle System Comments Ref. 
ZnO-QD ZnO-QDs synthesized with diameter of 2-5 nm [29, 30] 
Bulk ZnO-QD Surfactant-free ZnO-QDs self-assembled into 3D 

colloidal crystal 
[31] 

PMMA / ZnO-QD Diameter 5 nm; small aggregates [32] 
PMMA / ZrP-NP / 
ZnO-QD 

Diameter 5.0 ± 0.3 nm; ZrP nanoplatelets used as 
colloidal dispersant; uniform dispersion of 
individual QDs without ligand  

[33] 

Epoxy / ZrP-NP / 
ZnO-QD 

Nearly monodisperse (5.0 ± 0.3 nm); ZrP 
nanoplatelets used as colloidal dispersant 

[34, 35] 

ZrP ZrP-NPs synthesized with controlled diameter [36-39] 
Epoxy / ZrP Exfoliation state and aspect ratio of ZrP 

nanoplatelets in epoxy tailorable; highly dispersed 
[40-49] 

PP / ZrP-NP Nanoplatelets dispersed by in-situ polymerization [50] 
CNTs CNTs debundled to individual level by nanoplatelet-

assisted dispersion method 
[51-54] 

Epoxy / ZrP-NP / 
MWCNT 

MWCNTs disentangled with nanoplatelet-assisted 
dispersion method; hybrid ZrP/MWCNT particles 
uniformly dispersed in epoxy matrix; hybrid shows 
unique mechanical properties 

[55] 

PP / MWCNT MWCNT disentangled with nanoplatelet-assisted 
dispersion method; ZrP nanoplatelets subsequently 
removed; MWCNTs compatibilized to achieve 
stable dispersion in PP 

[56, 57] 

Abbrev.: Zinc oxide quantum dot (ZnO-QD); poly(methyl methacrylate) (PMMA); 
zirconium phosphate nanoplatelet (ZrP-NP); polypropylene (PP); carbon nanotubes 
(CNTs); multi-walled carbon nanotubes (MWCNTS). 
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1.3 Dissertation layout 

In Chapter II, a literature review is presented regarding structure-property 

relationships for suspensions containing solid particles.  In Chapters III-VII, 

investigations on the rheology of suspensions containing model nanoparticles are 

described.  A summary of the different systems investigated in this work is provided in 

Figure 1-4.  In Chapters III-V, ZrP nanoparticles are used as model 2-dimensional plate-

like particles, and have tunable shape and size.  In Chapter III, the nanoplatelets are 

exfoliated into individual sheets with monodisperse thickness using 3 different 

surfactants.  The role of surface modifier on the length scale and nature of inter-particle 

interactions is considered in detail.  In Chapter IV, the ZrP nanoplatelets are synthesized 

with a range of lateral diameters to investigate the effect of aspect ratio on rheology and 

linear viscoelasticity.  The behavior shows a unique separation of elastic and viscous 

responses that are proposed to originate from the extremely broad range of relevant 

length and time scales in the system.  In Chapter V, the rheology of highly concentrated 

suspensions of ZrP nanoplatelets with smectic liquid crystalline organization is 

investigated. 
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Figure 1-4.  Schematic showing structure of dissertation. 
 
 
 
In Chapter VI, the rheology of suspensions containing disentangled multi-walled 

carbon nanotubes (MWCNTs) is investigated and compared with the behavior of 

clustered MWCNTs.  In Chapter VII, the rheology of suspensions containing 

electrostatically interacting ZrP and MWCNT nanoparticles is reported, and related to 

the mechanical properties and fracture behavior of solid nanocomposite systems. 

In Chapter VIII, a detailed summary and conclusions section is provided.  The 

insights gained from work are discussed to better understand behavior of solid-state 

systems.  Future work is suggested that may provide more detailed insight into changes 

in response originating on different length scales. 
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2 CHAPTER II   

LITERATURE REVIEW 

 

2.1 Introduction 

Predicting macroscale response from an assumed configuration of characteristic 

inclusions is one of the fundamental problems in statistical mechanics, and is relevant to 

disciplines spanning structural scales from the atomic and molecular level (such as 

kinetic theories of gases and liquids, polymer physics, electron transport), to the 

continuum-level (multi-phase flow, fracture mechanics, and transport in heterogeneous 

media).  Alternatively, the same tools may be used to interrogate the molecular-structure 

of materials based on the associated change in volume-averaged and time-averaged 

properties. 

This dissertation is concerned with the relationship between macroscale properties of 

fluids and polymers, and the dispersion and organization of particles with dimensions on 

the nanometer scale, which are referred to here as nanoparticles.  The introduction of a 

small concentration of nanoparticles can substantially improve the thermomechanical, 

optical, and electrical properties of polymers, but the specific particle-level mechanism 

responsible for the improvement is generally unclear.  In several cases, there has been 

significant investment in systems based on flawed assumptions regarding the scalability 

and generality of a specific observation.  The resulting performance of the “nano”-

composites is generally inconsistent and well below expectations, which pose significant 

barriers to commercial applications.  These early problems reflect inherent problems in 
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the field related to the lack of available techniques to process and characterize materials 

on the nanoscale.  Most processing techniques used today are top-down, mechanical 

methods developed for micron-scale fiber composites and particulate filled systems.  

Common characterization techniques are similarly limited by compromises between 

time, resolution, and sampling size, and may not be sensitive to the relevant processes 

for a desired property of interest.   

For non-spherical nanoparticles, the vast majority of research to date has focused 

solely on achieving random dispersions on local length scales.  Any resulting properties 

that do not meet expectation are generally explained based on experiences with micron-

scale fillers, in particular, inadequate dispersion and adhesion.  This level of discussion 

ignores the most exciting features of nanoparticles, which is that they interact with their 

environment on a much smaller length scale than their micron-scale counterparts.  This 

distinction offers tremendous opportunities to design functional materials with properties 

tailored to specific applications by controlling material structure from the bottom-up.  

Controlling the mesoscale organization of nanoparticles into higher-order structures also 

offers potential for targeting properties across length scales.  An important example 

relevant to this work is colloidal liquid crystals.   High aspect ratio plate-like particles 

are widely used as rheological modifiers and for polymer composite applications, and 

increasing the degree of order is expected to provide greater improvements in certain 

properties, particularly modulus, strength, and barrier properties.  Achieving long-range 

organization offers new properties associated with the higher-order structure, such as 

specific wavelength filtering of light.   
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The approach of this dissertation is to investigate the rheological and viscoelastic 

properties of fluids containing model nanoparticles with well-defined local and 

mesoscale order.  From a practical perspective, the behavior of nanoparticle-filled fluids 

is of interest for heat transfer fluids, flow modifiers for commercial products, and 

microfluidic devices and sensors.  From a fundamental perspective, these studies provide 

clear microstructural mechanisms associated with specific macroscale properties, which 

will be useful to distinguish relevant properties in more complex systems. 

In this chapter, the origins of rheological and viscoelastic response of suspensions is 

briefly reviewed.  The focus will be on topics relevant to issues considered in the 

dissertation.  Relevant equations and descriptions used in later sections are presented.  

Theoretical and experimental description of model systems with well-defined 

microstructure and interactions are provided, along with some concluding remarks on 

the usefulness of rheology to probe nanoscale phenomena. 

 

2.2 Motion of isolated spheres 

The focus of this brief review will be limited to landmark theoretical, experimental, 

and computational findings that provide unambiguous connections between the 

individual particle motions, and resulting bulk properties.  The simplest case to consider 

is a large, rigid spherical particle added to a liquid medium.  The spherical inclusion 

introduces a hydrodynamic perturbation that modifies the velocity distribution of the 

fluid medium (c.f. inset in Figure 1-3).  The Navier-Stokes equations describe the 

motion of a fluid and may be expressed in general form with the equation 
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(2.1) 𝜌 !𝒗
!"
+ 𝒗 ∙ ∇𝒗 = −∇𝑝 + ∇𝕋+ 𝒇  

where 𝜌 is the fluid density, 𝒗 is the velocity vector, 𝑝 is the pressure, 𝑻 is the deviatoric 

stress tensor, and 𝒇 is the sum of body forces acting on a unit volume of the fluid.  The 

symbol ∇ is the vector differential operator, given by ∇= 𝑥 !
!"
+ 𝑦 !

!"
+ 𝑧 !

!"
 in the 3-

dimensional Cartesian coordinate system.  This expression is applicable to describe fluid 

motion where the fluid can be regarded as a continuum, but cannot be solved in many 

cases and therefore requires simplifying assumptions in the case of suspensions.  If the 

discrete nature of the fluid is important (often defined based on the Knudsen number), 

statistical mechanics or molecular dynamics approaches may be necessary [58]. 

The first major contribution toward the modern understanding of the rheology of 

suspensions was by George Gabriel Stokes.  Stokes modified the Navier-Stokes 

equations based on the assumption that the rigid spheres do not interact, have 

homogeneous composition and smooth surfaces, and are falling in a viscous fluid under 

the influence of gravity.  In the limit of small Reynolds numbers (ratio of inertial forces 

to viscous forces), where the fluid exhibits laminar flow (sufficiently low velocity to 

neglect inertia), the non-linear convective acceleration term in Eqn. (2.1), (𝒗 ∙ ∇𝒗), 

vanishes.  In the case of incompressible flow and constant viscosity, 𝜂, the deviatoric 

stress term is ∇𝕋 = 𝜂∇!𝒗, which simplifies to 

(2.2) 𝜌 !𝒗
!"

= −∇𝑝 + η∇!𝒗+ 𝒇  

For steady flow conditions (time-independent), !𝒗
!"
= 0, and in the absence of any body 

forces, Eqn. (2.2) can be expressed 
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(2.3) ∇𝑝 = η∇!𝒗  

which provides a linear solution that can be easily solved.  Stokes proposed that the 

change in velocity distribution is a consequence of the drag force, 𝐹!, acting on the 

interface between the particle and fluid, and showed that 

(2.4) 𝐹! = 6𝜋𝜂𝑅𝑣! 

where 𝑎 is the radius of the rigid sphere and 𝑣! is the settling velocity of the rigid sphere. 

Stokes’ discovery was a major breakthrough in hydrodynamics and describes the 

velocity of a sphere in a material with known viscosity.  However, it does not provide 

any details regarding the change in viscosity or mean stress field due to the presence of 

the sphere.  The solution to the former problem was provided by Albert Einstein as part 

of his Ph.D dissertation [59, 60].  Einstein considered how the behavior of molecules and 

particles manifest in observable phenomena.  His conjecture was that viscosity should be 

dependent on the size of any dissolved particles, and from this assumption, he derived 

two equations relating viscosity to the size and number of the molecules in terms of 

Avogadro’s number [61].  The most general form of his equation is  

(2.5) !!
!
= 𝜂! = 1+ 2.5𝜙   

where 𝜂! is the viscosity of the suspension, 𝜂 is the viscosity of the unfilled fluid, 𝜂! is 

the relative viscosity, and 𝜙 is the volume fraction of filler particles.  This expression is 

still used today and the linear relationship between viscosity and concentration has been 

widely confirmed  for dilute suspensions of particles with arbitrary shape. 

This was the first work to determine molecular size using liquids, and after a few 

math errors and experimental values were corrected, Einstein’s relations impressively 
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found Avogadro’s number to be 𝑁! = 6.56  𝑥  10!" (the modern estimate is 

6.022  𝑥  10!"), which was quite remarkable at the time [62].  Even more astounding was 

that only 11 days after finishing his dissertation, he submitted a second paper based on 

this framework that mathematically demonstrated that the random, jittery motion of 

small particles in water (Brownian motion), is a consequence of a tremendous number of 

collisions with the water molecules .  This mechanism had previously been suggested 

based on the kinetic theory of gases, but it was concluded that, “…a molecule would not 

have the power to budge the particle [10,000 times larger than the water molecule] any 

more than a baseball could budge an object that was a half-mile in diameter [60]”.  

Einstein showed that the motion was actually required by the thermal energy in the 

system, which causes random oscillations on the atomic scale and results in millions of 

collisions between the fluid molecules and the suspended particles.  This rather 

straightforward statistical approach was an extension of Einstein’s original question 

regarding how the actions of molecules and atoms could be observed in the visible 

world, and indirectly provided the first direct evidence that atoms and molecules exist as 

real, physical objects. 

 

2.3 Viscosity of suspension of spheres 

The shear viscosity of a suspension of isolated spheres is a function of only two 

dimensionless groups: the particle volume fraction, 𝜙, and the Peclet number, 

(2.6) 𝑃𝑒 = !!!

!!
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where 𝛾 is the shear rate, 𝑎 is the diameter of the sphere.  The Einstein diffusion 

coefficient, derived from Eqn. (2.4), is given by 

(2.7) 𝐷! =
!!!

!!!!!
 

Here, 𝑘!𝑇 is the thermal energy of the system. 

The Peclet number is an important dimensionless number for rheology because it a 

measure of the magnitude of departure from equilibrium.  Physically, it is the ratio of the 

characteristic time scale of deformation, 1/𝛾, and the time scale for the system to 

recover equilibrium arrangement due to Brownian motion, 𝑎!/𝐷!. 

Except for a few limiting cases, the function 𝜂 = 𝑓 𝜙,𝑃𝑒  is not known 

theoretically.  The most basic system is a dilute suspension of hard spheres.  In the dilute 

limit, all direct interparticle interactions are neglected, and it is assumed that there is no 

overlap in hydrodynamic disturbances caused by the flow, which will introduce 2-body 

hydrodynamic interactions.  Einstein solved this problem by considering the disturbance 

of flow around the isolated particles .  He proposed that the isolated disturbances result 

in additive contributions to the rate of energy dissipation in the fluid, which is equivalent 

an increase in fluid viscosity.  Under conditions of creeping flow around a sphere, he 

derived Eqn. (2.5).  Although there is some debate about the appropriate for the pre-

factor for 𝜙, the prediction that at low concentration, viscosity is linearly proportional to 

volume fraction, independent of particle size, polydispersity, temperature, shear rate, 

etc., has been confirmed, and provided the first experimental approaches to study 

molecules [63, 64]. 



 

17 

 

The main limitation of Eqn. (2.5) is that higher-order interactions become 

significant, even at low concentrations (c.f. Figure 1-3).  At non-dilute concentration, 

inter-particle interactions become significant and present significant theoretical 

challenges.  Near the dilute limit, the interactions may be treated with a power-law 

expansion of the form  

(2.8) 𝜂! 𝛾 = 1+ 𝑘!𝜙 + 𝑘!𝜙! + 𝑘!𝜙! +⋯ 

The power-law series approach is rationalizing  by assuming that the coefficients, 𝑘!, 

corresponding to different powers of volume fraction, 𝜙!, correspond to 𝑖-body 

interactions.  Although this framework is somewhat compelling from a theoretical 

perspectives, it is very limited because (1) multi-body effects on are challenging to 

predict from hydrodynamics, and (2) the relevant range of volume fractions for each 

higher order term becomes progressively smaller. 

For the idealized case of hard spheres, there has been some success using an equation 

of the form in Eqn. (2.8).  To  account for pair-wise interactions, the pair distribution 

function at equilibrium may be expanded with respect to a parameter of interest, such as 

Peclet number.  The relevant physics depend on assumptions in the expansion.  This 

theoretical approach is described in detail by Batchelor, and represents a major 

theoretical contribution because it provides an extensive theory to directly evaluate bulk 

stress due to the particles [65].  The majority of prior approaches had been based on 

Einstein’s concept of hydrodynamic disturbance and energy dissipation. 

For a non-dilute suspension of hard spheres with random particle distribution, 

neglecting Brownian motion, Batchelor and Green [66] obtained 
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(2.9) 𝜂!,∞ = 1+ !
!
𝜙 + 5.2𝜙! 

In the absence of Brownian motion, the change in viscosity due to the hard spheres is 

purely hydrodynamic.  The prediction in Eqn. (2.9) therefore refers to the increment in 

viscosity due to pair-wise interactions at high shear rate.  The predicted behavior is 

Newtonian. 

Batchelor also determined the effect of Brownian motion [67].  Using the same 

approach to expand the pair distribution, he assumed that dominant Brownian motion 

results in additional stress due to the random movements of the particles.  He calculated 

the extra stress term and showed that dominant Brownian motion for semi-dilute hard 

spheres generates a 0.97𝜙! contribution to viscosity.  In the limit of 𝑃𝑒 → 0, this may 

be expressed as a zero shear viscosity 

(2.10) 𝜂!,! = 1+ !
!
𝜙 + 6.2𝜙! 

The difference between Eqn. (2.9) and Eqn. (2.10) indicates that for systems of non-

interacting spheres subjected to dimensionless shear rate over the range 𝑃𝑒 → 0 to 

𝑃𝑒 → ∞,  the response will be Newtonian at high and low shear rates, with a region of 

shear thinning near 𝑃𝑒~𝑂 1 .  The concentration dependence of shear viscosity for the 

hard sphere suspensions is shown in Figure 2-1. 
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Figure 2-1. Viscosity of suspension of hard spheres as function of Peclet number for 
suspensions with φ = 5, 10, and 20 vol.%.  Solid lines calculated with Batchelor’s 
equation for pair-wise interaction, neglecting Brownian motion [Eqn. (2.9)].  Dotted 
lines include Brownian motion component [Eqn. (2.10)]. 
 
 
 

The shear thinning behavior is associated with the extra energy dissipation due to 

Brownian motion.  The total contribution of Brownian motion is only ~𝑂(𝜙!), and from 

Figure 2-1, it is clear that the magnitude is not large.  For non-spherical particles, the 

differences becomes substantial and the transition to hydrodynamically dominated 

response provides a useful comparison between shear viscosity and linear viscoelastic 

measurements.  There are a number of empirical equations proposed to describe the 

shear thinning transition.  Depending on the degree of shear thinning, the width of the 

transition, and which features of the flow curve are visible, there are advantages to each.  

The Cross equation is robust and found to be useful for the systems reported here, and is 

given by 

(2.11) 𝜂 = η∞ +
!!!!!
!! !! ! 

where 𝜂! is the infinite shear rate viscosity, 𝜂! is the zero-shear viscosity, 𝜆 is the 

characteristic time, and 𝑛 is the power-law exponent [68-71].  For 𝑛 = 0, the equation 
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reduces to 𝜂 = 𝜂!, and the flow is Newtonian.  As 𝑛 increases, the transition between 

high and low shear plateau plateaus becomes more sharply defined, and 𝑛 = 1, is 

equivalent to friction between solid surfaces moving relative to each other.  The 

characteristic time, 𝜆, is defined as the inverse of 𝛾 where 𝜂 = 𝜂! − 𝜂! /2.  The shear-

thinning behavior of the hard sphere suspensions is shown in Figure 2-1b, and is 

obviously very minor. 

From Figure 2-1, it appears that based on the theoretical calculations, model hard 

sphere suspensions do not show very pronounced rheological behavior.  This has been 

experimentally demonstrated in many studies on non-colloidal spheres, which do not 

generally show non-Newtonian response until volume fractions ~ 45% and higher [63, 

72].  For real suspensions, there may be significant deviations from the ideal, hard-

sphere behavior at low concentrations due to colloidal interactions [73].  One feature of 

interest is for dense suspensions, which show very high viscosity at low shear rate, a 

transition to shear thinning due to the formation of a well-ordered layers, and a disorder 

transition with pronounced shear thickening behavior at high shear rates [74-79].  These 

systems are very complex, but it has been suggested that this range of behaviors is 

characteristic of all systems over a broad enough experimental range [76]. 

There are no well accepted theoretical descriptions of concentrated suspensions, 

which reflects the significant range of complex behaviors observed [80-84].  At high 

concentrations, flow behavior becomes strongly dependent on the specific properties of 

the particles, and the nature of interaction with the suspending medium.  For highly 
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concentrated systems, confinement of the matrix may result in further non-Newtonian 

characteristics [85, 86]. 

There are a number of empirical forms that have been proposed to account for 

rheology of concentrated systems.  Among the most common is the Krieger-Dougherty 

relation, which was originally proposed as an empirical equation [87], but later shown to 

have theoretical basis [88]: 

(2.12) 𝜂! = 1− !
!!

! ! !!
   

Here, 𝜙! is the maximum packing fraction of the suspended phase and 𝜂  is the 

intrinsic viscosity of the particles, equal to 𝑘! in Eqn. (2.8).  For hard spheres, Eqn. (2.5) 

shows that 𝜂 = 5/2.  This form describes the divergence of viscosity approaching a 

concentration where the particle motion is effectively frozen. 

Bicerano et al. [89] noted that a divergent equation of the form in Eqn. (2.12) may 

expanded to include shear-rate and temperature dependent effects through 𝜙!.  For hard 

spheres, the maximum packing fraction is shear rate dependent.  For example, De Kruif 

et al. investigated the rheology of colloidal silica with surface-treatment to minimize 

inter-particle interaction, and found that increasing shear rate shifted the maximum 

packing fraction from 𝜙! = 0.63 for 𝛾 → 0, to 𝜙! = 0.71 for 𝛾 → ∞ [90].  For non-

spherical particles, the functional dependence is more pronounced because shearing 

deformations effectively increase the orientational order of the system. 

Quemada provided an expression for hard spheres with similar form, where 

𝜂! = 1− 𝜙 𝜙! !! [91].  Here, 𝜙! is a packing volume fraction that varies between 

0.58 and 0.72, depending on system.  Philipse and co-workers recently adapted this 
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expression to describe the rheology of moderate aspect ratio, plate-like particles [92-97].  

Their approach is to set 𝜙∗ = 1 and replace volume fraction with an effective volume 

fraction, 𝜙!"", that accounts for fluid volume trapped by particles through average 

motion.  The trapped volume is expressed by 𝛼𝜙!"#, where 𝛼 = 𝑓 𝑃𝑒 , and 𝜙!"# ≈

2𝜙!/3𝑟! is the volume fraction of spheres with excluded volume encompassing the 

particle.  The value of 𝛼 = 1− 𝜂! 𝜂 /𝜙!"#.  This approach is an example of 

interpreting the rheology of a complex system by mapping the results to the well-

established behavior of hard sphere systems [63]. 

 

2.4 Suspensions of non-spherical particles 

2.4.1 Overview 

From the discussion above, it is apparent that even for the simplest model of 

monodisperse hard spheres, there are significant, intractable theoretical challenges.  For 

non-spherical particles, there is significantly greater complexity because (1) the 

magnitude of hydrodynamic disturbance (particle stress contribution) depends on 

orientation with respect to the flowing direction, and (2) the particles rotate under most 

flow fields of interest.  For flow fields that lack a rotational component, such as 

elongational flow and equi-biaxial extension, there may be closed form solutions 

available for 𝜂  in limiting cases of high aspect ratio [98].  In most cases, there will be a 

shearing component to deformation (although this does not necessarily mean simple 

shearing flow is relevant [99]), and the velocity gradient perpendicular to the flow 

direction establishes both translational and rotational motion of the suspended particles.  
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The resulting particle contribution must therefore be time-averaged, and in order to 

extend the result to predict suspension viscosity, the distribution of orientations for all 

fibers must be known.  A number of different factors influence the nature of the 

orientation distribution, particularly aspect ratio, concentration, Peclet number, particle 

flexibility, and permanent deformation. 

The general theory of dilute suspension rheology for non-spherical particles is 

reviewed in considerable detail by Brenner [100].  Several reviews on the rheology of 

fiber suspensions are also available and provide excellent surveys of the field [63, 64, 

101-103].  Here, the focus is on general concepts related to the motion of the particles, 

the magnitude of hydrodynamic disturbance predicted by theory, relevant time scales for 

motion, and brief consideration of some non-ideal effects related to interactions and 

flexibility. 

 

2.4.2 Motion of isolated non-spherical particle 

The equations of motion for an isolated ellipsoidal particle were derived by Jeffery 

[104], using the same hydrodynamic approach developed by Einstein for isolated 

spheres.  Here, we will limit discussion to simple shearing flow, where the suspending 

fluid is assumed to be confined between two infinite, parallel plates, and shearing 

deformation is applied along the 𝑥-direction, parallel to the plate, as shown in Figure 

2-2.  The velocity field for steady shear is 1-dimensional, and given by 𝑉! = 𝛾𝑦 in the 𝑥 

(flow) direction, and 𝑉! = 𝑉! = 0 in the 𝑦-direction (velocity gradient) and 𝑧-direction 

(vorticity), respectively. 
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Figure 2-2.  Schematic showing geometry of simple shearing flow. 

 
 
 
Jeffery showed that for slow, steady shear deformation of an incompressible fluid, 

the stresses acting over the surface of an isolated ellipsoid vanish, and as a result, there is 

no resultant force [104].  Hence, the center of mass of the particle displaces affinely with 

the fluid.  The only remaining contribution due to the motion of the fluid across the 

surface of the ellipsoid is a resultant couple that can be separated into two components.  

The first vanishes when the ellipsoid has the same resultant spin as the fluid.  The second 

vanishes when the ellipsoid is aligned in the shearing direction (defined by the 𝑥-axis 

here).  In the absence of external body forces acting on the particle, or inertia, the two 

components are balanced at all times and result in a fixed, periodic rotation of the 

ellipsoid in a characteristic orbit, commonly referred to as a Jeffery orbit (Figure 2-3).  

The orientation of the particle is defined by a unit vector, 𝒆, parallel to the axis of 

rotation for the particle, with Euler angles defined in spherical coordinates.  The 

influence of the particle on the bulk flow behavior is determined by the magnitude of 

particle cross-section across the flowing direction.  For prolate ellipsoids (rod-shaped, 

with axial ratio, 𝑟 > 1), this is given by 𝑢! = sin𝜃 cos𝜙!.  For oblate ellipsoids (disk-

shaped, 𝑟 < 1), the axis of symmetry is perpendicular to the thin dimension, and the 
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maximum hydrodynamic distortion is for 𝜙! = 𝜋/2.  The relevant projection of 𝒖 in this 

case is 𝑢! = sin𝜃 sin𝜙!. 

 
 
 

 
Figure 2-3.  Schematic showing motion of isolated ellipsoid under simple shear. (Left) 
spherical coordinate system for ellipsoid with axis of symmetry 𝒆. (Right) Jeffery orbit 
for isolated ellipsoid for different Jeffery orbits, 𝐶. 

 
 
 
The predicted motion has important consequences on flow properties that depend on 

the axial ratio of the ellipsoid (and the aspect ratio of the related real particles).  In the 

absence of Brownian motion and other effects, such as body forces or particle-particle 

interaction, the equations of motion under steady shearing are given by the coupled 

differential equations  

(2.13) !𝝓𝟏
!"

= ϕ = !
!!!!

𝑟! cos! 𝜙 + sin! 𝜙  

(2.14) !"
!"
= !

!
!!!!
!!!!

sin 2𝜃 sin 2𝜙 

The solutions to these equations show that the particle rotates in a fixed orbit described 

by the Jeffery orbit constant, 𝐶, and phase angle, 𝑘.  Later experimental work directly 
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confirmed the predictions for real particles (fibers and disks) [105-113], and showed that 

the dependence on initial conditions may be relaxed in real systems [114-116]. 

The magnitude of particle influence depends on its projection across the flow 

direction.  One important consequence of Eqn. (2.13) is that the angular velocity of the 

particle is largest in this configuration, and the effect is amplified with increasing aspect 

ratio (Figure 2-4).  In other words, larger particles tend to spend the majority of each 

orbit aligned in the direction that minimizes their hydrodynamic distortion.  Although 

the maximum hydrodynamic disturbance increases strongly with aspect ratio, ~𝑂 𝐿! , 

the increase in aspect ratio decreases the probability of finding a particle aligned across 

the flow direction, which suppresses the scaling of viscosity at dilute concentrations.   

 
 
 

 
Figure 2-4.  (a) Angular velocity, normalized by period of rotation, and (b) probability 
density function of orientation, as functions of particle orientation with respect to flow 
direction, 𝜙!. 
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The observed balance between maximum hydrodynamic disturbance and probability 

of flow-alignment with aspect ratio is particularly critical to understand the behavior of 

non-dilute concentrations.  One consequence of pair-wise hydrodynamic interactions is 

to shift the distribution of orbit constants, 𝑝 𝐶 , to larger 𝐶, which increases the time-

averaged 𝑢! [117].  The shift in 𝑝 𝜙  is negligible, and nearly constant up to high 

concentrations [118].  Detailed description of the various types of periodic motion 

exhibited by individual ellipsoids are discussed in detail by Hinch and Leal [119], and 

more recently, are compared to analogous behaviors exhibited by liquid crystalline 

polymers by Petrie [101].  The effect of concentration on hydrodynamic and non-

hydrodynamic interactions, and the resulting changes in periodic rotation, have been 

investigated in several papers by Koch and collaborators [117, 118, 120-128]. 

 

2.4.3 Period of rotation 

The period of rotation predicted by Jeffery’s equations of motion for an isolated 

ellipsoid in steady shear depends only on aspect ratio and shear rate, and is given by 

(2.15) 𝑇! =
!!
!
𝑟 + 𝑟!!  

This definition of orbital period is important from an experimental perspective because it 

establishes a measurable link between the flow behavior of ideal ellipsoids and real 

particles.  Bretherton showed that any arbitrarily shaped particle with axial symmetry 

will follow a Jeffrey orbit with period given by Eqn. (2.15) [99].  However, the 

calculated 𝑟 associated with the measured period will be smaller than the aspect ratio of 

the real particle, 𝑟!, due to hydrodynamic consequences of particle shape and sharp 
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edges [129, 130].  The relationship between the real aspect ratio, 𝑟!, and the axial ratio of 

an effective ellipsoid, 𝑟, was extensively investigated in a series of papers by Mason and 

collaborators using meticulous visual observation of isolated rods and disks rotating in a 

concentric cylinder [105-107, 111-113, 115, 116, 131, 132].  These papers established 

that the behavior predicted by Jeffery is observed in a broad range of real systems, and 

provided several empirical relations for 𝑟 = 𝑓 𝑟!  using model systems with low 

polydispersity.  One widely used correlation that accurately describes the “equivalent 

spheroid” for both disks and rods is given by: 

(2.16) log 𝑟 = 0.78 log 𝑟! + 0.051 

where 𝑟 is an effective axial ratio of an equivalent spheroid with the same motion as the 

observed real particles. 

Correlations such as Eqn. (2.16) are necessary to predict the flow behavior of 

systems containing particles that cannot be directly observed, such as nanoparticles.  

However, this must be approached with caution because it requires that the relevant 

assumptions on the micron-scale are still satisfied.  In particular, the magnitude and 

scaling of inter-particle interactions may significantly affect flow behavior and cause 

deviations in time scale of motion.  Furthermore, correlations are generally valid only for 

a limited set of model systems. 

As aspect ratio increases, the flexibility of a particle increases significantly, and the 

particle becomes more susceptible to shear-induced compressive stresses.  This has been 

considered in detail by Forgacs and Mason for fibers and is mentioned below [110, 133].  

No equivalent theoretical description has been successfully applied to plate-like 
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particles, to our knowledge.  A number of simulation approaches have been reported that 

capture the predicted rotation and periodicity for plate-like particles, but are generally 

limited to aspect ratios ~ 5-10 [134-138].  These approaches may potentially be used to 

extend the correlation between ellipsoids and real particles for higher aspect ratios and 

include the effects of flexibility, provided that the appropriate physics relevant to the 

particle length scale are represented. 

One consequence of increasing concentration is that hydrodynamic interactions with 

neighboring particle affect the period of rotation by increasing the rate of tumbling out 

of the flow direction.  This should result in substantial changes in the particle 

contribution to viscosity, and has been experimentally observed for intermediate 

concentration [117, 120-122, 124-126].  However, the relationship between inter-particle 

interaction and period of rotation is complex.  In the semi-dilute region, Petrich et al. 

[118] observed that the period was decreased due to pair-wise hydrodynamic 

interactions, as expected, but found an increase in 𝑇! in the concentrated regime. One 

remarkable aspect of this finding is that even for concentrations where the average 

distance between particles is on the order the fiber diameter, there is still observable 

periodic agreement that follows the simple motion described by the hydrodynamics of 

isolated fiber [118].  The non-monotonic nature of 𝑇! was shown to be consistent with a 

transition from random interactions that enhance rotation at semi-dilute concentrations, 

to local nematic alignment and restriction in rotational freedom in the concentrated 

systems. 
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2.4.4 Equilibrium orientation distribution 

Jeffery’s equations provide an excellent description of the motion of an individual 

fiber, but neglect the problem of orientation distribution.  In his concluding remarks, 

Jeffery speculated that the particles will tend to adopt an average orientation that 

minimizes their effect of viscosity [104].  In this case, the particles will align in the flow 

direction and 𝜂 = 2, which is less than the theoretical predictions for spheres and is a 

lower bound.  In real systems, this is not observed because the equilibrium orientation 

distribution depends on a number of parameters.  In the simplest case, the distribution 

may be described using an appropriate form of 𝑃𝑒 for rotational diffusion.  In the limit 

of 𝑃𝑒 → 0, the equilibrium distribution of Jeffery orbits, 𝑝 𝐶  (more commonly, 𝑝 𝐶!  

is used, where 𝐶! = 𝐶 𝐶 + 1, because 𝐶 may take any value between 0 and ∞) will be 

isotropic due to Brownian motion, which apply rotary torques across the particle surface 

and randomizes position and orientation.  This distribution will be skewed due to various 

factors, and generally will favor alignment in the shearing plane, which decreases 𝜂 .  

The limiting intrinsic viscosity for dominant Brownian motion is Newtonian over a 

range of shear rates, and defined as 𝜂 ! = lim!"→! 𝜂 . 

In the limit of dominant shearing forces, 𝑃𝑒 ≫ 1, and the equilibrium distribution of 

orientations becomes strongly skewed in the flow direction.  In this case, the intrinsic 

viscosity reaches a steady state that depends on aspect ratio, 𝜂 ∞, and the suspension 

behavior is Newtonian. A number of theoretical approaches have been developed to 

predict 𝜂  in different limiting cases.  These have been reviewed by several authors and 
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will not be considered in detail here [100, 101].  One interesting prediction from Leal 

and Hinch [139], is that the scaling between limiting regions follows 𝑃𝑒!!/!. 

To account for Brownian motion in real systems, the rotational Peclet number, 

𝑃𝑒 = 𝛾/𝐷!, where 𝐷! is the rotary diffusion coefficient, 𝐷!.  The framework established 

by Brenner is useful because it can be applied to any axially symmetric particle by 

defining the equivalent ellipsoid with 𝑟 = 𝑓 𝑟!  [100].  As outlined by Brenner, the 

rotary diffusion is given by 

(2.17)   𝐷! =
!!!

!!!!!   !!!  

where 𝜁 = 6𝑉!𝜂!   𝐾!!  is the rotational friction constant [13].  The dimensionless 

material scalar, 𝐾!! , is a function of aspect ratio is a dimensionless scalar that depends 

only on geometry.  For ellipsoids with axial ratio 𝑟 = 𝑎/𝑏 where 𝑎 and 𝑏 are the polar 

and equatorial radii of the ellipsoid, respectively: 

(2.18) 𝐾!! = ! !!!!
! !!!∥!!!

 

The 𝛼 terms are shape integrals related to the spheroid geometry, and are expressed 

(2.19) 𝛼∥ =
! !!!!!
!!!!

 

(2.20) 𝛼! =
!! !!!
!!!!

 

where the shape factor, 𝛽, depends on the shape of the ellipsoid 

(2.21)   𝛽 =
!"#$!! !
! !!!!
!"#!! !
! !!!

,        !!!
,        !!! 
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2.4.5 Viscosity of rod suspensions 

Simha [140] and Kuhn and Kuhn [141] derived expressions for 𝜂  in the limit of 

dominant Brownian motion based on the energy dissipation of non-interacting rods, 

which are given by  

(2.22) 𝜂 = !!

!" !" !! !!!
+ !!

! !" !! !!!
+ 𝑐 

where 𝑟 = 𝐿/𝑑 is the aspect ratio of a rod, and 𝑐 = 14/15 for Simha, and 𝑐 = 1.6, for 

Kuhn and Kuhn.  The first term is the contribution of Brownian motion to energy 

dissipation.  The second term is the contribution due to the hydrodynamic disturbance of 

the solid particles.  In the limit of large aspect ratio, the Brownian contribution 

approaches 3 times the magnitude of the hydrodynamic contribution, and the shape of 

the particle is irrelevant, which is an important basis for slender body theory [142]. 

The influence of concentration is challenging to approach from a robust theoretical 

perspectives for suspensions containing rods, because the presence of inter-particle 

interactions will influence the instantaneous and average orientation distributions.  Berry 

and Russel [143] considered pair interactions in the dilute region for weak shearing flow, 

and found that the combination of hydrodynamic and Brownian forces results in greater 

degree of shear thinning than predicted from dilute theory, given by 

(2.23) 𝜂! = 1+ 𝜂 𝜙 + !
!
𝜂 !𝜙! 

This form is useful in the dilute region, but fails to capture the more substantial thinning 

behavior observed in real suspensions at semi-dilute concentrations.  For rods, the 

Brownian torques due to pair-wise interactions are substantial at low shear rates, but are 
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orientation-dependent and decrease with shear rate, thereby enhancing shear thinning 

behavior. 

At higher concentrations, near-field hydrodynamic interactions between multiple 

rods become significant.  The framework developed by Doi and Edwards for rigid rod 

polymers is a mean field approach that is based on the change in rotary and translation 

diffusion of a given rod due to interactions with neighboring rods [13, 144-146].  They 

proposed that at concentrations of 𝑛 ≫ 𝑎!!, where 𝑛 is the number density (𝑛 = 𝜙/𝑉!, 

where 𝑉! is the volume of an individual particle) and 𝑎 is the interaction length-scale 

(~𝐿 here), rods begin to hinder the diffusion of neighbors and the particle motion 

becomes coupled.  The relaxation behavior of the system is determined by the speed that 

a rod can escape the cage formed by the surrounding neighbors.  The cage concept was 

introduced by Edwards [147], and the motion exhibited by the rods to exit the cage was 

modeling based on the reptation concept of de Gennes [148].  This mean-field approach 

predicts the viscosity of entangled, cylindrical rods to be  

(2.24) 𝜂! =
!"
!"!!

!!

!" !
!

! !!!"# !   𝜙! 

in the limit of 𝑛 ≫ 𝑎!!, where 𝑟 ≫ 1 and 𝑃𝑒 → 0.  The parameter 𝛼 represents the 

extent to which the motion of the rods is constrained.  The reduction in available volume 

reduces translational diffusion parallel to the rod axis, and results in an additional 

hindrance to chain motion.  Near the isotropic-nematic transition, the parameter 𝛼 is less 

significant because of the mutual orientation of neighboring rods.  In this case, the 

scaling of Eqn. (2.24) reduces to 𝜂! ∝ 𝜙! [149]. 
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2.5 Suspensions of disks and cylinders 

2.5.1 Overview 

The rheological behavior of clay platelets has been extensively investigated because 

of their importance in natural processes, and as filler to modify the rheology and 

mechanical properties of various fluids and polymers [150, 151].  However, most clays 

are obtained naturally and have a wide distribution of compositions and properties that 

depend on mining location.  The individual clay particles are poorly defined, 

heterogeneous crystals with highly polydisperse size, shape, and aspect ratio.  The 

particles also have a heterogeneous and asymmetric charge distribution, and show 

significant long-range electrostatic interactions that favor swelling rather than 

exfoliation, resulting in highly complex flow behavior even at low concentration [152].  

A limited number of theoretical and simulation studies have been carried out to directly 

relate macroscale properties of systems containing plate-like solid particles to the 

physical characteristics of the particles [137, 138, 149, 153, 154]. 

The general framework of dilute suspension rheology for ellipsoidal particles, 

described in the previous section, is relevant to the behavior of disk-shaped particles.  In 

this case, we define an equivalent oblate ellipsoid with axial ratio, 𝑟 < 1.  Throughout 

this paper, we will continue to define aspect ratio, 𝑟!, as the ratio between largest and 

smallest dimensions for convenience (i.e. 𝑟! > 1 for rods and disks), and reserve the 

symbol 𝑟 for axial ratio of an ellipsoid. 

 

 



 

35 

 

2.5.2 Predictions of viscosity 

Since both rod-like and plate-like particles are considered in this dissertation, it is 

useful to compare between the predicted magnitudes of hydrodynamic distortion.  Kuhn 

and Kuhn calculated the intrinsic viscosity of a dilute suspension of disks to be 

(2.25) 𝜂 = !
!
+ !"

!"!"
 

Comparing the two derivations by Kuhn and Kuhn (Eqn. (2.22) and Eqn. (2.25)), the 

difference in 𝜂! is small for small aspect ratios, but linearly diverges with slope of 0.05𝑟 

(for 𝑟 > 5).  For particles with 𝑟 = 𝑟!! = 10, the intrinsic viscosity of the rod is ~ 2x 

larger than the disk.  At an equivalent volume fraction, the rods should therefore have 2x 

larger contribution to viscosity at zero shear rate.  At 𝑟 = 𝑟!! = 100 and 1000, the ratio 

increases to ~10x and 60x, respectively. 

There are a number of additional factors that complicate analysis of the behavior of 

plate-like particles.  For rods, a significant amount of theoretical work has used slender 

body approximations, which neglect the thickness of the particles and provide 

generalized expressions for the particle stress [142].  For plates, there is no robust 

support for an equivalent approximation, and excluded volume may be regarded as 

having an effect in all cases.  This may lead to complex stacking phenomenon, which 

has been only recently explored in simulations [137, 138]. 

An additional complication barring useful comparison between rods and disks is that 

the transitions between concentration regimes are different.  This is a consequence of the 

fact that the length-scale influenced by a rod is given by length 𝐿 for all orientations 

about the particle center of mass, while at any given time, the rods only physically 
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occupies this length scale in 1 dimension.  For transport properties, we are generally 

interested in volume and time averaged quantities, and the influence is statistically 

distributed over a unit sphere (in most general case), such that the length scale is 

amplified by a factor of 𝐿!.  Using the same argument for disks or plates, we see that 

they physically occupy a length scale of 𝐿/2 from their center of mass, and 

hydrodynamically influence an additional distance that can be neglected on scales longer 

than 𝐿/2.  The plates thereby influence their environment over length scales ~𝑂(𝐿), but 

instantaneously only occupy the space in 2 dimensions.  The length scale amplification 

due to time and volume averaging is a factor of 𝐿.  For spheres, all directions are 

influenced equally (undistorted), and there is no amplification effect due to the spatial 

and temporal averaging. 

Based on this geometric argument, it is obvious that if the volume and time 

averaging approach is appropriate for the system of interest, the concentration at the 

onset of interactions, defined by the overlapping of influenced volumes, will be 

𝜙~𝑂 !
!!

, ~𝑂 !
!

, and ~𝑂 1  for  rods, plates, and spheres, respectively.  Since 

𝑛 = 𝜙/𝑉!, and 𝑉! =
!!!!
!

≈ 𝑑!𝐿 = 𝐿!/𝑟! for rods, and 𝑉! ≈ 𝐿!𝑡 = 𝐿!/𝑟! for plates 

(where 𝑟! > 1 in both cases), the number density should follow the same scaling.  In 

other words, the rods begin to show hydrodynamic interactions at much lower 

concentration than plates of equivalent anisometry, resulting in a further distinctions 

between expected scaling. 
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2.6 Suspension viscoelasticity 

2.6.1 Background 

The relaxation behavior of complex fluids is a consequence of the finite time 

required for structures on different length scales, and subject to varying internal 

constraints, to adjust to small perturbations in equilibrium structure [28].  The length 

scales responsible for the resistance of a suspension to deformation may be investigated 

by altering the time scale (frequency and shear rate), temperature, and magnitude of 

applied deformation. 

During dynamic mechanical measurements, a sinusoidally-driven strain 

displacement, 𝛾 𝑡 = 𝛾! sin 𝜔𝑡 , is applied to a sample, where 𝛾! is the peak strain 

amplitude, 𝜔 is the angular frequency, in radians, and 𝑡 is time (Figure 2-5).  The 

relative elastic or viscous response of the fluid is given by the finite phase lag between 

applied field, 𝛾 𝑡 , and measured response, 𝜎 𝑡 = 𝜎! sin 𝜔𝑡 + 𝛿 .  For an ideal 

Hookean spring, the resultant stress is in-phase with the applied strain, and the response 

is perfectly elastic, with 𝜎 𝑡 = 𝜎! sin 𝜔𝑡  and 𝛿 = 0.  For an ideal Newtonian fluid, 

the stress is in-phase with the strain rate, 𝑑𝛾 𝑑𝑡 = 𝛾 = 𝜔𝛾! cos 𝜔𝑡 , and the linear 

viscoelastic response is purely dissipative, with 𝜎 𝑡 = 𝜎! cos 𝜔𝑡  and δ = 2π.  For 

small 𝛾!, two viscoelastic parameters, the storage modulus, 𝐺! 𝜔 , and loss modulus, 

𝐺!! 𝜔 , may be defined to describe the magnitude of elastic (solid-like) and viscous 

(fluid-like) components of response, respectively.  The storage modulus, 𝐺! 𝜔 =

𝐺∗ cos 𝛿  is a measure of the ability of a material to store and recovery energy during 

a cycle of deformation.  The loss modulus, 𝐺!! 𝜔 = 𝐺∗ sin 𝛿 , is a measure of energy 
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dissipated as heat.  The total resistance of the material to shearing deformation is given 

by the magnitude of complex shear modulus, 𝐺∗ = 𝐺!" + 𝐺!!" = 𝜎 𝜔 /𝛾!. 

 
 
 

 
Figure 2-5. Schematic of stress and strain as function of time during small amplitude 
oscillatory deformation. 

 
 
 
The complex viscosity from linear viscoelastic measurements is defined as 

(2.26) 𝜂∗ 𝜔 = 𝜂! − 𝑖𝜂!! = 𝐺!! 𝜔 − 𝑖𝐺!/𝜔 

The real part, 𝜂! = 𝐺!!/𝜔, is in-phase with the applied rate of shear, and is a dissipative 

term, referred to as the dynamic viscosity.  The imaginary part, 𝜂!! = 𝐺!/𝜔, is generally 

referred to as the out-of-phase viscosity, and is related to free energy storage.  The 

dynamic viscosity can be related back to predictions of linear viscoelastic behavior for 

different systems.  For suspensions of hard spheres at low frequencies, the behavior is 

Newtonian (𝛿 → 90°) because the perturbed microstructure fully recovers equilibrium 

over long time.  At high frequency, the time scales are too rapid with respect to 𝐷! for 

appreciable relaxation.  These limits are analogous to the earlier derivations for pair-wise 
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viscosity in the limits of infinite and low Peclet number, given by Eqn. (2.9 and Eqn. 

(2.10), respectively. 

 

2.6.2 Suspensions of spherical particles 

For suspensions of spherical particles, elasticity may be present due to various 

mechanisms.  For example, dispersions of particles with strong electrostatic repulsion 

[1,2] will exhibit strong viscoelasticity due to the nature of inter-particle forces.  At 

equilibrium, the microstructure is arranged such that the free energy related to particle 

interactions is minimized.  When the system is perturbed, there is an increase in 

electrostatic energy.  When the strain is removed, the microstructure is at a higher 

energy state, and there is a drive to recover the initial minimum free energy.  The bulk 

manifestation of this is relaxation behavior and phase lag.  Suspensions of attractive 

spheres that form flocculated aggregates may also show viscoelasticity [3,4].  Here, the 

particles are aggregated and show mesoscale disorder, but within the clustered structure, 

the particles still occupy equilibrium positions.  When shearing deformation is applied, 

the flocs deform and the free energy in the system increases.  The direct interactions 

between locally crowded particles provides the thermodynamic driving force to recover 

equilibrium. 

In the case of microemulsions, the particles themselves are deformed, which 

increases the surface area, and thereby increases surface free energy [5,6].  Even for hard 

spheres, there may be viscoelastic effects at high particle concentrations. The “hard” 

nature is due to infinite repulsion at the contact point between surfaces.  As 
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concentration increases, the number of available positions that the particles can be freely 

occupy decreases.  In the equilibrium state, the arrangement of particles reflects liquid-

like organization.  Any perturbation from the equilibrium arrangement increases the 

configurational free energy, which is the driving force for structural recovery and 

viscoelastic character. 

For the hard sphere suspensions, the particle motion and equilibrium are governed by 

random motion from Brownian forces.  When the system is subject to shearing stresses, 

it is diffusive motion associated with Brownian forces that randomizes the 

microstructure.  On long time scales, the original state of the system is recovered and 

there is no measurable viscoelastic response.  In other words, there is an increase in free 

energy due to the distortion of the microstructure, but this increased energy is dissipated 

as heat.  Only for measurements on intermediate time scales will the increase in free 

energy result in observable viscoelasticity [155].  At high frequencies, the time scale of 

the measurement may be sufficiently short that the system does not appreciably relax.  In 

this case, there is a recovery in limiting Newtonian behavior, and 𝜂∗ 𝜔  at high 

frequency will be given by purely hydrodynamic contributions. 

 

2.6.3 Suspensions of rod-like particles 

For non-spherical particles, there are additional modes of elasticity that may be 

present even in the limit of infinite dilution.  These are associated with the rotation of the 

particles, and internal modes of flexibility, which may be significant even for relatively 

rigid particles.  Dynamic viscoelastic measurements provide an important tool to 
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characterize the fundamental nature of motion in polymer systems.  Detailed studies on 

these systems have been carried out and may provide a foundation for understanding 

viscoelastic origins for nanoparticle systems. 

Zimm proposed a theory for linear molecules based on a bead-spring structure [156].  

The macromolecule is divided into a N sub-units, which consist of an array of springs 

inter-connected by beads at junction points.  When the material is distorted, each spring 

stores elastic energy due to an associated decrease in configurational entropy.  The 

contribution to viscous dissipation is due to frictional resistance concentrated at the 

beads.  The longest relaxation time for this system is associated with the configurational 

change as the molecular ends move in opposite directions.  Other relaxation modes are 

also present and reflect internal dynamics.  This model has been successfully applied for 

a number of systems, included branched polymers, and has been extended to include 

hydrodynamic intra-molecular (self-intersecting) interactions, which are important for 

non-theta solvent conditions [157-160].  The reduced shear moduli for the Zimm model 

are given by 

(2.27) 𝐺! ! =
!!!!!

!!!!!!!
!
!  

and 

(2.28) 𝐺!! ! =
!!!

!!!!!!!
!
!  

where 𝜏! is the relaxation time of the 𝑝-th sub-unit.  The brackets refer to shear moduli 

at infinite dilution, which are given by 𝐺! = lim!→! 𝐺′ and 𝐺!! = lim!→! 𝐺!! −

𝜔𝜂! /𝑐, where 𝑐 is the weight concentration.  The dimensionless reduced moduli are 
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typically reported, where 𝐺! ! = 𝐺! 𝑀/𝑅𝑇 and  𝐺!′ ! = 𝐺!! 𝑀/𝑅𝑇.  The longest 

relaxation time, which is related to the motion of the ends of the molecule in opposite 

directions, is  

(2.29) 𝜏! = 𝜂 𝜂!𝑀/𝑅𝑇𝑆! 

where 𝜂 = lim!→![𝐺!!]/𝜔𝜂! is the intrinsic viscosity, 𝑀 is the molecular weight, and 

𝑅 is the gas constant.  The final term, 𝑆!, is a ratio of the sum of the rapid relaxation 

modes with respect to the longest relaxation time, and is given by 𝑆! =
!!!
!!
= 2.37. 

For rigid molecules, there are several theories that have the form 

(2.30) 𝐺! ! = 𝑚!
!!!!!

!!!!!!!
 

(2.31) 𝐺!! ! = 𝜔𝜏!
!!

!!!!!!!
+𝑚!  

where 𝑚 = !
!!!!!

; numerical coefficients that depend on details of model.  Kirkwood 

and Auer [161] extended the previous theory of Kirkwood and Riseman [162] to 

consider the influence of Brownian motion on a linear array of beads.  In the limit of 

large aspect ratio, they obtained 𝑚! = 3/5,𝑚! = 1/5.  Yamakawa [163] obtained the 

same constants for cylinders of high aspect ratio, and for intermediate aspect ratios, 

showed 𝑚! > 1/5. 

For an infinitely rigid molecule, there is a single relaxation time governing 

viscoelastic response, which is related to end-over-end rotation.  The relaxation time 

depends on the dimensions of the molecule, and for high aspect ratio systems, is given 

by 
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(2.32) 𝜏! =
!

!"!!!
!!

!" !
 

One useful feature of this type of molecular model is that the structure and internal 

flexibility of complex particles, such as bio-polymer aggregates of helices,  may be 

inferred based on the observed relaxation time.  For example, the first experimental work 

that observed true rigid-rod viscoelastic behavior was for the tobacco mosaic virus 

(TMV) [164].  In both isolated form and as dried aggregates, the TMV shows rigid 

behavior.  In contrast, viscoelastic measurements showed that poly(γ-benzyl-L-

glutamate), a protein with helical arrangement, is semi-flexible [165, 166]. 

The semi-flexible nature is captured well with a hybrid model approach, where 𝜏!/𝜏! 

is used as an empirical fitting factor [166].  In these systems, the longest relaxation time, 

𝜏!, retains the same definition of end-over-end rotation, but the molecular-scale nature of 

the more rapid mode, 𝜏!, depends on the particular system of interest.  In the case of 

random coils, the elastic energy reflects changes in configurational entropy, which is 

consistent with the Zimm approach.  For other types of macromolecules, there may also 

be various other modes, such as accordion-like extension and twisting. 

 

2.7 Concluding remarks 

Viscoelasticity may also be used to investigate nanoscale features of the surface . For 

example, the foundations of suspension rheology are based on an assumption of a no-slip 

interface.  In real systems, this condition may be violated and result in a boundary layer 

at the particle surface.  For hard spheres, this has been reported to result in scaling of 
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𝐺!~𝜔!/! in the limit of high frequency, rather than the expected plateau region.  Mackay 

et al. related this type of interfacial slip to surface roughness [167]. 

Short-range interactions, both inter-particle and hydrodynamic, between solid 

particles also govern transitions in viscosity, such as shear thickening.  Wagner has 

reviewed the ways that lubrication forces and inter-particle interaction may be 

influenced by heterogeneities such as roughness, solvation layers, non-uniform 

distribution of surface charges, and adsorbed species [168].  Additional forces that may 

influence rheology and need to be considered in detailed treatments are friction and 

time-dependent components of response.  Improvements in direct force measurements 

and other micro-rheology approaches have led to advances in understanding of inter-

particle interactions, which are needed to bridge between phenomenological models for 

specific systems, and predictive models that can be more broadly used. 
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3 CHAPTER III   

EFFECT OF SURFACE MODIFIER ON FLOW PROPERTIES OF EPOXY 

CONTAINING INDIVIDUALLY DISPERSED PLATE-LIKE NANOPARTICLES 

 

3.1 Introduction 

The viscoelasticity and flow behavior of colloidal suspensions originate from a 

complex interplay of inter-particle interactions, particle-fluid interactions, and fluid-

mediated interactions.  Model systems with well-defined shape, size, polydispersity, and 

inter-particle interactions are necessary to study the origin of macroscale properties in 

colloidal suspensions, and are relevant to understanding mechanical properties and 

transport phenomena in composites and other heterogeneous media [169].  There has 

been significant progress in theory, experiment, and simulation of hard spheres, which 

are non-deformable, spherical particles that interact only through infinite repulsive 

interactions at the interface between contacting particles [80, 90, 155, 170-173].  Little 

work has been done on fundamental flow properties of suspensions of plate-like 

particles, despite the commercial significance of layered silicates and the emerging 

importance of graphene and other 2-D nanoparticles [149, 174, 175].  This is largely due 

to a lack of suitable model systems for unambiguous investigation. 

Here, we investigate the rheological behavior of α-zirconium phosphate (ZrP) 

nanoplatelets that are exfoliated to individual sheets using 3 different surfactants.  ZrP 

crystallizes into a layered structure that is similar to the commercially important class of 

layered silicates, but has a higher concentration of active sites along the surface of each 
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layer, and homogeneous charge distribution between layers.  As a result, ZrP can be 

more easily intercalated and exfoliated using a variety of surface modifiers, and may be 

used as a model system for fundamental structure-property relationships study of 

systems containing layered materials with various degrees of dispersion and exfoliation 

[40-42, 44, 45, 47-49, 176].  Here, the ZrP nanoplatelets are synthesized with average 

lateral diameter of ~ 100 nm, and crystallize into a layered structure of individual 

hexagonal crystals with monodisperse thickness of ~ 0.7 nm.  The effect of surface 

modifier is investigated using 3 surfactants that have been previously reported to 

spontaneously delaminate ZrP stacks into individual sheets in epoxy [36, 39, 45, 46, 

177-181].  A schematic showing the geometry of the individual platelets exfoliated with 

the surface modifiers is shown in Figure 3-1.  The first is tetra-n-butyl ammonium 

hydroxide (TBA+OH-), which is a strong base with diameter similar to the thickness of 

the individual plates [182].  The TBA+ ions attach to the surface of the ZrP plates and 

provide electrostatic stability [53].  In epoxy, the length scale of electrostatic repulsion 

will be suppressed, and significant electroviscous effects are not anticipated.  The other 

two surfactants are Jeffamines, designated M600 and M1000, which are block 

copolymers that consist of a terminal primary amine group, and flexible polyether 

backbone with propylene oxide (PO) and ethylene oxide (EO) blocks.  The number 

designation refers to the approximate molecular weight of the oligomers.  The M1000 

has a block copolymer structure with propylene oxide (PO)/ethylene oxide (EO) ratio of 

3/19, which gives it hydrophilic characteristics.  The M600 has a similar block 

copolymer structure, but is hydrophobic due to an increased ratio of PO/EO, which is 
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9/1.  The effect of different polyetheramine surface modifiers on the intercalation and 

exfoliation of ZrP nanoplatelets, and on mechanical properties of epoxy/ZrP 

nanocomposites, has been previously reported [183, 184].  The influence of the 

polyetheramine composition on flow behavior of dispersions containing the exfoliated 

ZrP nanoplatelets has not been previously reported. 

 
 
 

 

Figure 3-1.  Schematic showing relationship between thickness of ZrP nanoplatelets and 
size of different surface modifiers used in this work.  Relative thickness of the platelets 
and surface layers are drawn approximately to scale, assuming that M600 and M1000 
form extended brush layer.  Aspect ratio of platelet is drawn to scale (𝑟! ≈ 100).  Details 
of the grafting density and structure of the M600 and M1000 are not representative. 

 
 
 
ZrP nanoplatelets intercalated with M600, designated ZrP-M600, show significantly 

increased inter-layer spacing in aqueous solution and organic solvent.  When dispersed 

in an epoxy suspending material, the nanoplatelets have been reported to exfoliate into 
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individual nanoplatelets under appropriate conditions [45, 183].  At concentration of 1 

vol.% ZrP-M600, the exfoliated nanoplatelets are randomly oriented and moderately 

improve mechanical properties of epoxy [42].  At higher concentration, ~ 2 vol.%, the 

improvement in mechanical properties is much larger, and the dispersed nanoplatelets 

show local orientation in aligned domains, but do not show long-range liquid crystalline 

order [42, 45]. 

Recently, Wong et al. [185] reported that ZrP exfoliated with M1000, designated 

ZrP-M1000, self-assemble into smectic liquid crystals (lamellar organization) with 

concentration-dependent iridescence in organic solvent.  Smectic liquid crystalline 

organization was also observed for dispersions of the ZrP-M1000 in epoxy monomer at 

concentrations of 1.7 vol.% and higher.  The smectic liquid crystals show unique 

rheological properties that are distinct from smectic crystals formed from small 

molecules and liquid crystalline polymers, and behave as viscoelastic fluids up to ~ 2.8 

vol.%.  At concentrations up to 8.2 vol.%, the colloidal liquid crystals show solid-like 

response under small shear due to the interpenetration of the surface-attached brush 

layers, but exhibit extreme shear thinning and at moderate shear rates, have viscosity 

similar to the unfilled epoxy monomer [186].  In the cured state, the epoxy 

nanocomposites retain smectic mesophase, and show excellent mechanical and barrier 

properties [187, 188].  Here, we investigate the effect of the different surface modifiers 

on the rheology of ZrP suspensions at concentrations in the dilute and semi-dilute range.  

We find that the behavior of the ZrP-TBA and ZrP-M1000 systems is consistent with a 

stable dispersion of isolated, rigid nanoplatelets that interact through purely repulsive, 
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short-range interactions.  For the ZrP-M600 system, there is significant deviation in 

linear viscoelastic and steady shear response, which is attributed to the formation of 

local microstructure.  The potential origins of the change in inter-particle potential and 

the influence on colloidal phase behavior are discussed. 

 

3.2 Experimental 

3.2.1 Materials 

Zirconyl chloride (ZrOCl2·8H2O, 98%, Aldrich), phosphoric acid (H3PO4, 85%, EM 

Science), and tetra-n-butylammonium hydroxide (TBA+OH-, Aldrich) were used as 

received.  Jeffamine M600 and M1000, commercial polyoxyalkyleneamines with 

reported average molecular weight of ~ 600 and 1000 g/mol, respectively, was donated 

by Huntsman Chemical.  EPON 862, a diglycidyl ether of bisphenol F (DGEBF) liquid 

epoxy monomer, was obtained from Hexion Specialty Chemicals (Columbus, OH).  

DER 332, a diglycidyl ether of bisphenol A (DGEBA) liquid epoxy monomer, was 

obtained from Dow Chemical Company.  Both epoxy monomers have narrow monomer 

molecular weight and show similar viscosity over a range of temperatures.  The epoxy 

precursor was dried in a vacuum overnight prior to sample preparation to remove 

entrapped air and moisture. 

 

3.2.2 Preparation of exfoliated ZrP nanoplatelets and dispersion in epoxy 

The ZrP nanoplatelets were prepared using a hydrothermal method, which has been 

described in detail previously [39].  The recovered ZrP was dried at 65°C for 24 hr, and 
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subsequently ground with a mortar and pestle into a fine powder prior to exfoliation.  

The ZrP nanoplatelets were exfoliated to individual layers with identical thickness using 

TBA+OH-, M600, and M1000 as surface modifiers.  The detailed exfoliation procedures 

have been described in detail previously [42, 45, 181, 185, 187].  After removing excess 

surface modifier and evaporating the water, the exfoliated ZrP nanoplatelets were 

dispersed in acetone.  The epoxy precursor was dissolved in acetone and added dropwise 

to the acetone/ZrP suspension until the desired concentration was achieved.  No curing 

agent was used in this work.  The dispersion was allowed to stir for 4 hr.  The solvent 

was removed with a rotary evaporator to obtain the colloidal suspensions of exfoliated 

ZrP nanoplatelets in epoxy. 

 

3.2.3 Characterization 

Thermogravimetric analysis (TGA) was carried out using a Q500 TGA (TA 

Instruments; New Castle, DE, USA) to determine the mass fraction of ZrP nanoplatelets 

in the suspension, and to confirm that all solvent and excess surfactant was removed.  

The volume fraction, 𝜑, of ZrP was calculated from the mass fraction using reported 

densities of the epoxy monomer, TBA+OH-, M600, M1000, and ZrP nanoplatelets, 

which are 1.16, 0.995, 0.979, 1.066, and 2.76 g/cm3 [189], respectively. 

Rheological measurements were carried out using an ARES-G2 rotational rheometer 

(TA Instruments).  A forced convection oven with dried air flow at constant rate was 

used to control temperature and environmental conditions.  The temperature was 

monitored with a piezoelectric thermocouple mounted beneath the bottom fixture.  For 
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all measurements, the temperature variation was within ± 0.01 °C of the reported 

temperature. 

Measurements were carried out primarily with parallel plate geometries (25 mm and 

40 mm diameter; gap of 1.5 – 3 mm).  Cone and plate geometry (50 mm diameter plate; 

0.02 rad cone; 0.051 mm truncation spacing) was also used for several samples and 

provided consistent results.  To determine the role of loading history, measurements 

were carried out before and after the application of steady shear.  Unless otherwise 

noted, linear and non-linear viscoelastic measurements were reproducible following 

steady shear, and the reported measurements are from representative pre-sheared 

suspensions.  Sample recovery was verified by measuring the shear modulus with small 

strain amplitude, 𝛾 = 1%, at angular frequency of 𝜔 = 1 rad/s, immediately following 

steady shear or large amplitude deformation.  No significant equilibration or recovery 

time was necessary at the concentrations investigated in this work. 

Small-amplitude oscillatory shear (SAOS) measurements were carried out within the 

linear viscoelastic region (LVR) over a frequency range of 𝜔   = 0.1 – 100 rad/s.  Large-

amplitude oscillatory shear (LAOS) measurements were carried out to verify the range 

of linear response.  Shear viscosity was measured with two separate sweeps to verify 

consistency of measurements.  The first sweep was carried out by increasing shear rate 

from 𝛾 = 10-3 s-1 to 100 s-1.  A second sweep was subsequently performed by decreasing 

𝛾 over the same range.  Up to 5 minutes was allowed to reach steady state viscosity 

during each measurement.  Unless otherwise noted, the results of the two sweeps were 

nearly identical and the second sweep (decreasing 𝛾) is reported.  As an additional 
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check, the shear viscosity was measured at several fixed shear rates as a function of time 

to verify steady state was reached.  The maximum shear rate was limited to 𝛾 = 100 s-1 to 

prevent ejection of material from the gap and prevent shear-induced heating of the 

samples.  To confirm that wall slip was absent, the gap between parallel plates was 

varied between multiple measurements, and no change in linear viscoelastic or steady 

shear response was observed. 

To prevent the inclusion of experimental artifacts, a cut-off threshold for minimum 

stress was defined for each geometry.  The minimum transducer torque of the ARES G2, 

specified by TA Instruments, is ~ 0.1 µN.m.  For the 25 and 40 mm parallel plate 

geometries, the calculated minimum shear stress is on the order of 0.1 Pa, which 

coincides with the observed onset of significant scatter in phase angle.  For the cone and 

plate geometry, the minimum shear stress is on the order of 0.01 Pa.  For measurements 

with stress near or smaller than these thresholds, the storage modulus, 𝐺!, and phase 

angle, 𝛿, are discarded.  The transducer resolution limited the measurement of the low-

frequency elastic response of the epoxy monomer and suspensions at low concentration.  

Machine inertia at high angular frequency was confirmed to be negligible below ω = 100 

rad/s. 

 

3.3 Results 

3.3.1 Non-linear viscoelasticity 

For each system, strain amplitude sweeps were carried out to determine the range of 

linear viscoelastic response.  In the suspensions containing ZrP-TBA nanoplatelets, the 
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storage modulus, 𝐺!, is not significantly above the resolution of the transducer until 𝜙 ≈ 

0.8 vol.% ZrP.  Linear response is observed in the ZrP-TBA suspensions at large strains, 

γ ~ 100%, for concentrations up to 2.1 vol.%.  For the ZrP-M600 and ZrP-M1000 

systems, the magnitude of elastic response is well-defined at low concentration, 𝜙 ~ 0.04 

vol.%, and the suspensions show greater strain sensitivity during LAOS (Figure 3-2). 

 
 
 

 

Figure 3-2.  Large amplitude oscillatory shear response of the suspensions. Storage 
modulus, 𝐺’, and loss modulus, 𝐺’’, shown as functions of strain amplitude, 𝛾, for 
suspensions containing ZrP nanoplatelets exfoliated with (a) M600 and (b) M1000 
polyetheramine oligomers.  

 
 
 
The strain amplitudes associated with the onset of steep decline in 𝐺’ and 𝐺’’ are 

designated 𝛾! 𝐺!  and 𝛾! 𝐺!! , respectively, and are listed in Table 3-1 for the ZrP-

M600 and ZrP-M1000 systems.  At 0.04 vol.% ZrP, both systems show linear response 

in 𝐺’ and 𝐺’’ up to strain amplitudes of 𝛾  ~ 150%.  The critical strain for strain softening 

in 𝐺’ decreases roughly linearly with concentration for both systems.  In the ZrP-M600 
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system, 𝛾!(𝐺’’), also decreases linearly with concentration.  For the ZrP-M1000 system, 

𝛾!(𝐺’’) appears to be independent of concentration. 

 
 
 

Table 3-1.  Summary of non-linear viscoelastic properties for ZrP-M600 and ZrP-M1000 
systems. 

System 𝝓 
vol.% 
ZrP 

𝜸𝒄 𝑮!  
% 

𝜸𝒄 𝑮!!  
% 

ZrP-M600 0.04 133 190 
 0.21 90 180 
 0.42 49 115 
 0.84 27 22 

ZrP-M1000 0.04 200 166 
 0.21 180 150 
 0.34 120 142 
 0.42 80 150 

Measurements at 𝑇 = 25°C, 𝜔 = 10 rad/s. 
 
 
 

3.3.2 Linear viscoelasticity of ZrP-TBA system 

Representative examples of the linear viscoelastic response of the ZrP-TBA systems 

measured at 25°C are shown in Figure 3-3.  For suspensions containing 0.04 – 0.3 vol.% 

ZrP-TBA, 𝐺! is increased relative to the unfilled matrix at high frequencies, but there is 

no change in magnitude or scaling behavior to suggest the presence of microstructure or 

non-local interaction.  The magnitude and scaling of 𝐺’’ is not significantly affected by 

the ZrP-TBA nanoplatelets in this concentration range.  At 0.8 vol.% ZrP-TBA, there is 

a significant increase in viscoelastic response, and at angular frequencies of 𝜔  ~ 1 rad/s 

and greater, the suspension shows weak solid-like response.  At lower frequency, there is 

a transition to viscous flow behavior.  The transition is in excellent agreement with the 
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calculated rotary diffusion (Eqns. (2.17) - (2.21)), with average lateral diameter of 100 

nm, which is 𝐷! ≈ 1.4 1/s at 25°C. 

 
 
 

 

Figure 3-3.  Linear viscoelasticity of ZrP-TBA suspensions at various concentrations. (a) 
Storage modulus, 𝐺! (filled), and loss modulus, 𝐺!! (unfilled), as functions of angular 
frequency, 𝜔. (b) Phase angle, 𝛿, as a function of complex modulus, 𝐺∗  (vGP plot).  
Measurements carried out at T = 25°C.  The storage and loss moduli of the unfilled 
epoxy monomer are shown as solid and dashed lines, respectively, in (a). 

 
 

 
The viscoelastic parameters 𝐺’ and 𝐺’’ are inter-related functions defined by the 

magnitude of complex modulus, |𝐺∗|, and phase angle, 𝛿.  To identify subtle differences 

in relaxation behavior, it is more useful to directly consider 𝛿 as a function of complex 

modulus, |𝐺∗|, which is referred to as the van Gurp-Palmen (vGP) plot [190].  The phase 

angle is determined by the time delay between applied deformation and measured 

response, and is an independent, direct measurement of the relative fluid-like or solid-

like character of a material.  The classical limits of viscoelasticity are defined by a 

Hookean spring, which is an ideal solid with 𝛿 = 0°, and a Newtonian dashpot, which is 

an ideal fluid with 𝛿 = 90°.  The complex modulus is the ratio of the maximum stress 
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and strain amplitude, and is a measure of the total resistance of the material to 

deformation.  Evaluating viscoelastic response from 𝛿 as a function of |𝐺∗| was first 

introduced as a method to validate application of time-temperature superposition (TTS) 

[190].  Measurements of linear viscoelasticity taken at different temperatures and time 

scales may only be superimposed if they represent the same relaxation process, in which 

case |𝐺∗| will be a single-valued function of 𝛿 [191].  This method is particularly useful 

to identify subtle variations in relaxation behavior that may arise from phase separation 

above a critical temperature, long-chain branching, crosslinking, or thermal degradation 

[192-195]. 

For the work here, the vGP representation is useful to determine if there is any 

progressive change in relaxation behavior with increasing concentration.  The vGP 

representation of several suspensions containing ZrP-TBA nanoplatelets is shown in 

Figure 3-3b.  The response of the suspensions with 0.04 – 0.4 vol.% ZrP-TBA is 

essentially Newtonian over all measurable frequencies, with 𝛿  ~ 90°.  At ~ 0.3 vol.%, 

there is a weak decrease in 𝛿 at high |𝐺∗|, which suggests some interaction on long time 

scales.  The limited elastic response shows that the individual nanoplatelets behave as 

independent, rigid plates, with no permanent contacts or microstructure suitable to store 

elastic energy.  For the unfilled epoxy monomer, the phase angle is ~ 90o for all 

measurements at room temperature and higher (Appendix I).  Lower temperature 

measurements were carried out to determine 𝐺’, and show a small decrease in 𝛿 at high 

frequency.  The inflection at high frequency and low temperature is characteristic of a 

Maxwell fluid on time scales approaching its characteristic relaxation time.  Any 
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reversible, and consistent, decrease in 𝛿 below this transition must be associated with the 

nanoparticle phase. 

For the suspension containing 0.8 vol.% ZrP-TBA, 𝛿 approaches a plateau near 90° 

at high |𝐺∗|, which corresponds to localized measurements at 𝜔 ≫ 𝐷!.  In this 

measurement range, the contribution of the dispersed phase is purely hydrodynamic and 

there is vanishing elastic contribution.  On longer time scales, there is a decrease in 𝛿 

with decreasing |𝐺∗|, which corresponds to the region of solid-like response at 

intermediate frequency in Figure 3-3a.  At lower frequency, 𝛿 shows a well-defined 

minima, and subsequently increases toward 𝛿 = 90o in the limit of small |𝐺∗|.  The 

minima in 𝛿 is designated 𝛿!!, and provides a characteristic value describing the 

magnitude of solid-like response at the transition to viscous flow behavior (Table 3-2).  

At much higher concentration, 𝛿!! is a well-defined feature of each system (Chapter V).  

The trend of decreasing 𝛿!! with increasing 𝜙 is found for the other systems in this 

chapter. 
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Table 3-2.   Summary of linear viscoelastic properties of nanoplatelet suspensions 
describing relaxation transition between solid-like and fluid-like response. 

 
System 𝝓 

vol.% 
𝝎𝒄 

rad/s 
𝝉𝒄 
s 

𝑮𝒏𝒐  
Pa 

𝜹𝒏𝒐  
° 

ZrP-TBA 0.81 0.7 9.0 3.2 84.9 
ZrP-M600 0.04 4.0 1.6 2.6 86.9 
 0.21 1.1 5.7 2.9 83.0 
 0.42 1.0 6.3 2.0 78.2 
ZrP-M1000 0.04 2.8 2.2 4.0 88.4 
 0.21 1.5 4.2 4.5 85.4 
 0.34 1.0 6.3 8.0 84.2 

 0.41 0.71 8.9 3.1 83.1 
Minimum phase angle is 𝛿!!; 𝐺!! and 𝜔! are the magnitude of complex modulus and 
angular frequency at 𝛿!!; relaxation time, 𝜏!, calculated from 𝜏! = 2𝜋/𝜔!.  Values for 
𝐺!! and 𝜔! are from measurements carried out at T = 25°C. 

 
 
 
The well-defined minima in relaxation behavior for the ZrP-TBA system at 0.8 

vol.% provides a convenient reference point to probe the temperature dependent 

relaxation of this system.  Additional measurements were carried at temperatures 

between 10° and 50°C.  Shift factors were used to account for the change in time and 

stress scales with temperature.  Over a narrow temperature range, all measurements in 

the LVR will superimpose onto a temperature-independent curve for 

thermorheologically simple materials [190].  For a broad range of temperatures, a small 

stress shift factor, 𝑏!, may be needed to compensate for small changes in the density of 

the fluid [191].  Any change in the dominant relaxation modes in the system, such as 

phase separation, crosslinking, degradation, etc. [194, 195], will change the shape of the 

curve, which provides an indirect approach to determine the origin of temperature-

dependent relaxation due to the nanoparticle phase. 
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The relaxation behavior of the suspension containing 0.8 vol.% ZrP-TBA is 

consistent over the measurement range, which validates the use of TTS.  The results 

show that there is no significant change in dispersion state or mechanism of interaction 

of the nanoparticles with temperature, and indicates that no curing reaction or 

degradation takes place.  A linear viscoelastic master curve was constructed from 

isothermal measurements taken over a temperature range of 10 – 50°C (Figure 3-4).  The 

magnitude of both shift factors is nearly the same as the unfilled epoxy monomer.  

Several previous reports on the rheology of well-dispersed, plate-like nanoparticles 

found similar behavior for particles that are not physically or chemically bound to the 

dispersing phase [196, 197].  The minima in δ is well-defined at several temperatures, 

and the magnitude is nearly constant, 𝛿!! = 84.9 ± 0.4o, which further validates its use as 

a characteristic descriptor of the relaxation behavior. 
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Figure 3-4.  (a) Linear viscoelastic master curve for suspension containing 0.8 vol.% 
ZrP-TBA, obtained from isothermal measurements over temperature range of 10 – 50°C. 
(b) vGP representation of linear viscoelastic master curve.  Several temperatures are 
highlighted to show individual measurements.  The relaxation of the unfilled epoxy 
matrix is included for reference.  The inset is the characteristic relaxation time calculated 
from the frequency at the minima in δ.  The solid line in the inset is the calculation of 
rotary diffusion coefficient. 

 
 
 
The time scale of the relaxation process at 0.8 vol.% ZrP-TBA was calculated from 

the characteristic frequency corresponding to 𝛿!!, as 𝜏! = 2𝜋/𝜔! (Table 3-2).  The 

relaxation time varies inversely with temperature (Figure 3-4b), which indicates that the 

elastic response is related to the mobility of the nanoparticles in the matrix.  Based on 

the assumptions for this system, the relaxation mechanism for semi-dilute suspensions 

should be determined by the time scale available for Brownian motion to relax 

perturbations in the positional and orientational distribution due to small amplitude 

deformation.  The temperature dependence of 𝐷! is given by 𝑇/𝜂!, where 𝜂! is the 

viscosity of the unfilled epoxy.  Calculations of 𝐷! show excellent agreement with the 

experimentally observed relaxation times (Figure 3-4).  The results strongly indicate that 

the viscoelastic response observed here is due to localized motion and interaction of 
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individual, stable particles organized in an equilibrium microstructure, and that 

relaxation occurs on a time scale governed by rotary diffusion. 

 

3.3.3 Linear viscoelasticity of ZrP-M600 and ZrP-M1000 

Representative examples of the linear viscoelastic response of suspensions 

containing ZrP nanoplatelets exfoliated with M1000 and M600 oligomers are shown in 

Figure 3-5 and Figure 3-6, respectively.  In the ZrP-TBA and ZrP-M1000 systems, no 

significant effect of pre-shearing or thermal history was observed following application 

of large amplitude deformation or steady shear.  In the ZrP-M600, the linear viscoelastic 

and steady shear response was significantly influenced by prior shearing at 

concentrations of 0.2 vol.% and above, which suggests a change in nature of inter-

particle interactions.  Potential sources of the distinct response are discussed below.  

Following brief shearing at ~ 100 1/s, the linear viscoelastic response is reproducible in 

most cases. 
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Figure 3-5.  Linear viscoelasticity of ZrP-M1000 suspensions at various concentrations. 
(a) Storage modulus, 𝐺! (filled), and loss modulus, 𝐺!! (unfilled), as functions of angular 
frequency, 𝜔.  (b) vGP representation of linear viscoelastic response.  Storage and loss 
moduli of unfilled epoxy matrix shown as solid and dashed lines, respectively, in (a).  
Measurements carried out at T = 25°C. 

 
 
 

 

Figure 3-6. Linear viscoelasticity of ZrP-M600 suspensions at various concentrations.  
(a) Storage modulus, 𝐺! (filled), and loss modulus, 𝐺!! (unfilled), as functions of angular 
frequency, 𝜔.  (b) vGP representation of linear viscoelastic response.  Storage and loss 
moduli of unfilled epoxy matrix shown as solid and dashed lines, respectively, in (a).  
Measurements carried out at T = 25°C. 
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At 0.04 vol.%, the linear viscoelastic response of the suspensions containing ZrP 

exfoliated with the two types of polyetheramine oligomers is nearly identical.  For the 

ZrP-M1000 system, 𝐺’ at high frequency is nearly independent of concentration up to 

0.4 vol.% (Figure 3-5a).  From the vGP representation, the high-frequency phase 

behavior converges to 𝛿 ≈ 90° at each concentration, which indicates that interactions 

on local length scales are purely hydrodynamic (Figure 3-5b).  The results show that for 

all concentrations investigated, the linear viscoelasticity of the ZrP-M1000 system is 

dominated by the motion and hydrodynamic interaction of the individual nanoplatelets.   

The transition to viscous flow behavior is well-defined in each of the ZrP-M1000 

systems, and the characteristic frequency decreases with concentration (Table 3-2). 

At 0.3 vol.% ZrP-M1000, the magnitude of both 𝐺’ and 𝐺’’ are largest, and decrease 

slightly at 0.4 vol.%.  The power-law slope of 𝐺’ is also decreased at higher 

concentration.  The behavior at 0.4 vol.% was reproducible, even after repeated drying to 

confirm that no residual solvent was present.  At 1.7 vol.%, this system is reported to 

self-assemble into a smectic liquid crystalline microstructure (Chapter V).  During the 

transition to liquid crystalline mesophase, the hydrodynamic disturbance caused by the 

particles is minimized [198], and 𝐺!! may be expected to decrease over a narrow 

concentration region.  Local alignment will also influence rotational mobility, and 

depending on the nature of the particle contacts and geometric restrictions, the rotation 

of the particles may be enhanced or diminished [117, 118].  Various other mechanisms 

may also be present, particularly related to the interaction of the epoxy molecules with 

brush structure [199].  At 0.4 vol.% ZrP-M1000, the volume fraction of M1000 is ~ 2.7 
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vol.%.  It is challenging to explicitly determine the role of the M1000 oligomer 

experimentally because the dynamics and conformation of the chains are strongly 

influenced by the tethering and molecular-scale confinement of ZrP nanoplatelets, and is 

beyond the scope of this work. 

In the ZrP-M600 system, the response is nearly identical to the ZrP-M1000 system at 

0.04 vol.%.  The characteristic frequency for the relaxation transition is slightly higher, 

which indicates a more rapid relaxation process.  This is in contrast with a simplistic 

geometric picture of interactions between nanoplatelets (c.f. Figure 3-1).  In the low 

frequency region, 𝐺’ and 𝐺’’ increase weakly with concentration up to 0.4 vol.%.  In 

contrast to the ZrP-TBA and ZrP-M1000 systems, 𝐺’ increases strongly with 

concentration at high frequency for the ZrP-M600 system.  The vGP representation 

(Figure 3-6b) shows a progressive decrease in 𝛿 at high frequency.  The decrease in 

maxima for 𝛿 suggests that the elastic interaction between particles is non-vanishing at 

high frequency, and therefore non-hydrodynamic in origin.  Due to limitations in 

resolution, it is difficult to clearly evaluate the phase angle at low frequency, but the 

ZrP-M600 systems at 0.2 and 0.4 vol.% shows a much weaker minima, and may show a 

plateau, which is characteristic of flocculated structure.  At 0.8 vol.%, the relative elastic 

response diminishes at intermediate frequency, which is not observed in the other 

systems. 
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3.3.4 Influence of deformation history 

The distinct mechanism of inter-particle interaction in the ZrP-M600 system is also 

apparent from the significant influence of pre-shearing and heating on rheological 

behavior.  As stated before, the linear and non-linear viscoelasticity, and steady shear 

response of the ZrP-TBA and ZrP-M1000 suspensions were highly reproducible from 

consecutive measurements following equilibration.  This shows that the elastic and 

viscous responses are governed by an equilibrium microstructure that is recoverable.  

For the ZrP-M600 system, history dependent effects are present at concentrations as low 

as 0.2 vol.% (Figure 3-7a).  The linear viscoelastic response was measured before and 

after steady shear measurements.  Following steady shear, the sample was allowed to 

equilibrate until the linear viscoelastic response stabilized over 10 consecutive 

measurements.  Subsequent measurements show a subtle decrease in 𝐺’ and 𝐺’’ at low 

and intermediate frequencies.  Following deformation, the relaxation time of the system 

is decreased, and the response is less elastic. 
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Figure 3-7.  Influence of deformation history on rheology of ZrP-M600 systems at 
volume fraction of (a) 0.2 vol.% and (b) 0.8 vol.%, in epoxy monomer. 

 
 
 
At higher concentration, the influence of shearing history is more significant (Figure 

3-7b).  For suspensions containing 0.8 vol.% ZrP-M600, the initial linear viscoelastic 

response is solid-like, and shows a distinct gel transition, with 𝛿 < 45°.  Following 

steady shear, the solid-like response is diminished.  At higher temperature, the solid-like 

response progressively decreases, and approaches Newtonian behavior.  After cooling, 

the Newtonian response is reproducible for consecutive measurements. 

 

3.3.5 Steady shear behavior 

The viscosity from steady shear measurements and dynamic viscosity for linear 

viscoelastic measurements are shown for representative systems in Figure 3-8.  The 

shear viscosity of the ZrP-TBA systems shows weak initial increase in low shear 

viscosity, and diverges at high viscosity.  The scaling of the zero shear viscosity is 

consistent with SAOS results.  A summary of the measurements of shear viscosity, and 
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comparison with limiting values of dynamic viscosity from oscillatory shear, is given in 

Table 3-3. 

 
 
 

 

Figure 3-8.  Dynamic viscosity, 𝜂! 𝜔 = 𝐺!!/𝜔, and shear viscosity, 𝜂 𝛾 , as functions 
of angular frequency, ω, and shear rate, 𝛾, respectively, for suspensions containing 
nanoplatelets exfoliated with different surfactants. 
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Table 3-3.  Summary of limiting values for viscosity from steady shear and oscillatory 
shear measurements. 
 

System 𝝓 
vol.% 

T 
°C 

𝜼𝒐/𝜼𝒎 
 

𝜼!/𝜼𝒎 𝜼𝒐! /𝜼𝒎!  𝜼!! /𝜼𝒎!  

ZrP-TBA 0.04 25 1.04 0.99 a,b 0.99 
  30   a,b 1.02 
 0.3 25 1.26 1.14 1.27 1.18 
  30 1.26 1.13 1.26 b 
 0.5 30 2.20 b   
 0.8 25 4.20 2.11 3.01 2.11 
  30 3.20 1.89 3.20 1.97 
 2.2 30 360.3 b   
       
ZrP-M600 0.04 25 1.10 0.86 1.16 0.96 
  30 1.16 0.90 1.37 1.01 
 0.2 25 3.38 0.64 a,b 0.82 
  30 2.25 0.73 a,b 0.88 
 0.4 25 2.65 0.94 2.21 0.60 
  30 2.63 0.72 2.97 0.71 
  40   4.32 0.86 
  50   6.72 0.66 
 0.8 25 6.74c 0.54c   
  25 1.13d 0.89d   
  30 1.77c b   
  30 1.64d 1.18d   
       
ZrP-M1000 0.04 25 0.93 0.74 0.93 0.74 
 0.2 25 0.98 0.68 a,b 0.77 
 0.3 25 1.79 1.08 1.70 1.23 
 0.4 25 1.05 0.57 1.47 0.99 
  30 1.22 0.72   

Measurements refer to pre-sheared systems unless otherwise noted. 
a Not well-defined; b Only able to measure degree of shear thinning and limiting 
viscosity at high shear rate; c Pre-shear measurement of system with significant history 
dependence; d Measurement after sample sheared and linear viscoelastic measurements 
reach constant value. 
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For the ZrP-M1000, the scaling of relative viscosity does not progressively increase 

with concentration, as expected for high aspect ratio nanoplatelets, and the viscosity at 

high shear rate is less than the unfilled epoxy.  The origin of this behavior is unclear, and 

may arise from various mechanisms.  Due to the large amount of M1000 present in the 

system and limited understanding of its role in slip between interfaces, or potentially on 

the contact surfaces during measurement, this effect is not considered further here.  The 

important finding from steady shear behavior is that the dynamic viscosity, measured 

from oscillatory shear, is in agreement with shear viscosity at low shear rates.  This is 

consistent with the presence of an equilibrium microstructure.  At high shear rates, there 

is an expected divergence between the values because the shear viscosity disrupts the 

microstructure and aligns the nanoplatelets in the flow direction.  Further studies on the 

normal stress differences, and magnitude of limiting dynamic viscosity, may provide 

additional details on microstructure and interactions of the system.  The steady shear 

behavior of the ZrP-M600 system shows significant non-equilibrium features and history 

dependence, and will not be considered in detail here.  The notable feature of this system 

is that in systems with well-defined zero shear and infinite shear viscosity, the relative 

viscosities increase strongly with temperature (c.f. ZrP-M600 at 0.4 vol.% in Table 3-3).  

This is a unique observation because with non-interacting particles, the viscosity at a 

given shear rate is determined by the balance of hydrodynamic stresses and thermal 

energy, and any temperature-dependent changes are proportional to the change in 

viscosity of the unfilled matrix.  The relative viscosity, given by the ratio of suspension 

viscosity and matrix viscosity, ηr = η/ηm, should therefore be constant with temperature.  
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3.4 Discussion 

The objective of this work is to determine the influence of 3 different surfactants on 

the rheological behavior of fully exfoliated and well-dispersed ZrP nanoplatelets in 

epoxy.  The nanoplatelets are identical for each suspension.  In the ZrP-TBA system, the 

rheological behavior shows that there is no elastic response associated with non-

hydrodynamic interactions between the plates.  The behavior is attributed to recoverable, 

equilibrium microstructure associated with diffusive (Brownian) motion at small rates of 

deformation.  The ZrP-M1000 shows similar behavior to the ZrP-TBA system.  Analysis 

of relaxation behavior indicates that the microstructure consists of hydrodynamically 

interacting particles.  The elastic response of the ZrP-M1000 system is better defined at 

lower concentration than the ZrP-TBA system, which is attributed to the larger 

magnitude of hydrodynamic distortion due to the extended brush layer (Figure 3-1).  The 

layer amplifies the influence of ZrP for a given number density of particles.   In contrast 

to the reproducible behavior observed with the ZrP-TBA and ZrP-M1000 systems, the 

ZrP-M600 shows significant non-equilibrium characteristics that are attributed to non-

hydrodynamic interactions and potentially local microstructure. 

A few reports have used Jeffamine as a model series of polyethers to investigate the 

influence of surfactant molecular weight on the intercalation and exfoliation of ZrP in 

different solvents [183].  The results follow the same qualitative trend observed 

previously for simpler n-alkylamines [200, 201], and no specific distinction between the 

two was reported.  We recently observed that ZrP nanoplatelets exfoliated with M1000 

oligomers form smectic liquid crystals above concentration of ~ 1.7 vol.% [187].  The 
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mechanisms governing the self-assembly of disk-like particles into liquid crystals are 

generally based purely on geometric consideration of excluded volume.  In the case of 

smectic liquid crystals, few experimental systems are available to provide guidance in 

potential modifications to theory. 

Based on the results from prior studies, the M600 and M1000 form a monolayer on 

either side of the ZrP plates, and occupy about 50% of the active sites [183].  The active 

sites of ZrP are arranged in a hexagonal lattice with lattice spacing of 0.53 nm [189].  

The mean distance between terminal monoamines on the ZrP surface should be on the 

order of 1.06 nm for both systems, which gives surface coverage of grafted chains of Γ = 

1/s2 ≈ 0.89 nm2.  From our recent work on identical suspensions of ZrP-M1000 in epoxy, 

the grafting density is sufficient to force the grafted oligomers into an extended 

conformation away from the ZrP surface.  The extended oligomers behave as a polymer 

brush layer, and entanglement and inter-penetration of adjacent layers should be 

prevented by osmotic repulsion between adjacent chains.  Relevant studies on the 

conformation of the surface-attached oligomers with structure of the M600 have not 

been carried out previously, to our knowledge.  The molecular weight of the M600 is 

smaller than the M1000, and as result, the overlap or entanglement of neighboring chains 

may be reduced, or absent, at the reported grafting density.  In this case, each chain will 

behave independently, and the resulting conformation and degree of interaction with 

chains on adjacent nanoplatelets will depend on the solubility of the solvent for the 

oligomer.  This distinction does not directly account for the apparent increase in long-

range interaction for the smaller molecular weight oligomer.  However, it does provide a 



 

72 

 

mechanism for enhanced interaction and coupling between neighboring nanoplatelets, 

which may significantly influence rheological properties in the semi-dilute concentration 

regime.  Further studies on the origin of the observed differences in inter-particle 

potential will be useful to identify chemical and physical processing approaches to tune 

phase behavior.  ZrP is a model 2-dimensional nanoparticle, and may be used as an 

archetype to investigate structure-property relationships for other plate-like 

nanoparticles, which have specific functional properties for advanced applications. 

 

3.5 Conclusions 

ZrP nanoplatelets have been used as a model system to investigate the effect of 

surfactants on inter-particle interaction in epoxy suspensions.  These model systems 

have been shown to be effective in modifying the inter-particle interactions between the 

high aspect ratio nanoplatelets.  For the nanoplatelets exfoliated with TBA, the behavior 

follows predictions of dilute suspension rheology for the bare ZrP nanoplatelets.  The 

results show that there is no permanent microstructure capable of resisting deformation 

in the system.  The elastic response is attributed to the rotation of the nanoplatelets, and 

transient non-equilibrium arrangement of nanoplatelets following small amplitude 

deformation.  At intermediate frequencies, the system is unable to recover equilibrium 

distribution.  On longer time scales, the microstructure recovers equilibrium distribution 

by Brownian motion.  For high frequencies, Newtonian response is recovered, which 

indicates that the presence of the ZrP nanoplatelets results in purely hydrodynamic 

effects. 
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The behavior of the ZrP nanoplatelets exfoliated with the M1000 oligomers is 

similar to the ZrP-TBA system.  The hard-plate behavior is attributed to steric repulsion 

between platelets.  The relaxation is more rapid in this case, which may be due either to 

increased collisions at lower concentration from the volume amplification effect of the 

extended surface layer, or to a decrease in effective aspect ratio.  The well-defined 

elastic response at low concentration suggests that the increase in inter-particle collisions 

is more likely.  At 0.4 vol.%, there is a decrease in elastic and viscous responses, which 

may be due to local alignment of the plates prior to the long-range assembly into nematic 

and smectic liquid crystalline structures.  This more complex behavior is consistent with 

observations of concentrated suspensions presented in Chapter V. 

The individual M600 chains have a similar structure to the M1000, but show 

significantly different behavior when used as surfactants to exfoliate ZrP nanoplatelets.  

The behavior is attributed to differences in oligomer length, which may influence 

packing of the monolayer, and differences in chemical structure.  The rheological 

response at semi-dilute concentrations is attributed to non-hydrodynamic interactions 

between platelets, which may result in a transient microstructure at equilibrium.  There 

may also be a change in interaction, and potentially inter-penetration and entanglement, 

of the short chain surface-attached oligomers.  This study shows that differences in inter-

particle interaction may drastically change flow properties and viscoelasticity, even for 

exfoliated nanoplatelets.  The findings have significant practical implications regarding 

methods to control the viscosity and flow properties of polymer nanocomposites.  This 

system also has fundamental importance as a model plate-like nanoparticles to 
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investigate structure-property relationships of high aspect ratio 2-D nanoparticles.  

Further work is anticipated to provide enhanced understanding of the mechanisms 

governing phase behavior of plate-like nanoparticles, and potentially approaches to tune 

and characterize the long-range structure. 
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4 CHAPTER IV   

EFFECT OF ASPECT RATIO ON FLOW PROPERTIES OF SUSPENSIONS 

CONTAINING MODEL PLATE-LIKE NANOPARTICLES 

 

4.1 Introduction 

The linear viscoelastic and steady shear response of model 2-D nanoparticles 

(nanoplatelets) are investigated over a range of dilute and semi-dilute concentrations.  

The model particles are α-zirconium phosphate (ZrP) nanoplatelets, which are inorganic 

metal phosphonates that crystallize in stacks consisting of individual plate-like crystals 

[189, 202-204].  The nanoplatelets are easily exfoliated into individual sheets with 

monodisperse thickness using various surface modifiers [201, 205, 206].  Here, tetra-n-

butyl ammonium hydroxide (TBA+OH-) is used as a surface modifier, which introduces 

net positive charge to surface and provides stability in various media [177-179].  The 

nanoplatelets are dispersed in an epoxy monomer matrix, which has sufficiently viscous 

response to measure viscoelasticity over broad ranges of frequency.  To study the effect 

of aspect ratio, the nanoplatelets are synthesized with average diameter ranging from 100 

to 1000 nm.  For exfoliated nanoplatelets, the thickness is monodisperse, 𝑡 ~ 0.69 nm 

[207], which provides range of aspect ratios from ~ 150 to 1500. 

 

4.2 Experimental 

The materials used here are the same as described in Chapter III.  The suspending 

matrix is DER 332 (DOW Chemical Company), which is a DGEBA epoxy precursor 
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with narrow monomer molecular weight distribution (172-176 g/mol).  The epoxy 

precursor was dried in a vacuum oven overnight prior to sample preparation to remove 

entrapped air and moisture. 

The synthesis and exfoliation of ZrP with controlled lateral dimensions and uniform 

thickness has been described in detail previously [39].  Briefly, a sample of 4.0 g 

ZrOCl2·8H2O was mixed with 40.0 mL H3PO4 with desired molarity and sealed in a 

Teflon-lined pressure vessel.  The vessel was heated to 200°C for between 5 and 48 hr to 

achieve desired lateral dimensions.  After reaction, the products were washed and 

collected by centrifugation three times.  The ZrP was dried at 65°C for 24 hr, and 

subsequently ground with a mortar and pestle into a fine powder prior to exfoliation. 

The ZrP nanoplatelets were exfoliated to individual layers with identical thickness in 

aqueous solution using TBA+OH- as a surface modifier, which was described in Chapter 

III.  The exfoliated ZrP nanoplatelets were subsequently dispersed in acetone after 

evaporating water.  The epoxy precursor was added to the acetone/ZrP suspension at 

desired loading and sonicated for 30 minutes to ensure good mixing.  No curing agent 

was used to avoid curing reactions during rheological characterization.  The solvent was 

removed with a rotary evaporator to obtain the epoxy/ZrP suspensions.  The fluids were 

dried in a vacuum oven overnight prior to characterization. 

The lateral diameter of exfoliated ZrP nanoplatelets was measured using scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM).  The mass 

fraction of ZrP nanoplatelets in suspension was measured using a Q500 TGA (TA 

Instruments; New Castle, DE, USA).  The TGA measurements were also used to 
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confirm that all solvent was removed prior to testing.  Rheological measurements were 

carried out using the equipment and measurement techniques described in Chapter III. 

 

4.3 Results and discussion 

4.3.1 Microstructure 

Meaningful interpretation of the flow behavior of suspensions requires detailed 

understanding of the particle microstructure in a given suspending medium, for a given 

set of system state variables [208].  In this work, we report the rheological behavior of 

suspensions containing ZrP nanoplatelets prepared with a broad range of aspect ratios. 

The lateral diameter of the ZrP nanoplatelets was verified with TEM and SEM 

measurements before and after exfoliation. The different systems are designated by the 

average diameter of the suspended platelets, where ZrP-100, ZrP-400, ZrP-700, and ZrP-

1000, refer to suspensions containing ZrP nanoplatelets with average diameter of 100, 

400, 700, and 1000 nm, respectively.  A summary of several geometric parameters 

important for flow behavior for the different systems are provided in Table 4-1. 
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Table 4-1.  Geometric parameters of the ZrP nanoplatelets. 
 

System 𝑳 
nm 

𝒓𝒑 𝑽𝒑 
10-3 nm3 

𝝓𝑫
∗  

vol.% 
𝑫𝒓,𝐨 
1/s 

ZrP-100 100 145 5.4 0.54 2.91 
ZrP-400 400 580 87 0.14 6.1 ×  10!! 
ZrP-700 700 1014 266 0.08 1.3 ×  10!! 
ZrP-1000 1000 1449 542 0.05 4.8 ×  10!! 

 
The average lateral dimension, 𝐿, is the maximum length of the ZrP nanoplatelets; 
𝑟! = 𝐿/𝑡 is the aspect ratio; 𝑉! = 3𝐿!𝑡/2 is the volume of an individual ZrP 
nanoplatelet modeled as hexagonal sheet with largest diameter 𝐿;  𝜙!∗  is the dilute/semi-
dilute transition, defined by 𝑛𝐿! = 1; 𝐷!,! is rotary diffusion coefficient for infinitely 
dilute suspension of oblate spheroid with equivalent hydrodynamic influence, calculated 
from Brenner [100], using Eqns. (2.17) – (2.21). 

 
 
 
The suspensions were prepared with a range of concentrations to probe response in 

both dilute and semi-dilute regions.  The suspensions are transparent, and are 

macroscopically and microscopically homogeneous at all concentrations reported here.  

The mass fraction of the suspensions was measured with TGA, and are reported in Table 

4-2, along with standard deviation obtained from 3 samples.  TGA measurements also 

confirmed that no residual solvent was present in the suspensions. 
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Table 4-2.  List of conversions used to express volume occupied by nanoplatelet phase. 
 

System 𝒄 
wt. % 

𝝓 
vol.% 

𝒏 
#/µm3 

𝒏𝑳𝟑 

ZrP-100 0.12 ± 0.06 0.05 80 0.1 
 0.50  0.20 331 0.3 
 0.70  0.28 463 0.5 
 1.22 ± 0.14 0.48 810 0.8 
 1.87 ± 0.21 0.74 1246 1.3 
 5.20  2.11 3531 3.5 
ZrP-400 0.10  0.04 4 0.3 
 0.26 ± 0.10 0.10 11 0.7 
 0.79 ± 0.02 0.31 33 2.1 
 1.50 ± 0.07 0.60 62 4.0 
 2.77 ± 0.09 1.11 116 7.4 
ZrP-700 0.10  0.04 1.4 0.5 
 0.52 ± 0.05 0.21 7 2.4 
 1.06 ± 0.20 0.42 14 4.9 
 1.91 ± 0.14 0.76 26 8.9 
ZrP-1000 0.50 ± 0.13 0.20 3.3 3.4 

 1.00  0.40 7 6.7 
 1.36 ± 0.05 0.54 9 9.0 
 1.93 ± 0.32 0.77 13 12.9 

 
Mass fraction, c (average and standard deviation determined from 3 samples using 
TGA); 𝜙, volume fraction of ZrP nanoplatelets; 𝑛, number density of ZrP per unit 
volume; 𝑛𝐿!, average number of particle center of masses in random sphere unit cell 
defined by volume swept by freely rotated, isolated particle.  

 
 
 
The rheology of suspensions containing solid particles is a macroscale manifestation 

of properties and processes that occur on length and time scales governed by the 

individual suspended particles.  The most important parameters that govern flow 

behavior are the particle volume fraction, 𝜙, particle size and shape, inter-particle 

interactions, spatial arrangement  of particles, and the nature of the bulk flow [209].  

Additional factors related to colloidal forces are significant in certain systems [73], and 
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for highly concentrated suspensions, the size and shape distribution of the particles 

determine the maximum packing behavior and phase transitions [89, 210]. 

Here, we are interested in the effect of aspect ratio for plate-like nanoparticles 

suspended in a Newtonian fluid subject to shearing flow.  When the suspending fluid is 

deformed by a shearing field, non-spherical particles undergo periodic rotations [104].  

The contribution of the particles to the stress and viscosity of the suspension is time-

dependent, and determined by the magnitude of flow disturbance caused by the particles.  

The magnitude of flow disturbance is strongly dependent on particle size, with order of 

magnitude 𝐿!, where 𝐿 is the largest dimension of the particle.  This is the characteristic 

volume for the hydrodynamic distortion caused by the individual particles [142].  The 

increasing magnitude of distortion with size is balanced by a proportional decrease in the 

amount of time that the particles spend aligned perpendicular to the flow direction 

during simple shearing flow.  In the semi-dilute region, defined here as 𝑛𝐿! > 1, where 

𝑛 = 𝜙/𝑉! is the number density of particles per unit volume and 𝑉! is the particle 

volume, hydrodynamic interactions between particles are significant and cause more 

significant increase in viscosity [118, 126, 211].  For fibers, hydrodynamic interactions 

have also been reported to cause a larger proportion of the particles to shift to orbits that 

favor orientation across the flow direction [117].  At moderate concentrations, the 

hydrodynamic interactions may increase the frequency that particles tumble out of the 

flow direction.  This behavior has been experimentally demonstrated in several reports 

for fiber suspensions by a decrease in the period of rotation at semi-dilute concentrations 

[117], but analogous behavior for disk-like particles has not been reported. 
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For the systems of interest here, the range of concentration is limited to dilute and 

semi-dilute behavior, which should allow effects associated with long-range order and 

non-hydrodynamic interactions to be neglected.  All organization will be limited to local 

length scales, and is not anticipated to be significant.  The transition between dilute and 

semi-dilute regions may be estimated by a critical number density, 𝑛∗ = 1 𝐿! = 𝜙∗/𝑉!.  

The ZrP nanoplatelets used here have regular hexagonal shape, with volume 𝑉! ≈

3𝐿!𝑡 2 = 3𝑟!!𝑡!/2, where 𝑟! = 𝐿/𝑡, is the aspect ratio of the nanoplatelets.  The 

critical volume fraction for the different systems is given in Table 4-1, and decreases 

linearly with aspect ratio.  This analysis provides the basis for transitions in suspensions 

of fibers and rigid-rod polymers, but to our knowledge, has not been reported for plate-

like particles.  We note that the predictions from 𝜙∗ described here follow identical 

scaling to numerical calculations provided by Garboczi et al. for particles of arbitrary 

shape [212], but are ~ 50% lower. 

At low concentration, the ZrP nanoplatelets are randomly distributed in the 

suspending medium as individual particles.  The equilibrium microstructure of the 

suspension depends on the balance between particle mobility and the rate of 

deformation.  For non-spherical particles, the characteristic time scale for motion is 

given by the rotary diffusion perpendicular to the particle axis of symmetry, 𝐷! [100].  

This constant governs the balance between Brownian motion, which acts to randomize 

the orientation and positions of the suspended particles, and hydrodynamic stresses, 

which act on the surface of the particles and favor the distortion of orientation 

distributions toward the shearing direction.  The rotary diffusion coefficient can be 
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estimated for the case of infinite dilution using Eqns. (2.17) – (2.21).  The transport 

properties of any suspension of identical, axially symmetric particles subjected to 

arbitrary homogeneous shearing field can be determined with this approach by defining 

an equivalent spheroid with axial ratio 𝑟 = 𝑎/𝑏, that has the same period of rotation as 

the particle of interest.  The correspondence between arbitrarily shaped, axially 

symmetric particles and equivalent spheroids was proven by Bretherton [99], and is well 

supported by experimental studies (c.f. [106, 111, 213]).  For disks with aspect ratio of 

𝑟! = 𝐿/𝑡 (defined here for convenience such that 𝑟! > 1 for the plates), a widely used 

empirical equation to define an equivalent oblate spheroid, where 𝑟 < 1, is given by 

Eqn. (2.16) [213, 214].  The correlation is based on direct visual evidence of the 

rotations of fibers and discs of moderate aspect ratio under shearing flow, and provides 

excellent agreement for disk-like particles [113].  The value of 𝐷! is calculated for the 

different systems here for 𝑇 = 30°C  and 𝜂! = 2.19 Pa.s, and listed in Table 4-1.  For the 

ZrP-100 system, 𝐷! = 2.9 1/s at 𝑇 = 30°C, which suggests that Brownian motion will be 

significant over the observed experimental time scale.  As aspect ratio increases, 𝐷! 

follows power-law scaling of 𝐷! ∝ 𝑟!!!.!".  Increasing aspect ratio results in a significant 

penalty in mobility that is slightly less than the associated increase in volume of fluid 

disturbance (~  𝑂 𝑟!! ).  Based on the calculations listed in Table 4-1, for the ZrP-400 

system, Brownian forces will only weakly influence measurements.  For the ZrP-700 

and ZrP-1000 systems, rotary diffusion may be sufficient to eliminate significant history 

effects, assuming adequate equilibration time is provided.  However, on the 

experimental time scale, hydrodynamic forces will dominate. 
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4.3.2 Rheology of unfilled epoxy 

The majority of theoretical work is based on the assumption of a Newtonian 

suspending matrix, which is defined by a rate-independent viscosity, and negligible 

elastic response.  Shear thinning and elasticity in the matrix phase tend to favor dampen 

particle motion and favor alignment to minimize hydrodynamic disturbance, and must 

therefore be determined [214].  The linear viscoelastic and steady shear response of the 

unfilled epoxy used here is reported in Appendix I over a range of temperatures and rates 

of deformation.  Briefly, the unfilled epoxy shows dominant viscous response and weak 

elasticity characteristic of a Maxwell fluid (𝐺! ∝ 𝜔! and 𝐺!! ∝ 𝜔), with mono-

exponential relaxation time on the order of 10!! s at 30°C.  The elastic response is 

significant with respect to viscous dissipation only for angular frequencies on the order 

of 𝜔 = 2𝜋 𝜏 ≈ 6.3×10!, and may therefore be neglected for the conditions presented 

here.  The temperature dependence of linear viscoelasticity and steady shear viscosity 

are well described by standard models based on free volume.  The viscosity is 

independent of shear rate for all conditions investigated. 

 

4.3.3 Linear viscoelasticity of ZrP suspensions 

Several measurements were carried out by increasing the strain amplitude from ~ 0.1 

– 500% at fixed frequency to determine the nature of non-linear response and range of 

linear viscosity.  For all concentrations reported in this work, the systems show linear 

viscoelastic response up to large strain, 𝛾 ~ 100% and greater, with strain softening in 𝐺’ 
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and 𝐺’’ in the non-linear region.  This behavior is typical for systems of individually 

dispersed particles with weak interactions with neighboring particles (c.f. Chapter III).   

Representative curves summarizing the linear viscoelastic response of the ZrP 

suspensions are shown in Figure 4-1.  The response of the ZrP-100 system is reported in 

detail in Chapter III, and provides a convenient baseline to describe the ideal behavior of 

a suspension of ZrP nanoplatelets.  The response of the system can be separated into two 

regions of behavior.  At concentration of ~ 0.5 vol.% and below, there is weak increase 

in 𝐺!! with concentration, and the magnitude and scaling of elastic response, 𝐺!, are not 

well-defined.  For ~ 0.7 vol.% ZrP-100 and above, the concentration dependence of 

viscous response is increased, and 𝐺! is well-defined.  At low frequency, 𝐺! shows 

viscous flow behavior characteristic of a fully relaxed viscoelastic fluid, with 𝛿 

approaching 90°.  As frequency increases, there is a transition to a region where 𝐺! has 

less frequency dependence.  For the ZrP-100 system, the frequency at the transition 

region is consistent with the time scale of rotary diffusion. 
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Figure 4-1.  Linear viscoelastic response of epoxy monomer containing various 
concentrations of TBA+-exfoliated ZrP nanoplatelets with average lateral diameter of (a) 
100 nm; (b) 400 nm; (c) 700 nm; and (d) 1000 nm. 

 
 
 
The viscoelastic response of the ZrP-100 system is stable, and shows that the ZrP 

nanoplatelets are rigid, Brownian plates with no permanent mechanism of elastic 

response.  The increase in concentration dependence at 0.7 vol.% is attributed to 

hydrodynamic interactions between particles at semi-dilute concentrations, which is 

consistent with the prediction for 𝜙∗ based on the criterion 𝑛∗ = 1/𝐿! = 0.6 vol.% 

(Table 4-1). 

For the ZrP-400 system, the transition is not clearly defined based on the behavior of 

𝐺! and 𝐺!!, but may be identified based on the change in phase angle, δ (Figure 4-2).  At 
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0.3 vol.% ZrP-400, 𝛿 shows a weak shoulder and decreases with 𝐺∗ , which indicates 

the presence of weak elastic response.  The value of 𝑛𝐿! at this concentration is 2.1, 

which is consistent with the anticipated concentration dependence.  In Figure 4-2, the 

phase angle, 𝛿, is shown as a function of 𝐺∗ , which is often referred to as a van Gurp-

Palmen (vGP) representation [190].  This representation has been widely used to identify 

subtle changes in molecular structure of polymers in the melt state [192-195], and is 

shown in Chapter III to be useful to describe relaxation behavior in epoxy/ZrP 

suspensions. 

The vGP representation provides a useful method to directly compare between the 

relaxation behavior of the different systems.  The concentration corresponding to the 

semi-dilute region is decreased for ZrP-400, but the magnitude change in δ is less than in 

the ZrP-100 system at similar 𝑛𝐿!.  For example, at 𝜙 = 0.74% ZrP-100, 𝑛𝐿! = 1.3, and 

the relaxation behavior is extremely pronounced.  This system shows well-defined 

maxima in 𝛿 at high 𝐺∗ , broad decrease in 𝛿 corresponding to a region of solid-like 

response, and finally a minima in 𝛿 and subsequent increase at low 𝐺∗ , which 

corresponds to a viscous flow region for 𝜔 ≪ 𝐷! .  For the ZrP-400 system, there is no 

significant change in 𝛿 until 𝜙 = 1.1 vol.% (𝑛𝐿! = 7.4).  This suggests that there is a 

change in the nature of elastic response with aspect ratio. 
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Figure 4-2. Phase angle, 𝛿, shown as function of magnitude of complex modulus, 𝐺∗  
(vGP plot) for	  suspensions containing TBA+-exfoliated ZrP nanoplatelets with average 
lateral diameter of (a) 100, (b) 400, (c) 700, and (d) 1000 nm.  Measurements carried out 
at T = 30°C. 
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For the ZrP-700 system (Figure 4-1c and Figure 4-2c), there is an increase in 

concentration-dependence of 𝐺!! and well-defined 𝐺! at high frequency for 𝜙 = 0.2 

vol.% and higher (𝑛𝐿! ≥ 2.4).  However, there is little change in 𝛿 until 𝑛𝐿!~ 9.  For the 

ZrP-1000 system, the scaling of δ is distinct from the other systems.  At low 𝐺∗ , there 

is a maxima in 𝛿, and as 𝐺∗  increases, 𝛿 decreases weakly.  The behavior is subtle, but 

reproducible and consistent for all ZrP-1000 systems. 

The linear viscoelastic results are proposed to originate from a combination of three 

aspect ratio-dependent effects.  As the aspect ratio of the ZrP nanoplatelets increases, 

there is an observed decrease in 𝜙∗, an increase in concentration-dependence of 𝐺!!, and 

a progressive suppression of the relative solid-like response.  The decrease in 𝜙∗ is well 

described by the increase in length scale of hydrodynamic disturbance with size.  The 

increase in viscous response is also consistent with the increase in magnitude of 

hydrodynamic distortion due to the particle size. 

The decrease in relative solid-like response is attributed to the change in time scale 

for particle motion for the higher aspect ratio systems.  For the ZrP-100 system, the time 

scale for Brownian motion, 𝐷!, is similar to the time scale of the oscillatory 

measurements.  As aspect ratio increases, 𝐷! decreases rapidly (∝ 𝑟!!!.!"), and the larger 

nanoplatelets may be essentially regarded as non-Brownian, immobile particles (Table 4-

1).  In this case, although the microstructure is perturbed by the deformation, the time 

scale associated with the motion of the suspended particles is extremely slow.  The 

measurements reflect highly localized behavior dominated by hydrodynamic effects.  
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However, the magnitude of 𝐷! is sufficient that there still should be a relatively 

randomized microstructure for linear viscoelastic measurements. 

 

4.3.4 Steady shear 

Representative curves showing the steady shear response of ZrP suspensions are 

shown in Figure 4-3.  For the ZrP-100 system, there is very weak shear thinning up to 

0.8 vol.%, and the low shear rate viscosity increases with concentration.  At 0.8 vol.%, 

the shear thinning behavior is more significant, which is likely dominated by 

hydrodynamic interactions and associated changes in equilibrium orientation distribution 

and frequency of tumbling across the flowing direction.  The divergence of 𝜂! and 𝜂 at 

low shear rates indicates that non-hydrodynamic interactions are also present.  At 2.2 

vol.%, the increase in viscosity is significant, and there is a broad plateau region up to ~ 

1 1/s.  At higher shear rates, the system gradually shifts to shear thinning behavior, and 

no high shear rate plateau is observed. 
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Figure 4-3. Dynamic viscosity, 𝜂! 𝜔  (filled symbols), and steady shear viscosity, 𝜂 𝛾  
(unfilled symbols), shown as functions of angular frequency, 𝜔, and shear rate, 𝛾, 
respectively, for (a) ZrP-100, (b) ZrP-400, (c) ZrP-700, and (d) ZrP-1000 systems.  
Measurements carried out at 30°C. 

 
 
 
For the ZrP-400 systems, the viscosity of the suspensions is less than for the ZrP-100 

systems at similar concentration, and shows more complex concentration dependence.  

For the two systems with concentration of 𝑛𝐿! < 1, the response is Newtonian and the 

viscosity increases with concentration.  At 0.3 vol.% ZrP-400 (𝑛𝐿! = 2.1), there is a 

significant drop in viscosity and weak increase in shear thinning.  As concentration 

increases in the semi-dilute region, the flow curves are similar.  At low shear rate, there 

is a limiting plateau.  There is shear thinning behavior for 𝛾~0.3 1/s and higher, and at 
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high shear rate, there is a limiting viscosity with 𝜂! > 𝜂.  The shear thinning behavior 

agrees with the predicted 𝐷!~ 0.06 1/s for this system. 

For the ZrP-400 system at 1.2 vol.% (Figure 4-3c), there is a large increase in 

viscosity, and an apparent low shear rate plateau.  The system also shows a secondary 

shear thinning transition at high shear rate.  The rotary diffusion coefficient of this 

system is 𝐷! ≈ 10!! 1/s, which suggests that all measurements should correspond to a 

region dominated by hydrodynamic stresses.  The presence of the high shear rate 

thinning behavior is unexpected, and is reversible.  Additional measurements were 

carried out over a broader range of temperature to determine the nature of the double 

shear thinning behavior (Figure 4-4).  The double shear thinning behavior is observed 

between 10 – 30°C.  At higher temperatures, the flow curves are consistent, but the 

double shear thinning is outside of the experimental window.  The behavior is reversible 

in each case, which indicates that it is not an artifact of the measurement, or due to 

transient microstructure or inhomogeneity.  The origin of the double shear thinning is 

not clear.  One potential mechanism for deviations in flow behavior may be related to 

the increase in particle flexibility with aspect ratio.  We have previously reported that in 

cured epoxy nanocomposites, high aspect ratio nanoplatelets show extremely high 

curvature, whereas the nanoplatelets with 𝐿 = 100 nm appear to be straight [44, 47, 

181].  This claim is difficult to verify because there is no established criterion for the 

shear-induced buckling of plate-like particles [133]. 
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Figure 4-4. Temperature dependence of shear viscosity for suspension of ZrP-400 at 1.2 
vol.%: relative shear viscosity, η! = η/η!, as function of shear rate, and (b) relative 
shear viscosity as function of Peclet number. 

 
 
 
The presence of the well-defined transition provides a convenient point to assess the 

validity of the approach to calculate rotary diffusion coefficient for the case of the high 

aspect ratio, disk-like nanoparticles.  The shear rate for each measurement was 

normalized by the associated rotary diffusion coefficient calculated for each temperature, 

to obtain the dimensionless rotary Peclet number.  The obtained scaling of shear rate by 

the rotary diffusion coefficient provides excellent superposition of the temperature-

dependence for the ZrP-400 (1.2 vol.%) system, which shows that the transition is 

related to the mobility of plates.  In Figure 4-4, a small vertical shift factor is used to 

match the height of the viscosities at the different temperatures.  The shift factor was 

small and did not show any consistent temperature dependence, and is attributed to 

experimental uncertainties in the value of the matrix viscosity, which is very small at 

higher temperatures.  There may be additional effects related to size scale, but this is 
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unclear from the data.  From the master curve, it appears that for 𝑃𝑒 approaching 1, the 

system is approaching a low shear rate plateau.  However, this is not clear from the data. 

For the ZrP-1000 systems, there is negligible increase in viscosity or shear thinning 

behavior up to 0.4 vol.%.  At 0.6 vol.%, there is an increase in viscosity, but no change 

in shear thinning behavior.  The increase in viscosity without change in shear thinning 

behavior is consistent with the expected behavior of well-dispersed, Brownian particles 

for 𝑛𝐿! ≫ 1.  At 0.8 vol.%, there is a well-defined shear thickening behavior region 

observed at intermediate shear rate (Figure 4-5).  It is interesting to note that there is 

excellent agreement between 𝜂 and 𝜂! for each of the ZrP-1000 systems, including the 

0.8 vol.% system at high and low rates of deformation. 
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Figure 4-5. Temperature dependence of shear viscosity for suspension of ZrP-1000 at 
0.8 vol.%. (a) Relative shear viscosity, η! = η/η!, as function of shear rate, and (b) 
relative shear viscosity as function of Peclet number. 

 
 
 
To provide insight into the origin of the flow behavior for ZrP-1000 system at 0.8 

vol.%, measurements were carried out at higher temperatures.  At each temperature, the 

shear thickening behavior was observed.  The temperature dependence of the shear rate 

at the shear thickening maxima is in excellent agreement with the calculated values of 

rotary diffusion coefficient for dilute spheroids.  Similar to the ZrP-700 system, there is 

some variation in the magnitude of the maxima that is not accounted for by scaling with 

the viscosity of the matrix.  The main finding here is that the relative temperature-

dependent scaling of viscosity follows predictions for rotary diffusivity.  This shows that 

the unique transition in flow behavior is associated with the mobility of the individual 

particles.  Further work is needed to more clearly determine the origin of these 

behaviors. 

 

 



 

95 

 

4.4 Conclusions 

The effect of particle size on the rheology of suspensions containing model inorganic 

nanoplatelets has been investigated.  The α-zirconium phosphate (ZrP) nanoplatelets 

were synthesized with average diameters ranging from 100 nm to 1 µm, and were 

uniformly dispersed in an epoxy matrix as individual, sheets with monodisperse 

thickness.  The linear viscoelastic and steady shear properties were investigated, and 

revealed distinct changes in elastic and viscous behaviors with aspect ratio.  The 

magnitude and concentration-dependence of viscous response are increased for the 

larger nanoplatelets, but the relative elastic behavior is suppressed.  The behaviors are 

attributed to a competition between excluded volume, which increases linearly with 𝐿, 

and mobility, which decreases with 𝐿!.  As the nanoplatelet size increases, the mobility 

of the particles decreases significantly, and the measurements reflect localized properties 

of the individual nanoparticles in the absence of hydrodynamic interactions with 

neighboring particles.  The steady shear response of the smaller nanoplatelets shows 

weak shear thinning at low concentration, which is characteristic of the change in 

orientation distribution due to shearing forces.  At high concentration, the degree of 

shear thinning is increased, which is attributed to hydrodynamic and non-hydrodynamic 

interactions.  As aspect ratio increases, the steady shear response for semi-dilute 

suspensions shows complex behaviors that are attributed to a complex relationship 

between hydrodynamic interactions and shift in particle orients and average orientations.  

For the systems with larger aspect ratio at high concentration, additional non-Newtonian 

behaviors are observed.  The temperature dependence of non-linear response follows 
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theoretical calculations of rotary diffusion coefficient.  The origin of the behavior is 

unclear at this time, and may arise from a number of mechanisms that have been 

observed for fiber suspensions.  However, the influence of these mechanisms on the 

behavior of high aspect ratio plate-like particles is not known and may deviate 

significantly due to the differences in shape.  The model system used here provides an 

extremely broad range of length and size scales to be meaningfully connected to the 

motion and interactions of the individual particles.  Further theoretical and numerical 

studies are needed to better understand the effects of concentration on mobility, 

interactions, and phase transitions for high aspect ratio, disk-like particles.  These studies 

will provide insights into the origins of complex non-equilibrium response observed 

here.  
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5 CHAPTER V   

RHEOLOGY OF  EXFOLIATED INORGANIC NANOPLATELET 

SUSPENSIONS WITH SMECTIC ORDER 

 

5.1 Introduction 

There is significant interest in using nanoparticles to drastically modify, and 

potentially tune, a range of bulk properties of fluid and polymer systems.  At relatively 

small volume fractions, well-dispersed nanoparticles are able to directly interact with a 

large fraction of polymer chains in the matrix [215], and may profoundly influence a 

diverse range of transport properties and relaxation behaviors of the polymer [216-218].  

Depending on the size, shape, and interaction potentials, nanoparticles may self-

assemble into ordered structures that show unique properties originating on longer length 

scales [27, 219-222].  However, the molecular-scale dimensions and large surface area 

pose severe thermodynamic challenges to achieving controlled and stable spatial 

dispersion (local structure) and organization (mesoscale structure) of the nanoparticle 

phase.  As a result, the factors governing the spatial organization of nanoparticles and 

the relationships among particle-level parameters, mesoscale order, and bulk response of 

polymer nanocomposites remain poorly understood [7, 223].  The similar dimensions of 

the nanoparticles and polymer chains also limit the application of continuum-based 

modeling approaches to describe bulk properties.  Model systems of nanoparticles with 

well-defined size, shape, and composition, and small polydispersity are needed to 
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investigate robust methods in controlling dispersion and organization of nanoparticles, 

and relate the resulting structure to a desired set of macroscale properties. 

Recent success in guiding the self-assembly of spherical and low aspect ratio 

nanoparticles has been largely driven by the development of novel methods to synthesize 

these nanoparticles with low polydispersity and their well-defined physical and chemical 

structure [224].  In concert with numerical simulation, these experimental developments 

have fueled theoretical investigations aiming to understand structure-property 

relationships and the origins of phase behavior [215].  Much less progress has been made 

regarding colloidal dispersions of high aspect ratio nanoparticles because of a lack of 

available materials with suitable size and shape selectivity for fundamental study. 

High aspect ratio nanoparticles show a number of unique properties desired for 

engineering applications, which are associated with their anisotropic geometry [174].  

The large difference in characteristic dimensions results in a large excluded volume if 

the particles are randomly packed, which increases the significance of inter-particle 

interactions at low volume fraction [212].   In some cases, interactions between 

nanoparticles may favor the formation of mesoscale structure suitable for certain 

properties.  For example, carbon nanotubes (CNTs) are 1-dimensional cylindrical 

nanoparticles that tend to cluster into aggregates of primary nanoparticles.  If the 

aggregates are initially broken down and allowed to flocculate into a percolated network, 

significant changes in material properties may be observed at extremely low 

concentrations, particularly electrical conductivity, viscoelasticity, rheology, and the 

distribution of internal stresses [225-229].  In this case, the macroscale response of the 
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polymer nanocomposites is originated from the complex interplay between non-local 

inter-particle interactions and mesoscale organization of particle clusters, which limits 

development of unambiguous structure-property relationships. 

Here, we investigate the relationship between rheology and spatial organization of a 

suspension of model plate-like nanoparticles, or nanoplatelets, with well-defined long-

range order.  Nanoplatelets have strong, covalent bonding along a primary plane and 

interact with neighboring particles through weak out-of-plane van der Waals (vdW) or 

hydrogen bond interactions [174].  The weak interactions favor the formation of layered 

structures, and the inter-layer spacing is governed by forces balancing the charges 

between layers.  In many layered materials, the inter-layer forces are determined by 

counter-ions, and may be modified using ion-exchange reactions [230, 231].  If the 

distance between layers is increased sufficiently to overcome the weak interactions 

between layers, the stacked nanoplatelets will exfoliate into individual sheets [183, 205]. 

The rheological behavior of suspensions provides insight into the structure, 

organization, and interactions between particles, and between the nanoparticles and its 

suspending medium.  In polymer melts containing exfoliated nanoplatelets that are not 

strongly attached to the polymer chains, there is generally a monotonic increase in 

viscosity and shear modulus with nanoplatelet concentration, and shows no shift in 

relaxation behavior [232].  If the polymer chains are tethered at one end to the 

nanoplatelet surface, the magnitude increase of viscosity and shear modulus is more 

significant, and the relaxation behavior changes drastically [197].  In particular, the 

resistance to deformation becomes solid-like, even over long experimental times, which 
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indicates that a permanent elastic network is formed by the interactions between phases.  

For concentrated suspensions of nanoplatelets in low molecular weight suspending fluid, 

similar changes in solid-like response over long times are often related to severe 

restrictions in particle mobility approaching a gelation transition [233].  Depending on 

the nature of inter-particle and particle/matrix interactions, several mechanisms have 

been proposed to account for the origin of the non-terminal viscoelastic response [196, 

234-237].  Unique rheological features in the non-linear viscoelastic region, and during 

steady shear, have also been reported, such as strain-hardening in the case of surface-

attached polymer brush layers [197]. 

In this work, we investigate the rheology of a suspension containing high aspect 

ratio, sterically stabilized α-zirconium phosphate (ZrP) nanoplatelets that self-assemble 

in a smectic liquid crystalline mesophase over a range of concentrations [185, 187].  ZrP 

is an acidic, inorganic metal phosphonate that crystallizes in a α-form layered structure 

[202, 204].  The size, shape, and polydispersity of the individual ZrP crystals can be 

controlled over a broad range by varying reaction conditions [39], which makes ZrP an 

ideal material for structure-property investigations relevant to 2-dimensional 

nanomaterials [44, 45, 47, 49, 181].  Here, the ZrP nanoplatelets are exfoliated into 

individual sheets and sterically stabilized in suspension by densely grafting 

polyetheramine oligomers to the nanoparticle surfaces.  Similar approaches have been 

used to control dispersion and prevent agglomeration in polymer nanocomposites [238-

240].  In a few cases, liquid crystalline ordering of sterically-stabilized rod-like [241, 

242] and plate-like [243-246] colloids has been reported in aqueous solution.  This work 
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is the first detailed rheological investigation of a suspension of colloidal plate-like 

nanoparticles that exhibit smectic liquid crystalline order. 

 

5.2 Experimental 

5.2.1 Materials 

Zirconyl chloride (ZrOCl2·8H2O, 98%, Aldrich) and phosphoric acid (H3PO4, 85%, 

EM Science) were used as received.  Jeffamine M1000 (M1000), a commercial 

polyoxyalkyleneamine with reported average molecular weight of ~ 1000 g/mol, was 

donated by Huntsman Chemical.  EPON 862, a diglycidyl ether of bisphenol F (DGEBF) 

liquid epoxy monomer, was obtained from Hexion Specialty Chemicals (Columbus, 

OH). 

 

5.2.2 Preparation of exfoliated ZrP nanoplatelets and dispersion in epoxy 

The ZrP nanoplatelets were prepared using a hydrothermal method, which has been 

described in detail previously [39], and summarized in Chapter III.  The ZrP 

nanoplatelets were exfoliated using M1000 using the procedure recently reported in 

detail by Wong et al. [185, 187]. 

After removing the excess polyoxyalkyleneamine, the exfoliated ZrP nanoplatelets 

were dispersed in acetone.  The epoxy monomer was dissolved in acetone and added 

dropwise to the acetone/ZrP suspension under stirring to achieve desired concentration.  

No curing agent was used in this work.  The dispersion was allowed to stir for 4 hr.  The 

solvent was removed with a rotary evaporator to obtain the epoxy/ZrP suspensions. 
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5.2.3 Characterization 

The mass fraction of ZrP nanoplatelets in the suspension was measured with a Q500 

TGA (TA Instruments).  The TGA measurements also confirmed that all solvent was 

removed.  Rheology measurements were carried out using the same equipment described 

in Chapter III.  The rheological behavior was measured with cone and plate (50 mm 

diameter, 0.02 rad cone angle, 0.051 mm truncation spacing) and parallel plate 

geometries (25 mm and 40 mm diameter, with gap of 1.5 – 3 mm).  For suspensions with 

𝜙 = 0.3 – 4.0 vol.% ZrP, both fixtures were used and found to provide consistent results.  

At higher concentration, parallel plates were used due to the high viscosity at low shear 

rate and long recovery time. 

To determine the role of loading history, measurements were carried out before and 

after the application of steady shear.  Unless otherwise noted, linear and non-linear 

viscoelastic measurements were reproducible following steady shear, and the reported 

measurements are from representative pre-sheared suspensions.  Sample recovery was 

verified by measuring the real and imaginary components of the complex shear modulus, 

𝐺∗ 𝜔 , with small strain amplitude, 𝛾 = 1%, at angular frequency of 𝜔 = 1 rad/s, 

immediately following steady shear or large amplitude deformation.  For the unfilled 

epoxy monomer and suspensions at low concentration, no equilibration time was 

detected following steady shear.  The recovery time increased with concentration, and 

ranged from a few minutes at low concentration, up to several hours at high 

concentration.  Individual measurements were carried out following the procedures 

described in Chapter III. 
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5.3 Results 

5.3.1 Microstructure of ZrP colloidal liquid crystals 

To meaningfully interpret the rheological response of the colloidal smectic liquid 

crystals, it is necessary to first consider the hierarchical structure of the suspensions 

(Figure 5-1).  The individual ZrP layers consist of a plane of Zr atoms sandwiched 

between tetrahedrally coordinated phosphate groups (Figure 5-1a) [204].  Each 

phosphate contributes three oxygen atoms to link three different Zr atoms.  The 

remaining P-OH groups are oriented perpendicular to the plane of Zr atoms, and 

organized in a dense hexagonal lattice.  The negatively charged inter-layer oxygen atoms 

provide active sites for intercalation reactions [247]. 
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Figure 5-1. Idealized schematic of the microstructure of suspensions containing ZrP 
nanoplatelets with smectic liquid crystalline order.  (a) Detail of crystal unit cell of 
individual ZrP nanoplatelet, adapted from Alberti and Costantino [247].  (b) Individual 
ZrP nanoplatelet with polyoxyalkyleneamine oligomer brush attached at surface.  (c) 
Self-assembly of ZrP nanoplatelets into independent layers to form smectic liquid crystal 
mesophase. 

 
 
 
ZrP crystallizes into hexagonal 2-dimensional crystals.  The size, shape, and 

polydispersity of the crystals are determined by reaction conditions, particularly the 

concentration of phosphoric acid and reaction time [39].  During synthesis, the 
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hexagonal crystals self-assemble into stacked aggregates, or tactoids, due to inter-layer 

vdW forces [189].  Guest molecules containing proton-accepting functional groups 

readily diffuse between layers and increase the inter-layer spacing [183, 231, 247-252].  

Linear n-alkyl-monoamines form a non-interpenetrating bilayer between adjacent layers 

[200, 201].  For the M1000 polyoxyalkyleneamine oligomers used here, the increase in 

spacing is sufficient to overcome the attraction between layers in aqueous solution, and 

results in spontaneous delamination of ZrP tactoids into individual sheets [183].  The 

average lateral diameter of the exfoliated nanoplatelets, measured with transmission 

electron microscopy (TEM), is 100 nm, with standard deviation of ~ 30 – 50 nm [39, 

176, 185, 187].  The exfoliated ZrP nanoplatelets have monodisperse thickness, which 

has been previously estimated in the range of 𝑡!"# ≈ 6.7 – 6.9 Å (Figure 5-1a) [182, 

207]. 

In this work, the ZrP tactoids are exfoliated to individual sheets using M1000 

oligomer.  Polyetheramines are linear block copolymers consisting of a primary amino 

group attached to the end of a flexible polyether backbone based on propylene oxide 

(PO) and ethylene oxide (EO) blocks.  The M1000 oligomers are densely grafted at the 

surface of the ZrP nanoplatelets, and form an extended brush layer (Figure 5-1b) [185, 

187].  Using molecular dynamics (MD) simulation [253] (Appendix II), the equilibrium 

length of the extended M1000 chains was estimated to be 𝐿! ≈ 7.9 – 8.0 nm, which is 

consistent with recent atomic force microscopy (AFM) measurements [187]. 

The exfoliated ZrP nanoplatelets were dispersed in an epoxy monomer with volume 

fraction ranging from 𝜙 = 0.04 to 8.6 vol.% ZrP.  At all concentrations, the suspensions 
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were homogeneous under optical microscopy, and no phase separation was observed 

over several months.  Visual observation of birefringence between crossed polars and 

synchrotron-source small-angle X-ray scattering (SAXS) measurements have revealed 

that the suspensions show long-range smectic liquid crystalline order at concentrations 

of 𝜙 = 1.7 vol.% ZrP and higher [187].  The individual ZrP nanoplatelets self-assemble 

into discrete layers with regular, well-defined inter-layer spacing, 𝐷, and random (liquid-

like) order within each layer (Figure 5-1c).  The distance between smectic layers, 

calculated from the primary SAXS diffraction peaks, decreases from 47 nm at 1.7 vol.%, 

to 6 nm at 5.3 vol.% .  Several higher order scattering peaks were detected, which are not 

typically observed for smectic liquid crystals formed from organic molecules.  The 

higher order scattering peaks indicate that the domain size of the smectic mesophase is 

large relative to the lateral dimensions of the nanoplatelets [176]. 

The liquid crystalline suspensions show mild turbidity, which is typically associated 

with random fluctuations in the average orientation of the mesophase domains, and of 

molecules within the mesophase [254].  In smectic liquid crystals formed from ordered 

block copolymers, small molecules, and liquid crystalline polymers (LCPs), significant 

light scattering is often related to high concentrations of immobile defects, which 

strongly influence rheology and processability [255, 256].  Here, the domain size of the 

mesophase is large, and turbidity was not affected by the application of shearing forces, 

which suggests that the role of defects in the colloidal smectic liquid crystals should be 

minor, if any. 
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5.3.2 Rheology of unfilled epoxy monomer 

The rheological response of the unfilled epoxy monomer was extensively 

characterized with SAOS and steady shear measurements.  A sample containing a high 

concentration of free M1000 oligomer (21.9 wt.% ≈ 24.6 vol.%) was also prepared as a 

control.  At all temperatures and frequencies investigated, both systems behave as simple 

viscoelastic fluids and show Newtonian response over the experimental conditions 

investigated here.  The linear viscoelastic response of the unfilled epoxy shows weak 

elastic response at high 𝜔 and low temperature.  The behavior is well described by the 

Maxwell model for a simple viscoelastic fluid with mono-exponential relaxation time of 

𝜏 = 24.3 µs and zero-frequency viscosity of 𝜂! = 3.76 Pa.s at 25°C (Appendix I).  Any 

development of elastic response or non-Newtonian viscosity may therefore be assigned 

to the behavior of the behavior of the individual ZrP nanoplatelets or relaxation of 

longer-range microstructure containing the nanoplatelet phase.  At high concentration, 

changes in the relaxation behavior of the epoxy monomer matrix or surface-attached 

brush layer may also contribute to viscoelasticity. 

 

5.3.3 Rheology of isotropic suspensions of ZrP nanoplatelets 

Representative linear viscoelastic measurements of the epoxy monomer containing 

ZrP nanoplatelets with concentration ranging from 0.04 – 8.6 vol.% are shown in Figure 

5-2.  The influence of surface modifier and aspect ratio of ZrP nanoplatelets uniformly 

dispersed in a Newtonian suspending matrix at low concentration is reported in detail in 

Chapter III and Chapter IV.  The prior results will be briefly summarized here.  At 𝜙 = 
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0.04 – 0.4 vol.% ZrP, suspensions containing ZrP nanoplatelets exfoliated with M1000 

oligomers do not show long-range order and are regarded as isotropic dispersions.  At 

equilibrium, the distribution of suspended particles is determined by Brownian motion, 

which acts to randomize the position and orientation of the individual particles.  In this 

case, the suspensions have liquid-like order and behave as weakly viscoelastic fluids, 

with dominant dissipative response and shear moduli that follow scaling given by 

𝐺! ∝ 𝜔! and 𝐺!! ∝ 𝜔, where 𝐺!! ≫ 𝐺!.  The change in magnitude and scaling of 𝐺!! is 

very weak in this concentration range.  The frequency dependence of 𝐺! is attributed to 

random motion of the individual ZrP nanoplatelets, and localized interactions and 

collisions between nanoplatelets at higher concentration.  At high frequency, the 

suspending matrix may also provide weak contributions to 𝐺′ (Figure 5-2a). 

At low and intermediate frequency, the elastic response may be characterized by a 

single relaxation time, 𝜏!.  For the isotropic suspensions, the relaxation time is attributed 

to the time scale for free rotation of the nanoplatelets, and defined by the characteristic 

frequency separating the two regions of response, 𝜏! = 2𝜋/𝜔!!  (Table 5-1).  For 𝜔 < 𝜔!, 

the suspended nanoplatelets are able to freely rotate, and the suspension shows 

predominantly dissipative response, with power-law scaling approaching 𝐺! ∝ 𝜔! and 

𝐺!! ∝ 𝜔 at low concentration and frequency.  As concentration increases, the relaxation 

time increases, and the viscoelastic response at low frequency remains characteristic of a 

terminal flow region. 
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Figure 5-2. Linear viscoelastic response of representative ZrP suspensions in epoxy 
precursor matrix over range of concentrations: (a) storage modulus, 𝐺!, and (b) phase 
angle, 𝛿, as functions of angular frequency, 𝜔.  Measurements made at 25°C.  The 
response of the unfilled epoxy precursor matrix is shown as a solid line for clarity.  
Suspensions with 𝜙 = 0.04 – 0.4 vol.% ZrP do not show any long-range organization.  
Suspensions at 1.7 vol.% ZrP and higher show smectic liquid crystalline order. 

 
 
 
In the intermediate frequency range, 𝜔 > 𝜔!! , the frequency-dependence of 𝐺! 

decreases, which indicates that the system is unable to recover equilibrium structure on 

the experimental time scale, 2π/ω.  Various mechanisms that may contribute to 𝐺! in this 

system are discussed in detail in Chapter III and IV of this dissertation.  The scaling of 

𝐺! for the isotropic suspensions here is attributed primarily to the limitation in rotational 
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freedom for 𝜔 > 𝜔!! .  As frequency increases, the phase angle reaches a minimum, 𝛿!, 

which corresponds to the maximum solid-like response of the suspension.  The 

magnitude of 𝛿! decreases weakly with concentration for the isotropic suspensions, and 

shows stronger scaling for the liquid crystalline suspensions reported here. 

At high frequency, there is no time for the individual particles or microstructure to 

relax, and the linear viscoelastic response is determined purely by hydrodynamics [155].  

In this case, there is a vanishing contribution associated with rotary and translational 

Brownian motion, and the out-of-phase viscosity, 𝜂!! 𝜔 = 𝐺!/𝜔, tends to zero.  The 

vanishing 𝜂!! 𝜔  is consistent with the anticipated behavior of individually dispersed, 

infinitely rigid particles that interact only through short-range excluded volume 

interactions, and confirms the model nature of the ZrP suspensions. 

 

5.3.4 Linear viscoelasticity of ZrP suspensions with smectic order 

The linear viscoelastic response of the ZrP suspensions with smectic liquid 

crystalline order may be differentiated into two concentration regimes (Figure 5-3).  For 

concentrations of 𝜙 = 1.7 – 2.8 vol.% ZrP, the suspensions are viscoelastic fluids.  At 

low frequency, the suspensions show viscous flow behavior characteristic of terminal 

relaxation of homopolymers, with 𝐺! ∝ 𝜔! and 𝐺!! ∝ 𝜔.  At high frequency, there is a 

broad region of 𝐺! with decreased frequency dependence.  The characteristic frequency 

separating the regions, 𝜔!! , decreases with concentration (Table 5-1), which indicates an 

increase in relaxation time due to local restrictions in rotational and translational motion 

by neighboring particles.  As concentration approaches 4 vol.%, the relaxation time 
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rapidly diverges, and appears to approach a constant value at higher concentration.  The 

constant relaxation time indicates a change in relaxation mechanism associated with 𝐺!, 

which is attributed to the increasing role of collective motion within the smectic 

mesophase rather than motion of individual nanoparticles, as 𝜙 approaches 4 vol.%. 

 
 

 
Table 5-1. Summary of linear viscoelastic parameters for ZrP suspensions. 
 

𝝓 
vol.% 
ZrP 

𝝎𝒄
!  

rad/s 
𝝎𝒄𝟏
!!  

rad/s 
𝝎𝒄𝟐
!!  

rad/s 
𝜹𝒏 
° 

_0.04 4.46 0.62 1.3 87.9 
0.2 2.75 0.54 2.6 85.5 
0.3 2.35 0.23 1.6 84.3 
0.4 2.32  3.6 84.2 
1.7 1.45 0.17 5.9 64.9 
2.5 0.81 0.10 7.9 48.3 
2.8 0.35 0.04 12.0 35.9 
3.9 0.02 ~ 0.01 ~ 15b 7.6 
4.1 0.02 ~ 0.01 ~ 20b 12.1 
4.3 0.03 ~ 0.01 ~ 35b 9.6 
5.3 0.02  ~ 40b 6.4 
8.6 0.02  ~ 40b 5.1 

 
Characteristic angular frequency defining transition between viscous flow and plateau 
regions of 𝐺’ is 𝜔!! ; long-time and short-time relaxation modes associated with 𝐺’’ are 
𝜔!!!!  and 𝜔!!!! , respectively; minimum phase angle during SAOS measurement is 𝛿!. 
a Measurement without pre-shearing due to long relaxation time; b Value of 𝜔!!!!  poorly 
defined and estimated by extrapolating high frequency power-law slope of 𝐺!! and 
intermediate frequency transition region. 

 
 
 
The high frequency power-law slope of 𝐺’ is independent of concentration, and 

follows scaling of 𝐺’  ~  𝜔!, where 𝑎 = 0.35 ± 0.04.  In this concentration regime, the 

magnitude of 𝐺’ at high frequency is nearly independent of concentration, which is in 
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contrast with the typical behavior of colloidal suspensions.  The power-law slope of 𝐺!! 

is not significantly change at high frequency, and the magnitude of 𝐺!! consistently 

decreases in this regime.  The constant value of 𝐺! and decrease in 𝐺!! suggest that the 

magnitude of hydrodynamic disturbance associated with the nanoparticles decreases 

over a narrow range of concentration.  In analogy to previous reports on liquid 

crystalline transitions of rod-like polymers [165], this may be tentatively attributed to an 

increase in regularity and organization within the smectic layers as concentration 

increases. 

At 𝜙 ≈ 4 vol.% ZrP and higher, the suspensions are viscoelastic solids with 

dominant elastic response.  At intermediate frequency, 𝐺! is weakly dependent on 

frequency, with power-law scaling of 𝑎 = 0.09 ± 0.03, independent of concentration.  In 

the limit of low frequency, the phase angle increases, which suggests that the 

concentrated suspensions show fluid-like relaxation behavior on sufficiently long time 

scales. 
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Figure 5-3. Concentration dependence of linear viscoelastic response for ZrP 
suspensions: (a) normalized storage modulus, 𝐺!/𝐺!! , and loss modulus, 𝐺!!/𝐺!!! , as 
function of volume fraction at 𝜔 = 100 rad/s, where 𝐺!!  and 𝐺!!!  are the storage and loss 
moduli of the unfilled epoxy matrix at 100 rad/s; (b) relaxation time, 𝜏!, and minimum 
phase angle, 𝛿!, of ZrP suspensions as function of volume fraction; and (c) schematic 
showing the proposed microstructure associated with the three regions of linear 
viscoelastic response.  The regions correspond to (I) isotropic suspensions; (II) 
suspensions with smectic order and dominant fluid-like response; and (III) suspensions 
with smectic order and dominant solid-like response at intermediate frequency. 
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Compared to 𝐺!, the magnitude and scaling of 𝐺!! shows much greater sensitivity to 

the presence of the ZrP nanoplatelets at intermediate concentrations (Figure 5-4).  At	  

𝜙 = 2.8 vol.% ZrP, the low-frequency response is similar to homopolymer-like terminal 

relaxation (𝐺!! ∝ 𝜔).  There is a weak plateau region in 𝐺!! at intermediate frequency, 

and at high frequency, the power-law slope of 𝐺!! increases and approaches 𝐺!! ∝ 𝜔.  

The high frequency scaling of 𝐺!! is primarily attributed to viscous dissipation of the 

epoxy monomer matrix, but may also be associated with time scales where diffusion of 

the individual particles within the layer structure is sufficiently localized to prevent any 

relaxation of perturbed microstructure. 

 
 
 

 

Figure 5-4.  Divergence of relaxation times in 𝐺’’ at intermediate concentrations, 𝜙 = 1.7 
– 2.8 vol.%.  Curves displaced vertically for clarity. 

 
 
 
As concentration decreases, the width of the intermediate frequency plateau region in 

𝐺!! decreases.  The plateau region is defined using two characteristic frequencies, 𝜔!!!!  
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and 𝜔!!!! , which represent distinct dissipative relaxation modes associated with the low-

frequency and high-frequency transitions in 𝐺!!, respectively.  For the suspensions with 

𝜙 = 0.3 – 2.8 vol.% ZrP, three distinct regions of behavior are easily discerned and the 

transitions are determined by extrapolating a constant power-law slope in each region to 

a crossover frequency in the transition zone.  At 𝜙 = 4.0 vol.% ZrP and higher, the 

transition to viscous flow is not well defined in the experimental window.  In this 

concentration regime, there is a minima in G’’ for each of the suspensions, and at 𝜙 = 

4.3 and 5.3 vol.% ZrP, a weak maxima is also observed.  In the concentrated 

suspensions, the high frequency transition in 𝐺!!, 𝜔!!!!  was estimated from the deviation 

in the limiting power-law region at high frequency. 

At the lowest frequencies investigated in this work, the response of the suspension 

containing φ = 4.0 vol.% ZrP appears to approach a maxima in 𝐺’’.  Based on similar 

observations from suspensions that show soft glassy rheology, this suggests that the 

suspension is metastable [257, 258].  No aging or other characteristics of metastable 

structure were observed, even at much higher concentration of 8.6 vol.% over long 

experimental time frames.  The results strongly indicate that there is a significant 

transition in microstructure at 𝜙 ≈ 4 vol.%.   

The low relaxation frequency mode, 𝜔!!!! , decreases approximately linearly with 

concentration, which indicates a progressive increase in relaxation time.  The more 

rapid, shorter-range relaxation process observed at higher frequency, 𝜔!!!! , is well 

described by the exponential relationship, 𝜔!!!! ≈ exp 0.78𝜙 , and shows a strong 

decrease in relaxation time with concentration.  The results show that increasing 
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concentration results in a rapid divergence in relaxation times associated with two 

distinct dissipative modes (Figure 5-4).  The divergence of relaxation modes is also 

apparent in the frequency-dependence of phase angle, which shows a progressively 

broader minima as concentration increases (Figure 5-2b). 

 

5.3.5 Non-linear viscoelasticity 

Linear viscoelastic measurements are sensitive probes of quiescent structure, but are 

limited to small amplitude deformation.  At amplitudes larger than the critical strain 

amplitude, 𝛾!, which defines the limit of the LVR, 𝐺’ and 𝐺’’ are no longer independent 

of strain amplitude and lose direct physical significance.  The amplitude-dependence of 

the shear moduli is very sensitive to changes in the microstructure and interactions of the 

fluid.  Prior to all SAOS measurements, a strain amplitude sweep was carried out to 

determine the LVR for each suspension.  The magnitude of 𝛾! was determined for each 

suspension based on the initial decrease of 𝐺’ from its value in the LVR, which generally 

preceded any change in 𝐺’’ (Table 5-2).  Several alternative definitions of 𝛾! were 

considered and yielded qualitatively similar results. 

 
 
 

 
 
 
 
 
 
 
 
 



 

117 

 

Table 5-2. Summary of non-linear viscoelastic response of ZrP suspensions. 
 

𝝓 
vol.% ZrP 

𝜸𝒄 
% 

𝑮𝒎𝒂𝒙!! /𝑮𝒐!! 

0.3 22.0  
1.7 11.8  
2.5 17.5  
2.8   8.5  
3.9a   6.3  
3.9   5.0 1.1 
4.1   5.9 1.3 
4.3   4.7 1.5 
5.3a   4.8 1.8 
8.6a   3.9 2.1 

For suspensions with concentration of 0.3 – 4.0 vol.% ZrP, measurements made after 
shearing and recovery using cone-and-plate fixture.  For suspensions containing 4.3 
vol.% ZrP and higher, measurements made with 25 mm diameter parallel plates.  
a Measurement without pre-shearing. 

 
 
 
At concentration of 0.04 – 2.8 vol.% ZrP, 𝛾! decreases weakly with concentration, 

and follows power-law scaling of 𝛾! ∝ 𝜙!!.!".  For suspensions with 3.9 – 7.2 vol.%, the 

decrease in 𝛾! with concentration is significantly increased, 𝛾! ∝ 𝜙!!.!", but still 

relatively small compared to concentrated suspensions with disordered or jammed 

microstructures.  The measured value of 𝛾! was highly reproducible provided that 

adequate time for equilibration was allowed between measurements.  In nearly all 

systems, the total variation of 𝛾! between measurements was less than the step size of the 

strain amplitude test.  The reproducibility of 𝛾! indicates that the equilibrium structure 

associated with linear viscoelastic response is recovered following large amplitude 

deformation. 
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To compare between the ZrP suspensions, the non-linear storage and loss moduli 

were normalized by their respective values in the LVR, and the shear strain amplitude 

was normalized by 𝛾! 𝜙 	  (Figure 5-5).  For all suspensions, 𝐺’ gradually decreases 

above 𝛾!.  For 𝛾 ≫ 𝛾!, the strain amplitude dependence of G’ follows scaling of 

𝐺!  ~  𝛾!!, where 𝑐  ~  0.75 for φ ≤ 2.5 vol.% ZrP.  At 𝜙 = 2.8 vol.% ZrP and higher, the 

power-law slope increases with concentration, which indicates an increase in relative 

strain sensitivity for the concentrated suspensions. 

At 𝜙 =  0.04 – 2.8 vol.% ZrP, 𝐺’’ gradually decreases at slightly higher strain 

amplitude than 𝛾!.  In this concentration range, there is a weak minima in 𝐺’’ for 𝛾 ≫ 𝛾!.  

The onset and depth of the minima increase with 𝜙.  At 𝜙 = 4.0 vol.% ZrP and higher, 

there is a sharp change in the LAOS behavior of 𝐺’’.  At 𝛾 𝛾! ≈ 10, 𝐺’’ shows strain 

hardening and increases to a distinct peak, 𝐺!"!!! .  The magnitude of 𝐺!"#!!  and relative 

intensity, 𝐺!"#!! /𝐺!!!, increase with concentration (Table 5-2). 
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Figure 5-5. Large-amplitude oscillatory shear response of the ZrP suspensions with 
smectic mesophase in epoxy precursor: (a) reduced storage modulus, 𝐺! 𝛾,𝜔 /𝐺!! 𝜔 , 
and (b) reduced loss modulus, 𝐺!! 𝛾,𝜔 /𝐺!!! 𝜔 , as functions of reduced shear strain 
amplitude, 𝛾/𝛾!.  Volume fraction of suspensions ranges from 1.7 – 7.2 vol.% ZrP.  
Measurements carried out at angular frequency, 𝜔 = 10 rad/s, and temperature of 25°C. 

 
 
 
Despite the striking change in LAOS behavior observed near 4 vol.% ZrP, each of 

the smectic liquid crystalline suspension shows a similar, gradual transition from elastic 

to dissipative response in the non-linear region.  The scaling for all of the smectic liquid 
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crystalline suspensions follows tan 𝛿 =𝐺′′ 𝐺′~  𝛾!.!"±!.!", in the power-law region 

observed at 𝛾 ≫ 𝛾!. 

With the exception of the suspension containing 4.0 vol.% ZrP, the LAOS response 

is insensitive to shearing history.  At 𝜙 = 4.0 vol.% ZrP, the suspension exhibits strain 

softening in both 𝐺! and 𝐺!! prior to shearing, which is similar to the suspensions at 

lower concentration.  After shearing, the magnitude of 𝐺! and 𝐺!! are much larger, and 

there is a weak strain overshoot in 𝐺!!.  At higher concentration, the dissipative strain 

overshoot becomes more pronounced.  The LAOS results suggest that 4.0 vol.% ZrP is 

near a critical concentration that corresponds to a decoupling between elastic and 

dissipative components of response in non-linear viscoelasticity. 

 

5.3.6 Steady shear 

The response of the suspensions to steady shear was measured with two subsequent 

tests to minimize the influence of loading histories, which were found to be insignificant 

at intermediate shear rate in suspensions containing up to 4.0 vol.% ZrP.  Up to 5 

minutes of equilibration was allowed for each measurement at a fixed shear rate.  As an 

additional control, a separate set of experiments was carried out for each suspension at a 

constant shear rate to determine any change of viscosity over time.  The reported values 

are representative steady-state measurements.  Transient measurements are not 

considered in this work.  The unfilled epoxy precursor exhibits Newtonian flow 

properties under the experimental conditions probed in this work. 
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The relative viscosity, 𝜂! = 𝜂/𝜂!, where 𝜂 is the suspension viscosity and 𝜂! is the 

viscosity of the unfilled matrix, of a representative set of ZrP suspensions are shown in 

Figure 5-6.  The curves were fitted to the Cross equation (Eq.(2.11)), which is a useful 

empirical equation to describe rate-dependent flow behavior [68].  Here, 𝜂! and 𝜂! are 

the limiting, rate-independent viscosities at high and low shear rates, respectively, λ is a 

characteristic time associated with the mid-point of the shear-thinning region, 𝛾 is the 

shear rate, and 𝑛 is a power-law exponent describing the magnitude of shear thinning. 

In suspensions with 𝜙 = 0.04 – 2.5 vol.%, the increase in viscosity at low shear rate 

is attributed to a yield stress, 𝜎!, which is clearly observed by plotting viscosity as a 

function of shear stress, 𝜎 (Appendix II).  The magnitude of 𝜎! is small, < 1 Pa, for each 

of the suspensions, and increases weakly with concentration (Table 5-3).  The onset of 

the yield stress region decreases with 𝜙, and at 𝜙 = 2.8 vol.% and higher, is not clearly 

observed. 

The magnitudes of 𝜎! are consistent with visual flow observations, which indicate 

that yield stresses are negligibly small for suspensions with 𝜙 = 2.8 vol.% and smaller.  

The flow of epoxy suspensions containing 4.0 and 4.3 vol.% ZrP can only be detected 

over a period of hours and days, respectively.  At 𝜙 = 5.3 vol.% ZrP, the suspension 

does not flow in the absence of shear over several weeks, which suggests that the 

quiescent structure is a gel with finite yield stress. 
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Figure 5-6. Relative viscosity of ZrP as function of shear rate, with concentration 
ranging from 0.04 – 7.2 vol.% ZrP.  Measurements carried out at 25°C, with shear rate 
logarithmically decreased from 100 to 10-4 1/s following pre-shearing.  Up to 5 minutes 
equilibration time given for each measurement.  Viscosity of the unfilled epoxy 
precursor shown by dotted line at 𝜂! = 1. 
 
 
 
Table 5-3. Summary of steady shear response. 

𝝓 
vol.% ZrP 

𝝈𝒚 
Pa 

𝜼𝒐 
Pa.s 

𝜼! 
Pa.s 

𝝀 
s 

𝒏 
 

𝜸𝒄 
1/s 

0.3 0.01 8.1 4.9 1.3 0.07 0.10 
1.7 0.11 94.6 8.5 24.1 0.57 0.03 
2.5 0.21 464.6 5.6 134.3 0.57 0.01 
2.8 0.05 515.8 2.5 176.3 0.65 0.002 
4.1  > 1.7 ∙ 10! 1.6 134.3 0.90 < 10-4 
4.3 4.7 > 7.3 ∙ 10!  1.9 5.0 · 104 0.86 < 10-4 
5.3a 4.8 > 6.2 ∙ 10!  1.3 · 104 0.97 < 10-4 
8.6a 3.9      

For suspensions with concentration of 0.3 – 4.0 vol.% ZrP, measurements made after 
shearing and recovery using cone-and-plate fixture.  For suspensions containing 4.3 
vol.% ZrP and higher, measurements made with 25 mm diameter parallel plates.  
a Measurement without pre-shearing. 
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At stresses above 𝜎!, and shear rate below 𝛾!, the suspensions containing up to 2.8 

vol.% ZrP show a low shear rate plateau region, with rate-independent viscosity of 𝜂!.  

Although the plateau region is narrow and poorly defined in some suspensions, the 

magnitude of 𝜂! is consistent between measurements, and in good agreement with 

SAOS measurements of zero-frequency dynamic viscosity, 𝜂!! , which support the 

assignment.  At 𝜙 = 4.0 vol.% ZrP and higher, the shear thinning region extends to the 

lowest shear rates probed, which obscures clear identification of any low shear rate 

plateau region.  The results suggest that the magnitude of 𝜂! increases rapidly with 

concentration.  However, the significant decrease in 𝛾! in the concentrated suspensions 

limits meaningful quantitative description of the concentration-dependence of 𝜂!. 

In the isotropic suspension, there is an observable transition to shear thinning, 𝛾!, at 

shear rate of ~ 0.1 1/s, but 𝑛 ≈ 0, which indicates nearly Newtonian flow properties.  In 

the smectic suspensions with 𝜙 = 1.7 – 2.8 vol.%, the transition to shear thinning 

decreases with concentration, and the degree of shear-thinning is much larger than in the 

isotropic suspension (𝑛 ≈ 0.6 – 0.7).  At 𝜙 = 4.0 vol.% ZrP and higher, the transition to 

shear thinning is outside of the experimental range, 𝛾! < 10!!  1/s, and the degree of 

shear thinning is significantly increased, with 𝑛 ≈ 0.9 – 0.95. 

In the high shear rate region, the limiting viscosity increases with concentration up to 

𝜙 = 1.7 vol.% ZrP, and decreases with further increase in concentration.  At 𝜙 = 2.8 

vol.% and higher, the high shear rate viscosity is less than that of the unfilled epoxy 

matrix.  The trend is surprising, given the large magnitude of 𝜂! and the considerable 

size and concentration of the nanoparticles.  The decrease in high shear rate viscosity 
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was observed with both parallel plate and cone and plate geometries, and after varying 

the gap diameter of the parallel plate fixtures.  There was no change in gap distance or 

temperature during the measurement, and the behavior does not appear to be an artifact 

or due to any measurement instability.  As an additional control experiment, the epoxy 

was filled with a concentration of M1000 equivalent to the grafted content at 4.0 vol.% 

ZrP.  The epoxy/M1000 suspension behaves as a Newtonian fluid, and the viscosity is 

slightly larger than the unfilled epoxy matrix, with 𝜂! =  1.35.  However, this 

observation is not necessarily representative of the rheological behavior of the oligomers 

here, which is densely grafted to the nanoplatelet surfaces.  Based on the change in 𝐺!! at 

high frequency with concentration (Figure 5-3a), it is clear that there is a complex 

relationship between the purely hydrodynamic perturbation caused by the ZrP 

nanoplatelets and concentration. 

 

5.4 Discussion 

Controlling mesoscale organization of nanoparticles into higher-order structures 

offers substantial opportunities to substantially modify a diverse combination of material 

properties across distinct length scales.  However, the parameters governing spatial 

dispersion and organization, and how the nanoscale and mesoscale features relate to a 

desired set of macroscale properties, are not well understood, especially for high aspect 

ratio nanoparticles.  Model systems with well-defined particle-level properties and 

longer-range microstructure are needed to generalize experimental findings and elucidate 

clear structure-property relationships relevant to nanoparticle-filled materials. 
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In this work, we provide the first detailed rheological investigation of a smectic 

liquid crystal formed from the self-assembly of model high aspect ratio plate-like 

nanoparticles in epoxy monomer.  The most striking feature is the rapid transition in 

rheological behavior near 𝜙 = 4 vol.% ZrP.  At lower concentrations, the smectic liquid 

crystals in epoxy are viscoelastic liquids, and show well-defined terminal relaxation at 

low frequency.  In the non-linear region, the suspensions show gradual strain softening 

in both 𝐺’ and 𝐺’’.  Both steady shear, the suspensions display a negligible yield stress 

and moderate shear thinning.  The high frequency elastic response is nearly independent 

of concentration, and 𝐺!! decreases weakly.  At high frequency, the measurements reflect 

localized length scales and the interactions between particles are minimal [173].  The 

limited change in high-frequency viscoelastic response indicates that for the smectic 

liquid crystals containing 𝜙 = 1.7 – 2.8 vol.% ZrP, incorporating additional 

nanoplatelets does not increase the magnitude of hydrodynamic distortion in the fluid 

phase.  This unique behavior is attributed to the uniform integration of the nanoplatelets 

within the layer structure of the smectic mesophase.  More detailed description of the 

decrease in hydrodynamic perturbation in this region requires investigation of local ZrP 

surface brush features under equilibrium and non-equilibrium conditions, and is being 

pursued. 

Above the critical concentration near 4 vol.% ZrP, the suspensions show dominant 

solid-like response at intermediate frequency.  In the limit of low frequency, the 

suspensions show liquid-like behavior (Figure 5-3b), which indicates that the network 

responsible for elastic response at intermediate frequencies is transient and able to relax 
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over the experimental time scale.  In the non-linear viscoelastic region, the concentrated 

suspensions show a weak strain overshoot in 𝐺’’.  Weak strain overshoot in 𝐺!! with 

gradual softening in 𝐺! has been observed for a diverse variety of soft materials, but no 

transition in response is generally reported.  The transition in LAOS behavior here 

suggests the presence of a mechanism associated with enhanced dissipative response that 

increases with concentration.  During steady shear, the concentrated smectic suspensions 

show an extremely large degree of shear thinning and at high shear rate show a viscosity 

similar to, or less than, the unfilled epoxy monomer matrix. 

The unique rheological behaviors observed here are not typical of concentrated 

suspensions of plate-like nanoparticles with short-range geometric order.  The unique 

flow behavior observed here is attributed to interactions between layers of the smectic 

microstructure (Figure 5-1c).  The exfoliated ZrP nanoplatelets are ordered in discrete 

smectic layers with regular inter-layer spacing, 𝐷, and random order within the layers 

[187].  At low concentration, the distance between layers is much greater than the length 

of the brush layers extended from the surface of adjacent nanoplatelets, 𝐷 ≫ 2𝐿!.  In this 

case, the layers of the smectic mesophase behave independently and fluid flow occurs 

predominantly in the suspending fluid layer confined between surface-attached brushes 

[259].  As concentration increases, lubrication interactions between the oligomer chains 

in the brush layers become more significant and modify the distribution of normal and 

shear forces in the system during deformation.  At 𝐷  ~  2𝐿!, the surface-attached brushes 

begin to overlap and the suspending fluid is forced to flow through the brush network, 
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which results in additional forces associated with the viscous drag of the suspending 

liquid through the brush network [259]. 

Assuming that the rheological behavior is primarily due to brush-mediated 

interactions, the critical concentration associated with the transition in rheological 

response, 𝜙∗, will occur when the distance between the approaching brush layers is zero, 

i.e. at 𝐷 = 2𝐿!.  The critical concentration may be estimated from a simple model of an 

ideal lamellar mesophase, with geometric parameters shown in Figure 5-1.  We assume 

that the length of the extended oligomer brush layer is 𝐿! = 8 nm, and that the osmotic 

pressure between adjacent grafted oligomers is sufficient to prevent significant coiling or 

collapse of the chains as the nanoplatelet surfaces approach.  The latter assumption may 

be relaxed with more detailed investigation of interactions within the mesophase 

structure.  The repeat unit of the layer structure consists of two square half-platelets, 

with length and width of 𝐿, and thickness of 𝑡!"#/2.  The platelets are aligned and 

separated by a distance of 𝐷.  Neglecting the edge-to-edge distance between 

nanoplatelets within each layer, the volume of the unit cell is 𝑉! = 𝐿! 𝑡!"# + 𝐷 , and the 

volume occupied by the 2 individual half-platelets is 𝑉! = 𝐿!𝑡!"#.  The volume fraction 

of the platelets is 𝜙 = 𝑉!/𝑉! = 𝑡!"# 𝑡!"# + 𝐷 .  At the overlap concentration, 

𝐷   =   2𝐿!, the volume fraction is 

(5.1) 𝜙∗ = 1+ !!!
!!"#

!!
 

For 𝐿! = 8 nm and 𝑡!"# = 0.69 nm, the critical concentration is 𝜙∗ = 4.1 vol.% ZrP, 

which agrees well with the observed transition in rheological response. 
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The simple lamellar model may be used to predict the concentration-dependent 

change in inter-layer spacing of the smectic mesophase by rearranging Eqn. (5.1): 

(5.2) 𝐷 = 𝑡!"#
!!!
!

 

The prior SAXS investigations provide measurements of the center-to-center distance 

between smectic layers [187], denoted 𝐷!"#!, and may be related to the inter-layer 

distance defined in Figure 5-1b by 𝐷 = 𝐷!"#! − 𝑡!"#.  The lamellar model again 

provides excellent agreement with the SAXS measurements for suspensions with 

concentration up to 4 vol.% ZrP (Table 5-4).  The disagreement between the model and 

SAXS measurements occurs at concentrations above the overlap transition, i.e., for 

𝐷 < 2𝐿!, where additional factors related to the conformation of chains and packing 

between layers cannot be neglected. 

 
 
 
Table 5-4. Concentration-dependent change in inter-layer separation for smectic 
mesophase. 

𝝓 
vol.% ZrP 

𝑫𝑺𝑨𝑿𝑺
a 

nm 
𝑫 (Model)b 

nm 
𝑫/𝟐𝑳𝒔b 

 
0.3  229.3 14.33 
1.7 31.5 39.9  2.49 
2.5 21.9 26.9  1.68 
2.8 17.8 24.0  1.50 
4.0 16.4 16.6  1.04 
4.3 4.7 15.4  0.96 
7.2 5.3 12.3  0.77 

Calculations made assuming platelet thickness of 𝑡!"# = 0.69 nm and M1000 brush 
layer length of 𝐿! = 8 nm.  a Distance between platelet surfaces, 𝐷, calculated from prior 
synchrotron-source SAXS measurements using relation 𝐷 = 𝐷!"#! − 𝑡!"! .  b Calculated 
from (5.2). 
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The agreement between SAXS measurements and the simple lamellar model 

suggests that for 𝜙 = 1.7 – 2.8 vol.% ZrP, the organization of nanoplatelets in the layer 

structure is regular and independent of concentration, which is consistent with the 

proposed interpretation of the high-frequency measurements of 𝐺! and 𝐺′′ (Figure 5-3a).  

In this concentration regime, the low-frequency increase in 𝐺’ and 𝐺’’ is attributed to 

fluctuations in mesophase structure and flow-dependent interactions at the interface 

between the non-overlapping oligomer brushes.  If the lateral diameter of the 

nanoplatelets, 𝐿, is significantly larger than the separation between layers, i.e. 

𝐿 ≫ 𝐷 ≫ 2𝐿!, normal lubrication forces will oppose any decrease in inter-layer 

separation during deformation [259].  The magnitude of lubrication forces is 

proportional to the relative velocity of the approaching surfaces.  Increasing frequency is 

therefore anticipated to proportionally increase the repulsive hydrodynamic forces 

separating the mesophase layers, and may be responsible for the scaling of elastic 

response of the suspensions with non-overlapping brush layers. 

The transition in rheological response at 𝜙 = 4.0 vol.% ZrP and higher is attributed 

to the interaction and overlap of the brush layers.  In the overlapping region, flow of the 

viscous matrix is confined within the brush layers, which introduces additional 

dissipative forces during deformation.  In polymer brushes, excluded volume effects at 

the interface between the ends of the surface-attached polymers chains prevent strong 

interpenetration of the chains, and results in a fluid interface with extremely low friction 

coefficient [260].  The low shear rate at the onset of shear thinning and extreme degree 

of shear thinning observed here are attributed to the weak interpenetration of the brush 
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layer.  In this concentration range, the divergence of relaxation times indicates that on 

the time scale of the experiments, the system may be significantly out of equilibrium.  

The conformation and length of the oligomer chains may change due to the substantial 

normal forces between layers as 𝐷/2𝐿! approaches unity.  These factors may contribute 

to the discrepancies between expected and measured values of 𝐷 in Table 5-4.  Any non-

uniform distribution of smectic layers within the fluid will further invalidate the 

assumptions of the simple model. 

Several additional mechanisms may also be present and merit further investigation.  

The local dynamics and relaxation behavior of the epoxy precursor and grafted brush 

layers will be modified due to crowding and confinement for small separations between 

layers.  Previous experimental and numerical investigations have shown that a transition 

to solid-like behavior occurs in simple fluids confined to length scales of ~ 6 molecular 

units or less [259].  The equilibrium radius of gyration of the epoxy monomer molecules 

utilized here is estimated to be ~ 1.4 nm using molecular dynamics simulation.  Based on 

the simple lamellar model derived in Eq. (5.3), epoxy molecules restricted to the region 

between brush layers, given by 𝐷 − 2𝐿!, will begin to exhibit confined behavior at 

concentrations of ~ 2.8 vol.% ZrP.  This estimate neglects any penetration of the matrix 

phase into the brush layer, but suggests that the deviations in steady shear behavior 

observed at low shear rate for the suspensions containing 𝜙 = 2.8 vol.% ZrP may 

originate, in part, from molecular-scale confinement of the epoxy monomer and M1000 

oligomer phases.  In the more concentrated suspensions, the confined matrix molecules 

may form an ordered interface, which provides a mechanism for the observed decrease 
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in viscosity below that of the unfilled matrix at moderate shear rate.  Further work is 

needed to elucidate the nature and significance of the complicated mechanisms of 

interaction at the interfacial region between layers. 

In most layer-forming small molecules and LCPs, the linear viscoelastic response is 

predominantly solid-like, and no transition to viscous flow is observed at extremely low 

frequency.  The non-terminal response is due to the significant concentration of 

immobile defects throughout the layered structure [255, 261].  In this work, the 

mesogens are colloidal particles with length and width substantially larger than the 

length scale of localized defects.  The mesogens are not physically connected and 

therefore retain individual translational freedom on small length scales, and possibly also 

limited rotational freedom.  The length scale and relative freedom of motion are likely 

responsible for the decrease in significance of detectable defects observed in this work. 

In many systems, gelation or jamming limits introduction of high concentration of 

non-spherical nanoparticles in a media of interest [233].  The rheological behavior of the 

colloidal smectic liquid crystals reported here shows that if long-range order prevails, the 

concentration of nanoparticles may be significantly increased without negatively 

influencing processability at moderate levels of shear. The use of model 2-dimensional 

nanoparticles is anticipated to motivate further theoretical and experimental works to 

better understand the origins of phase behavior for colloidal liquid crystals, and guide 

progress regarding the thermodynamically driven organization of nanoparticles. 
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5.5 Conclusions 

We have investigated the rheological response of model suspensions containing high 

aspect ratio, sterically stabilized nanoplatelets that exhibit smectic liquid crystalline 

order over a range of concentrations in epoxy monomer.  At low concentration, the 

smectic liquid crystals behave as viscoelastic fluids.  At low frequency, the suspensions 

show viscous flow response, and the shear moduli increase weakly with concentration.  

At high frequency, the storage modulus is independent of concentration, and loss 

modulus decreases.  At concentration of 4.0 vol.% ZrP and higher, there is a sharp 

transition in response to a viscoelastic solid, although a transition to fluid-like response 

is retained at low frequency.  Large-amplitude oscillatory shear and steady shear 

measurements both indicate a significant change in response at this concentration.  It is 

proposed that the primary mechanism responsible for the change in behavior is the 

overlapping of the brush layer and associated changes in the dynamics and ordering of 

the matrix and brushes caused by molecular-scale confinement.  The suspensions with 

𝜙 = 4.0 vol.% ZrP and higher are processable and show viscosity similar to the unfilled 

matrix at moderate shear rates.  The use of a model nanoparticle system provides an 

opportunity to study fundamental relationships involving phase transitions of 2-

dimensional materials.  The findings are anticipated to aid in elucidating mechanisms 

responsible for transitions in other smectic systems because of the diminished role of 

molecular-scale defects on flow response. 
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6 CHAPTER VI   

RHEOLOGY OF STABLE SUSPENSIONS CONTAINING DISENTANGLED 

MULTI-WALLED CARBON NANOTUBES IN EPOXY PRECURSOR 

 

6.1 Introduction 

Multi-walled carbon nanotubes (MWCNTs) are high aspect ratio, fiber-like 

nanoparticles, that show an exceptional combination of mechanical [262, 263], electrical 

[264-266], and thermal properties [267-271].  However, individual MWCNTs tend to 

aggregate into mechanically cohesive flocs that are challenging to disperse without 

damaging the nanoparticle structure or modifying its ability to interact with the matrix.  

As a result, it is challenging to clearly attribute macroscale properties of a polymer 

nanocomposite to particle-level attributes.  Recently, Bauhofer et al. [272] showed that 

even if MWCNT clusters are adequately dispersed in the polymer matrix through 

mechanical processing, the properties of the nanocomposite tend to be recover with time 

and approach a limiting value independent of the initial dispersion state.  This finding, 

and others that reported similar convergence of properties after treatment [273-275], 

suggest that most approaches to integrate MWCNTs in polymeric or fluid media result in 

a thermodynamically unstable dispersion state. 

One major consequence of the lack of processing methods suitable to achieve a 

stable dispersion is that the majority of experimental results reflect properties of the 

nanoparticle clusters rather than the individual nanoparticles.  It is not likely that 

individual dispersion will be necessary for most applications, and in some situations, 
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controlled degree of aggregation has been reported to provide a desirable combination of 

properties [52, 56, 227, 228].  If the aggregate structure is relatively well defined and 

reproducible, this type of self-assembling system may provide a useful route to tailor 

properties across length scales [16].  However, unambiguous relationships between 

particle-level properties and desired macroscale response cannot be reasonably 

developed in these cases.  Fundamental structure-property relationships are needed to 

identify mechanisms responsible for change in bulk response, and to guide approaches to 

most effectively utilize this unique class of nanoparticles. 

In this work, as-received MWCNTs are disentangled to individual nanoparticles by 

reacting nanotubes with 4-nitroaniline in acetonitrile solution.  The recovered 

functionalized MWCNTs (F-MWCNTs) are decorated with nitrobenzene, and are 

uniformly dispersed in organic solvent as individual nanoparticles.  The F-MWCNTs 

remain disentangled after dispersion in epoxy, and are shown to be uniformly dispersed 

in solid epoxy nanocomposites at 1 wt.% concentration.  The rheological behavior is 

compared with the response of suspensions containing clustered MWCNTs to show the 

role of individual nanoparticles in the fluid response.  Ongoing work is focused on 

relating these properties to processing conditions and behavior in solid-state 

nanocomposites.  An epoxy monomer matrix was used because of its good stability and 

limited reactivity with the MWCNTs at elevated temperature, which enables application 

of time-temperature superposition to identify changes in relaxation behavior.  The 

monomer has sufficient viscosity to introduce significant hydrodynamic stresses during 

shearing.  Any change in dynamics or organization of the matrix at the interface should 
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be negligible at concentrations investigated in this work, and the size difference between 

the MWCNTs and the epoxy monomers should be sufficient to neglect any finite size 

effects.  The flow properties of nanoparticle-filled epoxies are of practical importance 

because of their widespread use in resin transfer molding (RTM) and coating 

applications [228, 276-278].  Partial curing studies may potentially be carried out to 

dynamically modify the length-scale and configurational freedom of the epoxy 

molecules, and provide more direct connection between liquid and solid state properties. 

 

6.2 Experimental 

6.2.1 Materials 

MWCNTs  (Sigma-Aldrich) with 5-15 graphene wall average, >90% carbon basis, 2-

6 nm inner diameter, 10-15 nm outer diameter, and length 0.1-10 µm were suspended 

inside of a diglycidyl ether of bisphenol F (DGEBF) epoxy monomer, EPIKOTE™ 862 

(Hexion Specialty Chemicals, Inc.).  Sigma-Aldrich reported the MWCNT density to be 

2.1 g/cm3. 

 

6.2.2 Treatment and dispersion of clustered MWCNTs 

Suspensions of clustered MWCNTs were prepared following the procedure 

described in our previous work [227].  The as-received MWCNTs were dispersed in 

acetone by ultrasonication for one hour.  The epoxy monomer was added to the mixture 

and dissolved at room temperature.  The mixture was sonicated for 15 minutes and dried 
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by rotary evaporation at 80°C.  Samples were collected and dried in a vacuum oven 

overnight to remove any remaining solvent.   

 

6.2.3 Functionalization and dispersion of exfoliated MWCNTs  

As-received MWCNTs were pre-treated in a mixture of concentrated sulfuric and 

nitric acids (3:1 ratio by volume) in a sonication bath (Branson 2510) for 1.5 hr at room 

temperature.  DI water was then added to dilute the acid solution, and the mixture was 

sonicated for an additional 2 hr.  Oxidized MWCNTs (O-MWCNTs) were isolated using 

a polyvinylidene difluoride (PVDF) filter membrane (Millipore, 0.45 µm pore size) 

under vacuum, and were washed several times with DI water until the pH was nearly 

neutral.  Seventy mg O-MWCNT was mixed in 140 mL SDBS aqueous solution (1 

wt.%) and sonicated for 4 hr at room temperature.  After sonication, the SDBS/O-

MWCNT solution was added to a homogeneous solution of 140 mL acetonitrile 

containing 3 g nitroaniline.   Under nitrogen atmosphere, 3 mL isoamyl nitrite was 

slowly added dropwise to the solution.  The mixture was heated to 70°C and 

mechanically stirred for 12 hrs.  The mixture was filtered and washed with DI water and 

acetone several times. The resulting MWCNTs, referred to here as functionalized 

MWCNT (F-MWCNTs), were re-dispersed in acetone at concentration of 0.5 mg/mL.  

The epoxy monomer was added to the acetone/F-MWCNT solution at room temperature 

to achieve desired concentration.  The mixture was sonicated for 15 minutes and dried 

by rotary evaporation at 80°C.  Samples were collected and dried in a vacuum oven 

overnight to remove any remaining solvent. 
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6.2.4 Characterization 

Thermogravimetric analysis (TGA) of samples was carried out in nitrogen 

atmosphere using a Q500-TGA from TA instruments.  The ramp rate was 10°C/min.  

Fourier transform infrared spectroscopy in attenuated total reflectance mode (FTIR-

ATR) was performed using a Nicolet Avatar 360.  The absorbance was measured 

between 1000 and 4000 cm-1, with resolution of 4 cm-1. 

The morphology of the modified MWCNTs in acetone solution was investigated 

using an Olympus BX60 optical microscope (OM).  Solid epoxy nanocomposites were 

prepared to using the same curing procedure as previously reported [227].  The 

dispersion and degree of disentanglement of the F-MWCNTs was investigated using a 

Technai T20 computerized transmission electron microscope (TEM) operating at an 

accelerating voltage of 200 kV.  The cured epoxy nanocomposite contained 1.1 wt.% F-

MWCNTs.  TEM thin sections, with thickness of about 100 nm, were prepared using a 

Reichert-Jung Ultracut E microtome with diamond knife.  

Rheology measurements were carried out using the same equipment and testing 

conditions described in Chapter III. 

 

6.3 Results 

6.3.1 Functionalization of MWCNTs and dispersion in epoxy 

Chemical oxidation with strong acids is a common method used to purify and 

disperse MWCNTs.  However, to achieve suitable degree of dispersion, extensive 

treatment at elevated temperatures is usually required, which may compromise the 
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structure and physical properties of the nanotubes.  Here, the oxidative treatment was 

carried out under moderate conditions, which we previously reported preserves the 

structural integrity and electrical properties of the MWCNTs [51-54].  The oxidized 

MWCNTs were functionalized by reacting with isoamyl nitrite in acetonitrile solvent 

(Figure 6-1). 

 
 
 

 

Figure 6-1. Schematic illustrating functionalization route for MWCNTs used in this 
work. The untreated MWCNTs are initially oxidized to introduce reactive sites.  The O-
MWCNTs are reacted with 4-nitroaniline.  The recovered F-MWCNTs contain 
nitrobenzene functional groups along sidewall, and are easily dispersed in acetone and 
other organic media as individual nanoparticles. 

 
 
 
The dispersion and stability of the MWCNTs in organic solvent is significantly 

improved after functionalization.  From visual and optical microscopy inspect, the F-

MWCNTs appear to be homogeneously dispersed in acetone, and there is no observable 

precipitation after 2 days (Figure 6-2a).  For the untreated MWCNTs, significant phase 

separation is observed minutes after sonication (Figure 6-2b).  The detail morphology 

and dispersion state of the F-MWCNTs were analyzed with TEM (Figure 6-2c).  The 

samples were prepared by drop-drying from acetone solution, and show that the F-
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MWCNTs are dispersed to the individual level without observable damage or decrease 

in length. 

 
 
 

 

Figure 6-2.  OM images of (a) functionalized and (b) untreated MWCNTs in acetone.  
Inset are photographs of MWCNT dispersions after sitting for 2 days.  White arrows 
highlight aggregated MWCNTs.  (c) TEM of functionalized MWCNTs obtained by 
drop-drying from acetone solution. 

 
 
 
FTIR-ATR was used to identify the presence of functional groups on the MWCNT 

surface following the reaction (Figure 6-3a).  The functionalities were identified by 

comparing the absorption spectra of the F-MWCNTs with untreated MWCNTs.  The 

absorption spectra of O-MWCNTs prepared with the same oxidative treatment has been 

previously reported [56], and detailed discussion regarding the absorbance of oxidized 

MWCNTs is provided by Shaffer et al. [279].  The spectrum of the F-MWCNTs 

prepared here shows distinct absorbance peaks at ~ 1512  and 1342 cm-1, which are 

consistent with the dominant IR peaks for nitrobenzene [280-282].  The sharp peak at 

1512 cm-1 is assigned to the asymmetric stretching of NO2, and ring stretching of the 

benzene.  The second pronounced peak at 1342 cm-1 is assigned to symmetric stretching 
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of NO2 groups.  The absorbance peaks of the F-MWCNTs indicate that there is an 

amidation reaction between the carboxylic acid functionalities on the MWCNTs and the  

isoamyl nitrite, and the nitrobenzene functionality is covalently grafted to the nanotube 

sidewalls.  The concentration of functionalities was estimated using TGA (Figure 6-3b).  

The untreated MWCNTs show no significant weight loss upon heating up to 800°C in 

N2 atmosphere.  For the O-MWCNTs, a mass loss of ~ 7 wt.% is observed, and 

attributed to the decomposition of oxidized species.  The F-MWCNTs show much larger 

mass loss, ~  23 wt.%, which confirms that a large concentration of functional groups are 

present.  The concentration of functional groups is estimated from the mass loss to be 

roughly 1 nitrobenzene functionality per 52 carbon atoms. 

 
 
 

 

Figure 6-3. (a) FTIR-ATR spectra of pristine MWCNTs and F-MWCNTs. (b) 
Thermogravimetric degradation curves of pristine, oxidized, and F-MWCNTs. 

 
 
 
The F-MWCNTs were transferred to an epoxy matrix without any visible 

aggregation or change in dispersion state.  Solid epoxy nanocomposites were prepared at 
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relatively high concentration, 1.1 wt.%, and analyzed with TEM (Figure 6-4).  Previous 

studies found that untreated and oxidized MWCNTs are highly entangled and poorly 

dispersed on the individual level at similar concentrations [56, 227].  The micrographs 

show that the F-MWCNTs are fully disentangled in the epoxy.  Individually dispersed, 

high aspect ratio MWCNTs are observed to be well distributed throughout the system, 

and there is no evidence of heterogeneities, entanglements, or reduction in nanotube 

length.  The micrograph in Figure 6-4is representative of the observed dispersion state 

throughout the system. 

 
 
 

 

Figure 6-4. TEM of solid epoxy/F-MWCNT (1.1 wt.%) nanocomposite. 
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The F-MWCNTs prepared here show excellent dispersion and stability, even after 

long curing time in a low viscosity fluid (~ 4 hr cure).  The results suggest that the 

covalently reacted nitrobenzene functionalities provide sufficient repulsion sufficient to 

prevent the formation of flocculated MWCNT aggregates.  The stability is likely related 

to the steric repulsion of the bulky functional groups.  It is challenging to directly 

evaluate the nature of inter-particle interaction using most characterization methods.  

Here, we use rheology as a probe to investigate the microstructure and interactions of the 

dispersed MWCNTs. 

 

6.3.2  Linear viscoelasticity 

An initial series of investigations were carried out on the rheological response of 

untreated MWCNTs.  Pristine MWCNTs (P-MWCNTs) were dispersed in acetone by 

brief sonication at room temperature.  The epoxy monomer was dissolved in the 

acetone/MWCNT mixture, and the mixture was slowly dried with a rotary evaporator.  

This dispersion approach follows our previous work, which showed that the sonicated P-

MWCNTs assemble into space-filling, conductive network at ~ 0.1 wt.%, consisting 

large, clustered aggregates [227, 228].  The clustered network appears to represent the 

equilibrium structure for most MWCNT systems [272-275, 283, 284], and therefore 

provides a useful reference for discussion of the behavior of exfoliated MWCNTs. 

Suspensions of P-MWCNTs were prepared with mass fraction, 𝑐 varied out 4 

decades, from 0.001 – 10 wt.%.  At low concentration, c ≈ 0.001 – 0.09 wt.%, the 

systems are visually homogeneous and settle over a period of a few hours.  Although 
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OM studies show that the MWCNTs are clustered on the micron scale (not shown), there 

is no discernible change in fluid properties up to mass fraction, c, of 0.09 wt.%.  At c  ~ 

0.1 wt.%, there is a drastic change in behavior.  Large clusters are observed in the 

solution and adhere to walls of the vial.  As concentration increases, there is no longer 

clear visible heterogeneity due to the density and light absorption of the systems.  At ~ 2 

wt.%, the systems no longer flow and behave as gels.  For these systems, viscoelastic 

measurements were carried out by removing the samples with a razor blade and 

manually loading the fixtures.  At 5 and 10 wt.%, the gels were not able to be 

compressed by vertical displacement of the transducer at room temperature (maximum 

normal force of 2000 g).  These suspensions are strong gels with an apparent bulk 

modulus, and were only able to be loaded by increasing temperature to 120°C and 

applying a constant compressive axial force, combined with steady shearing deformation 

at low shear rate.  The qualitative trend of behavior is similar to earlier reports [279], and 

shows that that the nature of response observed here is an appropriate baseline for 

discussion of clustered structure. 

The linear viscoelastic response of several representative P-MWCNT suspensions is 

shown in Figure 6-5.  The storage modulus, 𝐺!, is a measure of the ability of a material 

to store strain energy and recover original shape during oscillatory deformation, and 

corresponds to solid-like response.  For relatively dilute systems, 𝐺! increases weakly 

with concentration, and is most significant at low frequency.  At ~ 0.2 wt.%, there is an 

inflection in 𝐺! at intermediate frequency, and in the limit of low frequency, a limiting 

plateau modulus, 𝐺!, is present.  As concentration increases, the power-law slope of 𝐺! 
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progressively decreases, and the plateau region extends to higher frequency.  The 

magnitude of 𝐺! increases weakly with concentration up to ~ 1 wt.%.  At higher 

concentration, 𝐺! is relatively independent of frequency over the experimental range, 

and 𝐺! rapidly diverges with concentration.  The divergence in elastic response is 

characteristic of a sol-gel transition [285, 286].   

 
 
 

 

Figure 6-5.  Linear viscoelasticity of clustered MWCNT suspensions in epoxy. (a) 
Storage modulus, 𝐺!, as function of angular frequency, 𝜔, for MWCNT suspensions 
with mass fraction, 𝑐, ranging from 0.01 – 10 wt.%. (b) Phase angle, 𝛿, as function of 
volume fraction, 𝜙, for measurements at angular frequencies of 1, 50, and 100 rad/s.  
Measurements at 30°C. 

 
 
 
The transition behavior can be clearly observed from the change in phase angle, 𝛿, 

with volume fraction, 𝜙 (Figure 6-5b).  The volume fraction was calculated assuming 

the density of the MWCNTs is equal to bulk graphite, 𝜌 ≈ 2.1 g/cm3.  The phase angle 

is a characteristic measure of relative liquid-like or solid-like response, and ranges from 

90° for an ideal Newtonian liquid, to 0° for an ideal Hookean solid.  There is a clear 

change in behavior from predominantly Newtonian response at 𝜙 ≈ 0.1 vol.% (≈ 0.2 
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wt.%).  Above this limit, 𝛿 decreases with concentration, and is most significant at low 

frequency.  At the highest concentration, 𝜙 = 0.055 vol.%, 𝛿 ≈ 10°,  independent of 

frequency, and the system behaves as a solid material. 

The linear viscoelasticity of MWCNT suspensions has been reported for a range of 

systems considering different treatment methods, and for Newtonian and non-Newtonian 

media [273, 287-294].  The prior reports are consistent with the trends reported in Figure 

6-5.  The most distinctive feature of the linear viscoelastic response is the low-frequency 

plateau in 𝐺!, which is observed here for P-MWCNT loadings of ~ 0.2 wt.% and higher.  

This behavior indicates that the suspension is unable to relax and recover liquid-like 

response on the experimental time scale. 

Suspensions containing the disentangled F-MWCNTs were prepared at 

concentrations of 0.1, 0.5, and 1.0 wt.%.  The linear viscoelastic response of the F-

MWCNT suspensions is shown in Figure 6-6.  Each of the systems shows similar 

response, which indicates that there is no transition in microstructure with concentration.  

The magnitude of 𝐺! and 𝐺!! increase with concentration, and there appear to be three 

regions of frequency in 𝐺!.  In the limit of high and low frequency, the scaling of 𝐺! is 

approximately linear with frequency.  At intermediate concentration, there is a narrow 

region with lower frequency dependence.  It is difficult to differentiate between the 

regions due to the noise in 𝐺! for the lower concentration systems, but it is clear that the 

transition between the low frequency and intermediate frequency regions, designated 𝜔!, 

increases with concentration. 
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Figure 6-6. Linear viscoelasticity of disentangled MWCNT suspensions.  (a) Storage 
modulus, 𝐺! (filled) and loss modulus, 𝐺!! (unfilled) as functions of angular frequency, 
ω, for 0.1, 0.5, and 1.0 wt.% F-MWCNT.  (b) Dynamic viscosity, 𝜂! = 𝐺!!/𝜔, as 
function of complex modulus. Lines in (a) show response of unfilled epoxy matrix.  
Dotted lines in (b) fitted to Cross equation, Eqn. (2.11). Measurements at T = 30°C. 

 
 
 
Closer inspection also reveals three regions of frequency behavior in 𝐺!!.  At high 

and low frequency, 𝐺!!~𝜔, which indicates that the dynamic viscosity, given by 

𝜂! 𝜔 = 𝐺!!/𝜔, is constant.  The zero frequency and infinite frequency dynamic 

viscosities are defined by 𝜂!! = lim!→! 𝜂! and  𝜂∞! = lim!→∞ 𝜂!, and shown in Figure 

6-6b.  The dynamic viscosity provides useful information about the relative 

contributions of Brownian motion and hydrodynamic interactions for the equilibrium 

structure.  In the limit of zero frequency, both Brownian motion and hydrodynamic 

interactions are present and make distinct contributions to viscous dissipation that are 

linear with frequency.  In the limit of high frequency, the time scale of oscillation is too 

rapid for significant Brownian motion to occur, and 𝜂!!  reflects only hydrodynamic 

contributions [63].  Each of the F-MWCNT systems show a clear transition to a high 

frequency plateau region with constant dynamic viscosity 𝜂∞! .  There appears to be a 
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low-frequency region for each concentration as well.  However, as a result of small 

variations in measurement of 𝐺!!, the noise in 𝜂! = 𝐺!!/𝜔 is significant at low frequency 

and it is difficult to clearly tell if there is a limiting plateau.  The magnitudes of limiting 

dynamic viscosity may be fit using the Cross equation [68], which is given in Eq. (2.11).  

The parameters for the F-MWCNT systems are given in Table 6-1. 

 
 
 

Table 6-1. Summary of parameters for dynamic viscosities from linear viscoelastic 
measurements. 

𝑐 
wt.% 

𝜂!!  
Pa.s 

𝜂∞!  
Pa.s 

𝜆 𝑛 

0.1 2.37 2.02 1.45 1.66 
0.5 3.98 2.41 2.19 0.79 
1.0 8.80 3.73 1.80 0.85 

𝑐 is mass fraction; 𝜂!!  and 𝜂!!  and zero-frequency and infinite-frequency dynamic 
viscosities; 𝜆 and 𝑛 are the time constant and degree of shear thinning obtained from the 
Cross equation fit.  Measurements at T = 30°C on pre-sheared samples. 

 
 
 
The shear moduli, 𝐺! and 𝐺!!, are useful measurements of the magnitude and scaling 

behavior of suspensions.  However, both parameters are derived from the magnitude of 

complex modulus, 𝐺∗ , and phase angle, and are therefore inter-related.  As a result, it is 

challenging to clearly determine subtle changes in relaxation behavior based on these 

quantities alone.  Van Gurp and Palmen [190] showed that plotting 𝛿 = 𝑓 𝐺∗  

provides a temperature-independent representation to compare between sets of data.  The 

original approach was proposed for validation of the application of time-temperature 

superposition [191].  In this dissertation, we have shown that it also a very sensitive to 

the concentration and relaxation processes of the dispersed nanoparticles. 
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The vGP representation of linear viscoelasticity of the F-MWCNT systems is shown 

in Figure 6-7.  High values of 𝐺∗  correspond to high frequency and low temperature 

measurements, and reflect localized, short-range processes dominated by hydrodynamic 

interactions.  As 𝐺∗  decreases, the relaxation behavior reflects slower, longer-range 

processes.  For the F-MWCNT suspensions, the curves are similar at all concentrations.  

There is an approach to a plateau region of δ ≈ 90° at high 𝐺∗ , and a progressive 

decrease in 𝛿 on longer time scales.  There is a shift in the curve to higher 𝐺∗  and 

lower 𝛿 with concentration.  At 1 wt.%, there is a minima at 𝛿! ≈ 75°.  The minima in 

phase angle approaches 90° for decreasing concentration, which agrees with behavior of 

ZrP nanoplatelets suspensions in Chapters III-V.  There is some noise in this value due 

to the low magnitude of oscillation stress at the corresponding low frequency. 

Additional measurements at higher temperature were carried out and showed similar 

𝛿! (Figure 6-7b), which indicate the existence of a minima rather than a plateau.  The 

relaxation behavior clearly shows a transition to viscous flow behavior at low frequency, 

and confirms that there is no longer-range microstructure associated with the MWCNT 

phase.  In contrast, the P-MWCNT systems above the transition concentration show a 

sharp shift in vGP behavior to higher 𝐺∗  and lower δ, and show no change in slope at 

lower 𝐺∗ .  This corresponds to a progressive increase in solid-like response on longer 

time scales, and shows the dominant role of elastic stresses within the clustered network.  

This observation fits with the proposed mechanism for elastic instabilities suggested by 

Lin-Gibson et al. [287].  The robustness of this claim is considered in detail below.  
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Figure 6-7. Relaxation behavior of disentangled MWCNT suspensions. (a) Phase angle, 
δ, plotted as function of complex modulus, 𝐺∗  (vGP plot), for 0.1, 0.5, and 1.0 wt.% F-
MWCNT.  Lines show response of unfilled epoxy matrix. Values correspond to 
measurements in Figure 6-6. (b) vGP plot for 1.0 wt.% F-MWCNT showing 
measurements at range of temperatures.  No shift factor used to account for temperature 
effects. 

 
 
 
The concentration dependence of storage modulus and loss modulus at high-

frequency for are shown in Figure 6-8 for the untreated and functionalized MWCNTs.  

Both shear moduli are normalized by measurements at 0.005 wt.% P-MWCNT for 

clarity.  The scaling behavior is not affected by the normalization.  In the suspensions 

containing P-MWCNTs at low concentration, there is a weak increase in storage 

modulus and negligible change in loss modulus with concentration.  At 𝜙 ≈ 0.2 vol.%, 

there is a divergence in 𝐺!, which scales with 𝜙!.  At slightly higher concentration, 𝜙 ≈ 

0.6 vol.% (1 wt.%), 𝐺!! diverges with smaller power-law exponent, 𝜙!.  The 

significance of the power-law exponents and related percolation-type behavior has been 

discussed at length in prior works and will not be considered here.  The F-MWCNT 

systems do not show the same divergence, and appear to increase at a lower rate.  More 

detailed range of concentrations is necessary to determine if the behavior reflects an 
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increase in threshold for sol-gel transition, or if there is a change in the network 

formation behavior in the system.  Given the results discussed so far, it is more likely 

that the latter is true. 

 
 
 

 
Figure 6-8. High-frequency normalized shear moduli as functions of volume fraction, 𝜙, 
for pristine and functionalized MWCNT suspensions in epoxy.  Measurements at T = 
30°C.  Moduli normalized by 𝐺! and 𝐺!! for epoxy/P-MWCNT (0.005 wt.%).  Lines are 
power-law fits to scaling of storage modulus (solid) and loss modulus (dashed) in 
concentrated P-MWCNT systems.  Dotted lines are meant to guide eye for F-MWCNT 
suspensions, which do not show same divergence. 

 
 
 
At low concentration, the F-MWCNT systems shows nearly identical 𝐺! and 𝐺!! as 

the P-MWCNT at all frequencies.  At 1 wt.%, significant differences are present that 

relate to the transition in microstructure for the untreated MWCNTs.  However, the 

magnitude of differences show considerable frequency dependence and in the limit of 

high frequency, 𝐺!! is nearly independent of dispersion state. 

The differences in linear viscoelastic response in this concentration range were 

investigated by carrying out measurements over a range of temperatures.  Time-
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temperature superposition was carried out by independently determining time and stress 

shift factors, 𝑎! and 𝑏!, based on the discussion provided by Dealy [191].  The 

significance of the shift factors is discussed below. The linear viscoelastic master curve 

for the P-MWCNT and F-MWCNT suspensions at 1 wt.% is shown Figure 6-9. 

 
 
 

 
Figure 6-9. (a) Linear viscoelastic master curves for suspensions containing 1 wt.% 
MWCNTs in different dispersion states.  Solid line shows limiting scaling of 
disentangled F-MWCNT system at high and low frequency, 𝐺!~𝜔. (b) Corresponding 
vGP plots for same systems. Dotted line shows response of unfilled epoxy. Inset is 
horizontal shift factor for time-temperature superposition, 𝑎!.  Solid line is WLF fit to 
unfilled epoxy.  Symbols in inset same as (b). 

 
 
 
The storage modulus of the suspension containing untreated MWCNTs is largest, 

with clearly defined low-frequency plateau and high-frequency scaling of 𝜔!.!", which 

has been previously observed and related to elasticity in an entanglement-like network 

[290, 292].  The oxidized MWCNTs show much better dispersion, but only slightly 

reduced 𝐺!.  The difference is largest at low frequency, which may indicate that the 

long-range network is more significantly disrupted than the short-range microstructure.  
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For the F-MWCNT system, the measurements obtained over a range of temperatures are 

consistent with the room temperature measurements, and are consistent with the 

presence of transient elasticity due to the motion and interaction of individual nanotubes.  

The high-frequency scaling behavior of the three systems is similar, and may relate the 

internal modes of flexibility for the F-MWCNTs.  Nanotubes have high modulus, but 

flexibility decreases strongly with aspect ratio (∝ 𝑟!!!).  This indicates that the high 

frequency measurements correspond to behavior on length scales corresponding to the 

individual nanotubes, and is consistent with the similar magnitudes of 𝐺!! observed, 

which show that the magnitude of hydrodynamic disturbance between the systems are 

similar. 

The vGP plots shown in Figure 6-9b are consistent with the discussion above.  The 

relaxation behavior of the F-MWCNTs here is distinct from the effect of chemical 

oxidation alone.  An additional system is included where the MWCNTs are oxidized and 

functionalized with sulfanilamide, MWCNT-SAA.  The functionalization route is 

identical to that described by [277], and results in significantly improved dispersion 

state.  However, there is apparently no significant change in the nature of inter-particle 

interaction for this system. 

For the unfilled epoxy and F-MWCNT systems, no stress shift factor, 𝑏! was used to 

obtain time-temperature superposition.  It is possible that the fit could be improved 

somewhat at lower frequency with the additional shift factor to account for the change in 

matrix density, but the fit was acceptable with 𝑏! = 1 for temperatures between 30 and 

70°C.  For the untreated and oxidized MWCNTs, a stress shift factor was required, 
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which indicates the presence of an additional temperature-dependent mechanism 

associated with the nanoparticle network.  The magnitude of the time shift factor is also 

larger for the untreated MWCNTs.  For the F-MWCNTs, 𝑎! is nearly identical to the 

unfilled matrix (Figure 6-9b). 

 

6.3.3 Steady shear response of MWCNT suspensions 

The steady shear response of the F-MWCNT suspensions is shown in Figure 6-10.  

The shear viscosity, 𝜂 𝛾 , and dynamic viscosity, 𝜂! 𝜔 , are in excellent agreement for 

the suspensions at 0.1 and 0.5 wt.% at all shear rates.  The agreement between viscosity 

measurements obtained under small amplitude oscillatory deformation and steady 

shearing is commonly referred to as the empirical Cox-Merz law, and does not have 

specific physical implications.  The correlation indicates that the relationship between 

structure and rate are the same for the weakly and strongly perturbed microstructure, 

which suggests that there is no significant breakdown or change in microstructure.  Here, 

the superposition is regarded as evidence of a recoverable microstructure with 

Brownian-dominated processes at low rates of deformation, and hydrodynamically-

dominated behavior at high rates. 
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Figure 6-10. Cox-Merz plot for F-MWCNT suspensions.  Steady shear viscosity, 𝛾, and 
dynamic viscosity, 𝜂! = 𝐺!!/𝜔, of the F-MWCNT suspensions in epoxy plotted as 
functions of shear rate, 𝛾, and angular frequency, 𝜔, respectively.  Inset shows Cox-
Merz plot P-MWCNT and F-MWCNT suspensions at 1 wt.%, with dynamic viscosity 
obtained using linear viscoelastic master curves. 

 
 
 
For the 1 wt.% system, there is good agreement with the Cox-Merz rule for all 

measurements except at high shear rate.  During steady shear, the system shows shear 

thickening behavior over consecutive measurements independent of the direction of 

shear rate sweeps, with equilibration time of 30s, or for shear rate ramps.  The 

significance of the shear thickening behavior is considered in the discussion. 

The steady shear response of the P-MWCNT and F-MWCNT systems at 

concentration of 1 wt.% are shown in the inset of Figure 6-10.  The dynamic viscosity 

from the linear viscoelastic master curves are also shown.  The P-MWCNT shows nearly 

identical viscosity to the disentangled system at high shear rates.  As shear rate 

decreases, there is a significant increase in viscosity.  The size of the flocculated 

structure results from a dynamic equilibrium of attractive forces and hydrodynamic 

10-2 10-1 100 101 102

100

101

γ! (1/s); ω (rad/s)Epoxy / F-MWCNT

1.0 wt.%

0.5 wt.%

0.1 wt.%

(filled)
(unfilled)ηr )(ω

ηr )(γ!

10-2 10-1 100 101 102
100

101

102

103 )(γη ! )(' ωη

 P-MWCNT
 F-MWCNT

1 wt.% MWCNT



 

155 

 

stresses, which is consistent with the behavior observed here, and indicates that the 

MWCNTs are broken down to the individual level at high shear rates. 

 

6.4 Discussion 

The objective of this work has been to identify the influence of individual MWCNTs 

on the rheological behavior of a system.  We have shown evidence that the MWCNTs 

are disentangled and do not flocculate over time.  The lack of a low-frequency plateau in 

𝐺! and divergence at high concentration are consistent with the expected behavior of 

initial, high aspect ratio fillers at semi-dilute concentrations.  Some additional features 

are also observed that merit further consideration. 

In the absence of significant colloidal interaction, the rate-dependent properties of a 

suspension of solid, rigid particles are predominantly governed by the balance between 

Brownian motion and hydrodynamic stresses.  For non-spherical particles, Brownian 

motion has two effects.  First, it randomizes the position and orientation of the particles, 

which provides measurements that are independent of initial conditions.  The second is 

that there are additional viscous and elastic stresses due to Brownian torques.  The 

significance of Brownian motion is determined by the rotary Peclet number, 𝑃𝑒 = 𝛾/𝐷!, 

where 𝐷! is the rotary diffusion coefficient of the suspended phase.  For rods, the rotary 

diffusion in an infinitely dilute suspension may be approximated by 

(6.1)  𝐷!,! = 3𝑘!𝑇
!" !! !!.!
!!!!!

 

where 𝑘!𝑇 is the thermal energy in the system.  For a suspension containing MWCNTs 

with 𝐿 ≈ 1 μm and 𝑟! = 100, at 30°C, 𝐷!,!  ~  7×10!! 1/s, which indicates that 
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Brownian motion will not be significant for the frequency range reported here at 30°C.  

For the 0.5 and 1.0 wt.% system, predictions based on infinite dilution are not 

appropriate.  Corrections to account for semi-dilute concentration reflect the increase in 

confinement due to neighboring particles, which should decrease rotary diffusion even 

further. 

One potential explanation is that the MWCNTs do not have aspect ratio of 100, as 

expected.  The TEM evidence shows direct evidence of MWCNTs with length ~ 1 µm, 

but it is challenging to clearly identify the original size distribution due to the 

aggregation.  Assuming that the aspect ratio is 50, and average length is 𝐿 = 500 nm, 

𝐷!,! ≈ 4.5×10!! 1/s.  There is an order of magnitude increase, but this is significantly 

smaller than the observed transition at 𝜔!   ~ 7 rad/s. 

An alternative explanation is that the relaxation behavior is due to the rotational 

motion of the individual nanoparticles.  In the case of Brownian motion acting to 

randomize the orientation and positional distribution of the non-spherical particles, the 

relevant time scale for elastic response should be for 𝜔! > 𝐷!.  For low frequencies, the 

microstructure is able to fully relax during the time scale of oscillatory deformation and 

there is no change in free energy.  In contrast, if the MWCNTs are assumed to be rigid 

rods that are subjected to Brownian torques, then the elasticity should increase linearly 

with  frequency up to 𝜔  ~  𝜏!"#, which is the relaxation time for end-over-end rotation.  

This mechanism is strictly relevant for infinitely dilute suspensions, but the low-

frequency range of behavior is not sensitive to inter-particle interactions and should be 
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reasonable for higher concentrations [164].  Based on Yamakawa’s model for cylinders 

[163], assuming high aspect ratio, the rotation time is 

(6.2)  𝜏! =
!!!!!

!"!!! !" !!
 

Returning to the original assumption of 𝐿 ≈ 1 µm and 𝑟! ≈ 100, the rotation time at 

30°C is 𝜏! ≈ 20 s.  For 𝜔𝜏!"# ≈ 1, 𝐺! increases up to a maximum, and there is an 

inflection in 𝐺!!.  This suggests that there should be an inflection in response at 𝜔 ≈ 0.05 

rad/s, with no increase in 𝐺! due to rotation at higher frequency, and 𝐺! ∝ 𝜔 below.  For 

𝑟! = 50, the plateau is expected at 𝜔 ≈ 0.3 rad/s.  This is consistent with the behavior of 

the 0.1 wt.% system.  At concentration increases, an increase in the frequency at the 

intermediate plateau region was observed.  This suggests a decrease in relaxation time, 

which is not consistent with cage models or other approaches to account for suppressed 

rotational diffusivity.  From the perspective of the individual rod rotating, there are a 

number of reports that have found the hydrodynamic interaction in the semi-dilute 

concentration range increases the rate of fiber flipping and tumbling during shearing 

deformation.  It should be reasonable to assume that these hydrodynamic contributions 

may enhance the time-scale for end-over-end rotation, and account for the observed 

concentration behavior. 

This argument also accounts for the Cox-Merz rule providing excellent agreement.  

From 𝐷!,!, it is clear that the response of the system is in the hydrodynamically 

dominated region and the effects of Brownian motion will be minor.  However, the shear 

thinning may reflect the shift in orientation distribution into the flow direction.  In this 
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case, there will be a high shear rate plateau associated with the time scale where 

rotational motion of the particles is no longer significant.  This explanation should 

loosely account for the phenomenological agreement, and should be promising to more 

directly investigation with additional experiments and numerical approaches. 

The final feature of the system that merits discussion is the observed shear 

thickening in the 1.0 wt.% F-MWCNT system at high shear rate.  To probe the time 

scale associated with the transition, additional measurements were carried out at higher 

temperature (Figure 6-11).  The shear thickening behavior was consistently observed up 

to 50°C, where it was no longer within the experimental range due to the increase in 

shear rate at the transition with temperature.  The measurements were reduced using the 

rotary Peclet number, with rotary diffusion coefficient given by Eq. (6.1).  Scaling by 𝐷! 

provided excellent superposition of the in individual measurements. 
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Figure 6-11. Shear thickening of disentangled MWCNTs in epoxy monomer at 1.0 wt.% 
concentration. (a) Raw measurements, with critical stress for onset of shear thickening 
shown. (b) Shifted shear viscosity as function of Peclet number. 

 
 
 
Shear thickening is generally associated with a system-wide instability, such as the 

disruption of a layered structure, or the hydrodynamic compression of deformable 

spheres [76, 77].  In this system, the MWCNTs are individually dispersed and 

disentangled, which indicates that there is no mesoscale structure or organization, and 

the shear thickening should be related to the individual MWCNTs.  One possible 

explanation is that there is a change in shape of the MWCNTs due to shear-induced 

stresses.  The relevant shear rate for deformation of an individual MWCNT during 

simple shearing may be estimated from the dimensionless bending stiffness proposed by 

Forgacs and Mason [110, 133].  Assuming that the suspended MWCNTs are extended 

fibers, the dimensionless bending stiffness is given by  

(6.3) 𝐵𝑆 = 𝐸!𝜋 𝜂!𝛾𝑟!! 
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The dimensionless bending stiffness decreases with shear rate, and for 𝐵𝑆 ≪ 1, the 

rigidity of the fibers is less than the magnitude of viscous shear stresses, and the fibers 

will tend to buckle due to compressional stresses experienced during steady shear.  Here, 

the Young’s modulus of the MWCNTs is on the order of 50 GPa, and the aspect ratio 

assumed to be 𝑟! ≈ 100.  At shear rate of 𝛾 = 100 1/s, the dimensionless bending 

stiffness is 0.09 at T = 30°C.  This indicates that viscous stresses are dominant and the 

fibers aligned in the shearing plane will tend to deform during shearing.  The shear rate 

where 𝐵𝑆 ≈ 1 is at 𝛾∗ = 8.96 1/s, which is in excellent agreement with the observed 

transition to shear thickening behavior for the epoxy/F-MWCNT (1 wt.%) suspension.  

From Eqn. (6.3), it is also apparent that the bending stiffness will increase with 

temperature, due to the decrease in viscosity, which is consistent with the observations.  

The deformation of the MWCNTs above a critical shear rate will alter the period of 

rotation for the individual particles, and change its orbit distribution.  As a result, the 

microstructure in the vicinity of the particle is disoriented.  The system should be able to 

recover from this distortion rapidly, which accounts for the weak nature of the 

thickening behavior.  To our knowledge, this behavior has not been previously reported 

for suspensions of fiber-like particles, which suggests that there may be some degree of 

local organization in the system. 

The rheological results presented here show that the functionalization approach used 

to obtain disentangled MWCNTs results in a stable structure that prevents flocculation.  

The similarity in high frequency measurements is indirect evidence that suggests there is 

no significant damage or reduction in length.  In many applications, unique properties 



 

161 

 

have been reported due to the formation of an controlled MWCNT aggregate structure 

[225, 227, 228, 295].  In these cases, an individual, stable dispersion may be not desired.  

However, in many systems, the MWCNTs modify the properties of the surrounding 

matrix, and individually dispersed structure are preferable for maximum effect at low 

concentration [52, 56, 57].  For fundamental studies, the individual structure also allows 

distinction between clustered and individual MWCNTs to be determined. 

 

6.5 Conclusions 

This work has investigated the evolution of rheological and viscoelastic response of 

clustered and disentangled MWCNTs dispersed in a stable, non-reaction Newtonian 

matrix.  The rheological behavior of the clustered MWCNTs showed strong rate-

dependent behavior.  The development of linear viscoelastic and steady shear response 

in the suspension containing individually dispersed, functionalized MWCNTs was 

significantly suppressed, and characteristic Brownian relaxation behavior was observed 

at low frequency.  Characteristic features of the disentangled MWCNTs were a lack of 

low-frequency plateau in storage modulus and shear thickening at high shear rate.  The 

behavior of the disentangled MWCNTs is in agreement with continuum-level 

predictions based on the motion of individual, semi-flexible fibers under shearing flows.   
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7 CHAPTER VII   

RHEOLOGICAL INVESTIGATION OF UNUSUAL REINFORCEMENT ROLE 

OF  ELECTROSTATICALLY TETHERED NANOPLATELETS AND CARBON 

NANOTUBE HYBRIDS IN GLASSY EPOXY 

 

7.1 Introduction 

Micron-sized fillers modify the mechanical properties of a polymer through either 

direct reinforcement due to load transfer, or through indirect changes in the behavior of 

the surrounding matrix.  In composites reinforced with micrometer-diameter fibers, load 

transfer across a continuous interface between phases is the principal mechanism for 

mechanical reinforcement.  The change in properties is due to the replacement of the 

matrix material with an equivalent volume of a reinforcing phase that has some desired 

set of properties.  Simple rule-of-mixtures approaches, with various refinements, are 

often sufficient to describe the composite properties [169]. 

The formation of an interphase region with modified properties is a well-known 

phenomenon observed with micron-scale fibers [296-299].  For example, the reinforcing 

fiber surface may be able to induce a high density of crystal nuclei, which results in the 

formation of an oriented transcrystalline domain extending normal to the fiber surface 

[299].  The interphase region has different mechanical properties than the bulk resin due 

to the distinct transcrystalline morphology, and in some cases, has been reported to 

improve mechanical properties of the composite [296, 297, 300]. Coatings are often used 

to improve interfacial adhesion or environmental stability of fibers.  The thin coating 
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layer has more compliant properties than the fiber and may be regarded as an interphase.  

In general, the size of the interphase is typically much smaller than the diameter of the 

micron-scale fibers, and only influences local properties, such as interfacial adhesion.  

The interphase effects of isolated micrometer-scale fibers may be sufficiently accounted 

for with a three-phase continuum model, or by defining boundary conditions with a 

compliant interface [301]. 

For nanometer-scale particles, the mechanisms responsible for changes in properties 

are very poorly understood [7].  There are significant experimental challenges related to 

controlling dispersion and interactions of nanoparticles that undermine unambiguous 

investigation of structure-property relationships.  In many cases, the change in bulk 

properties is interpreted using continuum-level approaches, without strong regard for the 

relevant physics associated with behavior.  For example, based on predictions from 

continuum-level micro-mechanical models, the incorporation of high aspect ratio 

nanoparticles with excellent mechanical properties, such as carbon nanotubes (CNTs), 

should provide remarkable improvement in modulus and strength at extremely low 

loadings.  Using continuum-level predictions of the Mori-Tanaka model, Liu and 

Brinson showed that the addition of only 2.5 vol.% SWCNT, aspect ratio of 1,000, with 

random in-plane orientation will increase Young’s modulus by 5 times [302].  If the 

SWCNTs are aligned in the tensile direction, more than 15 times improvement is 

predicted.  The reported behavior of nanoparticle-filled polymers often falls well below 

predictions from these models. 
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In some cases, the change in properties deviates dramatically from expectations 

developed for micron-scale particles.  For epoxy containing clustered MWCNTs, we 

found that strength and ductility are enhanced relative to the unfilled matrix, but the 

modulus is not affected [227].  The change in mechanical properties is in sharp contrast 

to direct load-transfer mechanisms, and was attributed to the formation of a coherent 

microstructure containing individual MWCNTs [227, 228].  The size scale of the 

aggregate structure is sufficiently small to avoid acting as a stress concentration site, but 

was proposed to be able to modify the distribution of stresses in the glassy epoxy matrix.  

Several other reports have found surprising changes in composite behavior that cannot 

reasonably be attributed to the behavior of the individual particles alone [56, 57, 303-

305].  Significant change in behavior at extremely low concentration is often due to 

long-range changes in morphology or dynamics of the bulk matrix due to the presence of 

the nanoparticle phase. 

The indirect contribution of nanoparticles may be substantial at low concentration, 

because the volume of the interphase is comparable or even larger than the particle 

volume in some cases.  The size scale of interest depends on the features of the polymer 

matrix and the property of interest.  For electrical conductivity, effective charge 

transport between conductive particles separated by an insulating matrix may occur 

through hopping or tunneling processes on the order of a few nanometers [306].  High 

aspect ratio, rigid nanoparticles may perturb modify conformation of polymer coils, 

which influences behavior on the length scale of the polymer radius of gyration.  In the 

case of nanoparticle-induced crystallization, significant changes in morphology may be 
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introduced several microns away from the isolated particle.  From these examples, it is 

clear that there is significant potential to modify the behavior of polymers across a range 

of length scales, which results in a substantial amplification effect of the particle 

influence.  Depending on the details of the particular system, it may be possible to 

introduce a global change in properties due to the surface area and interphase effects 

with very low concentrations of nanoparticles [57]. 

A number of potential reinforcement mechanisms have been proposed to describe the 

influence of nanoparticles on the surrounding matrix.  Many of the effects have been 

reviewed by Jancar et al. [7].  In amorphous thermoplastic polymers, the principal 

reinforcing mechanism appears to be segmental immobilization of adsorbed polymer 

chains at the surface of the nanoparticles [307].  In this case, the influence of the 

nanoparticle on polymer chain dynamics may extend several times the radius of gyration 

of the host polymers.  Several reports have shown changes in the density and glass 

transition temperature of the polymer near the interphase region [7].  A single high 

molecular weight chains may adsorb onto several isolated nanoparticles.  In this case, the 

nanoparticles will exhibit cooperative motion at extremely low loadings, which has been 

proposed to be responsible for a jamming-like transition in viscoelastic response.  

Nanoparticles may also be able to act as temporary or permanent entanglements in high 

molecular weight systems, which results in a transient network [215].  These 

reinforcement mechanisms are based on non-local effects of the nanoparticle phase due 

to processes mediated by the matrix phase.  In polymers where the characteristic length 
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scale for motion or relaxation is extremely small, such as amorphous polymers in the 

glassy state, these mechanisms should not be effective. 

A number of reports have found that nanoscale particles show much better 

reinforcing efficiency than an equal concentration of micron-scale particles in rubbery 

systems.  However, below the glass transition temperature, the superior reinforcing 

efficiency is no longer present, and the composite modulus is independent of particle 

size.  For example, several early computational and experimental studies showed 

excellent interaction between epoxy molecules and CNTs [308, 309], and found 

substantial property improvements of epoxies in rubbery state [310-312].  However, the 

performance of CNT-filled epoxies in the glassy state shows moderate or negligible 

improvements in general.  Liu and Wagner [313] investigated the mechanical properties 

of covalently functionalized MWCNTs in an epoxy cured using two different curing 

agents, to  provide a direct comparison between rubbery and glassy systems.  In the 

rubbery epoxy nanocomposites, the mechanical properties were drastically improved 

relative to the neat epoxy, and showed better performance than the system containing 

untreated MWCNTs.  At 1 wt.% loading, the modulus, tensile strength, and elongation at 

break were improved by ~ 30%, 100%, and 60%, respectively.  However, in the glassy 

epoxy, there was negligible change (<5%) in in mechanical properties, and no significant 

difference between treated and untreated nanotubes.  Ci et al. [314] investigated effect of 

the matrix modulus on the reinforcing efficiency of MWCNTs by preparing 

nanocomposites with non-stoichiometric ratios of curing agent and incomplete curing 

schedules.  At a fixed volume fraction of MWCNTs, the composite Young’s modulus 
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and tensile strength decrease monotonically as the matrix modulus increased.  These 

recent findings are consistent with much earlier studies on rubber toughening [315, 316], 

and show that as crosslink density increases, the ability to reinforce and improve 

toughness decreases.  The diminished reinforcement efficiency is associated with the 

extremely localized mechanical behavior of the highly crosslinked, glassy epoxies [307].  

This suggests that the ability of the matrix to provide non-local interaction between 

nanoparticles is suppressed.  Due to these limitations, there are no clear approaches to 

effectively address strengthening of glassy epoxies without compromising ductility. 

Our recent work on glassy epoxies containing two different types of nanoparticles 

indicates that the interaction between nanoparticles provides a route to greatly improve 

mechanical properties at low concentration.  We found an anomalous strengthening 

effect in a highly crosslinked epoxy containing a binary dispersion of MWCNTs (0.2 

vol.%) and α-zirconium phosphate (ZrP) nanoplatelets (0.8 vol.%).  In this system, the 

modulus, strength, and elongation at break were simultaneously improved by 40%, 54%, 

and 15% relative to the unfilled epoxy.  The profound improvement in tensile strength 

without decrease in ductility is highly unusual, and suggests that a novel mechanism 

may be present, and is likely related to the interaction between nanoparticle phases. 

The mechanical behavior of individually exfoliated ZrP nanoplatelets has been 

systematically studied in prior work [40-42, 44, 45], and provides a useful basis to 

determine the role of the individual phases.  At similar concentration of 0.7 vol.%, using 

ZrP nanoparticles with identical surface treatment, size, and dispersion methods, we 

previously found only ~ 5% increase in modulus, and a significant decrease in strength 
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and ductility [44].  The modulus of the nanocomposite increases with volume fraction, 

but comparable improvement in modulus to the hybrid nanocomposite was not observed 

until 2 vol.% ZrP [45].  The strength and ductility of the nanocomposites are primarily 

related to the surface group used to exfoliate the nanoplatelets, and generally decrease 

[40-42, 44, 45]. 

In the nanocomposite containing the binary dispersion, the surface was modified 

with TBA+ to introduce a positive charge to interact with the MWCNTs, which were 

weakly oxidized and had a negative surface charge.  Prior testing of epoxy containing 

only TBA+ at equivalent loading to the epoxy/ZrP (0.7 vol.%) system showed a 

substantial decrease in strength and ductility, ~ 50%, and no change in modulus [44]. 

It is challenging to clearly determine the reinforcing role of the MWCNTs because of 

the lack of prior systematic experiments able to introduce individually dispersed 

MWCNTs into an epoxy with well-defined particle-level parameters.  In addition, the 

magnitude of modulus and strength improvement depend strongly on the modulus of the 

neat matrix [313, 314], so care must be taken when comparing between different works.  

Based on our prior studies and other reports, it is safe to assume that at concentration 0.2 

vol.% (~ 0.4 wt.%), the MWCNTs will have very limited reinforcing role in glassy 

epoxy, and should not significantly influence modulus or strength [227, 317]. 

There is no change in the dispersion state of the ZrP due to the binary processing 

approach.  The exfoliation of the MWCNTs is improved by the process, and individual 

nanotubes were reported to be uniformly dispersed in the epoxy [55].  In the absence of a 

change in the interaction with the matrix, improved dispersion is not anticipated to 
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significantly affect modulus.  This is supported by studies on the influence of dispersion 

state on mechanical properties of untreated MWCNTs by Song et al. [318].  They found 

a slight improvement in strength and ductility of the epoxy containing better dispersed 

MWCNTs, but this is likely due to a decrease in size of aggregates, which behave as 

stress concentration sites [227, 319]. 

Based on these comparisons, it appears that the reinforcing mechanism cannot be 

attributed to the role of either individual phase.  We previously proposed that the change 

in behavior was related to the electrostatic interactions between nanoparticles, but did 

not provide any description of mechanism or support for the conjecture [55].  Here, we 

characterize linear viscoelastic and steady shear properties of the epoxy/ZrP/MWCNT 

systems in the uncured state.  Rheology is a powerful tool to probe molecular-scale 

interactions in systems.  The findings are related to the fracture behavior of the solid 

state.  We propose that the unique strengthening behavior observed in 

epoxy/MWCNT/ZrP hybrid is due to the role of MWCNTs in delocalizing a local strain-

shielding mechanism associated with the continuum-level behavior of the ZrP 

nanoplatelets.  The reinforcing role of the MWCNTs was proposed in our previous work 

on a similar epoxy system containing untreated MWCNTs [227, 228].  The 

strengthening role of the ZrP nanoplatelets is based on the strain distribution around a 

high aspect ratio plate, where regions parallel to the inclusion are subject to smaller 

strain than the far field, and the ends of the inclusion are subject to larger strains. 

Analysis of the failed surface shows that failure does not occur at any localized point, 

which indicates the nanoparticles, and any related stress concentration, are much smaller 
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than the largest flaws in the system.  The results provide insight into potential 

mechanisms to improve the strength of highly crosslinking epoxies. 

 

7.2 Experimental 

ZrP micro-crystals were synthesized with average lateral diameter of 100 nm using 

the hydrothermal method described in detail by Sun et al. [39].  The microcrystals were 

exfoliated in aqueous solution by adding tetra-n-butylammonium hydroxide (TBA+OH-, 

Aldrich) at molar ratio of 0.8 TBA+/ZrP in water.  MWCNTs were obtained with Sigma-

Aldrich, with inner and outer diameter of 2-6 and 10-15 nm, respectively, and length of 

~ 1-10 µm.  The MWCNTs were pre-treated and mixed with the ZrP nanoplatelets 

following the procedure described by Sun et al. [51, 55].  Mild oxidative pre-treatment 

was carried out by sonicating the MWCNTs in a concentrated H2SO4:HNO3 mixture (3:1 

ratio by volume) for 3 hours at room temperature.  This processing approach was 

developed to introduce sufficient negative surface charge for the MWCNTs to favor 

electrostatic interaction with the TBA+-exfoliated nanoplatelets.  We previously reported 

that this processing route does not result in detectable change in electronic properties or 

decrease in length of the CNTs [51-54, 56]. 

Aqueous solutions of oxidized MWCNTs and TBA+-exfoliated ZrP nanoplatelets 

were directly mixed at a ratio of ZrP:MWCNT = 5:1 by weight (~ 2:1 by volume), and 

sonicated for 30 minutes.  During this step, as-received MWCNT clusters are 

disentangled down to individual nanotubes.  The disentangled MWCNTs are 
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electrostatically tethered to the ZrP nanoplatelets to form ZrP/MWCNT hybrid 

nanostructures [51, 53, 55]. 

Aqueous dispersions of exfoliated ZrP/MWCNT hybrid nanostructures were 

transferred to acetone and subsequently dispersed in epoxy monomer based on the 

previous procedure [55].  A diglycidyl ether of bisphenol A (DGEBA) epoxy monomer 

(DER 332, The Dow Chemical Company) was used.  For rheological testing, no curing 

agent added.  Suspensions were prepared at similar concentrations as the previous work 

on mechanical properties [55].  One high concentration was prepared containing 2 wt.% 

O-MWCNT and 5.2 wt.% ZrP, but could not be easily processed as a solid system due to 

high viscosity.  This range of ZrP concentration was selected for comparison with other 

works on epoxy/ZrP nanocomposites [40-42, 44, 45]. 

For discussion of rheological properties, it is more meaningful to use units of volume 

rather than mass fraction.  We calculated volume fraction, 𝜙, by weighting the measured 

masses of the individual phases with the reported densities.  The volume fraction refers 

to the total space physically occupied by the nanoparticles.  The number density, 𝑛, is 

also important for differentiating between regions of concentration.  An isolated, freely 

rotating particle is only able to interact with other particles within a volume swept by its 

largest dimension, ~𝑂(𝐿!).  For 𝑛𝐿! ≫ 1, inter-particle interactions will begin to 

influence rheological behavior, and at 𝑛𝐿!~ 60, significant aggregation is common for 

fiber-like fillers.  The concentration region is generally defined based by 𝑛𝐿!𝑑 > 1, 

which refers to suspensions where the average distance between particles is on the order 

of the smallest dimension of the particle (𝑑 = 𝑡 for the ZrP nanoplatelets).  The number 
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density was calculated for the individual phases as 𝑛 = 𝜙/𝑉!, where 𝑉! = 𝜋𝑑!𝐿 for the 

MWCNTs and 3𝐿!𝑡/2 for the ZrP nanoplatelets.  For the nanoplatelets, the thickness 

of an individual layer was assumed to be 𝑡 = 0.69 nm.  For convenience, the mass 

fraction, 𝑐!, and volume fraction, 𝜙, for the suspensions investigated this work as 

summarized in Table 7-1.  The quantities 𝑛𝐿! and 𝑛𝐿!𝑑 are also reported for the single-

phase systems. 

 
 
 

Table 7-1.  Summary of different measures of concentrations for suspensions reported 
here. 

 ZrP MWCNT   
System 𝒄𝒘 

wt.% 
𝝓 

vol.% 
𝒄𝒘 

wt.% 
𝝓 

vol.% 
𝒏𝑳𝟑 𝒏𝑳𝟐𝒅 

O-MWCNT   0.2 0.11 14 0.14 
   0.4 0.22 28 0.28 
   1.0 0.55 70 0.70 
ZrP-TBA 1.0 0.42   0.7 0.005 
 1.9 0.81   1.4 0.01 
 5.2 2.24   3.8 0.03 
Hybrid-1 1.0 0.42 0.2 0.11   
Hybrid-2 2.0 0.85 0.4 0.22   
Hybrid-3 5.2 2.26 1.0 0.57   

𝑐! is mass fraction; 𝜙 is volume fraction; 𝑛 is number density, which is calculated from 
𝑛 = 𝜙/𝑉!, for MWCNTs, 𝑉! = 𝜋𝑑!𝐿/4, where 𝑑 = 10 nm and 𝐿 = 1 µm; for ZrP, 
𝑉! = 3𝐿!𝑡/2, where 𝐿 = 100 nm and 𝑡 = 0.69 nm. 

 
 
 
For analysis of fracture surfaces, a solid epoxy nanocomposite was prepared with 2.0 

wt.% ZrP and 0.4 wt.% MWCNT, which is the concentration previously reported to 

provide the most substantial improvement in mechanical properties [55].  The curing 

agent, 4,4’-diaminodiphenylsulfone (DDS), was added and stoichiometric ratio, and 
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panels were prepared using standard curing procedure [55].  The solvent was removed 

with a rotary evaporator. 

 

7.2.1 Characterization 

Thermogravimetric analysis (TGA) was carried out using a Q500 TGA (TA 

Instruments; New Castle, DE, USA) to determine the mass fraction of ZrP nanoplatelets 

in the suspension, and to confirm that all solvent was removed.  Rheological 

measurements were carried out using the same equipment and approaches described in 

earlier chapters. 

Solid epoxy/ZrP (2.0 wt.%)/MWCNT (0.4 wt.%) nanocomposites were prepared and 

fractured using the double-notch four-point bending (DN-4PB) test at room temperature 

[320].  The damage zone at the arrested crack tip of the epoxy nanocomposite was 

isolated, trimmed, and thin sectioned for TEM observation. 

 

7.3 Results 

7.3.1 Fracture surface 

To investigate the role of interacting nanoparticles on the mechanical behavior of the 

epoxy in the solid state, solid nanocomposites were fractured with the DN-4PB test at 

room temperatures [320].  The solid epoxy nanocomposite was prepared with 

ZrP/MWCNT concentration at 0.85 and 0.22 vol.%, respectively, using same procedure 

for previous mechanical property study [55].  The DN-4PB method was originally 

developed for toughened plastics to clearly show the role of filler particles during the 
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crack growth process.  Two nearly identical cracks are cut into a rectangular beam, 

which is then loaded in a four-point bending geometry.  As load increases, plastic zones 

form in front of the crack tips, and due to random differences, one crack propagates 

unstably.  The surviving crack has a sub-critically developed process zone at the tip.  In 

most reports, the failure behavior of nanocomposites is analyzed using SEM of 

completely failed specimens prepared in various ways, or by etching the surface to 

expose the distribution of reinforcing particles.  Events that take place in the crack tip 

process zone are lost during unstable propagation of the crack, and there is no way to 

identify mechanisms responsible for formation and failure of the process zone [315, 320, 

321]. 

Detailed investigations of the sub-fracture surface zone revealed the presence of 

ruptured MWCNTs at the crack tip (Figure 7-1).  Several reports have shown telescopic 

fracture of MWCNTs in epoxy and other polymer media, but in most cases, analysis was 

limited to SEM images of completely failed specimens [322-324].  In this case, it is 

difficult to distinguish between modes of failure, and there is no indication that the 

observed morphological features are active during the fracture process. 
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Figure 7-1.  TEM micrograph taken at the DN-4PB crack tip of fully cured 
epoxy/ZrP/MWCNT (0.85  / 0.22 vol.%) nanocomposite.  Inset shows greater detail of 
MWCNT ruptured at the crick tip in the sub-critically propagated process zone. 

 
 
 
This is the first observation of the in-situ fracture of MWCNTs in a sub-critically 

developed process zone.  No deflection, crack pinning, or other fracture mechanisms are 

observed, and the crack extends in a purely straight fashion prior to arrest.  This suggests 

that there is no direct interaction between the crack tip and the MWCNT phase.  The 

cross-sectional area of the MWCNTs is substantially smaller than any length scale 

associated with the fracture or crack growth in the epoxy, so it is reasonable that 

individual MWCNTs should not be able to influence the fracture process.  We 

previously provided detailed images of the tensile fracture surface of the 

epoxy/ZrP/MWCNT nanocomposites [55], which substantial deformation distributed 

uniformly across the surface of the failed specimen.  Typically, glassy epoxies fail in 

10 
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brittle fashion, and the crack originates from a single point.  No points of stress 

concentration or critical flaws were observed. 

The nature of fracture behavior is consistent with our prior investigations of 

epoxy/ZrP and epoxy/MWCNT systems.  Boo et al. [45] investigated the effect of 

nanoplatelet dispersion on fracture behavior, and found that for poorly dispersed 

nanoplatelets, there is significant crack bifurcation and distortion at the crack tip.  When 

the nanoplatelets are fully exfoliated and well-dispersed, no interaction with the crack tip 

was observed.  The lack of interaction between the crack tip and the nanoparticle phase 

was proposed to originate from a size effect.  If the nanoparticles are sufficiently small 

and uniformly dispersed, the dispersion becomes homogeneous from the perspective of 

the crack, which operates on longer length scales that are associated with the natural 

crack tip radius.  During the fracture process, the crack cannot “see” the nanoparticle 

phase, and stresses build up uniformly throughout the system up to failure.  In a separate 

study, it was found that epoxy/ZrP nanocomposites containing fully exfoliated and well-

dispersed nanoplatelets with lateral diameter ~ 1 µm show active fracture mechanisms 

[44].  The surface modifier was identical in both systems, which strongly supports the 

proposed size effect.  Similar behavior has been reported for epoxy/MWCNT systems.  

Small improvements in fracture toughness were reported for systems containing 

clustered MWCNTs, but analysis of the fracture surface showed deformation features 

were limited to the large aggregates [227].  Similar behavior has been reported 

elsewhere [319], and suggests that if the MWCNTs are uniformly dispersed, there will 

not be any interaction with the fracture process. 
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For the epoxy/ZrP/MWCNT nanocomposite investigated here, the rupture of the 

high modulus, high strength MWCNT in the process zone is strong evidence that the 

continuum-level description of load transfer is not a dominant mechanism for 

reinforcement.  The uniform fracture surface also shows that despite the relative 

bulkiness that may be anticipated from the tethering between two nanoparticles with 

large individual excluded volumes, the hybrid structures are part of a homogeneous 

single-phase system from the perspective of the crack. 

The fracture results provide strong evidence that the ZrP/MWCNT hybrids are well 

integrated in the epoxy matrix, and result in a system-wide change in behavior on length 

scales smaller than the natural crack tip.  The findings give some idea of the effect of the 

dispersed phase, but do not provide any indication regarding the mechanism responsible 

for the behavior.  We anticipate that the behavior is a consequence of the interaction 

between phases.  The nature of inter-particle interaction may be due to number of 

different mechanisms and are challenging to clearly identify.  Here, we use rheology as a 

molecular scale probe to investigate the relationship between dispersed phases across 

different length scales.  The ZrP/MWCNT hybrids were dispersed in the epoxy 

monomer matrix without addition of curing agent..  Suspensions were prepared with ZrP 

concentration ranging from 0.4 – 2.2 vol.%, and fixed ratio between nanoparticles of 5:1 

ZrP:MWCNT by weight (~ 4:1 by volume). 
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7.3.2 Rheology of oxidized MWCNT suspensions 

For the ZrP nanoplatelets, the rheological behavior may be interpreted based on the 

motion and orientation of the individual particles under shearing flow (Chapter III and 

Chapter IV).  In sharp contrast, the rheological behavior of suspensions containing 

MWCNTs is dominated by a supramolecular structure of mechanically cohesive 

aggregates (Chapter VI).  The rheology of SWCNT and MWCNT suspensions has been 

investigated in a number of previous works, and comparison with electrical conductivity 

provides useful insights into system-level features of behavior [229].  For the system 

investigated here, we are interested in the influence of oxidation on the flow behavior, 

and how this relates to changes in interaction and supramolecular organization of the 

MWCNTs.  A few earlier studies reported the influence of oxidation and 

functionalization on rheology, but provided little insight into the relevant physics 

involved. 

Oxidation is a common method to improve degree of dispersion and diminish 

aggregation, but the effect on flow behavior and the potential change in inter-particle 

interaction is not clear.  We reported detailed investigation of the linear viscoelasticity of 

suspensions containing fully disentangled MWCNTs at semi-dilute concentrations in 

Chapter V.  The observed behavior shows Brownian relaxation at low frequencies, 

which may be regarded as characteristic of the behavior of individual nanotubes in the 

absence of flocculated structure.  Here, we prepared several suspensions containing 

oxidized MWCNTs (O-MWCNTs).  The linear viscoelasticity of the O-MWCNT 
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suspensions is shown in Figure 7-2.  The results are compared with the relaxation 

behavior of other MWCNT systems with different degrees of flocculation in Figure 7-3. 

 
 
 

 

Figure 7-2.  Linear viscosity and relaxation behavior of suspensions containing oxidized 
MWCNTs: (a) storage modulus, 𝐺!, and loss modulus, 𝐺!!, as functions of angular 
frequency, 𝜔; and (b) phase angle, 𝛿, shown as function of magnitude of complex 
modulus, 𝐺∗  (vGP plot).  Measurements carried out at T = 30° C.  For 0.1 vol.% 
system, additional measurements carried out at higher temperatures to extend range of 
measurable elastic response at lower frequencies. 
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Figure 7-3.  Comparison of relaxation behavior for several suspensions containing 
MWCNTs with different degrees of dispersion at similar concentration: 𝜙 ≈ (a) 0.1 
vol.%, (b) 0.2 vol.%; and (c) 0.6 vol.% MWCNT. 

 
 
 
The dispersion of the MWCNTs is significantly improved by the chemical oxidation 

approach, which is generally attributed to a decrease in flocculation.  However, the 

relaxation behavior shows an increase in solid-like response for the O-MWCNTs, which 

suggests that the mild oxidation does not prevent flocculation to any significant extent, 

and appears to enhance the elastic cohesion of the flocs.  This surprising behavior 
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attributed to initial breakdown of as-received aggregates and removal of impurities 

during oxidation; mechanism provides little ability to prevent re-flocculation, which is 

more uniform in the oxidized systems and found to result in significant solid-like 

response at lower concentration.  The presence of the oxidized sites apparently do not 

provide sufficient magnitude of repulsion to limit mechanical contacts between fibers, or 

to prevent vdW interactions from stabilizing the contact.  The dominant role of the 

flocculated structure is characteristic of nearly all suspensions containing semi-dilute 

concentration of MWCNTs, with the exception of the disentangled MWCNTs. 

There are some interesting features of relaxation behavior that should be mentioned 

and have not been previously discussed to our knowledge.  In the limit of high 

frequency, each of the suspensions shows δ approaching a maxima.  For low 

concentration, the maxima is near 90°, but increases strongly with concentration in the 

semi-dilute suspensions, which suggests that there is a permanent microstructure that 

gives limiting value of elastic response.  For the disentangled MWCNTs, the maxima 

approaches 90° even at semi-dilute concentrations.  This indicates that the observed 

maxima for the clustered systems is due to the localized elastic interactions within the 

flocculated structure.  As |G*| decreases, δ decreases rapidly, and no inflection or minima 

in the curve is observed.  The range of relaxation behavior was expanded using 

measurements obtained at range of temperatures.  Even for extremely broad range of 

measurements, which showed excellent superposition, no limiting value in δ is observed.  

The results suggest that as time and length scale increase, there is a progressive increase 

in the relative elastic response.  For flocculated structures, the magnitude of elasticity 
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may be related to the number of elastically active junctions in network, which increases 

with contact points between particles [325, 326].  As the time scale of the measurement 

increases, the length scale of suspension microstructure probed will also increase.  For 

the clustered MWCNT suspensions, the monotonic decrease in δ is evidence of a 

spanning elastic network of inter-connected aggregates.  The increase in elasticity with 

temperature also shows that the solid-like response is not dependent on energy scale of 

system, as expected for colloidal interactions.  The origin of solid-like response is likely 

due to the presence of a mechanically interlocked network, which is consistent with our 

recent results. 

 

7.3.3 Linear viscoelasticity of hybrid suspensions 

Representative curves for linear viscoelasticity of suspensions containing ZrP and 

MWCNTs at three different concentrations shown in Figure 7-4.  The systems are 

referred to in order of increasing nanoparticle content as Hybrid-1, Hybrid-2, and 

Hybrid-3, respectively (Table 7-1).  The volume fraction of each phase is equal to the 

concentrations of the single-phase systems discussed above, and the ratio between ZrP 

and MWCNTs is fixed at 5:1 ZrP:MWCNT by weight.  In our previous work, we found 

that this ratio results in full disentanglement of MWCNTs for ZrP nanoplatelets with 

diameter of 100 nm [51-54].  This indicates that every MWCNT is able to interact with 

at least 1 ZrP nanoplatelet, which provides a mechanism to inhibit extensive 

flocculation. 
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Figure 7-4.  Linear viscosity and relaxation behavior of ZrP/MWCNT suspensions: (a) 
storage modulus, 𝐺!, and loss modulus, 𝐺!!, as functions of angular frequency, 𝜔; and 
(b) phase angle, 𝛿, shown as function of magnitude of complex modulus, 𝐺∗  (vGP 
plot).  Measurements carried out at T = 30° C. 

 
 
 
In the Hybrid-1 and Hybrid-2 suspensions, there is a high-frequency region with 

increased frequency dependence, and the power-law slope of 𝐺! decreases as frequency 

is reduced.  The difference in 𝐺! between the Hybrid-1 and Hybrid-2 suspensions 

increases at lower frequencies.  The apparent low-frequency plateau region suggests that 

there is a persistent elastic network in the suspensions.  For the Hybrid-3 suspension, 

there is an intermediate plateau region in 𝐺′, but the frequency-dependence increases at 

low frequency.  This suggests that the network has a finite relaxation time. 

The vGP curves of the Hybrid-1 and Hybrid-2 systems are similar to the behavior of 

the single-phase O-MWCNT suspensions.  Both systems shows an asymptote in δ at 

high 𝐺∗ , and progressive decrease in δ as 𝐺∗  decreases.  The maxima increases 

slightly between the Hybrid-1 and Hybrid-2 systems, which is surprising because the 

concentration of nanoparticles is twice as large.  Generally, 𝛿 is relatively insensitive to 
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external effects and strongly related to concentration.  This has been demonstrated in 

previous chapters of this dissertation for suspensions containing ZrP nanoplatelets 

exfoliated with different surface groups (Chapter II), high aspect ratio nanoplatelets 

Chapter III), concentrated suspensions with liquid crystal order (Chapter IV), and 

disentangled MWCNTs (Chapter V).  The difference is small, but well within 

experimental error.  At lower 𝐺∗ , δ decreases more sharply for the Hybrid-2 

suspension, which is consist with the expected concentration-dependence of the single-

phase MWCNT suspensions.  The specific mechanism for the increase in the maxima of 

𝛿 for the Hybrid-2 suspension is not clear, but shows that the behavior of the suspension 

is no longer dominated by the elastic cohesion within flocculated MWCNTs.  In the 

Hybrid-3 system, the low-frequency transition in G’ is present as a plateau in δ at low 

𝐺∗ .  It is not clear from these measurements if there is any subsequent increase 

corresponding to viscous flow behavior. 

It is helpful to directly compare the different hybrid suspensions with their 

corresponding single-phase fluids (Figure 7-5).  For the Hybrid-1 system, at low 

frequency, the storage modulus of the ZrP/MWCNT is nearly the same as the O-

MWCNT suspension.  At high frequency, G’ increases more rapidly for the hybrid 

system, but there is no pronounced change in phase angle.  For the Hybrid-2 suspension, 

the order of the different systems with respect to G’ follows the same trends as the 

Hybrid-1.  The hybrid suspension shows increasing frequency-dependence of 𝐺! at high 

frequency, and weak inflection to a region with lower frequency dependence of G’ 

below ~ 10 rad/s.  It is interesting that at high frequency, δ is nearly identical for the ZrP 
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and ZrP/MWCNT suspensions.  At lower frequency, the scaling of δ follows O-

MWCNT phase and shows no hint of transition to viscous flow behavior.  This suggests 

that the response of the individual phases is preserved in the hybrid system, although on 

distinct length scales. 

 
 
 

 

Figure 7-5.  Linear viscoelastic response of suspensions containing electrostatically 
tethered ZrP nanoplatelets and MWCNTs, compared with behavior of corresponding 
single-phase fluids. (a,b,c) Storage modulus, 𝐺! (filled symbols) and loss modulus 
(unfilled symbols) as functions of angular frequency; (d,e,f) phase angle, δ, as function 
of magnitude of complex modulus, |𝐺∗| (vGP plot).  Volume fractions for each phase are 
designated in the figure. 
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For the Hybrid-3 system, the linear viscoelastic response appears to correspond to a 

transition between behavior of the single-phase systems.  At high frequency, G’ of the 

ZrP and ZrP/MWCNT systems are nearly identical.  In both systems, there appears to be 

a maxima in δ, and a weak decrease on longer length scales.  As frequency decreases, 

the difference between the two systems progressively increases, which suggests that the 

role of the O-MWCNTs increases.  However, the phase angle of the ZrP/MWCNT 

systems shows a plateau at low frequency.  It is not clear if there is any transition to 

viscous flow due to the limited data set, but the plateau clearly shows a distinct response 

from the limiting behavior of the O-MWCNT system at low frequency. 

 

7.3.4 Steady shear 

The steady shear response of the hybrid suspensions is shown in Figure 7-6.  For 

each of the systems, the magnitude of viscosity at high shear rate is similar to the single-

phase ZrP nanoplatelet phase.  At low shear rate, the viscosity increases significantly, 

and suggests that interaction between the MWCNTs is still significant.  The limiting 

behavior at low shear rate is nearly identical to the dynamic viscosity from linear 

viscoelastic measurements, which suggests that the measurements reflect the equilibrium 

structure of the resting fluids. 
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Figure 7-6.  Dynamic viscosity, 𝜂! 𝜔  and steady shear viscosity, 𝛾, plotted as functions 
of angular frequency and shear rate, respectively for (a) epoxy/ZrP/MWCNT 
suspensions, and (b) 2-phase suspension containing 2 vol.% ZrP and 0.5 vol.% 
MWCNT, along with corresponding single-phase suspensions for comparison. 

 
 
 
The major distinction between the hybrid suspensions and the corresponding single-

phase systems is the pronounced shear-thickening behavior at intermediate shear rates 

(Figure 7-6).  The behavior is observed in each of the hybrid suspensions.  No associated 

behavior was observed in SAOS, which suggests a highly non-equilibrium behavior.  

The change in non-linear response shows that the behavior of the nanoparticle phases is 

coupled, which is attributed to the electrostatic tethering between the ZrP nanoplatelets 

and oxidized MWCNTs.  

Based on the rheological results, we propose that the ZrP nanoplatelets behave as 

immobile boundaries that may prevent non-affine displacement or slip of the MWCNTs 

during deformation.  On long length scales, the intermediate level of elastic response 

(decrease in δ) suggests that the system-wide supramolecular structure is disrupted by 
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the interaction between the phases.  However, the magnitude of δ is still decreased 

significantly compared to the case of fully disentangled MWCNTs, which shows that 

long-range interaction between the MWCNTs is still present.  The coupled response 

provides a mechanism for reinforcement across a broad range of length scales, and may 

be responsible for the observed combination of enhanced modulus (short-range) and 

strength (long-range) at very low particle loading.  The use of similar approaches of 

hybrid nanoparticles with strong interactions may provide a route to introduce and tune 

functional degrees of response not possible with individual nanoparticle phases. 

 

7.4 Discussion 

The ability of material to interact with their environment depends on the length scale 

of their constituent units.  For brittle epoxies, strength and fracture are generally caused 

by stress concentration at randomly distributed flaws and voids that are introduced 

during processing.  During deformation, stresses build at these flaws, causing them to 

grow to a critical size and subsequently propagate as unstable cracks.  A wide range of 

fillers are effective at improving modulus of glassy epoxies, which is local, small-strain 

behavior, and requires the formation of a continuous interface between the matrix and a 

filler with higher modulus.  Strengthening is more difficult because the filler particles 

are generally larger than the inherent flaws, and act as larger stress concentration sites.  

For non-spherical reinforcing materials, there is a distribution of strain at the 

filler/matrix interface due to the transfer of load from the matrix to the fiber.  Near the 

center of the mid-point of the filler axis, the strains in the interface are much lower than 
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the average strain in the matrix.  Any inherent flaws or cracks in this region are 

effectively shielded from growth during deformation.  However, there is a region at the 

edge of the fibers that is subject to larger stresses than the far-field average.  Any flaws 

in this region will be subject to larger strains and result in premature failure. 

One potential method to strengthen brittle epoxies may be to take advantage of the 

inherent length-scale dependence of a crack.  Assuming all flaws in the matrix are 

randomly distributed, non-overlapping, and identical shape, failure will occur at the 

largest flaw.  From the perspective of strength and ductility, any features in the system 

smaller than this feature size are homogeneous and do not influence behavior.  If non-

spherical particles are dispersed in the epoxy on a length scale significantly smaller than 

the largest flaws, stress concentration at the edges may not be sufficient to initiate 

fracture.  As a result, the matrix behaves in a flaw insensitive manner and shows 

homogeneous deformation.  In this case, the nanoparticles will not interact with the 

crack and are essentially part of the background. 

We previously observed this mode of failure in epoxy nanocomposites containing 

ZrP nanoplatelets [40-42, 44, 45].  However, the strengthening effect was minor, which 

was attributed to the highly localized nature of the shielding effect in the highly 

crosslinked epoxy, and potential disruption of the network due to the surface modifiers 

used to exfoliate the ZrP.  In the initial studies on fracture behavior of ZrP, long-chain 

polyetheramines were used to exfoliate the nanoplatelets.  Monoamines show a strong 

thermodynamic drive to interact with the densely packed proton donor sites in the inter-

layer region of ZrP, and self-assemble as monolayers aligned at an angle from the 
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surface.  The hydrocarbon backbone provides steric repulsion that increases spacing 

between layers, and if amount of molecules can be intercalated, the micro-crystalline 

stacks will exfoliate into individual sheets. 

In epoxy, the polyetheramines were found to disrupt network formation and 

plasticize the epoxy.  The amines may also undergo uncatalyzed reactions with the 

epoxides during curing and form aminoalcohols, which further disrupt mechanical 

properties.  This effect may be clearly observed by comparing the effect of different 

surface groups used to exfoliate ZrP in previous studies [37, 40, 41, 44, 45, 327].  At 

fixed concentration of 2 vol.% ZrP, the modulus decreases with increasing molecular 

weight of functional group.  Exfoliating the ZrP nanoplatelets with an excess of 

intercalating molecules has been found to decrease ductility in some systems [40, 41].  

In epoxies containing only the various surface groups, the glass transition temperature, 

Tg, decreases with increasing molecular weight and concentration.  In later studies, 

TBA+ was used to avoid the plasticization effect associated with the polyether chains.  

TBA is a quaternary ammonium, and nanocomposites prepared using TBA+-exfoliated 

ZrP nanoplatelets showed the best balance of properties. 

If the behavior of epoxy/ZrP (1 vol.%) nanocomposite, exfoliated with M600, is 

compared to the epoxy containing an equivalent concentration of M600, the modulus 

improvement remains moderate at 23%, but the increase in strength and ductility become 

very significant (1.5x and 2x).  At 2 vol.% ZrP, the modulus improvement is 70%, the 

strength increase is 186%, and the elongation at break increased 217%.  Based on these 

results, we propose that the ZrP nanoplatelets are able to participate into the described 
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stress-shielding mechanism, but that the effect is limited due to the localization of 

deformation in the brittle epoxy, and diminished interfacial characteristics due to the 

effect of the surface groups. 

The role of MWCNTs in strengthening of epoxies is not clear, because it is very 

difficult to control the dispersion state of high aspect ratio nanoparticles, and 

characterization is also challenging due to the differences in length scale.  We previously 

investigated the dispersion of pristine MWCNTs in a glassy epoxy and observed that at 1 

wt.% MWCNT concentration, the elastic modulus and dynamic mechanical behavior 

were nearly identical to the unfilled epoxy, which indicates negligible interaction 

between phases [227].  However, the MWCNTs were able to form an electrically 

conductive network, and the composite strength, ductility, and fracture toughness were 

moderately improved.  This combination of properties is in strong contrast with 

continuum-level expectations.  We found that strong oxidation and functionalization 

significantly improved dispersion of the MWCNTs, enhanced modulus moderately, but 

the improvements in strength, ductility, and toughness were no longer observed.  These 

results are consistent with the reported behavior of most epoxy/MWCNT systems in 

literature.  Based on these findings, we proposed that the MWCNTs do not interact 

strongly with the epoxy matrix, but do interact with other MWCNTs over long ranges 

[227, 228].  The interactions between MWCNTs provide a mechanism to delocalize 

stresses in the system. 

This network mechanism was supported by later work on interlayered composites, 

where the individual MWCNTs were not found to directly contribute to any fracture 
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behavior, but were able to involve a greater number of toughening particles in the 

process away from the crack tip [227, 228].  The rheology results in this work are 

consistent with the proposed long-range interaction of MWCNTs, and show that this 

interaction is preserved in the hybrid system. 

The main finding from the rheology results presented here was that the behavior of 

the individual phases was preserved on distinct time scales.  We propose that in the solid 

epoxy/ZrP/MWCNT hybrid suspensions, the MWCNTs interact over long distances and 

act to increase the length-scale influenced by the ZrP nanoplatelets, which show only 

local interactions.  As a result, the proposed stress shielding mechanism is independent 

of the precise orientation between the crack and the nanoplatelet.  This supports 

proposed strengthening mechanism, which is that the ZrP nanoplatelets prevent the 

development of defects near their interface due to conventional load transfer, but the 

MWCNTs interconnect the nanoplatelets and homogenize the network. 

 

7.5 Conclusions 

The linear viscoelastic and steady shear properties of epoxy/ZrP/MWCNT 

suspensions has been investigated in the uncured state, and related to the solid state 

mechanical and fracture behavior.  The relaxation behavior of the ZrP/MWCNT hybrid 

suspensions retains the characteristics of the individual phases on different length scales.  

The high frequency behavior is qualitatively identical in magnitude and scaling to the 

ZrP suspensions, which indicates that the nanoplatelets determine the short-range 

behavior of the systems.  The low-frequency behavior (long range) is consistent with the 
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magnitude of the MWCNTs, but shows diminished solid-like response.  This suggests 

that the system-wide flocculated system is no longer present, but significant long-range 

interactions between MWCNTs are still present.  The steady shear viscosity of the 

systems similarly shows features associated with the individual phases on distinct length 

scales, and shear-thickening behavior is observed at intermediate shear rates.  The 

unique shear-thickening behavior is not observed in either single-phase system and is 

attributed to the coupled response of the nanoparticle phases.  Based on these findings, 

we proposed a mechanism to account for the strengthening behavior observed in 

epoxy/MWCNT/ZrP hybrid.  Based on our description, the MWCNTs able to delocalize 

the local strain-shielding mechanism associated with the continuum-level behavior of the 

ZrP nanoplatelets.  The strengthening role of the ZrP nanoplatelets is based on the strain 

distribution around a high aspect ratio plate, where regions parallel to the inclusion are 

subjected to smaller strains than the far field, and the ends of the inclusion are subject to 

larger strains  Analysis of the failed surface shows that failure does not occur at any 

localized point, which indicates the nanoparticles, and any related stress concentration, 

are much smaller than the largest flaws in the system.  The results provide insight into 

potential mechanisms to improve the strength of highly crosslinking epoxies. 
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8 CHAPTER VIII   

CONCLUSIONS AND FUTURE WORK 

 

8.1 Summary 

The dissertation research has probed the origin of rheological properties for 

suspensions containing high aspect ratio nanoparticles.  The use of model systems 

allowed the response to be discussed based on the nature of inter-particle forces and 

nanoscale features of the individual particles.  Specific mechanisms associated with the 

solid-state behavior of nanocomposite systems were proposed based on the observed 

behavior.  A summary of the results for the individual systems is given below.  

 

8.1.1 Rheology of ZrP nanoplatelet suspensions 

Surfactant effect 

The influence of inter-particle interaction on the rheology of suspensions containing 

rigid model 2-dimensional α-zirconium phosphate (ZrP) nanoplatelets with average 

aspect ratio of 150 was investigated.  The ZrP nanoplatelets were exfoliated in epoxy 

monomer with three different surfactants to probe how the sizes of a surfactant affect 

inter-particle interaction at different length scales.  Suspensions containing nanoplatelets 

exfoliated with tetra-n-butyl ammonium hydroxide (TBA), a quaternary ammonium base 

with diameter similar to the thickness of the nanoplatelets, show short-range repulsive 

particle interactions with weak elastic response at low concentration.  At semi-dilute 

concentration, the suspensions are solid-like at high frequency, and transition to viscous 
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flow on longer time scales. The relaxation time is in quantitative agreement with the 

rotary diffusion coefficient over a wide range of temperatures, and increases 

exponentially with concentration.  The suspensions show dominant viscous response up 

to the highest concentration investigated.  Suspensions containing nanoplatelets 

exfoliated with a large hydrophilic polyetheramine oligomer show similar behavior to 

the ZrP-TBA system, but at lower concentration.  The rheological behavior is attributed 

to steric stabilization of the nanoplatelets by an extended oligomer brush with short-

range repulsive interactions.  For nanoplatelets exfoliated with a shorter chain, 

hydrophobic polyetheramine, the linear viscoelastic and steady shear response at 

moderate concentrations show significant non-equilibrium characteristics that are 

attributed to the presence of local microstructure.  The present findings provide insight 

into the role of surfactants on inter-particle interactions on the rheological behavior of 

stable suspensions containing exfoliated high aspect ratio nanoplatelets at low 

concentration.  Potential rheological signatures associated with equilibrium dispersions 

of nanoparticles with repulsive interactions and with non-equilibrium microstructure 

were discussed.  The relationship between surface modifier and resulting flow properties 

and phase behavior of concentrated suspensions were also considered. 

 

Aspect ratio effect 

The effect of particle size on the rheology of suspensions containing model inorganic 

nanoplatelets was investigated by synthesizing the ZrP nanoplatelets with average lateral 

diameter, 𝐿, ranging from 100 nm to 1 µm.  The nanoplatelets were uniformly dispersed 
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in a viscous epoxy monomer fluid as individual, sheets with monodisperse thickness ~ 

0.7 nm.  The linear viscoelastic and steady shear properties were investigated, and 

revealed distinct changes in elastic and viscous behaviors with aspect ratio.  The 

magnitude and concentration-dependence of viscous response are increased for the 

larger nanoplatelets, but the relative elastic behavior is suppressed.  The behaviors are 

attributed to a competition between excluded volume, which increases linearly with 𝐿, 

and mobility, which decreases with 𝐿!.  As the nanoplatelet size increases, the particles 

become increasingly immobile, and measurements reflect localized properties in the 

absence of collisions or hydrodynamic interactions with neighboring particles.  The 

steady shear response of the smaller nanoplatelets are consistent with the behavior of 

Brownian plates at low concentration.  At high concentration, inter-particle interaction 

and tumbling increase the magnitude of shear thinning.  As aspect ratio increases, the 

steady shear response shifts to a region dominated by hydrodynamic effects.  For the 

systems with average diameter of 700 and 1000 nm, several unique and reversible 

features are present, including double shear thinning and shear thickening.  The 

temperature dependence of non-linear response follows theoretical calculations of rotary 

diffusion coefficient.  The behaviors are proposed to originate from the combined effects 

of excluded volume interactions on particle tumbling, and the change in mobility and 

microstructure due to particle flexibility and shear-induced deformation.  The model 

system used here provide a broad range of behavior to be probed and meaningfully 

connected to the behavior of the individual particles using physics-based descriptions.  

Further theoretical and numerical studies on similar systems may contribute to better 
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fundamental understanding of the effects of concentration on mobility, interactions, and 

phase transitions for high aspect ratio, disk-like particles.  These studies will provide 

insights into the origins of macroscopic response for more complex systems. 

 

Colloidal liquid crystal behavior 

The rheological behavior of smectic liquid crystals formed from a dispersion of high 

aspect ratio, sterically stabilized nanoplatelets in epoxy monomer was investigated.  The 

α-zirconium phosphate (ZrP) nanoplatelets were synthesized with average diameter of 

100 nm with moderate polydispersity, and exfoliated to individual sheets with 

monodisperse thickness using a monoamine-terminated oligomer, which was densely 

grafted to the nanoplatelet surfaces.  The exfoliated nanoplatelets are well dispersed in 

an epoxy monomer and self-assemble into a smectic mesophase at concentrations of 1.7 

vol.% and higher. At low ZrP concentration, the suspensions are viscoelastic fluids with 

storage modulus independent of concentration, with negligible yield stress and moderate 

shear thinning characteristics.  At concentrated suspensions, i.e., > 4.0 vol.% ZrP, there 

exists a strongly solid-like behavior at intermediate frequency, but retains a transition to 

liquid-like response in the limit of low and high frequencies.  The non-linear 

viscoelasticity and steady shear response similarly show significant transitions at the 

same concentration regimes.  The transition in rheological response is attributed to the 

interaction and interpenetration of the surface-attached monoamine brush layers above a 

critical concentration.  The possible influence of topology and defect structure on 

rheology appears to be insignificant in the colloidal liquid crystals, which should be 
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useful to elucidate phase transitions and flow phenomena for layer-forming fluid 

systems.  The results show that controlling the long-range organization of high aspect 

ratio nanoparticles is a useful method to increase the volume fraction of solid particles in 

organic media without compromising processability. 

 

8.1.2 Rheology of MWCNT suspensions 

We report a method to introduce high density of functional groups along the 

sidewalls of multi-walled carbon nanotubes (MWCNTs) without significant reduction of 

length or damage to structure.  The modified MWCNTs are individually dispersed in an 

epoxy matrix, and show no flocculation or entanglement at concentration of 1 wt.% in 

liquid and solid states.  The focus of this work is on the rheology and linear 

viscoelasticity of the individually dispersed MWCNTs, which is compared with other 

MWCNT systems prepared with conventional mechanical and chemical oxidation 

routes.  The development of linear viscoelasticity and viscosity in the suspensions 

containing disentangled MWCNTs is significantly suppressed relative to the untreated 

and oxidized MWCNTs on long time scales.  On shorter time scales, which correspond 

to localized motion and interaction, the linear viscoelastic response of suspensions 

containing clustered and disentangled MWCNTs are nearly identical at a given volume 

fraction.  Suspensions containing the disentangled MWCNTs show a transition to 

viscous response at low frequency, and well-defined shear thickening at high shear rate, 

which is in sharp contrast to the behavior of clustered MWCNTs in suspension.  The 

results suggest that the inter-particle interactions between disentangled MWCNTs are 
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dominated by short-range, repulsive interactions at the surface.  The functionalization 

route described here provides a method to prepare stable dispersions of disentangled 

MWCNTs, which may be used to unambiguously identify contribution of individual 

MWCNTs in the bulk response of composite materials.  Implications of dispersion state 

on the processability and performance of polymer nanocomposites are discussed. 

 

8.1.3 Rheology of interacting nanoparticle suspensions 

The linear viscoelasticity and rheology of a viscous Newtonian fluid containing 

electrostatically tethered nanoplatelets and carbon nanotubes was investigated.  The 

study was motivated by previous findings that glassy epoxy containing the interacting 

nanoparticle phase shows unique improvement in modulus, strength, and ductility at low 

particle concentration.  The nature of improvement could not be attributed to either 

individual phase, which indicates that the behavior must be due to either enhancement or 

change of reinforcement mechanism due to the interactions between phases.  Rheology 

is used to characterize nature inter-particle interactions in the system, and determine the 

role of the individual phases across length scales.  Behavior compared to recent studies 

on model suspensions containing the individual phases in fully dispersed state.  The 

findings are related to fracture behavior and strengthening of system in solid state.  We 

propose that unique strengthening behavior observed in solid state is due to combination 

of continuum-level phase transfer due to the ZrP nanoplatelets, and an additional role of 

MWCNTs to increase the length scale of the ZrP phase.  The results provide insight into 

novel mechanisms to modify mechanical properties of highly crosslinked epoxies. 
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8.2 Concluding remarks and future work 

The level of fundamental detail achieved in this work is significant compared to 

other works on high aspect ratio systems, because the structure of the particles is well 

characterized and tunable.  However, the description of molecular-scale features was 

largely qualitative, particularly for the semi-dilute suspensions of the plate-like particles.  

This largely reflects the lack of robust theoretical and numerical tools available for these 

systems.  Development in these fields is limited due to the extremely complex 

microstructure of the systems.  However, one significant barrier has been the lack of 

experimental systems with model, high aspect ratio particles.  The findings in this work 

establish a strong connection between particle-level parameters and bulk response, and 

are anticipated to motivate development in theoretical and numerical tools.  This level of 

detail is necessary to provide quantitative determination of inter-particle forces for 

conditions relevant to industrial applications, which has only recently been successfully 

demonstrated in systems containing well-defined spherical particles [168]. 

The most significant limitation of this work is that all measurements were carried out 

using conventional dynamic mechanical measurements.  This approach was used 

because it is convenient for measurement of a large number of samples, and benefits 

from a well-established theoretical framework.  However, the measurements are 

inherently volume-averaged.  The interpretation of the macroscale response is based on 

assumptions that the local microstructure and heterogeneities in the system are much 

smaller than the particle size, which may not be appropriate for some nanoparticle-filled 

systems [7]. 
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In nanoparticle-filled systems, interfacial and geometric interactions may drastically 

change the thermodynamic and kinetic properties of the matrix molecules [199].  

Colloidal interactions and fluid-mediated hydrodynamic interactions between 

nanoparticles may also significantly influence properties.  Mechanisms associated with 

local structure cannot be realistically resolved using conventional rheological tools.  

Local structure and interactions will play a critical role in phase behavior and transitions 

in response for systems containing nanoparticles with long-range order, and must be 

explicitly considered to meaningfully interpret changes in macroscale response. 

A number of techniques are available to measure local features of microstructure.  

These approaches have been widely used for micron-scale spherical particles, but 

extension to non-spherical, nanometer-scale particles is challenging.  These experimental 

measurements of inter-particle forces may be integrated into theoretical models to 

predict rheological behavior and develop predictive structure-property relationships for 

concentrated systems.  Further investigations that combine the local and global features 

of the suspensions reported here will expand our ability to directly identify relationships 

across length scales.  There are a number of useful measurement techniques to directly 

probe inter-particle interactions, such as total internal reflectance microscopy (TIMS), 

surface force measurements, colloidal force microscopy, and optical tweezers.  These 

techniques are able to resolve forces on the scale of 10-9 to 10-12 N, over distances of 1 

nm and smaller [168].  For the optical tweezers, tracer particles are manipulated in 

solution by established an optical gradient using focused laser light.  The micrometer-

diameter tracer particle displaces from the trap center under a certain gradient, which 
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provides measurements of the force.  In a flowing field, the displacement of the micron-

scale particle may be used to generate force-displacement curves, and thereby serve as a 

micro-rheometer for probing the length-scale dependent behavior of complex fluids 

[328-330].  This is one example of an active micro-rheological approach.  Passive micro-

rheology may also be used, where tracer particles are dispersed in the fluid and their 

mean square displacement due to Brownian stochastic forces provides a measure of the 

local character of fluid response.  This approach has recently been used to investigate the 

rheology of SWCNT suspensions, and provided unique insights into the microstructure 

of the system across hierarchical length scales [331]. 

Further investigation of suspensions of ZrP nanoplatelets are of interest to show the 

mechanisms driving self-assembly of plate-like nanoparticles into ordered domains.  

Very few systems have been reported with smectic organization, and the mechanisms 

governing the transition are not well understood [20].  The thermodynamic driving force 

for self-assembly is the large excluded volume of the particles, and it is likely that the 

tendency to assemble into columnar or smectic crystals is determined by the relationship 

between particle shape and size, and the polydispersity in diameter and thickness.  Few 

systems are available that can be synthesized with well-defined shape, tunable diameter, 

and mono-disperse thickness, which indicates that the ZrP nanoplatelet system may 

provide important insights into parameters driving mesoscale organization (Figure 8-1).  

Insights into methods to control the long-range structure through particle shape, 

anisotropy, and external fields will guide future development of nanostructure materials 

with tailorable structure and response.  The use of model nanoparticles with controllable 
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dimensions will  also allow the findings to be generalized for systems containing 

nanoparticles of similar shape, which include graphene and smectite clays. 

 
 
 

 

Figure 8-1. Schematic showing potential phase behavior of suspensions containing high 
aspect ratio, plate-like nanoparticles.  At low concentration, the suspensions are isotropic 
and any correlation between particles is due to transient interactions on short length 
scales.  As concentration increases, the large excluded volume of the particle drives local 
correlations in organization.  If the inter-particle interactions are sufficiently controlled 
to avoid a gelation transition, the particles may assemble into a nematic mesophase.  The 
nematic liquid crystals are composed of particles with orientational order, but no 
positional order.  At higher concentration, there may be additional transitions to 
columnar or smectic organization.  The specific conditions that favor the presence of the 
different crystal phases are not well established for plate-like nanoparticles due to the 
lack of experimental systems with well-defined, tunable structure. 
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APPENDIX I 

RHEOLOGY OF UNFILLED EPOXY PRECURSOR 

 

The model nanoparticle systems investigated in this dissertation were prepared using 

two different suspending matrices: DER332, a DGEBA monomer, and EPON862, a 

DGEBF monomer.  The rheological response of the unfilled epoxy monomers were 

extensively characterized with SAOS and steady shear measurements, and found to 

show similar behavior.  The master curve of linear viscoelastic response of the unfilled 

DGEBF epoxy monomer is shown in Figure A-I.1.  At a reference temperature of 30°C, 

the epoxy monomer behaves as a simple viscous fluid, with dominant loss modulus and 

negligible storage modulus.  The frequency range was extended using isothermal 

measurements obtained over a temperature range from 10 - 70°C.  At higher 

temperature, the measured stress is not sufficient to obtain reliable measurements of the 

in-phase component of periodic stress.  The measurements were superimposed using the 

time-temperature superposition (TTS) principle, which is based on the assumption that 

the dominant relaxation times governing viscoelastic response follow the same 

temperature dependence [28, 191].  The linear viscoelasticity of the epoxy monomer 

follows simple scaling of a viscous fluid with single relaxation time, 𝜏.  The validity of 

TTS was confirmed by plotting δ as a function of |G*| (Figure A-I.1b), which is 

commonly referred to as a van Gurp-Palmen (vgP) plot [190].  The vGP representation is 

an extremely sensitive measure of the distribution of dominant relaxation times in the 

system. 
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Figure A-I.1.  (a) Master curves of linear viscoelastic response of unfilled DGEBF epoxy 
precursor EPON 862.  Storage modulus, G’, loss modulus, G’’, and phase angle, δ, as 
functions of angular frequency.  Measurements collected over temperature range of 10 - 
70°C.  Solid lines are fit to equations for Maxwell material. (b) vGP plot and (inset) shift 
factors used to obtain linear viscoelastic master curve. 

 
 
 
Two shift factors are generally used to independently account for temperature-

dependence of stress and time.  The stress shift factor, bT, accounts for the change in 

density, but was not significant for the unfilled epoxy monomer over this temperature 

range and is fixed at 1.  The time shift factor aT physically represents the magnitude of 

frequency shift needed to match response at the measurement temperature, T, with the 

behavior at a reference temperature, Tref.  The value of aT was determined by plotting the 

magnitude of complex viscosity, |η*| bT/aT = bT|G*|/aTω, as a function of bT|G*|.  This 

approach provides a consistent methodology to independently determine the shift factors 

in a meaningful way [191].  The range of aT for the unfilled epoxy monomer is well-

described by the empirical Williams-Landel-Flory (WLF) equation [332]: 

(A-I.1) log 𝑎! = − !! !!!!"#
!!! !!!!"#
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where 𝐶! = 3.67, and 𝐶! = 66.68 K, for 𝑇!"# = 303.15 K. 

For measurements well above the resolution of the transducer, there is excellent 

superposition between data collected over the range of temperatures and frequencies.  At 

low frequency and high temperature, the phase angle is nearly 90°, with a very narrow 

scatter of values within ~ 0.5°.  The behavior of the unfilled matrix follows Maxwell’s 

model for a viscous dashpot and elastic spring connected in series, which is the simplest 

mathematical expression of a viscoelastic fluid.  The viscoelastic parameters are given 

by the expressions 

(A-I.2) 𝐺! 𝜔 = 𝐺!
!" !

!! !" ! 

(A-I.3) 𝐺!! 𝜔 = 𝐺!
!"

!! !" ! 

where 𝐺! is the magnitude of 𝐺∗ = 𝐺!" + 𝐺!!" as 𝜔 → ∞, and 𝜏 is the characteristic 

relaxation time.  The model provides an excellent fit, shown as solid lines in Figure A-

I.1, for relaxation time of 𝜏 = 24.3 µs, and infinite frequency modulus of 𝐺! = 9000 Pa.  

The zero-shear viscosity at Tref = 30°C is 𝜂! = 𝐺!𝜏 = 2.19 Pa.s. 

The steady shear behavior of the epoxy precursor shows simple response 

characteristic of a Newtonian material ().  The shear viscosity is independent of shear 

rate over the temperature range of 10 – 90°C, and is 2.19 Pa.s at the reference 

temperature of 30°C, in agreement with linear viscoelastic measurements.  The 

temperature dependence is well described by the empirical Volger-Fulcher-Tammann 

(VFT) equation: 

(A-I.4) 𝜂 𝑇 = 𝜂!!"# exp
!

!!!!
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where 𝜂!!"# is the limiting viscosity as 𝑇 − 𝑇! → ∞, 𝐵 is a constant related to the 

fragility near the glass transition, and 𝑇! is the temperature where the configurational 

entropy vanishes [333]. 

 
 
 

 

Figure A-I.2.  Steady shear viscosity of unfilled EPON 862 fluid as function of 
temperature over range of 10 – 90°C.  Solid curve is fit to VFT equation (Eqn. (A-I.4)). 
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APPENDIX II 

SUPPLEMENTAL INFORMATION FOR RHEOLOGY OF ZRP NANOPLATELETS 

WITH LIQUID CRYSTALLINE ORGANIZATION 

 

 

Figure A-II.1.  Jeffamine M1000, a commercial polyoxyalkyleneamine, was used to 
exfoliate the zirconium phosphate nanoplatelets in the work. (a) Chemical structure of 
M1000. (b) Equilibrium structure of extended M1000 molecule constructed with 
Avogadro software and optimized using the MMFF94 force field.  The length of an 
extended M1000 chain is ~ 7.9 nm. 
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Figure A-II.2.  Detail on linear viscoelastic response of concentrated ZrP suspensions in 
epoxy monomer matrix: storage modulus, G’, and loss modulus, G’’, as functions of 
angular frequency, ω, for suspensions containing (a) 4.0 vol.% ZrP, (b) 4.3 vol.% ZrP, 
and (c) 5.3 vol.% ZrP.  The minima and maxima in G’’ are designated on the graphs.  In 
(a), y-axes are shown in log scale for clarity.  In (b,c), the y-axes are shown on a linear 
scale. 
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Figure A-II.3.  Shear history dependence of epoxy monomer matrix filled with 4.0 vol.% 
ZrP. 
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Figure A-II.4.  Steady shear rheology of suspensions containing 0.3 – 2.8 vol.% ZrP in 
epoxy monomer matrix.  Shear viscosity shown as a function of shear stress. 
 

 

Figure A-II.5.  Complex viscosity, η*, and shear viscosity, η, as functions of angular 
frequency, ω, and shear rate, 𝜸, respectively, of suspensions containing 0.3 – 2.8 vol.% 
ZrP in epoxy monomer matrix. 
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Figure A-II.6.  (a) Chemical structure of DGEBF monomer. (b) Equilibrium structure of 
isolated DGEBF molecule determined from Avogadro software.  The molecular 
structure was optimized using the MMFF94 force field.  The minimum diameter of a 
sphere enclosing the DGEBF molecule is ~ 1.5 nm. 

 

 


