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SUMMARY

The interaction of carbon black with an acrylic resin in aqueous solution has
been investigated by rheology. Two carbon blacks Raven L and Raven M, with
similar particle size and surface characteristics but quite different particle
morphologies, have been examined. In the absence of polymer, stable
aqueous dispersions could not be obtained. Stable dispersions could be
obtained however upon addition of polymer to a level corresponding to a ratio
of 50mg of polymer per 13m? (+ 1) of surface area (i.e.15wt% particles).
These stable dispersions exhibit flow typical of concentrated dispersions -
Newtonian behaviour up to some apparent “yield” or critical value. Above
which shear thinning is observed. This critical stress increases with increasing
polymer concentration. At low polymer concentrations, the dispersions are
predominantly viscous at low shear stresses. The phase angle decreases
significantly over a narrow shear stress range and the rheology tends to more
elastic behaviour. At higher shear stresses, the dependence on particle
morphology is weak.

Furthermore, increasing the pH of the aqueous dispersions has little effect, but
changing the adsorbent does alter the rheology somewhat. In addition to
Raven L and Raven M, other carbon blacks were also investigated in which the
surface chemistry had been modified by ozonolysis.

In addition to aqueous systems, a selection of oil based systems have also
been investigated. Here, four carbon blacks were used with a bitumen binder:
the low-medium structured fine particle (Raven L), the medium-high
structured fine particle (Raven M), a low-medium structured coarse particle
(N772) and a medium-high structured coarse particle (N660). For these
systems, the rheology and the dispersion colour properties have been
investigated. Finally, a rheology study on the effect of bimodal dispersions
was undertaken.
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CHAPTER 1: INTRODUCTION

CHAPTER 1: INTRODUCTION

A colioid is a dispersion of one material in another, where the dispersed
component has a size in the range 1nm — 1um!. In general, colloidal
“particles” (the dispersed phase) are aggregates of numerous atoms or
molecules whose dimensions are below the limits of resolution of simple
optical microscopes. The term colloid is used to describe a broad array of
such two phase systems. However, the variety of different two phase
combinations has led to a more distinct classification. A “dispersion” is the
name given to a solution of solid particles within a liquid> whereas a liquid
within a liquid is termed an “emuision”.

There have been a great number of studies concerned with the stability of
emulsions and the properties of polymers at a fluid-fluid interface. For
example, the adsorption of a homopolymer at the interface between oil and
water has been discussed by Halperin and Pincus’; the crossing of the liquid-
liquid interface by short chain polymers, by Ishinabe!; SANS studies
concerning the volume fraction profiles of two pluronic polymers at the
interface of a toluene-in-water emulsion were carried out by Cosgrove et a/>®
and the rheology of emulsions is discussed by Tadros’, Pal’, Robins et a/° and
Bressy et a/.'°

However the principal focus of this thesis is predominantly that of solid in
liquid dispersions (sometimes called suspensions). More specifically, the
unusual rheological behaviour (that is not observed with common polymer
solutions) which is associated with solid in liquid dispersions has been studied.
Dispersions, like emulsions, are thermodynamically unstable in nature
however, there are two mechanisms commonly used in order to promote
stability; 1) steric stabilisation- this occurs when a layer of polymer or
surfactant is adsorbed onto the particle surface and 2) electrostatic
stabilisation, this occurs when a charge is imparted on the particles.
Consequently, dispersions fall into one of four categories; hard sphere,
sterically stabilised, electrostatically stabilised or flocculated.
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Many properties of dispersions are concentration dependent. For example, the
viscosity of a system can be increased/decreased upon increasing/decreasing
the concentration of particles. Newton postulated in 1687 that "there is a
resistance that arises from the lack of slipperiness of the parts of the liquid”
and Bingham proposed that viscosity can be thought of being analogous to
electrical resistance!’. Both of these have been proven to be viable
statements, hence viscosity is therefore commonly defined as the measure of
the resistance of a liquid to flow.

From a calculation of energy dissipation in a suspension, Einstein''3 derived
that a dilute suspension of rigid spherical particles behaves as a Newtonian
fluid with relative viscosity (n,) represented by the following:

n=1+25¢ (1.1)

where ¢ is the volume fraction of the dispersed phase and n,, the relative
viscosity, is the ratio of dispersion viscosity to continuous-phase viscosity. The
assumptions made whilst deriving this equation were that the particles are
separated by such a distance so as there is NO interaction between them and
that inertia is neglected when describing the flow around each particle. It is,
therefore, not surprising that this formula becomes invalid when ¢ > 0.02'.
Generally, dilute dispersions are not of great industrial interest, however
concentrated dispersions of particles dispersed in a complex fluid matrix are
ubiquitous in chemical and materials processing’>. For example, concentrated
suspensions of colloidal latex particles dispersed in associative polymeric
thickeners are the basis of water-borne paints and coatings®.

The first step towards understanding the properties of dispersions is to analyse
the distribution of particles within the system!’. For this, a schematic two-
dimensional diagram representing the equilibrium distribution of particles in a
dispersion of hard spheres (For more information, see chapter 2), with a
radius of &, suspended in a Newtonian fluid of viscosity nr, is shown in figure
1.1:
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Fig 1.1: Schematic diagram of the equilibrium distribution of particles in a dispersion
of hard spheres, where the volume fraction for random close packing is ¢gce = 0.637

and for face centred cubic, ¢rec = 0.74 (redrawn from Quemada and Berli *°).

the microstructure and the arrangement of particles within the system. The
equation used to calculate the volume fraction of a system is
$=nd4nd/3 (1.2)

In the dilute regime, 4 <<0.1, the distance between neighbouring particles is

i s R ~

on average significantly larger than the particle radius. Hence, free movement
of the particles throughout the medium (driven by Brownian motion) is
permitted. As ¢ increases, i.e. the system becomes more concentrated, the

S22, L

mean particle separation distance decreases.

.
o

For moderately concentrated systems where 0.1<¢<0.2, the particles ar

m,
5

to detect their nearest neighbours, hence a deviation from the Einst

3
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equation is observed. Batchelor'®?%?! noticed this during his extensive studies
on a wide variety of concentrated dispersions and proceeded to modify
Einstein’s equation to accommodate for this increase in spherical particle
volume fraction:

nr=1+25¢+6.2¢>+0¢>.. (1.3)

When dealing with concentrated suspensions approaching a closely packed
structure, mechanical interactions occur due to the hydrodynamic interaction
between near neighbouring particles. It, therefore, cannot be assumed that
the interactions are negligible and they MUST be considered. For higher
concentrations, up to ~ $=0.55, the viscosity is covered by Thomas™? empirical
formula:

nr=(1+ 2.5 ¢ + 10.05 ¢* + 2.73x107 exp(16.6 ¢)) (1.4)

This is similar to the Einstein equation, except that higher order terms have
been added to compensate for the effects of particle collision. In addition to
Thomas' empirical equation, the following proposed formulas by Mooney?
(1.5) and Krieger and Dougherty** (1.6) are some of the most commonly used
equations that also include a contribution from the hydrodynamic interactions.

ne = exp (2.5¢ / 1-Kp) (1.5)
ne= (1-kp) 2K (1.6)

where K'is an adjustable parameter- the so-called “crowding” effect. From
equation 1.6, it can be seen that the viscosity becomes infinite when ¢ =1/K
hence we can relate 1/K with the maximum packing fraction ¢,. Krieger and
Dougherty’s theory also states that, in the general case, the 5/2 (2.5) factor
(the intrinsic viscosity for an ideal suspension of spherical particles) could be
replaced by the intrinsic viscosity [n], allowing particles of any shape to be
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accounted for. The full, more generalised, Krieger-Dougherty equation (K-D)*
can, therefore, be written as:

¢ '[ﬂ]¢m
=ng|1l-— 7
M n( %J (1.7)

where 1 is the viscosity of the suspension and ns is the viscosity of the
suspending medium. When the volume fraction is further increased above
0.55, the system is said to be “crystallised”. This behaviour has been
predicted using computer simulations by Hoover and Ree? and also
experimentally confirmed by Pusey and Megan?’ and Russel et a/.?%. At this
point, the motion of the particles is inhibited by the close proximity of
neighbouring particles. A further increase in the volume fraction up to 0.637
requires a randomly closely packed structure?® and for 0.74, a face-centred
cubic array of particles is required.

A number of experimental investigations on the rheology of dispersions of
asymmetric particles have used the Krieger-Dougherty equation to fit the data
obtained. These include studies on: silica spheres (submicron)*, spheres (40
pum)3, titanium dioxide®, quartz grains®® and glass fibres’'. In addition,
models have also been developed using the Krieger-Dougherty equation as a
basis. On studying the shear viscosity of non-dilute suspensions containing
strongly interacting particles, Buscall** and Quemada® described the volume
fraction dependency of the shear viscosity in theoretical models using the K-D
equation for hard-sphere suspensions. This equation describes how the
viscosity, n, of a colloidal dispersion at high concentrations (where the linear
Einstein formula is not obeyed) varies rapidly with the volume fraction of
particles within the dispersion (for more information, see chapter 4).

To summarise, the explanation behind the associated increase in viscosity
(dilute > concentrated ->solid-like) with an increase in particle concentration
for a suspension is attributed to a restriction in the relative motion (closer

5



CHAPTER 1: INTRODUCTION

packing) of the particles which then leads to an increase in the frictional forces
as the particles in the suspension bump each other. However, the above
mentioned transitions only occur at the specified volume fractions for
monodisperse hard sphere systems that only interact through hydrodynamics
and it must be noted that the distribution of particles is highly sensitive to
shape, size and surface charge of the particles considered.

Most industrial systems are not true hard sphere systems and therefore more
complicated theories are employed to govern their behaviour. In most
industrial systems, in addition to the mechanical interactions, when the
concentration of the dispersed phase is high, aggregation/ flocculation of the
particles can also occur. This can significantly alter the system’s flow
properties (e.g. viscosity) and hence promote non-Newtonian rheological
behaviour.

The terms “Rheology” and “rheological behaviour” have, until now, only been
mentioned superficially. However, more detailed studies will now be made to
define what is meant by these terms. “Rheology” is the study of the
deformation and flow of matter resulting from the application of a force®®. The
“matter” we investigate however, can be both simple or of a complex nature
and it is this degree of complexity that determines the ease of rheological
measurements>’. When describing a material, the terms “solid” or “liquid” are
often the first used, however, the classification of the "matter” as either a solid
(elastic material) or liquid (viscous material) is not descriptive enough and,
more often than not, inappropriate. The vast majority of materials have both
solid-like and liquid-like properties and therefore can be classified as either a
solid or a liquid only if accompanied by the conditions (range of shear stress,
timescale of observation, temperature etc) at which that particular behaviour
is observed.

The rheological behaviour of a material can essentially be classified as one of
two types, of which both have already been mentioned (and are discussed in
more detail in chapter 4): a) Newtonian or b) non-Newtonian. If a material is

6
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said to behave in a Newtonian way, it means that an applied force has NO
effect on the viscosity of the material and so remains constant. On the other
hand, if a material is said to behave in a non-Newtonian way, application of an
external force (shear) decreases the viscosity (shear-thinning) or increases the
viscosity (shear- thickening) depending on the nature of the material and the
external force applied (for more information, see chapter 4). The rheological
behaviour that is observed from a given material is, however, related to the
type of experiment conducted. There are two types of experiment that can be
conducted in order to characterise the rheological behaviour of the material:
linear or non-linear.

A non-destructive, linear experiment involves the use of small amplitude
oscillations to probe the microstructure of the material causing only small
deformations. A non-linear experiment involves the application of a
continuously increasing shear stress. As a result, this experiment has a
destructive character in which the material is largely deformed (for more
information regarding these experiments, see chapter 4).

The bulk properties, e.g. rheological properties, of both stable concentrated
dispersions, stabilised either sterically or electrostatically, and flocculated
colloidal particle dispersions (often induced by non-adsorbing polymers) are of
great importance in many technological applications, such as paint/ ink
formulations, food concentrates and pharmaceuticals®. The recognised
fundamental importance of non-adsorbing polymer induced phase separated
materials or flocculated colloidal particulate systems, prompted Asakura and
Oosawa® to predict the underlying theory back in 1958, before any
experiments had even been conducted. Their theory basically states that the
polymer is excluded from the region between two colloidal particles when their
surface separation is less than the diameter of the polymer coil. Since then,
this theory has been extensively studied; Vincent et a/.* observed a phase
separation of particles into a colloid-rich and a colloid-poor phase during their
studies on non-adsorbing polymer induced flocculation of colloidal particles;
vrij*! used a study on nonaqueous colloidal particles to propose the concept of

7
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particle phase separation and Sperry*?, after studying an aqueous system, did
the same. Furthermore, if a system is flocculated, there is a marked
difference between the rheological behaviour obtained and the associated
rheological behaviour of the analogous non-flocculated system.

Stein et al have described the apparent break-down of a particle network by
shear, as the development of shear planes. In the giant floc model**
proposed by Stein et al, these shear planes (that develop as a result of the
network destruction by shear) were found to divide the floc into separate
domains where, it is assumed that, the particles remain temporarily
surrounded by the same neighbouring particles.

It has been observed that the flocculation of silica nanoparticles can influence
nanocomposite (a material created by dispersing nano-sized single materials
with complimentary properties into a continuous matrix) viscoelasticity in
several ways. First, long-range particle-particle interactions,* such as van der
Waals forces and electrostatic forces, are enhanced by close approach of
particles in a flocculated composite. Second, bridging of nanoparticles with
adsorbed polymer molecules is expected to be substantially stronger for
flocculated systems than for materials containing well isolated nanoparticles.
On studying a system consisting of PEO-PPO-PEO (PEO, poly(ethylene oxide);
PPO (poly(propylene oxide)) adsorbed onto small polystyrene latex particles at
full coverage, and the corresponding system that was flocculated by
nonadsorbing hydroxycellulose, Faers and Luckham® found that the typical
Newtonian behaviour that is associated with unflocculated structures was not
observed for the flocculated suspensions. In this case, the flocculated
structures exhibited plastic flow (see chapter 4) with a yield stress (see
chapter 4) that corresponded to the force required to completely breakdown
the flocculated structure.

Similar dispersions consisting of two different sized polystyrene latex particles
stabilised with ABA block copolymers of ethylene oxide (A) and propylene
oxide (B), have also been employed to investigate the resulting viscosity of
bimodal dispersions.  Greenwood et al* prepared a small particle,

8
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monodisperse suspension with the polystyrene latex particles having a
diameter of 78nm and another large particle suspension with particle
diameters of 372nm (hence the diameter ratio of these lattices was 4.76).
Firstly, the rheology of the monomodal dispersions was investigated as a
function of volume fraction. Following this, the monomodal dispersions were
combined in a variety of different ratios and the rheology of the resulting
bimodal dispersions was investigated, also as a function of volume fraction. It
was already shown by Greenwood et al that broadening the particle size
distribution leads to an increase in the maximum packing fraction, where small
particles fit in the gaps between the large particles. Ultimately, this allows a
greater particle loading that does not increase the viscosity. However, the aim
of their reséarch was to test the theoretical predictions and compare with the

existing values?*8-49:50,51,52

at which the maximum packing fraction and
minimum viscosities were said to occur. The conclusions drawn from these
studies stated that, at a diameter ratio of 4.76, a bimodal suspension with a
composition of @smal partides =0.15-0.20 by volume yielded a minimum viscosity
value. This value was recalculated tO @sman partices =0.27-0.36, when
considering the adsorbed polymer layer thickness, which is the lower limit of
the theoretical values already proposed. In the same paper, Greenwood et al.

also disagree with the Farris theory*®, which they found to underestimate the

viscosity, stating that the effective volume fraction cannot be calculated
correctly from it. On similar systems, Greenwood et a/>® also studied the
effect of particle size on the adsorbed layer thickness. For particles ranging in
size from 20-217 nm it was concluded that the layer thickness increases with
particle size. However if the concentration of polymer is the only variable, on
increasing the volume fraction of the polymer a decrease in the layer
thickness, due to polymer layer compression/interpenetration, was reported.
These results were not in total agreement with those of Faers and Luckham™,
who stated that the adsorbed amount is, within experimental error,
independent of the particle size (over the size range of 70-500 nm), however
different polymers were used. Also, the adsorbed amount and the layer
thickness are two different parameters that are dependent on the polymer
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type, adsorption mechanism and the conformation of adsorbed polymer. It
was concluded by Greenwood et al. that the polymer is adsorbed in a different
way on the small particles compared to the large ones, but the strong
dependence of particle size on the adsorbed layer thickness remains
unexplained. However, molecular dynamics (MD) simulations using a system
comprising of a high molecular weight poly(ethylene oxide) adsorbed onto
colloidal silica was investigated by Cosgrove, Griffiths and Lloyd> to explain
the effect of the relative sizes of the adsorbent and adsorbate. Two cases
were studied: 1) when the polymer is larger than the particle and 2) when the
size of the polymer is comparable to the size of the particle. When the
polymer is larger it “wraps” itself tightly around the particle. Here, the bound
fraction is high, the thickness is low and bridging between surfaces is
expected. For the situation where the polymer and particle sizes are
comparable, the chains are much less tightly adsorbed, the bound fraction is
smaller and the thickness is considerably larger due to the formation of
extended tails.

Polymer dispersions exhibit a complete spectrum of rheological behaviour from
pure viscosity to dominating elasticity®®. At low concentrations, the viscosity
shows Newtonian behaviour as described by Einstein’s law. However, at
moderate concentrations, non-Newtonian behaviour can be observed with
noticeable viscoelastic and elastic properties. Polymers have proved to be very
useful in modifying the viscosity of a solution for many industrial applications.
Currently, it is their ability to increase a solutions viscosity that has prompted
their use as thickening agents in paints/inks etc. Following studies on
poly(acrylamide), PAM, in various glycerol-water mixtures, Briscoe et al.”” have
proposed a mechanism for the commonly observed shear thickening behaviour
of polymer solutions and they have also explained the influence of the glycerol
content, the polymer solute concentration and the presence of electrolytes in
addition to the variation of pressure and temperature on the behaviour of their
PAM system. An increase in the glycerol content or polymer concentration
both resulted in an increase in viscosity of the solutions, whereas an increase
in temperature resulted in a decrease in viscosity and a less pronounced shear

10
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thickening region was observed. Upon addition of NaCl, both the associated
critical shear rate and the critical shear stress were increased. In general,
previous studies by Geerissen et al°®; Kiran and Sen®; Kiran and
Gokmenogiu®, have all concluded that the application of a hydrostatic
pressure to a system leads to a contraction of the volume that consequently
increases the viscosity. For dilute polymer systems, the increase in the
viscosity is believed to be the most important factor contributing to the shear
thickening however, Briscoe et al found the shear thickening of their PAM
system to be more complicated, but thought it to be in agreement with many

61,62,63,64,65

other workers a result of the formation of a transient network

between the polymer chains.

Many factors have been found to contribute to the flow behaviour of
particle/polymer systems, but most importantly, the size, shape and
concentration of the dispersed particles/polymers, coupled to the dispersion
stability are known to be the main flow determining factors. Under flow, Ma
and Cooper found that aqueous solutions of hydrocarbon end-capped
poly(ethylene) oxide®® exhibit Newtonian behaviour at low shear rates, shear
thickening behaviour above some critical shear rate and then upon further
increasing the shear rate, shear thinning behaviour is observed. The unusual
rheological properties of this associating polymer system have been attributed
to the formation of a physically cross-linked network. Shear thickening is
rarely observed in common polymer solutions, although, along with associating
polymer systems, the shear-induced structural changes have promoted
thickening in complex fluids including wormlike micelles and dense
suspensions. These findings prompted further studies to fully describe the
behaviour of associating polymer solutions, hence leading to several proposed

theoretical models®’-68:6%:65,

11



CHAPTER 1: INTRODUCTION

Concentrated suspensions of solids however, frequently show shear-thinning
behaviour’®.  With increasing shear rate, a decrease in the viscosity is
observed (1.8):

o=1ny (1.8)
where n is the viscosity, 7y is the shear rate and o is the shear stress.

Experiments conducted with spherical particles, sterically stabilized with thin
layers of grafted polymers, have shown that large particles can behave in a

similar way to hard spheres’*’27374,

On studying a well-known’”>’® hard
sphere model suspension of silica particles coated with 3-
(trimethoxysilylpropyl) methacrylate (TPM) and dispersed in tetrahydrofurfuryl
alcohol (THFFA), O'Brien and Mackay’’ found that the viscous-like or
hydrodynamic viscosity component was approximately independent of shear
rate. They also report a continuous shear thickening for a suspension with
¢=0.54 but, upon increasing the volume fraction to 0.59 and then to 0.63, a
discontinuous shear thickening, indicated by a rapid rise in the viscosity at a
critical shear rate. This result was consistent with previous studies by
Boersma et al.’®’® of the shear thickening of hard sphere suspensions. The
shear thickening of these silica samples was described by Brady’s® theory of
particle clustering- a higher concentration increases the effective volume
fraction and hence promotes a closer packed structure. Monodisperse systems
of hard spheres can theoretically pack in several ways ranging from simple
cubic (maximum packing fraction, ¢max = 0.524) to face centred cubic and
hexagonal close packed (¢max = 0.740). However, a transition from viscous-
like shear thickening for the two lower volume fraction suspensions (0.54 and
0.59) to elastic-like shear thickening for the ¢=0.63 suspension indicated an
increasing formation of clusters on approaching the maximum packed solid-like
structure. Theoretical analysis of Brownian hard sphere suspensions have
shown that the stress developed under shear can be separated into two
components, viscous-like (hydrodynamic component) and elastic-like

12
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(thermodynamic component). Further, the flow behaviour is affected ONLY by
viscous forces and Brownian motion of the particles®. The viscous-like
component is due to the hydrodynamic interaction between and drag on the
particles whereas the elastic-like component is due to Brownian motion. At
very low shear rates, the Brownian motion of the particles is dominant and
tends to restore the structure of the suspension when it is perturbed from the
rest state. Usually these systems display Newtonian behaviour at very low
shear rates, shear thinning behaviour at high shear rates, and another shear-
independent viscosity at very high shear rates’’. Other structural and

rheological studies have been conducted on systems composed of a filled
poly(ethylene oxide) matrix with silica nanocomposites®? as the filler. Within
highly filled polymers the filler interactions are so strong that yield phenomena
characteristic of solid-like materials, (which is attributed to the existence of a
filer network that spans large sections of the polymer matrix) is
observed®*#85887  Based on this, Zhang and Archer decided to investigate a
highly interactive polymer-particle system. PEO is a non-ionic polymeric
additive that is known to have a high affinity for silica particles;® therefore

due to the irreversible®®°

adsorption of PEO via strong hydrogen bonding to
the silica, strong polymer-particle interactions occur in this system. These
studies have shown that two closely spaced silica particles can be easily
bridged by adsorbed PEO molecules, simultaneously enhancing particle
connectivity and reducing the mobility of the polymer chains. After weakening
the PEO/silica interactions by the grafting of organosilanes to the silica
surface, a partial break-down of the existing network was observed. Aqueous
silica and uncharged adsorbed polymer systems have also been utilised in an
attempt to study the effect of high molecular weight polymers on the rheology

of the dispersed system. However, most of these studies’%>%%

concern
either dilute or moderately concentrated systems. For this reason, Neel et
al® has studied the rheology of a concentrated system (¢ > 0.2) consisting of
aqueous silica particles with adsorbed low molecular weight PEQO. It was found
that, on increasing the molecular weight of the PEQ, the adsorbed amount and

the layer thickness was also increased. For example, for PEO with a molecular
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weight of 2000, the maximum adsorbed amount was 0.21mg m™ and the layer
thickness was 4nm, whereas, for PEO with a molecular weight of 35000, the
values obtained were 0.55mg m2 and 15nm respectively. These estimates are
in agreement with those extracted from previous dispersion viscosity
measurements® and also from SANS data®’ however, both studies were
conducted on more dilute systems. As a result of this increasing layer
thickness, the stability was also increased to a point. For silica with adsorbed
PEO of molecular weight 2000, the adsorbed layer proved to be too thin to
prevent the particles from aggregating, but for PEO 35000, interpenetration of
the thick adsorbed layers, caused chain entanglements hence an increase in
rheological parameters also. The systems that consisted of adsorbed PEO with
molecular weights of 5000 and 10000 and intermediate layer thicknesses of 7
and 9nm respectively, proved to be stable in comparison.

Through optical and rheological measurements on near hard-sphere
suspensions of silica particles, it was concluded by Bender and Wagner that
the characteristic shear thinning in concentrated dispersions is due to changes
in the thermodynamic contribution to the stress tensor while the hydrodynamic
contribution remains relatively constant®. However, shear thickening was
attributed to increased hydrodynamic interactions and is, therefore, a result of
strong lubrication forces generated by the formation of non-permanent
clusters. Further studies on the effects of added polymer on the stability of
fumed silica particles by Kawaguchi et a/.%, state that after being fumed and
dispersed in trans-decalin, the resulting suspensions showed strong elastic
responses due to the formation of gel-like materials.

Hard sphere behaviour is, however, not observed when the thickness of the
adsorbed polymer layer is larger than the core particle radius. In this case,
Kapnistos et al. described the particles as behaving like multi arm star
polymers'®. In addition, an interesting intermediate regime consisting of both
hard sphere and polymer star behaviour can also be found, when the
adsorption layer thickness of the polymer is comparable to the core particle
radius!®’.
14
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Non-spherical particles such as montmorillonite clay are often stabilised by
surfactants and/or polymers. An investigation by Rossi, Luckham and Tadros'®
shows that the flow curves (curves relating stress to rate of shear) for the
suspensions at maximum coverage of adsorbing species exhibited a more
pronounced shear-thinning behaviour compared to those with lower surfactant
concentrations. It was also noticed that, on increasing the clay content above
3%, an apparent deviation from the (practically) Newtonian behaviour was
observed and the shear-thinning behaviour of the suspension was enhanced.
Flocculation of the suspension (attributed to the bridging of micelles between
the particles) occurs below the maximum surfactant coverage and occurs to a
greater extent at approx. 50% coverage.

Over the years, there has also been considerable interest in the rheology of
dispersions containing pigments. Pigments are and will remain a very
important area of research in order to gain an understanding that is essential
for the printing inks/paints industry.

One such pigment, carbon black, because it is a strong absorber of light over
the entire spectrum, has largely become the preferred black pigment and
filler'03:104105106  carhon black is employed in many industrial processes, but
more specifically for ink applications. Aspects of carbon particle science
relating to ink (apart from colour) are those concerned with size and surface
chemistry. These two properties determine the ability of the particles to
disperse and interact with solvents (dispersion), to function as artists’ media
(paints), and to be useful conductive additives (rubber and plastics). More
importantly, these properties directly impact colour strength, gloss (see
chapter 5) and transparency of carbon based pigments'”’. Carbon black is an
intensely black, finely divided powdered form of highly dispersed elemental
carbon manufactured by the controlled vapour phase pyrolysis of
hydrocarbons'®. In general, primary carbon black particles are amphoteric
substances in aqueous solutions, consisting typically of sp? hybridized carbon
- atoms in planes of fused aromatic rings with weak van der Waals forces
holding the layers together'®. These primary particles instantaneously fuse
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together during combustion to form small stable aggregates, which represent
the characteristic physical unit of the carbon black (see chapter 3). Carbon
black has many characteristics that distinguish it from conventional fillers. It
has a large specific surface, a capacity for preferential wetting by hydrocarbon
fluids, the potential for a high degree of structure due to its infinite variety of
irregularly shaped particles, and a surface rich in various functional groups.

Carbon blacks exhibit peculiar rheological behaviour depending on the process
of formation and the degree of disruption of the flocculated network structure
that is present''®. On studying the rheology of dispersed furnace carbon black
particles, it is impossible to avoid taking into account the flocculated structures
present because it is these structures that introduce properties such as shear
thinning/thickening and yield stress. The microscopic structure that is known
to be present in a strongly aggregated dilute system of carbon black in
dodecane has been studied by Collins and Spencer!!! using a variety of
techniques. The results obtained indicated that the internal structure of the
flocs are highly fractal in nature (yielding a fractal dimension of 1.45 + 0.02)
and that they are also, in agreement with previous studies by Detler et a/!'?;
Bremer et a/'** and Chen and Russel''*, independent of the particle volume
fraction. More recently, Wu et a/’** have used dynamic rheological
measurements to try and estimate the flocculation structure of carbon black
and short-carbon-fiber-filled polymer composites. Two types of carbon black
with different characteristics and a short carbon fiber were used as model
fillers. They were mixed with various polymer matrices including high-density
polyethylene (HDPE), polypropylene (PP) and poly(methyl methacrylate)
(PMMA). Al of the suspensions showed yield behaviour- a common feature
found for most highly filled polymer composites!®. This yield behaviour is
attributed to the formation of three-dimensional interparticle networks. It has
previously been noted that, carbon black has a tendency to self-aggregate and
easily forms three-dimensional networks (flocculation structure) in a polymer
matrix. This network has a high density that usually results in a high storage
- modulus. It is believed that this storage modulus at low frequencies and
strains can be used as a sensitive experimental parameter reflecting the
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degree of flocculation of the ultra-fine-particle-filled polymer composites.
Generally, the contribution of filler to the storage modulus of the composite
(G’.) can be analysed in terms of three inter-related effects!’: a hydrodynamic
effect (G'), a viscoelastic effect (G'p), and the interparticle network (G',),:

Gc= Gh+Gpr+G, (1.9)

Here, the hydrodynamic term contains the effect of the filler geometry and
filler-polymer interactions. The viscoelastic term refers to the frequency
dependence of the polymer matrix itself. It is also possible to consider the
relative storage modulus, G'; ;

G =G/ G) (1.10)

it is this term that Wu et al. analysed in order to reveal that the three-
dimensional interparticle network starts to form throughout the matrix when
it's value is increased to 7, regardless of the system type.

The incorporation of solid “filler” particles into a polymeric “binder” network
can dramatically change the nature of its flow by altering the structure.
Considering the fact that the viscoelastic behaviour is a reflection of the
internal structure, Yamovsky et a/''8; Zhang and Yi**® have both studied the
dynamic rheological behaviour of high-density polyethylene filled with carbon
black to try and understand the structure of the filled system. At low carbon
black content, Zhang and Yi, found that the viscoelastic properties of the
polymer matrix were dominant, but on increasing the carbon black loading, the
newly formed network structure became the prevailing character that affected
the viscosity. The loss factor, tan 3, is defined as the ratio of the viscous
modulus G” to the elastic modulus G’ (for more information, see chapter 4).
G” is related to the filler network which remains unchanged during dynamic
strain, and G’ to the breakdown and reconstruction of the network after
- deformation has occurred. It is, therefore, not surprising that tan & is very
sensitive to the carbon black structure and that the onset and strength of the
17
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secondary filler network have a major impact on tan 5. Hence, the addition of
solid carbon black particles to HDPE polymeric systems has been noted to
increase the modulus G'. Zhang and Yi also found that the incorporation of
finer sized carbon black particles further increased the modulus allowing for
easier dispersal in the matrix, but on increasing the temperature, the modulus
was decreased.

Recently, there have also been studies that have probed the effect of filler-
filler interaction on rheological behaviour, using natural rubber compounds
filled with both carbon black and silica. As is already documented by a few

research groups!?!%

, silica has a large number of hydroxyl groups on the
surface, which result in strong filler-filler interactions hence an irreversible
aggregation. In contrast, carbon black also has a variety of polar functional
groups on its surface such as hydroxyl, carboxyl, ketone, etc, however the

quantity is small in comparison!?*!3

. It is, therefore, not surprising that the
filler-filler interaction of silica is much stronger than that of carbon black. Choi
et al'** found that, in these compounds containing both silica and carbon
black, the compounds containing a higher concentration of silica had an
increased viscosity in addition to an increasingly apparent abnormal behaviour,
represented by “hump regions”. These regions consisted of a sudden increase
in the viscosity followed by a decrease after certain storage times during the
measurement. They attributed this behaviour to the existence of the high
density of silanol groups on the silica surface and the strong hydrogen bonding

resulting in the formation of tightly held (irreversible) aggregates.

As well as filled polymer solutions and melts, carbon black filled bitumen'® has
also prompted a great interest from many scientific teams. Bitumen is
produced from oils and, unmodified, its rheological properties are highly
susceptible to changes in temperature. Carbon black is known to impart
dramatic reinforcing effects as an additive to bitumen road binder hence the
resulting rheological properties of the carbon black filled bitumen dispersions
- are of great interest. Chaala et al. found that, for systems comprising of
between 5-30% pyrolytic carbon black dispersed in a 150/200 penetration
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grade bitumen, the presence of carbon black results in higher viscoelatic
properties (i.e. higher values of G’ and G” at a given frequency) compared to
the values for the un-filled bitumen and also, it was found that the influence of
temperature (a problem that causes the cracking of road surfaces) on the
physical response characteristics of the blend was reduced.

For 10-15wt% carbon black particles suspended in low molecular weight
silicone 0il'?%, it was found by Kawaguchi et a/. that structural breakdown is
observed at low shear rates but this is reversed at higher shear rates. The
values of G’ and G” (~3000 Pa and ~200 Pa respectively) obtained for a
12.5wt% carbon black suspension in silicone oil from this same experiment,
indicates solid-like viscoelastic behaviour for all carbon black suspensions.

Due to the fundamental industrial importance of electrical'?’, rheological and
morphological properties of polymeric materials compounded with filler
particles, studies on carbon black dispersions have been ongoing for many
years. Amari'?® has previously studied dispersions consisting of carbon black
in linseed oil varnish, although, with his co-worker Watanabe, many other
concentrated suspensions!?%130131:132133 haye 3150 been studied. However, his
studies on carbon black in linseed oil also discussed the non-linear viscoelastic
properties, such as storage (G") and loss (G”) moduli and relaxation modulus
(G(t)), by observing the results obtained from rheological experiments that
varied the strain, strain rate and strain history. The flocculated network
structures were found to be responsible for a series of relaxation mechanisms
with longer relaxation time. The equilibrium moduli (G’ in the lower frequency
region and G(t) in the longer time region) exhibited remarkable strain
dependence, attributable to the network structure break down. The network
structures were also observed to be highly sensitive to changes in the strain
amplitude and the strain rate, a consequence of complicated non-linear
viscoelastic properties. In the stress relaxation experiment (where a constant
strain was applied at various rates), G(t) showed a strong time dependence at
- the initial time region which, upon increasing the shear rate, shifted to a
shorter time. These observations were explained with the box type relaxation
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spectrum, in which the dimensions of the box, the height and width, are
related to the rheological variables studied e.g. the magnitude of shear strain
and the rate of shear respectively.

The rheology resulting from the adsorption of poly(ethylene oxide)-
poly(propylene oxide) ABA block copolymers on carbon black has also been
studied'*. The results showed a decrease in the amount of adsorption with
an increase in the ethylene oxide (EO) chain length and it was, therefore,
concluded that the adsorption is governed by the size of the PEO chain.
Incorporating the results from their previous studies, Miano et a/. deduced that
the ABA block copolymers were not as effective in stabilising of carbon black
dispersions compared with ABC surfactants containing a nonylphenyl group in
addition to the PPO chain. The results indicated that anchoring of the chain to
the carbon black surface is enhanced in the presence of the nonylphenyl
group.

Aoki et al, 3513 have studied the rheology of carbon black dispersed in various
media - an alkyd resin(AR), a modified phenol resin(PR) and a
polystyrene/dibutyl phthalate solution(PS/DBP). Three different types of
rheological behaviour were observed, depending on the affinity of the
suspending media for the particles. When the medium has a poor affinity for
the particles (PS/DBP), the rheology was characterised by a network of
agglomerates i.e. “highly nonlinear elasto-plastic”. With moderate affinity
(PR), the suspension showed a sol-gel transition with increasing particle
concentration. This behaviour suggested the formation of a self-similar, fractal
agglomerate. Further, increasing the affinity of the suspending media for the
particles (AR), the particles become more evenly dispersed, forming no
agglomerates.

Carbon black is used in ink formulations where surfactants and amphiphilic
polymers are also present. This application is dependent on the control of the
- surface chemistry, particle size and aggregate structure. Interaction of the
particle surface with a dispersion medium involves adsorption at the solid-
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liquid interface, which in turn affects the dispersibility and stability of the
dispersion. In this respect changes in the surface chemistry can have a major
effect on the performance of a carbon black'¥’.

The composition of carbon black particles is typically 90-99% elemental carbon
with oxygen and hydrogen being two other major constituents'®®. Therefore,
carbon black particles are strongly hydrophobic and prone to aggregation in
water dispersions. To improve the dispersibility in aqueous media, carbon
black can be treated with oxidising solutions to form surface oxides with acidic
functional groups that render the carbon black surface, polar in character'®.
To try and characterise the surface in more detail, it might be useful to state
that; carboxyl, phenolic hydroxy, lactone, and quinionic oxygen groups have,
typically, all been found to exist on the carbon black surface*%14!,

The modification of carbon black surfaces by both chemical and physical
methods has been extensively studied in recent years and there are several
methods that have been employed. The surface grafting of polymers, in itself,
holds many different processes; grafting onto process, grafting from process,

polymer reaction process and stepwise growth process'*2,

Polymers can be grafted onto carbon surfaces via a termination reaction
between growing polymer radicals and functional groups on the carbon
surfaces, and by a polymerisation reaction initiated from initiating groups that
have been previously introduced on the carbon surfaces. Alternatively,
polymers may be grafted onto carbon surfaces by reaction of the carbon
surface groups with functional polymers. These methods require some
complicated pre-treatments and multiple steps with special coupling agents.

A simple impregnation method that can effectively graft polymers or organic
compounds, with functional groups such as hydroxy or amine groups, onto
carbon blacks without a coupling agent has been reported’®. In this case,
Poly(ethylene glycol) with a molecular weight of 6000 was grafted onto a
- FW200 grade carbon black (which had a specific surface area of 460 m* g™
and a volatility of 20wt%), to produce a stable colloidal dispersion in water
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and onto N330 (which had a specific surface area of 83 m? g*! and a volatility
of 0.8wt%) that had been nitric acid pre-treated.

More recent data have shown how polyethylene (PE) was grafted onto a
carbon black surface by y-ray radiation of the PE adsorbed carbon black!*14°,
A two-step method was adopted, in which, the PE was adsorbed onto the
carbon black surface from a m-xylene solution firstly, followed by y-irradiation,
at a dose rate of 20 kGy/h up to 300 kGy at 120°C in nitrogen. Carbon
surfaces can also be modified using elevated temperature chlorination'461’,

In addition to polymers, several authors have studied the adsorption of
ionic**3*° and non-ionic!*® surfactants onto carbon black in aqueous solution.
Lin, Smith and Alexandridis*® adsorbed a “rake-type” siloxane surfactant
(consisting of a poly(dimethylsiloxane) backbone with grafted polyether) onto
carbon black, although incomplete coverage occurred. The chemical
composition of CB particles obtained by XPS showed that a small portion of the
particles had been oxidised to form COO". Supporting SANS data confirmed
that the adsorbed surfactant layer had a structure and dimensions similar to
that of the surfactant micelles in aqueous solution in the absence of any
particles. The micelles formed by the surfactant in aqueous solution are
spherical at room temperature with a core diameter of ~15nm hence the

adsorbed layer has a structure in the form of spherical micelles.

An extensive study, undertaken by Trawczynski, Suppan, Sayag and Djega-
Mariadassou!®?, consisted of the comparison of various carbon black composite
(CBC) surface activation procedures: oxidation by nitric acid, oxidation by
hydrogen peroxide, gasification with water steam, ammoxidation and doping
with quinoline or silica gel. In their conclusions, emphasis was placed on the
change in surface acidity. It was found that, on oxidising with nitric acid or
hydrogen peroxide, there was an increase in the number of surface oxygen
groups (acidic sites) that decompose to CO and CO,. The nitric acid activated
- CBC was also found to contain carboxylic groups on the surface, whereas the
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CBC activated by gasification with water steam showed no surface acidity at
all.

Concerning the rheology, Ishii et a/'>* have investigated how altering the
particle size and surface morphology can affect the flow behaviour of carbon
black suspensions. They compared two identical carbon blacks in linseed oil,
one which was in pristine condition and another that had been heat treated to
3073K in order to increase its micrographitic structure. Using the Casson
model (see chapter 4), it was found that the yield value was significantly lower
for the graphitized carbon black (5.8 Pa) compared to that of the pristine
carbon black (114 Pa). This indicated a degeneration of the flocculated
network structure as a result of the heat treatment. In addition to this the
carbon black that had been heat-treated, was not as easily wet with the
linseed oil and often showed pigment settling.

Summary:

In most studies on filled polymers, the filler carbon black is of considerable
industrial interest. However, more regularly shaped silica particles have
proved to be more useful for systematic studies. Consequently, there have
been a vast number of rheological studies conducted using carbon black, silica
or polymer solutions/polymer melts that contain both particles. To date, there
is strong evidence of some general patterns that have emerged from the
published data of linear dynamic moduli and steady-state shear viscosities.

Firstly, on adding particles to a polymer solution/melt, the dynamic moduli and
the viscosity is always systematically increased, regardless of the frequency or
shear rate™. However, the relaxation modes of the polymer remain
unchanged. This can be attributed to the hydrodynamic effects caused by the
rigid particles “upsetting” the ordering in the flow. The volume effects of the
particles that are present also induce a corresponding increase in the stress.

At small interparticle distances there is an additional increase in the moduli
- obtained at low frequencies depicted by a low-frequency plateau and the
viscosity obtained at low shear rates-denoted by the appearance of a yield
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stress. The presence of these additional features suggests that the attractive
orces between the particles have ultimately induced the formation of a weak
solid-like, space-filling network.

A schematic representation of the networked polymer configuration in the
presence of highly interactive filler during the stages of rest and flow can be
seen in figure 1.2:
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Fig 1.2: Configuration of the polymer-filler mixture: (a) at rest; (b) at low shear rates

and (c) at high shear rates. Redrawn from Havet and Isayev ’>

The polymer chains can be considered as one of three different forms. They
can move freely throughout the solution forming a coil, they can be adsorbed
tc a single particle, or they can be adsorbed to two particles, forming a bridge.
This is represented by situation (2); as the shear rate is increased slightly (b),
the bridges are deformed to the point of breaking, however the brushes are
still adsorbed to their respective particles and the hydrodynamic reinforcement
is still in operation. As the shear rate is further increased, the adsorbed
brushes detach themselves from the paiticle suiface {c), in this case, the
reinforcement is only due to the presence of the filler particles and the
corresponding volume fraction of the filler.

At low particle volume fractions, stable dispersions exhibit Newtonian
behaviour, whereas flocculated systems exhibit pseudoplastic flow.
Flocculation is thus accompanied by a large increase in both yield value and

storage modulus of the dispersion’*®.
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There are many other variable properties associated with a polymer-filler
system that are known to alter the rheological properties; particle surface
charge, particle size/shape and the volume fraction of the filler are to name
but a few. Below a critical particle volume fraction, hydrodynamic effects
dominate the rheology of the suspensions. This critical volume fraction
decreases with decreasing particle size. Increasing the volume fraction
beyond the critical value gives rise to drastic changes in the rheological
behaviour that is typical of weakly flocculated suspensions. In general, an
increase in the carbon black concentration and a decrease in the particle size
enhance aggregate formation thereby increasing the viscosity.  More
importantly, the changes in shape of the aggregates lead to drastic changes in
the nonlinear rheology. Thus, a wide variety of rheological responses are
observed for carbon black suspensions in various media.
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CHAPTER 2: COLLOIDAL DISPERSIONS
2.1: Polymers

2.1.1: Description

Polymers are long chain molecules that can either be naturally occurring or
synthetic, consist of a large number of one or more monomer units and whose
size falls within the colloidal range, typically 10 < 100 nm. However, the large
number of materials that fall into the category of polymers is so extensive a

classification that distinguishes them from one another has been devised and
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at elastomers, in general, can either be natural or man-made and are

o the great number of atoms and molecules that make up these

2.1.2: Relative molecular mass., molar mass and molecular weight

One of the most important features that distinguishes a polymer from a simple
molecule is the inability to assign an exact polymer molecular mass. Most
polymers are polydisperse - they consist of a mixture of molecules with various
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chain lengths and molar masses. As a consequence of this, it is common to
use mean values, determined by different techniques, to describe a polymer:

The number average molecular weight, M, which is obtained by methods
that depend on end-group analysis or colligative properties (where each
molecule contributes equally regardless of weight), is given by
— 1
M=—73XNM, (2.1)
N
where A, is the number of molecules with molar mass M, and there are N
molecules in total.

The weight (mass) average molecular weight, M, obtained by methods
that are dependent on individual molecular masses e.g. light scattering and
ultracentrifugation is given by

M= =% mM, 22)

1
m
where m; is the total mass of molecules of molar mass M; and m is the total
mass of the sample.

Due to the contributions of the individual molecules within a polymer in
determining M,, M, is always greater than M, However, a special case exists
when all molecules are of the same weight, here M, = M, Hence, the
narrower the molecular weight range, the closer are the values of M, and M,.
This relationship gives rise to the polydispersity index, P, which is a
measure of the molecular weight distribution in a sample

P=My M, (2-3)

Many of the physical properties of polymers are highly dependent on the
-molecular weight, it is therefore good practice to experimentally determine one
of the mean values (e.g. by viscosity measurements, osmometry etc) and to
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state an estimation of the polydispersity, in order to select the most suitable
polymer for the specific application in mind. However for a vast majority of
research it is common to use an industrially derived polymer that is known to
be fairly monodisperse.

2.1.3: Composition

The molecular building blocks and configuration of the molecules within a
polymer are the fundamental basis to many of its associated properties. Most
polymer molecules have a “backbone” of carbon, but there are some that have
other backbones, such as silicone oxide which is represented in figure 2.2.

H T T
%Ll—- D]
H H R
a) b)

Fig 2.2: Representative structures of a) a polymer with a carbon backbone and b) a
silicone oxide backbone.

The polyolefins have a continuous carbon backbone, whereas other polymers
may have amide, ester or ether linkages. It is the nature of these linkages,
amongst other properties e.g. molecular weight, that drastically affect the
properties of the polymer.
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4: mer re

The process in which the monomers are joined together greatly influences the
final structure of the polymer, of which there are two main types:

1.

Note:

Homopolymers-a polymer that can either be ionic or non-ionic which
consist of the same monomeric repeat unit,

. Copolymers-a polymer that can either be ionic or non-ionic that consist

of more than one type of monomer. Copolymers can be subdivided into
further categories:

block or comb copolymers- when long chains of one monomer are
connected to long chains of another monomer,

random/statistical copolymers- when the monomers are distributed
randomly,

alternate copolymers- where the monomers alternate and

graft copolymers- which are slightly different, but compose of segments
that covalently bond to the surface of particles. (The previous three
mentioned copolymers physically adsorb to surfaces.)

If a polymer consists of one or more monomer unit that is carrying an

ionisable group (if it is ionic), it is termed a Polyelectrolyte.

2.1.5: Polymer architecture

One can also describe polymers (figure 2.3) as /inear, branched, and cross-
linked (network). A linear polymer has no branching other than the pendant
groups associated with the monomer’. Branched polymers contain branch
points (junctions) that connect three or four sub-chains which may be side-
chains or part of the main chain. However, cross-linked (network) polymers
are formed when linear or branched polymer chains are joined together by
covalent bonds, by intermolecular physicél junctions or by entanglements of
the chains.
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Linear Branched Cross-linked

n the soli
cross-linked, it is also necessary to take into account the assembly of the
polymer chains. There are two ideal types of assemblies; Amorphous or
crystalline. Amorphous polymers have no definite order and there are no
points of attachment between adjacent molecular chains (liquid-like).
Crystalline polymers have their molecular chains arranged in an ordered
fashion (solid-like) enabling these chains to approach one another close
enough for intermolecular forces to bind the chains together. Crystalline and
amorphous arrangements are ideal structures and their behaviour as solids
and fluids constitutes ideal states. However, there are aiso arrangements of
polymer assemblies that show order similar to crystals and, at the same time,
fluidity like liquids. Polymers of this “intermediate” type are called

RSPl AR,
mesomorprious .

Technically, there is also another class of highly branched (hyperbranched)
polymers called dendrimers that were discovered in 1985 by Donald A.
Tomalia*. A dendrimer is a synthetic, three-dimensional macromolecule that is
formed by the step-wise addition of monomers into a regular branching “tree-
like” structure®®’. When produced by a step-wise synthesis, dendrimers are

monodisperse with a precise molecular weight and size.

o
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Linear polymer Dendrimeric polymer

Fig 2.4: A schematic illustration of a conventional linear polymer and a dendrimer.
(Adapted from Dr. Gavin Kirton'’s home page, Indiana University-Purdue University
Indianapolis)

In principle this unique monodispersity is determined during the synthesis,
where the conditions of formation can be finely tuned in order to produce a
dendrimer of exactly the right shape, size, flexibility etc. required. Dendrimers
tend to form symmetrical spherical shapes, as shown in figure 2.4, with a well-

by the

D'
Q.

2,

defined interior and exterior and with th

ﬂJ

wn i
r chemistry being dominatec

compared to the small solvent molecules and therefore act to slow down the
solvent molecules by inhibiting their flow. As a consequence of this, the
solution becomes more viscous. However, not only do the polymer molecules
intermolecular forces. If there are any attractive secondary interactions
between the polymer and the solvent molecules, the small solvent molecules

can become bound to the polymer.

W
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Polymer molecules generally form random coils in solution, which may be
described as a three-dimensional walk in space. The polymer segments not
only interact with the solvent molecules, but they also interact with each
other. However, this interaction is highly dependent on the quality of the
solvent. In a good solvent the polymer segments act to repel each other,
reducing the segment-segment interactions, forming a “self-avoiding walk”
conformation. This is where the polymer is in an expanded form and
represents the ideal polymer chain. As the quality of the solvent is reduced,
the number of segment-segment interactions, due to the unfavourable
entropic contribution associated with segment-solvent interactions, increases.
As a consequence of this increase, the polymer is in @ more contracted
conformation. So by altering the conformation of polymers in solution, it is
possible to alter many of the solution properties e.g. the viscosity.

Therefore, polymers are used as thickeners in things like shampoo and even
ice cream. The extent of the thickening, however, is highly dependant on the
molecular weight of the polymer. When a polymer has a high molecular
weight, it has a large hydrodynamic volume (the volume the coiled polymer
takes up in solution) and is able to block the motion of more solvent
molecules. Also, for higher molecular weight polymers, the secondary forces
are stronger hence the more strongly a solvent molecule or neighbouring
polymer segment will be bound to the polymer.

2.1.7: Polymer solution thermodynamics
The solvation of a polymer is governed by the magnitude of the free energy of
mixing, AGmix:

AGmix = AHmix — (T Asmix) (24)

where AHix is the enthalpic component, T is the temperature and ASni is the

change in entropy upon mixing. Note, for spontaneous dissolution, AGmix must
be negative. The resultant solution, following spontaneous dissolution, has a
lower free energy than the sum of the free energies of the constituents. Due
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to the solvated chains having an increased conformational mobility, the change
in entropy upon mixing of the polymer and solvent is always large and positive
and hence, the dissolution of the polymer is controlled by the magnitude of
AHn, which should be small, zero or negative for dissolution to be favoured.

2.1.8: Polymer-solvent interactions

The properties and the interaction mechanism of polymers in solution are
highly dependent on the solvent quality. Upon dissolving a polymer in a
solvent, there will be attractive forces between certain polymer segments that
induce cohesion. To remove a given molecular species from its nearest
neighbours would, therefore, require energy. This measure of energy, which
is termed the cohesive energy, is related to AHy,, the volume of mixing, the
volume fractions and the cohesive energy densities of the components. The
cohesive energy density- AE, / V, is analogous to the heat of vaporisation per
unit volume. Furthermore, the term (AE, / Vn)"? is known as the solubility
parameter, 5,.

It therefore follows that:

AHnix = Vinix (81- 82) ¢1 2 (2.5)

where Vi is the volume of mixing, 3; and ¢, are the solubility parameter and
volume fraction of solvent respectively and &; and ¢, are the solubility
parameter and volume fraction of the polymer. For spontaneous dissolution,
AHnx must be small, and thus the solubility parameters of the solvent and
polymer must be as close as possible in value; if the values of &, and &, differ
widely, the polymer segments prefer contact with themselves and phase
separation occurs.

2.1.9: Flory-Huggins theory

This approach uses the principles of statistical thermodynamics to describe the
criteria required for mixing a polymer and solvent. By obtaining a value for
the entropy of mixing ASmy, using the Boltzmann equation, the Flory Huggins
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parameter, ysp, Can be obtained. ysp is @ measure of the interaction energy of
a given polymer-solvent system and is related principally to the enthalpy of
mixing for the polymer solution. xsp is small for good solvents whilst poor
solvents have a high value of xs. xsp =0 corresponds to a solvent very similar
to the monomer®. This theory also predicts that mixing of polymer and solvent
is favourable when the temperature is increased, based on the fact that at
higher temperatures the solvent properties are improved as ys, > 0.
However, this is not always found experimentally and at large temperature
ranges there is a deviation from the expected behaviour.

2.1.10: Solvent quality

The situation where xs, = 0.5 corresponds to the théta condition, where
polymer-solvent contact is minimised and phase separation is incipient. In a
good solvent (where ys, < 0.5) the segments of the polymer chain have no
preference for other segments over the solvent molecules. Usually, in a good
solvent, the solvent molecules are similar in properties to those of the
polymer, and a given segment of the polymer would have as much preference
for a solvent molecule as for another polymer segment. The result is a
random configuration of the extended chains, just as in a polymer melt. In a
poor solvent (where s, > 0.5), there is much greater affinity between polymer
segments than between the segments and the solvent molecules. The result
is a contraction of the chains. This random extension in a good solvent and a
contraction in a poor solvent is an important factor affecting the viscosities of
solutions.

2.1.11: Size and shape

The dimensions and shapes of single polymer molecules can only be studied in
solution because these molecules degrade at the temperatures required for
their vaporization. Solvents may or may not interact with polymer molecules
to generate additional varieties of sizes and conformational shapes.

When a polymer is dissolved in a high excess of solvent the polymer-polymer
interactions can be neglected. Depending on the configuration (degree of
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branching, molecuiar weight), the nature of the solvent and the temperature,
when dissolved, a single flexible linear chain has many internal degrees of
freedom (by rotation about the single bonds in the backbone) and may fold in
different ways in order to minimize polymer-solvent contact. This folding of the
polymer chain commonly forms structures, such as; unperturbed coils,
wormlike coils, perturbed coils and even various more or less compact

structures that resemble Euclidian bodies (e.g. spheres or rods).

The size of a polymer coil is, however, characterised by its radius of

[{]

yration,
Ry which measures the r.m.s. distance of the polymer segments from the
centre of mass of the molecule. Figure 2.5 illustrates three extreme types of
polymer configuration: the stiff rod, the compact {spherical) globule and the
coil. For a solid sphere of radius R, the radius of gyration is (3 / 5)¥2 R, and
for a long thin rod of length |, Ry = | (2 ¥ 3)

Fig 2.5: The triangle of Haug, representing three different types of chain folding.

It should also be noted here that the radius of gyration is dependent con the

molar mass, M. In the compact state R, o M, for a linear configuration Ry o

M, while for a random coil Rq o M“, where 1> a >0.33.
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2.2: Colloids

2.2.1: Classification of a colloid

Simple colloidal dispersions are two-phase systems consisting of a disperse
phase (for example a powder) finely distributed in a dispersion medium®.
When the disperse phase is a solid and the dispersion medium is a liquid, the
widely used Ostwald classification of dispersions distinguishes this further to
be called a suspension.

As a result of the size of the particles/molecules (1nm-1um), a colloid will
neither dissolve nor precipitate. However, the size is not the dominant factor,
rather the total surface area. From a thermodynamic perspective, colloidal
dispersions are inherently unstable, but kinetically stable. There are four main
types of colloidal dispersions, the most simple being “hard sphere” systems.
The nature of these systems has been discussed in chapter one, but they
basically consist of a low concentration of particles, which screens out any
interparticle interactions because of the large distances between nearest
neighbours. Secondly, there are sterically stabilised systems (see section 2.2.5
and 2.2.6) which consist of particles with an adsorbed polymeric layer.
Thirdly, there are dispersions that have been electrostatically stabilised (see
section 2.2.7 and 2.2.8) by imparting a charge on the particles, to induce
repulsion.  Lastly, there are flocculated systems (see section 2.2.18). These
are formed when the attraction forces between the particles predominate over
all the other forces within the system, to form a system of aggregates.

2.2.2: Preparation of colloidal dispersions

In 1928, Svedberg divided the preparation of colloidal dispersions into two
categories: dispersion and condensation!®, dispersion being the most suitable
method for fine particulate materials. In the dispersion method, a sample of
bulk material is broken down to colloidal dimensions by some kind of
mechanical process. The most widely used (e.g. colloidal mill, high shear
mixing) utilises a shearing action in which the particles are torn apart. This
results in a colloidal dispersion, provided that the solution contains a suitable
dispersing agent to prevent re-aggregation of the small particles'’. However,
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the method employed in the preparation of a colloidal suspension is highly
dependent on the magnitude of the particle-particle interactions and the
particle concentration!?.

2.2.3: Colloidal motion

It was the English botanist Robert Brown, who first observed the rapid erratic
motions of small particles. Since then, further experimental evidence has
shown that “Brownian motion” has been found to exist within colloidal
dispersions, in fact, all systems that have small enough particles tend to
exhibit this behaviour.

The kinetic-molecular theory of matter was employed to explain this motion,
which showed that the motion was a result of the continuous bombardment of
particles by the solvent molecules that surround them.

2.2.4: Stabilisation of a colloid

Colloidal particles undergo Brownian motion and hence are continuously forced

into colliding with one another. The intensities of these bombardments are
varied and sometimes the collisions can result in @ permanent association of
two or more particles. This formation of aggregates (referred to later as
flocculation) renders the system unstable. Colloidal particles attract each
other over large distances, so there is a long-range force (van der Waals
force) that tends to condense them into larger particles. At the point where
these larger particles are formed, the free energy of the system is at its
lowest. In order to stabilise colloidal systems there are two mechanisms that
have proved effective in opposing this long-range interaction and hence
prevent aggregation of the particles during collisions;

1. steric stabilisation-where the particles can be coated with an adsorbed
layer of material (e.g. a polymer) which will then shield the “hairy”
particles from contacting each other or

2. electrostatic stabilisation-where all the particles can be given either a
positive or negative electrical charge to induce the coulombic repulsion
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operative between charged colloidal particles and their respective
double layers.

2.2.5: Steric stabilisation

In effect, the surface of a lyophobic (solvent-repelling) colloidal particle is
covered with a lyophilic (solvent-attracting) material of a polymeric nature,
thus giving the particles a “hairy” surface. When two such particles approach,
they repel each other due to the interaction between the adsorbed polymer
chains on either particle. In fact, the repulsion is due to two effects, an
osmotic effect caused by the high concentration of polymer chains in the
region of particle overlap, and a volume restriction effect due to the loss of
possible conformations in the narrow gap between the two particle surfaces.
In essence, this repulsion is sufficient to overcome the long-range attractive
forces and therefore introduces stability within the system. The colloidal
stability of dispersed particle systems depends largely on the adsorbed amount

1314 1n

and the hydrodynamic thickness of the adsorbed polymeric layer
practice, steric stabilizers are usually block copolymers with lyophobic “anchor”
groups, to provide firm attachment to the surface, and highly lyophilic “buoy”
groups, to provide a suitably thick layer of polymer that acts as the steric
barrier. For example, polymers/surfactants are expected to adsorb onto
particles, typical ingredients of ink formulations, by their hydrophobic parts
and extend their hydrophilic parts into the aqueous medium, thus providing

steric stabilization.

2.2.6: Factors that influence steric stabilisation

Steric stabilisation can be influenced by many factors; by changing the nature
or the length of the adsorbing polymer chains (the hairs), by altering the
adsorption energy (altering the particle surface properties) or by changing the
solvent properties. In worse than théta conditions or when the surfaces are
not completely covered, the hairs may collapse rendering the interaction
attractive, therefore promoting aggregation of the particles.
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At any interface between two phases, there is a tendency for charges
(electrons or ions) to accumulate. As a result of the different affinities of
different species {(coulombic interactions) for the surfaces that may be present

within a colloid, an uneven charge distribution may occur that renders one
surface positively charged and the other negatively. Negative counter-ions are
attracted to a positive surface by the electric field generated by the positive

charges as well as being distributed uniformly throughout the surrounding

the bulk solution. This arrangement of charge is what is called the diffuse

electrical doubie iayer of the particle, which can be seen in figure 2.6.
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be fixed to the particle, however as the distance from the particle is increased

the layer becomes more diffuse and the liquid begins to move with respect to
the particle. The point at which this movement occurs is termed the surface of

hear. The electrostatic potential in this plane relative to the bulk is called the

%)

zeta potential (£)'°. The zeta potential is, in many cases, a good estimate of

the diffuse layer potential and it is determined by measuring the velocity of the
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egative charge) in solution. This acts to alter

the electric double layers start to interact, hence there is an increased

attraction between them; figure 2.7.

Electric double layers shrink

Ionic strength Increased ionic
e o svengt ® @
\\ Flectrostatic - - \ - -
N force L = ol \ Electrostatic
Repulsicn N . . Repuision \, force . .
\\‘ e
— .
/ T — - =
i — N\ Increased
A O i ‘ ¥ ] i attraction
Attraction Van der Waal's attraction Attraction l‘ Van der Waal's T aLter
force ' force
| |

Fig 2.7: A schematic diagram to represent the forces between two approaching

particles in a solution and the effect of increasing the ionic strength.
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There are, as can be seen in figure 2.7, two main forces that act on charged

colloidal particles ina sglution;
2) van der Waal'’s attractive forces

Deryagin, Landau, Verway and Overbeek summised that by adding these
two opposite forces together it is possible to describe the overall force acting

on a colloidal particle as it approaches another particle or charged surface
This is the basis of the DLVO theory. However, it is very important to reaiise
that the overall shape of this resultant force (the green lines in fig 2.7)

depends on the ionic strength, which in turn affects the depth of the electric

double layers and the resultant electrostatic repulsion.

Basically, in order to stabilise a colloidal system, the ever present attractive
van der Waals forces that exist between the particles have to be overcome
and the above two methods (imparting of a charge or adsorption of a
polymeric species) have proved effective in promoting particle repulsion
which opposes this attraction. To illustrate the effect of the two methods,

the inter-particle potential of a) an un-stabilised colloidal system (showing

'

van der Waals attraction), b) a st ||y stabilised colloidal dispersion and c)
an electrostatically stabilised dispe with respect to the distance between
neighbouring particles can be seen in ﬁgure 2.8:
+ particie repulsion v ¥
>
3
5 Distance, h
® h h
pw |
8
g
- Partide attraction
a) b) <)

Fig 2.8: Interparticle potential vs.separation diagrams for unstable and stabilised

colloidal systems.
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Although both methods are successful, to retain good flow properties steric
stabilisation, is the preferred method for the manufacture of concentrated
dispersions since no electroviscous effects occur. The stabilisation of colloidal
dispersions by naturally occurring polymers has been exploited continuously
since the ancient Egyptians produced “instant” ink for writing on papyrus'®.
Nowadays colloidal stabilisation by either natural or synthetic polymers is
essential for many applications within the pharmaceutical, food and detergents
industry in addition to its continuing use as a basis for inks and paints.

2.2.9: Colloidal forces

The force F between two surfaces or particles at a separation h and a

constant external pressure is determined by the change in Gibbs free energy G
with separation?’

F=«AG/Ahyr=-AH/Ahy +T(AS/Ah) (2.6)

The sign convention is such that the repulsive force is positive.

When the surfaces are covered with adsorbed polymer, interaction begins
when the surface separation is approximately twice the distance of the radius
of gyration of the polymer. At this distance, which is typically 10-100 nm, van
der Waals and double-layer forces between the bare surfaces are negligible
leaving the polymer-polymer overlap to provide the dominant contribution to
the resultant force.

2.2.10: Driving force for adsorption

Adsorption occurs whenever a solid surface is exposed to a gas or liquid: it is
defined as the enrichment of material or increase in the density of the fluid in
the vicinity of an interface’®.

A molecule in solution will adsorb to the surface provided the adsorption
energy is substantially larger than the thermal energy, k7. Depending on the
polymer type and the filler material chosen, as with any spontaneous process,
adsorption of a polymer from solution to a surface is driven by a reduction in
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the overall free energy, AG, e.g. if the free energy of polymer segment-
surface contacts is lower than that of the solvent-surface contacts. Basically,
adsorption is driven by the competition between the net energy change on
adsorption (enthalpy of adsorption), the loss of conformational entropy of the
adsorbed polymer, and the gain in entropy of the solvent molecules that are
replaced by the polymer molecules at the particle surface.

2.2.11: Kinetics of polymer adsorption

The kinetics of polymer adsorption involves several distinct processes that
occur simultaneously, but each of which has a characteristic time scale. The
first process is concerned with the mass transport, via diffusion or convection,
of the polymer from the solution to the surface. Upon reaching the surface,
the polymer must then attach itself to any available surface sites however this
is dependent on the magnitude of any local activation energy barrier. The last
process is the rearrangement of the polymer from the solution conformation to
the new “tail-loop-train” conformation. Following initial contact of the polymer
solution to the surface, an increase in the adsorbed amount is observed with
increasing time. However, at first this increase is rapid but on approaching
surface saturation the molecules arriving at the surface are unable to adsorb
immediately and the rate is therefore slowed. Upon adsorption up to about
75% coverage, the concentration of non-adsorbed polymer at and around the
surface is much greater than that of polymer in the bulk solution. This mass
transport effect is therefore regarded as the kinetically dominant process of
adsorption.

2.2.12: Methods of adsorption

A polymer can adsorb to a particle surface as a result of: van der Waals
interactions, coulombic (charge-charge) interactions, dipole interactions or
hydrogen bonding. Whatever the mode of adsorption, the size of a polymer
molecule makes it extremely unlikely that all the segments of the
.macromolecule will be in contact with the surface at any one time. Hence, the
usual result is that the polymer chain is adsorbed by more than one point, with
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the tail extending into the solvent. The common representation, first proposed
by Jenckel and Rumbach in 1951, of an adsorbed polymer to a particle surface
can be shown in figure 2.9, with the so-called trains (the surface contact
points), /ogps (the train connecting points) and the fails (the non-adsorbed
portion of the polymer).

LOOPS

TAIL

TRAINS

Fig 2.9: A schematic diagram to represent the adsorption of a polymer to a particle
surface.

Multipoint attachment of the molecule to the surface makes it difficult for all
the segments to desorb simultaneously therefore, polymer adsorption can
essentially be classified as an irreversible process even though each of the
separate contact points may easily be desorbed.

2.2.13: Polymer segment-surface interactions

The adsorption characteristics of a polymer are highly dependent on the
interaction energy of a given polymer-solvent system, xs,. However, it is very
important, for adsorption to occur, that the polymer has an affinity for the
surface in question, expressed in terms of the segment-surface interaction
parameter ys. When ys is large, there is a strong attraction between the
polymer segment and the surface hence the adsorption is strong. When s is
small, the adsorption is weak. Upon adsorption, this interaction parameter
strongly influences the conformation of a polymer at the solid-liquid interface.
When ys is large, the polymer density at the surface will increase and may
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result in less extension of the polymer into solution. However, ys and the
adsorption of polymer to the surface are greatly influenced by many factors,
the main two being; the interfacial surface characteristics and the chemistry
that defines how the polymer behaves in solution.

2.2.14: Surface characteristics that affect adsorption

The surface roughness and porosity can greatly influence the degree of
adsorption of a polymer at that surface. The hydrophobicity of a surface may
be varied by the presence of high energy sites, such as crystal edges, ridges or
corners that usually expose active sites that can then accommodate polymer
adsorption. If a surface is porous, the total surface area available for polymer
adsorption can be greatly underestimated, in this case, the polymer may be
able to penetrate the surface'®.

If a surface is heterogeneous, the presence, distribution and nature of
functional groups found at the surface also contribute significantly in the
polymer adsorption process. These groups ultimately determine the energy of
the surface and hence the nature and strength of the interaction/bonds
responsible for adsorption between the polymer and the surface, whether they
be chemical bonds, hydrogen bonds or hydrophobic interactions.

Another important adsorption determining factor is the surface curvature'’.
The conformation, amount of adsorbed polymer and the adsorbed layer
thickness, & can be influenced by the particle size, specifically, the radius of
curvature of the particle surface, ron. Particles with a small radius allow
polymer segments greater access to the regions immediately adjacent to the
particle surface. This results in @ higher polymer density near the surface but
on the other hand, a thinner adsorbed layer is observed.
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2.2.15: Adsorption and the properties of polymers in solution
The adsorption behaviour and the resulting conformation of a polymer is, as

mentioned before, greatly influenced by many solution properties that are
associated with the polymer e.g. solvency, molecular weight and
concentration. The solvency of the polymer is very important because the
resulting interaction between the polymer and the solvent determines the
adsorbed layer thickness, due to either elongation of chains into the solvent or
contraction of chains to the surface. Also, the molecular weight of the
polymer has a profound effect on the adsorption characteristics. Generally,
the polymer adsorbed amount increases with molecular weight due to the
resultant decrease in adsorption entropy. A high molecular weight polymer
tends to contract on the surface in order to minimise polymer-solvent mixing,
hence also minimise entropic loss. It must be mentioned however, that a high
molecular weight polymer takes longer to reach equilibrium adsorption levels
than the equivalent low molecular weight polymer. Two factors contribute to
this!®2%21:22; firstly, when a polymer is larger it has a lower diffusion coefficient
compared to a smaller polymer and secondly, larger polymer chains require
more time to rearrange from their solution conformation to their adsorbed
conformation. The first effect is rate determining at low concentration and the
second is rate determining at high concentration. Lastly, as the concentration
of polymer is increased in solution, the extent of the surface coverage also
increases until eventually maximum coverage is achieved. Upon the continued
addition of polymer, the osmotic and steric forces between adsorbed chains
hinder any further adsorption, rendering the excess polymer un-bound in
solution.

2.2.16: Measurement of adsorbed amount

The adsorption of a polymer from solution onto a surface is usually described
in terms of an adsorption isotherm which relates the amount of polymer at the
particle surface, I' (mg/m?) to the amount of polymer left in solution, ¢ (ppm
or mg/L). The shape of the isotherm is dependent on the nature of the
'system however there are four main types which can be seen in fig 2.10: “S”
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shaped which indicate an increase in adsorption sites by an increase in slope

common and show monolayer coverage onto the surface and “C" type

..... L A L

(constant partition) which, for porous adsorbents, indicate
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new sites as the adsorption process progresses.
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Fig 2.10: Different types of polymer adsorption isotherms
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of adsorption and the orientation of the adsorbate can be useful for controlling
the transport and equilibrium properties of a suspension.

2.2.17: Volume fraction profiles

The resulting conformation of an adsorbed polymer is a very important
parameter because the way in which a polymer arranges itself ultimately
determines the volume fraction profile it will produce. The volume fraction
profile of an adsorbed polymer, ¢(z), quantifies the fractional volume occupied
by polymer segments in relation to the distance the segment is from the
surface of the particle?® (at the particle surface, z=0).

Whether a polymer adsorbs to a particular surface or not is governed by the
thermodynamics of the interactions that occur between polymer segments,
solvent molecules, and the surface’. For adsorption to take place, the
interaction parameter between the surface and polymer segments, s, must be
greater than the critical surface-polymer segment interaction parameter
(defined as the minimum energy required for physisorption to occur), xsc. If
this is the case (xs > xsc) the volume fraction profile for physically adsorbed
homopolymers decays in a monotonic fashion that can be well-approximated
by an exponential or stretched exponential function”>. When the adsorbed
amount of homopolymer is relatively low, the chains are not in contact with
their nearest neighbours and can form one of two conformations depending on
the values of ys and xs.. If xs > xs, the volume fraction profile resembles a
“pancake” (fig 2.11). However, if xs < xsc, the volume fraction profile exhibits
a maximum some distance from the interface, best described by a Gaussian
function, and forms a “mushroom”.

On increasing the adsorbed amount, the distance between the grafting points
of the polymer is decreased. In order to accommodate this extra material at
the interface, the polymers are forced to extend and form what is known as a

“brush” conformation where the profile is described by a “step”2%%’,
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2.2.18: Polvmer coated particle interactions

oy
~

As already mentioned, the stability of a colloidal dispersion is greati

~

influenced by the addition of a polymer solution. At a low polymer-particle
concentration ratio, colloidal instability may be observed due to a phenomenon
called bridging floccuiation. Bridging flocculation occurs readily with high
molecuiar weight polymers over a narrow range of concentrations (of the
order of several parts per million) when there is insufficient polymer to coat

the particles resulting in the 0
particle. The floc structures formed, which tend to be rather loose, sediment
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rapidly and are easily removed from solution by filtration. The conditions that
promote flocculation and the resulting flocculated structures are schematically

represented in figure 2.12 (a).
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Fig 2.12: Schematic representation of the effects of adsorbed polymer on th

e
of colloids showing: a) bridaing flocculation at low polymer concentrations, b) steric
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a high surface coverage, in addition to good solvency conditions for the
polymer. Figs 2.12 (c) and 2.12 (d) show the effects of non-adsorbing
polymer on the stability of colloids. Non-adsorbing polymers influence the

icles by modifying the effective osmotic pressure or the

activity of the solvent in the gap between two approaching particles. Polymer

is excluded from the gap between particles. The osmotic pressure difference
in the bulk solution, due to these non-adsorbing polymers, also excludes the
solvent from the gap and hence induces an attractive force that pushes the
particles together. This is cailed depletion floccuiation and is shown in fig 2.12
(c). When the polymer concentration is high, depletion stabilisation (fig 2.12



Upon bringing tweo polymer coated particles together, each with an adsorbed
layer thickness of d, the interaction results in the overlap of the polymeric
layers at a distance of 24 or less. However, there are two ways in which this
overlap occurs: either by interpenetration, where the layers mix or by

compression. This interpenetrati‘ﬁ (fig 2.13 (b)) or compression (fig 2.13 (a))

Polymer
Particle Particie
(@) (b)
A ey B araa e i olvimers: a) comu
Fig 2.13: Interaction of particles coated with polymers: a) compression; b)
. ) 9
interpenetration. Redrawn from Mollet and Grubenmann, page 165
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Summary:

In industry, where the control of a materials flow properties plays an important
role e.g. paints/inks, food industry etc, the most widely used method
employed to stabilise a colloidal dispersion is to adsorb a polymeric material on
to the particle surface. However, the nature of the polymeric material must be
chosen with care because many associated factors such as the molecular
weight, polydispersity, degree of crystallinity and charge greatly affect the
resulting rheological properties. Owing to the vast choice of available
adsorbants and the varying concentrations that can be used, a variety of
systems, each with their own unique properties, have been prepared and
studied. Previously, it has been mentioned that the simplest colloidal system
is that of a true “hard sphere” where there is no interaction between the
particles and the only force acting is the weak van der Waals attraction.
These systems rarely exist in industry and are therefore used only as an ideal
model. However, recently, it has been found that large particle dispersions
that have been stabilised with a ¢Ain layer of polymer behave in the same way,
to a certain extent, as a hard sphere system. With this is mind, there are
many other situations or problems encountered within industry that could be
improved/solved by obtaining a greater knowledge of polymeric stabilisation.
It is therefore, not surprising that sterically stabilised colloidal systems have
been the basis of scientific research for many years already and will, I'm sure,
continue to be so for many years to come.
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CHAPTER 3: MATERIALS
The subject of this thesis is principally concerned with solid in liquid

dispersions and their associated rheological behaviour. The main focus will be
that of carbon black particles in both aqueous and oil media. The systems
chosen were such that they are representative, initially, of model systems.
Firstly, in order to relate this study directly to applications within industry,
concentrated dispersions consisting of carbon black with a variety of different
adsorbants in both aqueous solutions and oils were prepared and studied.
Various grades of carbon black, which differ in aggregate size, structure,
surface properties etc, have been investigated with either:

e an adsorbed acrylic resin layer,

e a poly(ethylene glycol) / poly(propylene glycol) / poly(ethylene glycol)
block copolymer layer or

e a bitumen binder layer.

The second system comprised of an aqueous system of silica with an adsorbed
polyethylene oxide layer. Silica and poly(ethylene oxide) systems have been
employed in many areas of research as model systems hence are very well
documented within past and present scientific literature. As a result, the
broad knowledge and published detailed characterisation of this system
provided a perfect model in which to compare the, not so well documented,
but industrially important carbon black systems with.

3.1: Carbon black

3.1.1: Introduction
Carbon black is an intensely black, finely divided powdered form of highly
dispersed elemental carbon manufactured by the controlled vapour phase

pyrolysis of hydrocarbons'. Its principal use is as a reinforcing agent in
automobile tyres and other rubber products, but because carbon blacks are
strong absorbers of light over the entire spectrum they are also used
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extensively as extremely black pigments with high hiding power suitable for
use in printing inks, paints and carbon paper.

3.1.2: Microstructure of carbon black

The blackness and tint properties of such ink coatings are all highly dependent
on the particle size distribution, particle morphology and structure. Carbon
black particles are usually spherical in shape and less crystalline than
graphite’. The precise structure is intermediate between graphite and a truly
amorphous material - small crystallites made up of parallel graphitic layers
0.35-0.38nm apart. These localized graphitic layers are disordered in the
centre of the particles, but tend to lie parallel to the particle surface’.

Carbon black particle Carbon black aggregate

Fig 3.1: A schematic diagram of the microstructure of a carbon black particle and how
a typical aggregate may look.

3.1.3: Manufacture of carbon black

Carbon black is made, primarily, from a petroleum-based feedstock. The oil is
pumped into a specially designed furnace, where it is heated continuously
above 1000°C with a mixture of fuel (oil or gas) and air. This elevated heating
process “cracks” the oil to produce a gas stream laden with carbon black
powder. The gas stream that is obtained is then passed through a series of

63



CHAPTER 3: MATERIALS

filters, which ultimately leads to the carbon black particles being separated
from the gases.

3.1.4: Formation of carbon black

The formation of carbon black involves three important stages; nucleation of
soot precursors, thus producing a particulate system from a molecular system,
precursors which subsequently agglomerate to form particles with typical
dimension 1-2nm. The final step involves the association of these particles,
forming roughly spherical, primary particles. Aggregation of these primary
particles thus determines the ultimate morphology of carbon black aggregates
henceforth, termed fractal or spherical particles. Average aggregate diameters
range from 0.1 to 0.8um.

3.1.5: Important properties of carbon black

Carbon black is described by four fundamental properties. These include;
fineness (which is dependent on the particle size distribution), structure (based
on aggregate shape and size), porosity and surface chemistry (types of active
functional groups present at the carbon black surface). Recognition of these
fundamental properties and the non-fundamental properties such as surface
area and tint strength that can be derived from them is, therefore, the key to
understanding the nature of carbon blacks and their importance in industry.

e Particle size

The particle diameter (fineness) is the single most important property of
carbon blacks which exerts a primary influence on the colour properties and
the reinforcement properties. A finer particle size leads to jetter colour
(Jetness is a measure of the blackness of a printed image and is also known as
the optical density), more effective reinforcement and a higher viscosity, but
requires increased dispersion energy. The particle size of a carbon black is a
stable property and does not change when a sample is mixed into a particular
vehicle system.
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e Structure

When describing carbon black, the term “structure” is used to define the
formation of the particies within an aggregate. Carbon black aggregates vary
widely in shape, some being almost spherical (low structure), whereas others
are more clustered and fibrous (high structure). There are four distinctly
different categories described by Herd and coworkers®, shown in figure 3.2,
that group together all possible aggregate types found within all carbon
blacks.

Increasing structure

6 o[ olfty
el

@ o

&>

Spheroidal Ellipsoidal Linear Branched
Figure 3.2: The four types of carbon black aggregates. Redrawn fron’

In liguid or polymeric systems, the presence of a highly structured carbon
black raises the viscosity and improves dispersibility. Structure is a system

dependent property and the aggregate size/shape distribution will vary

according to vehicle type and the shearing forces that are generated during

e Porosity
The porosity in carbon blacks can be divided into two categories, open and
orosity. The open porosity can be in the form of small pores of the
order of nanometers of an undefined shape on the surface which may or may
not provide access to internal voids. If the internal voids are not accessible to
the surface, they represent closed porosity.
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Of the four fundamental properties of carbon black, surface activity is the most
difficult to char*cterize, but in essence, it is described as the interaction (either

f the carbon black surface with its surroundings. Most

However, Walker and Janov® and later Bradley’ et a/ have reported that the

icity is reduced by the presence of chemisorb

Types of surface activi
Flgure 3.3 indicates three different types of suiface activity and the conditions
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The surface activity of the carbon black dominates polymer-filler interactions

and filler aggregate-aggregate interactions for many industrial applications, it
is, therefore, of the utmost importance that the chemistry involving the
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functional groups present at the surface be fully understood. Carbon blacks
are invariably associated with varying amounts of oxygen and hydrogen. In
addition they may also be associated with atoms of chlorine, nitrogen and
sulphur. These atoms become part of the chemical structure, whilst being
introduced to the sample during the manufacturing process. Carbon blacks
typically contain about 90-99% elemental carbon with oxygen (typical oxygen
content between 0.2 and 8.5%) and hydrogen (between 0.1 and 0.7%) as the
other major constituents. However, the oxygen and hydrogen content are
dependent on the manufacturing procedures employed and values vary from
batch to batch. In addition, the nature of the feedstock and the
manufacturing conditions are also responsible for the sulphur that is commonly
found in carbon blacks (typical content of ~0.6%).

Surface oxides

Carbon-oxygen surface groups are by far the most important type which act to
influence the surface characteristics and the surface behaviour of carbons.
The surface oxides associated with carbon black have been proposed to exist
as one of three types; acidic, basic or neutral. The acidic surface oxides,
which are known to render the surface polar in character, are suggested to
exist as acidic functional groups such as carboxylic or phenolic. Their
formation is selective upon treating of the carbon with oxygen up to
temperatures of 400°C or by the reaction at room temperature with an
oxidising solution. Upon accelerated temperatures > 1000°C, the surface is
freed from all surface oxides, but on cooling back to room temperature, the
presence of oxygen gas promotes the production of basic surface oxides that
have a heterocyclic oxygen-containing ring structure. Lastly, the neutral
surface oxides are formed by the irreversible adsorption of oxygen at the
unsaturated sites present on the carbon black surface.

Carbon-Hydrogen surface groups

It has been observed that hydrogen, the second hetero atom associated with
carbon black, is adsorbed as atoms at carbon sites situated at the edges and
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corners of the graphitic crystallites®. The hydrogen in carbon black is present
as chemisorbed water and as part of the hydroxyl, phenol and hydroquinone
groups. In addition hydrogen is also bound to surface carbon atoms as C-H
bonds that are more stable than the carbon-oxygen compounds that are also
present in carbon black.

Carbon-Nitrogen and Carbon-Sulphur surface complexes

A typical carbon black does not contain a significant amount of nitrogen or
sulphur (< 1%) however, the amounts present are highly dependent on the
processing conditions during the manufacturing of the carbon black. The
carbon nitrogen surface complex is stable to thermal treatments hence
temperatures in the range of 900°C-1200°C are essential for desorption to
occur. Sulphur, however, is present in many different forms such as elemental
sulphur, inorganic sulphate and as organo-sulphur compounds. The carbon-
sulphur surface compounds are extremely stable and are not readily
decomposed, however, on specific heating (500°C-700°C) with hydrogen,
complete desorption as H.,S is apparent.

Carbon-Halogen (Chlorine) surface compounds

The adsorption of halogens onto carbon black results in the formation of stable
carbon-halogen surface compounds, however the amount adsorbed is highly
dependent upon the nature of the carbon surface, the reaction conditions and
the nature of the halogenating species. Further, the oxygen and hydrogen
contents of the carbon also affect the adsorption of a halogen because it is
through mechanisms involving the exchange with chemisorbed hydrogen,
addition at unsaturated sites and surface oxidation, that the halogen is
adsorbed onto the surface.

3.1.6: The use of fractal geometry
So far, the carbon black aggregate shape and size has only been described by

models based on geometrical objects (e.g. spheres and ellipsoids) which are
amenable to the laws of Euclidean geometry. However, due to the complexity
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encountered in trying to fully describe the highly irregular nature of carbon
black aggregates, which are typically non-Euclidean, fractal geometry has
emerged as a particularly useful tool that is widely used. Small angle neutron
scattering on fractally rough surfaces has the potential to scale the surface
geometry by the wavelength of the incident radiating source and hence a
direct analysis of the carbon black surface can be made. The surface fractal
dimension, D, of the two different grades of carbon black, Raven L and Raven
M used here, have been determined by SANS (see chapter 6). It was found
that Ds ranged from 2.42 to 2.53 which is in total agreement with Gerspacher
and OFarrell’s nearly constant value for Ds of ~2.4 obtained for fifteen
different grades of carbon black.

Another scattering method utilizes Transmission Electron Microscopy (TEM) to
assess the fractal dimension of the carbon black aggregate. TEM carbon black
aggregate micrographs are contrasted using a binary technique (black and
white).

3.1.7: The influence of carbon black properties on applications
performance.

The fundamental properties of carbon black (particle size, structure, porosity
and surface chemistry) can be, specifically, related to many important
application properties. For inks and coatings, the single most important

property in terms of carbon black usage is colour (blackness). However,
rheological properties are also highly important, both in the mixing and actual
coating process.
o A small particle size increases blackness and tint, increases viscosity
and lowers dispersibility.
o A higher structure black reduces blackness and tint, increases viscosity
and improves dispersibility.
o Higher porosity increases viscosity.
o Higher surface activity improves wetting, microdispersion and stability
and reduces the viscosity of liquid systems.
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It is, therefore, of the utmost importance that the correct grade of carbon
black is chosen which is suitable for all of the aspects associated with the final
application process.

3.1.8: Carbon black grades that were studied
The two principal grades of carbon black that were investigated are Raven® L

and Raven® M which are ink grade carbon blacks supplied by the Columbian
Chemicals Company, Avonmouth, UK. Ink grade carbon blacks are generally
medium to coarse in particle size and are used for their masstones (the
masstone is @ measure of how evenly covered an area that has been coated in
carbon black is. It is used to determine colour matches between samples)
rather than tint (the tint is a gradation of colour made by adding white to it to
lessen its saturation) properties. Raven® L and Raven® M are untreated,
medium colour blacks that are used for news inks. Raven L has a medium-low
structure and is used for inks in which a typical carbon content of 16-20% is
required. In contrast Raven M shows medium-high structure and is generally
the chosen black for inks where the carbon content required is lower (10-
13%). The structure of carbon blacks is measured by their ability to adsorb
dibutyl phthalate (DBP), where the higher the value, the higher the structure.
For Raven M, the dibutyl phthalate adsorption is 108 + 5 cm?/100g ° and for
Raven L the value is 75 + 5 cm’/100g °.
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The principal characteristics of the two particles are presented in Table 3.1 and
the corresponding transmission electron micrographs can be seen as figures
3.4(a) and 3.4(b).

“Spherical” “Fractal”
Raven® L Raven® M
Structure medium-low | medium-high
|Carbon content (%) of a typical ink| 16 —20 10-13
Mean particle diameter (nm) 30.0 314
Particle surface area (m?/g) 91.4 85.9
Dry state aggregate diameter (nm) 86.8 104.5

Table 3.1: Characterisation of carbon black particles
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Fig 3.4(a): Transmission electron micrographs of the “Spherical” Raven L particles at
two different magnifications. On the left is a picture of the dry material in bulk

2

whereas the micrograph on the right represenis a typical aggregate within the bulk.

tum 100 nm

Fig 3.4(b): Transmission electron micrographs of the "Fractal” Raven M particles at
two different magnifications. On the left is a picture of the dry material in bufk

whereas the micrograph on the right represents a typical aggregate within the bulk.
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Further carbon black grades, all supplied by Columbian Chemicals Company,
Avonmouth, UK, were also studied however these were not studied in such
depth as the two, above mentioned, Raven grades;

R760, R1060, N660 and N772

R760 and R1060 are identical grades however the R760 has had its surface
oxidised using ozonolysis. The average aggregate diameter for both R760 and
R1060 is ~70-80 nm which is smaller than both the Raven L and M aggregate
diameters.

N660 and N772 are coarser graded carbon blacks with large average
aggregate diameters compared to the Raven L and Raven M grades. N660
has an average aggregate diameter of ~215-225 nm and is classed as a
medium-low structured black whereas N772 has a slightly smaller average
aggregate diameter of ~195-205 nm but is more highly structured.

3.2: Colloidal silica

The term colloidal silica (SiO,) refers to a stable dispersion of discrete

amorphous particles of silicon dioxide. These particles are used in many
industrial applications as adsorbents, dehydrating agents, reinforcing fillers
and additives for the control of the thixotropic and rheological properties'®.
They are available in various sizes and with a wide variety of surface
treatment. It has become clear, over the years, that the surface chemistry
and reactivity of silica is determined by the surface hydroxyl groups. The
functional groups that are known to be present at the silica surface, can either
be siloxane groups with the oxygen at the surface or silanol groups, shown in
fig 3.5; a) free (isolated) OH, b) vicinal (bridged) OH, c) geminal OH, d)
siloxane bridge and e) triple hydroxyl group.
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Fig 3.5: The various types of hydroxyl groups on the silica surface’’.

The silica particles under investigation here were obtained from Eka Chemicals
AB, AKZO NOBEL as a 40wt% colloidal suspension in weakly alkaline agueous
solution, stabilised with a small amount of sodium hydroxide. They are more
commonly known as Bindzil 40/170. This Bindzil grade silica has a pH of 9.5, a
density of 1.295 g/cm?® at 20° C and a specific surface area of 170 m?/g. As
for the particle size, Bindzil 40/170 has a wide particle size distribution with
particle diameters ranging from 5 to 100 nm.
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3.3: Adsorbents

3.3.1: Acrylic resins

Waterborne acrylic resins are widely used in the coatings and ink industries as
a cross-linking polymer network “binder” that interacts with the “filler” (e.g.
carbon black) particles. The resins are essentially water white (they have no
characteristic colour) and can therefore be made into any colour that may be
required.

The first acrylic resin polymer solution used in this research is a varnish named
Joncryl® 61 (J61), comprising of a low-molecular-weight (wt.av. ~ 8500)
poly(acrylate) supplied by Johnson Polymer, a product that is extensively used
in the printing industries. It has a pH of 8.3 and a density of 1.07 g / cm® at
25 °C and is formulated as an ammonical solution with @poymer = 0.35 with the
following solvent composition by weight: ammonia (25% solution) 9.5%,
isopropanol 3.0%, propylene glycol 1.5% and water 51.0%.

The viscometry data for two separate batches of J61 is represented in figure
3.6. All measurements were taken at 25° C using an Ostwald U-tube grade D
viscometer that had been calibrated using distilled water (for more information
see chapter 4).
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Fig 3.6: The U-tube viscomelry data for the acrylic resin polymer solution used in this

research, named Joncryf® 61. As shown (O) and (O) represent different batches of
the same solution obtained from Johnson Polymer. All solutions were diluted with

distifled water.

It is clear to see that the sample variation between batches is minimal. By
comparing the relatively small change in viscosity of a 50wt% J61 sclution in

.25wt% J61 soluticn in water, these data are evidence that the

(@]

water and a
polymer resin flakes that are dispersed within the acrylic resin (where @polymer
= 0.35) have a low molecular weight. The R, value obtained from diffusion
measurements for J61 = 2.5nm. This is approximately the same as an SDS

micelie.
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The second, Joncryl® HPD 96 E, from the same suppliers, is a high molecular
weight (wt.av. ~ 16,500) styrene acrylic ammonia neutralised resin solution
with a pH of 8.5 and a relative density of 1.07 g / cm®at 25 °C. It is typically
used for pigment dispersions which promotes high colour strength and stable,
low viscosity pigment dispersions.

3.3.2: Poly(ethylene oxide), PEO

The ethylene oxide monomer is basically an epoxide ring. Two corners of the
molecule consist of -CH,- linkages. The third corner is an oxygen atom, -O-. In
the presence of a catalyst the monomer forms a chain having the repeat unit -
CH,-CH,-O-. This reaction is represented in fig 3.7. PEO is soluble in water
(hydrophilic), methanol, benzene, dichloromethane and is insoluble in diethyl
ether and hexane. It is non-toxic, used in a variety of products and is known
to have a high affinity for silica particles'?. The polyethylene oxide used for
these studies was supplied by Aldrich Chemical Company, Inc. and was used
as received. It was inhibited with 200-500 ppm of BHT and had an average
molecular weight of 400,000. The polydispersity is unknown.

H H

AN / catalyst o
</ A NVAVAVA
e \\ / AN ’ . N
© — —n
Ethylene oxide _
monomer Polyethylene oxide

Fig 3.7: The production of polyethylene oxide from the ethylene oxide monomer.

3.3.3: PEG / PPG / PEG block copolymer

Poly(ethylene glycol) / poly(propylene glycol) / poly(ethylene glycol) (PEG /
PPG / PEG) block copolymers are commercially available non-ionic
macromolecular surface active agents®>.
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The pluronic block copolymer used for these studies was supplied by Aldrich
Chemical Company, Inc., it had an average molecular weight of 8400 and a
composition ratio of 80% PEG to 20% PPG.

3.3.4: Bitumen

The bitumen used was supplied by the Lion Oil Company, El Dorado and is a
very long chain petroleum hydrocarbon that has the trade name, Lion Flux.

3.3.5: The oil medium

The oil is a blended petroleum hydrocarbon lubricant base stock consisting of
~ 65% - 80% heavy naphthenic hydrotreated distillate and ~ 20% - 35%
naphthenic bright stock. Its full name is N-1200-HT Inkol, but is more
commonly referred to as Magie oil.

3.4: Sample preparation

3.4.1: Aqueous dispersions of carbon black and 161

Initially, samples were prepared using a paint shaker. A concentrated stock
carbon black dispersion was prepared by shaking the desired amount of
carbon black with steel ball bearings for 30mins. This stock was then diluted
to the desired carbon black loading, ~ 15 wt% (In practice, the realistic
loading of carbon black powders is about 15%*!*%) and then further shaken
for 15mins to ensure even dispersion. It was found subsequently that a
normal high-shear unipellar mixer was sufficient (and easier) to disperse the
desired amount of carbon black directly into the polymeric vehicle. Using the
high shear mixer, samples were stirred for 24hours, left to equilibrate
overnight, and then analyzed. For example, a typical sample would comprise
15 wt% particles and 60 wt% polymer resin (of which 21 wt% is polymer and
39 wt% is solvent), the remainder (25 wt%) being water- this is denoted as

Ppartices = 0.15, @potymer = 0.21.
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During this equilibration period, the isopropanol (IPA) in the J61 evaporates.
No attempt was made to counter this and NMR was used to check that there is
no substantial difference between the various samples. Such NMR studies
have not been applied to the carbon black systems, but it is assumed that they
would be no different from the simple polymer solutions. Indeed, duplicate
rheological measurements performed upwards of a week later show that there
are no discernible differences in the observed behaviour (see chapter 6,
figures 6.1(a) and 6.1(b)). This criterion is how the distinction of “stable” and
“unstable” was made and hence, how the adsorbed amount of 50 mg of
polymer per 13 m? (+ 1) of particle surface area was arrived at.

3.4.2: Oil dispersions of carbon black

For each sample a dry bead vehicle containing 24.5 wt% bitumen (which acts
as a polymeric binder) in oil (Magie oil) was prepared using an industrial grade
mixer for 30mins. Once mixed, this was left to stand for 24 hours (to reach
equilibrium) before preparing a mill base. The mill base was prepared by
taking 105 g of the dry bead vehicle and adding to that 45 g of carbon black
particles. After cooling, 759 of the mill base was mixed with a further 50g of
oil. This mixture was triple roll milled three times to ensure a sufficient
dispersion. The grind gauge values were checked for all of the stock solutions.
For the four particles involved in the oil studies; Raven L, Raven M, N660 and
N772, this meant that 18wt% stock samples in oil were prepared. The stocks
were then diluted with oil to various carbon black loadings.

3.4.3: n black in oil for colour measurements

Two samples, 18wt% Raven L in oil and 18wt% N660 in oil were prepared by
adding the required amount of particles to a solution of bitumen in oil in the
same way as stated in the above section (3.4.2).
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3.5: Equipment

3.5.1: Rheology

The controlled stress rheology measurements were performed on a Bohlin
CS10 rheometer employing either a cone and plate geometry (with a diameter
of 40 nm and a cone angle of 4°) or a roughened double gap geometry (the
diameters of the inner and outer cylinders being 24 and 27 nm, respectively).
The double gap geometry allows the user to facilitate accurate measurements
of low-viscosity samples. The shear rate sweep and oscillatory shear stress
sweep measurements were conducted on a StressTech (ReolLogica
Instruments AB) with a cone and plate geometry (the cone has a diameter of
40 nm and an angle of 4°).

3.5.2: Small-angle neutron scattering studies

The SANS measurements were performed on the D22 diffractometer at the
ILL, Grenoble. Neutron wavelengths of 8 A were taken with three instrument
configurations to span a Q-range of approximately 0.002 to 0.4 Al. The
samples were contained in 2 mm pathlength UV-spectrophotometer-grade
quartz cuvettes (Hellma) mounted in aluminium holders on top of an enclosed
computer controlled sample changer. Sample volumes were approximately 0.4
cm’. Al scattering data were (a) normalized for the sample transmission, (b)
background-corrected using an empty quartz cell (this also removes the
inherent instrumental background arising from vacuum windows, etc.), and (c)
corrected for the linearity and efficiency of the detector response. The data
were put onto an absolute scale by reference to a flat scatterer such as water.

3.5.3: High-resolution ultrasonic measurements

The velocity (¢) and attenuation coefficient (o) of longitudinal ultrasonic waves
in carbon black dispersions were measured with a HR-US 102 high-resolution
ultrasonic spectrometer (Ultrasonic Scientific, Dublin). The limiting resolution
of the spectrometer is 10° % for ultrasonic velocity and better than 0.2 % for
* ultrasonic attenuation. Two identical cells of volume 1 cm® were used; the
measuring cell was filled with a sample of carbon black dispersion, while the
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reference cell was filled with water. Ultrasonic velocity and attenuation in the
sample and reference solution were measured at frequencies between 2 and
15 MHz at 25 °C. The particle sizes of the carbon black particles in the
dispersion were analyzed using the HR-US 102 particle size software module,
based on the scattering theory described by Allegra and Hawley' and
Waterman and Truell’®. The following parameters were used in the
calculations: aqueous phase (volume fraction of 0.925, density = 1049 kg/m?,
ultrasonic velocity = 1574 m/s, intrinsic attenuation coefficient normalized per
square of frequency a / f* = 4 x 103 s*/m), solid particles (volume fraction =
0.08, density = 2600 kg/m?, ultrasonic velocity = 4600 m/s).

3.5.4: Colour measurements

Prior to the colour measurements, prints of the various different dispersions
were obtained. The prints were taken by loading the printing roller with 0.8mli
of the dispersion using an inker pen. The loaded roller was weighed, a print
was taken and the roller was then re-weighed, this process was then repeated
approximately 20 times. Following this, the print/optical density for each print
was recorded using a Gretag-Macbeth handheld densiometer.

The colour measurements were performed using a benchtop Hunter Labscan®
XE automated spectrophotometer. This spectrophotometer measures reflected
colour the way the eye sees it, including the effect of gloss. During these
investigations, the colour instrument measured with a sensor angle of 0°/45°.
The angle of the light is 0° (i.e. perpendicular to the surface) and the angle of
the detector is 45°.This angle measures apparent colour changes due to both
the sample colour and surface shine or texture. A D65 illuminant' was

! An illuminant is the specification for a potential light source. They are normally spedified in
terms of the relative energy tabulated for each wavelength or wavelength band. There are
several illuminants that are widely used by the colour industry, D65 in this instance. The D
dass of illuminants specify relative energy distributions that closely correspond to the radiation
emitted by a so-called black-body. As the temperature (in Kelvin) of a black body is increased
there is a shift in the emitted radiation to shorter wavelengths. For example, the illuminant
D65 has a spectral energy distribution that closely matches that of a blackbody at 6500K. The
illuminant D65 also resembles the relative spectral energy distribution of the natural north-sky

daylight.
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employed and a xenon lamp was used to provide a broad spectral source and
also for greater stability.

The machine was normalized at wide aperture by taking a black tile reading to
establish a zero reflectance, taking a white tile reading to establish 100%
reflectance and finally, to verify the accuracy, a green tile is used on a daily
basis to check the tolerance (allowed tolerance is +0.10) in XY and Z (see
chapter 5 for more information). For small aperture readings (i.e. prints), the
procedure was repeated, however, the green tile was replaced by the white
tile for verification. The white tile has an allowed tolerance of + 0.05 in XY or
Z

Following this normalizing procedure, the print was placed over the aperture
and supported with a backing tile. Three readings were taken at different
points along the print and the average was recorded using Hunter Lab units (L
= jetness, a= red/green and b= blue/yellow).
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CHAPTER 4: RHEOLOGY
4.1: Introduction to rheolo

4.1.1: Definition
The term “rheology” was invented by Professor Bingham of Lafayette College,
Indiana, on the advice of a colleague, the Professor of Classics. It means:

The study of the deformation and flow of matter'.
The type of deformation that occurs is, however, dependent on the state of
matter. For example, gases and liquids will flow when a force is applied,
whilst solids will deform by a fixed amountZ.

4.1.2: Uses of rheology

The study of the rheology of a particular sample allows the experimentalist to
gain a greater insight into the forces that operate in the sample. It is a useful
technique that is employed to study the control and flow of complex fluids
such as polymers, pastes, suspensions and foods, but is not suitable for
describing simple fluids e.g. water and air, here, the well-defined field of fluid
mechanics is utilised’.

4.1.3: Solids and Liqui

There is a marked difference in the response of a solid and a liquid when
subjected to an applied force. When considering their rheology, it is
convenient to think of a behaviour scale, where they are at opposite extremes
(see fig 4.5).

The solid response is explained by Robert Hooke's “ True Theory of Elasticity”
1678, whereas, the behaviour of liquids was proposed in Isaac Newtons
*Principid’, published in 1687.

4.1.4: r ear rate and viscosi

The two most important factors relevant to rheological studies are:
1) The Shear Stress, o, which is the resistance of a body to an applied force
and defines a force per unit area with units Nm or Pa.
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2) The Rate of Shear, ‘y, which is the rate at which a material is sheared,
taking into account the distance between the shearing planes with

03 AN

dimensions of reciprocal time (s )

s

It is, therefore, not surprising that one of the principle studies of rheology is to
stre

=
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determine the relationship between the rate of shear and the shearin

u

Consider the application of a shear stress, o, to a body (figure 4.1). This

results in the generation of a deformation (strain, y). If, on removal of this

stress, the strain does not return to zero then /ow has occurred and the

Q

material is characterised as a liquid.
f two plates (area, A), separated by a height, H, of liquid are moved (at a

velocity, V by a force, F) relative to one another, Newton’s law states that the

Displacement, D Velocity, V
' A’.: V=D/time
MY iy e
' g —_—
Force, F | AN - —_—

Separation
height, H

Strain=D/H

Figure 4.1: Shear stress applied to a volume of materia

he proportionality constant is k

-
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Hence, the fundamental equation relating the important rheological
parameters is:

c=nYy (4.1)

Some typical data on shear rates and viscosities are shown in table 4.1 and
4.2 respectively.

Process Shear rates / s
Sedimentation 10" -103
Pumping 10° - 10°
Stirring 10' - 10°
Spraying 10* - 10°
Rubbing 10* - 10°

Table 4.1: Typical values for the shear rate of some common industrial
processes.(data taken from the Bohlin user manual, pg.28)

Material Approx viscosity at room
temperature / Pa.s.
Air 10°
Water 103
Olive oil 10!
Glycerol 10*°
Molten polymers 10*3
Bitumen 10*8

Table 4.2: Typical viscosities of some common materials’
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4.2: Solids and liquids

4.2.1: Classification of materials
Solids respond to shear in a completely different manner to liquids. Figures

4.2 and 4.3 summarise the differences that are observed.

Shear
— o t —
o=nYy 1 Energy dissipated
:dmngﬂow
%
| - o | -
0 - >
Shear Rate * * Time
Stress on Stress off
Fig 4.2: Perfect liquid behaviour
Shear 4 — Application of stress
Stress results in instantaneous
deformation
- Complete elastic
c GY recovery of strain
" > ol >
Shear Strain ’ * Time
Stress on Stress off

Fig 4.3: Perfect solid behaviour

For a perfect (Newtonian) liquid, there is a linear relationship between the
applied stress and the resultant shear rate.

For a perfect (Hookean) solid, there is a linear relationship between the
applied stress and the resultant deformation or strain.

When considering the strain / time plots, the observed response of the perfect
liquid indicates that on application of a stress, a continuous deformation is
-generated until the stress is removed. On removal of this stress, the strain
does not return to the original position hence, energy has been dissipated as
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perfect solid instantly de

elastically by the microstructure and not dissipated as heat.

al repre a
often employed to simplify the idea is
shown in figure 4.4. A model of a Dash pot
(energy dissipation)
perfect Newtonian (viscous)
liquid is show ashpot
PP . _.- - -y Cedan mll | Boo b i
alnua 4d b,l_Jfll ¢ IS USed to rl:!,_)l'ﬁb(:!nl Spring

it {energy storage)

Figure 4.4: Schematic to represert the classical

behaviour of solids and liquids

The two classical extreme behaviours described so far are generally not
observed for “real” systems. Depending on the time scale, most systems have
a behaviour that is intermediate of the two. These systems are known as

viscoelastic materiais, fig 4.5.

Viscoelasticity
Newtonian Liquid L \ Hookean Solid
*All energy i sAll energy stored
dissipated as heat l within microstructure
0 100

Energy stored during deformation / %

4.5: The classical behaviour of materials under shear

iy
[t
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Viscoelastic materials have the capacity to store some of the energy that is put
into the system (solid behaviour) within their microstructure, but at the same
time, dissipate the remainder as heat, whilst flowing like a liquid. Systems
that exhibit viscoelastic behaviour can neither be classified as solid-like or
liquid-like, but they are termed viscoelastic “fluid” or viscoelastic “solid”
depending on the percentage of energy that is stored or dissipated during
deformation.

Figure 4.6 depicts the strain / time plots for viscoelastic materials and can be
directly compared to the strain / time plots for both a perfect (Newtonian)
liquid and a perfect (Hookean) solid (fig 4.2 and fig 4.3 respectively).

Viscoelastic “Fiuid” Viscoelastic “Solid”
A
Strain H
Steady Strain |
Rate Attained : Recoverable K
Recoverable
Strain
v __
* Time
Stress off

Fig 4.6: The two types of viscoelastic behaviour

4.2.2: Linearity and non-linearity

There are two possible responses of a material to applied shear that

characterise the rheological properties, linear or non-linear. In this case, the

terms linear and non-linear correspond to the relationship between stress and

strain, or strain rate when a material is subjected to an applied stress.

So far, only the classical linear responses of simple materials have been

discussed, however, in more complex systems the range of stress over which
materials behave linearly is invariably limited and if exceeded, deviations from
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linear behaviour can occur. Along with Newtonian flow, the four main types of

non-Newtonian flow are shown in figure 4.7.

Yield Value

Ellis Plastic

Viscasity

Shear Stress

Bingham Plasidc

g N LT T Whatote

Bingham Plastic 4

| Newtonian i —
Dilatant i Eliis Plastic l
Shear Rate Shear Rate

Fig 4.7: Flow curves of types of flow behaviour (redrawn from "Noveon™ Bulletin 12:

N

E-AJ

Dilatant behaviour (shear thickening) — when the shear rate increases, the
viscosity increases. This occurs in dispersions that contain a high

concentration of closely-packed solids.

"l

Newtonian behaviour — this is characterised by the direct proportionality
between shear stress and shear rate. The viscosity is, therefore, totally

independent of external shear and remains constant regardless.

Pseudoplasticity (shear thinning) — when the shear rate increases, the

viscosity decreases.

Bingham plastic — a certain amount of shear stress must be applied to

ié.ln
(‘1‘!

7—1»
=3
o
o

initiate flow. Once the flow begins, it is not affected by any fur
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changes in shear.
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5. Ellis plastic (viscoplastic) — a vyield stress point must be reached (c.f.
Bingham plastic) before flow begins. The fluid then exhibits shear thinning
behaviour — decreasing viscosity with increasing shear.

These, however, are model behaviours and most real systems show a

combination of two or more of the behaviours described. Fig 4.8(a) show the
flow curves obtained for two of the systems of concern in this thesis. The
systems comprise of an aqueous solution containing 15wt% carbon black
or Rav

icles (either Raven L n M) and 15wt% J61- an acrylic resin (of

ﬂDr

Shear stress / Pa Viscosity / Pa.s
10 = 100 - _— —
10 -
%
1
01
01
0.0t
0.0%
g.001 5 = v 0.00t — - — —
00001 0.001 o0 01 1 10 o0 1000 0.001 9.8 0. i 10
(o e e T
dnedr rate / S

Shear stress / Pa

Fig 4.8(a): Flow curves to represent the rheological behaviour of two aqueous carbon

black/acrylic resin dispersions where gpanice = 0.15 and gpoymer = 0.053 for (O) Raven

L and (C) Raven M.

ISLUD ~y

shear stress Newtonian plateau. The criticai stress point at which the viscosity
suddenly decreases is termed the “yield stress” and the region of rapid
decrease is termed “shear thinning”.



Shear thinning is very common in concentrated systems and a schematic
graph to represent the behaviour is shown in figure 4.8(b):
Yield stress
Low shear 30 o X‘
viscosity i i
I
2 !
o RO i N
] 1 "
& 1 \‘t. :
-~ | \ Shear thinning region
:E IOJ i \
8 1 "‘\
O
2] : S
> ! e
- I T e
I : ~ R
10 10" 10

""" High shear
viscosity

s e
7

1atic diagram te represent the typical rheological behaviour

associated with concentrated dispersions.

occur. This involves large resistance and the resulting viscosity is high. At

orientation of the particle structure that allows free movement past one

nother, hence the viscosity is lowered.

o]

4.2.3: Yield stress

The vyield stress of a material is the stress point at which a material will start to
deform. Below this vyield value point, flow does not occur. However, this
definition of a vield stress is questionable because it is believed by many,
including one of the founders of rheology, Professor Marcus Reiner,
“everything flows if you wait long enough’.
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However, in practice, the use of the term is common, but due care must be
taken as the theoretical value is highly dependent upon, not only the stress
but also the measured strain and elapsed time.

4.2.4: Deborah number

As already mentioned, the idea of yield stress is highly dependent on the
scaling of time. In rheology, understanding the timescale of flow is achieved
by means of the Deborah number, D.. This dimensionless quantity is so-called
after it was noticed by Professor Reiner, in the Old Testament, that Deborah
claimed “The mountains flowed before the Lord...”

So, on the basis that everything will flow if you wait long enough, the Deborah
number is defined as:

De=t|T (4.2)

where T is a characteristic time of the deformation process being observed
and t is a time characteristic of the material. For a perfectly Newtonian
viscous liquid, t has a value of zero, whereas for a perfectly elastic Hookean
solid, < is infinite. In practice, if a material has a high Deborah number, it is
said to be solid-like, however, it can appear solid-like for one of two reasons;
either the material has a very long characteristic time or because the
deformation process employed is very fast.

4.2.5: The Péclet number

The Péclet number, P. is a dimensionless quantity that is used to compare the
effect of applied shear with the effect of thermal (Brownian) motion.
It is defined as:

Pe=r ¥ /Dr (4.3)

where r is the particle radius, y is the shear rate and Dy is the translational
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diffusion coefficient. For P. << 1, particle behaviour is dominated by
diffusional relaxation (Brownian motion), whereas for P >> 1, hydrodynamic
effects dominate.

The Dy of a molecule is the ratio of the energy that the molecule has, which is
dependent on temperature, and the frictional force that opposes the motion,
commonly expressed via the Stokes-Einstein equation:

Dr=kT/f (4.4)

where k& T is the usual unit of thermal energy and f is the frictional force. By
replacing f with Stokes’s law, we obtain:

D=kT/6nna (4.5)

where 7 is the viscosity and a is the spherical particle radius.
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Measurements

4.3

4.3.1: Measurement of viscoelasticity

There are two types of experiment (represented in fig 4.9) that can be
t

conducted in order to characterise the rheological properties of a viscoelastic

material.
1. Steady shear experiments
2. Small amplitude oscillatory shear experiments.

ANNNAA
VV WV

Small Amplitude Oscillatory Shear

Fig 4.9: Two different methods to determine the rheological properties of materials

A steady shear experiment consists of a continuous stress sweep, it has

Qar

destructive manner and large deformations of the material are involved. From
this particular type of experiment, flow curves as shown in fig 4.7 are obtained

and the important parameters pertinent to this experiment are the;

This is calculated using the following equaticon;

rnll
=g (4.6)

=
W
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where vy is the strain and t is the time.

o Shear stress, ¢

e Viscosity, n
The viscosity is, as mentioned before, the proportionality constant between
the shear rate and the shear stress.

This type of experiment can also be known as a non-linear experiment. This is
because the large deformations that occur can promote a deviation from a
linear relationship between the shear stress and shear rate.

A small amplitude oscillatory shear experiment (linear), however, has a non-
destructive manner that involves only small deformations of the material.
Small amplitude oscillatory shear motions are employed with fixed or varying
frequency and for this experiment the two important parameters that are
pertinent are the;

e Complex shear modulus (stress / strain amplitude ratio), G*

e Phase angle, 5

During small amplitude oscillatory shear measurements, the application of a
harmonic strain on the sample, results in the generation of a harmonic stress.
The equation that represents the strain is sinusoidal in nature;

Y = Yo SiN{wt) (4.7)
where y is the strain, yo is the strain amplitude (see fig 4.9), o is the angular
frequency of oscillation and t is the time.

The stress varies with the same angular frequency, o, has an amplitude of o,
but is shifted out of phase with the strain by an angle, 5, the phase angle.

Equation 4.8 shows the form of the stress wave;

o= o Sin(wt + J) (4.8)
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It is the relationship between the strain wave and the corresponding stress
wave that yields all of the important properties of the material being sheared.
If a small amplitude oscillatory shear experiment was tt

perfect Hookean Solid, the stress and the strain waveforms would be found to

be exactly in phase with each other, hence the phase angle, 5 = 0.

Q.
c O

If the same experiment was then conducted using a perfect Newtonian liquid,
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Since most materials have neither perfect solid nor peifect liquid behaviour,
Ill

rather a combination of solid and liquid properties, the phase angle for “rea

materials therefore lies somewhere in between 0 and 90°.

The other important factor obtained from the stress/strain amplitude ratio in a
linear experiment is the complex shear modulus, G*. This is a characteristic
measure of the consistency of a material or, if you like, how "stiff” a material

f G*>10° Pa, the material is fairly “stiff”, if G*<10* Pa, the material is

STI,.
=

\G:
~3



CHAPTER 4. RHEOLOGY

considered more “runny”. (Notice that a great emphasis is put on the word
“linear” when talking about G* and 8. A “non-linear response” - a
consequence of increasing the stress amplitude to a point where the
microstructure is disrupted - will render the values of G* and & uncharacteristic
of the material.)

The consistency is a useful parameter to know, but it doesn't reveal how
“solid-like” or “liquid-like” a material really is. A suitable approach, therefore,
is to resolve the complex modulus, G* into two components. The “real” part
being the Storage (elastic) modulus, G’ and the “imaginary” part being the
Loss (viscous) modulus, G”. The parameter, G’ represents how “solid-like” a
material is, whereas G”, indicates how “liquid-like” it is compared to the
classical behaviour explained by Hooke and Newton. The equations that show
how, both, G’ and G” are related to the phase angle are shown below as
equations (4.9) and (4.10) respectively:

G’ = G* cos & (4.9)

G" =G*siné (4.10)

Hence, the complex modulus can therefore be expressed as:

G*(0) = G’ (0) + i G” (o) (4.11)

where all the moduli (G*, G’ and G") are frequency (o) dependent and i is the
square root of -1.

As mentioned earlier, G” is the viscous modulus that is dependent on the
frequency (w). If measured in the region where the rheological parameters
are independent of the amplitude (the viscoelastic region), the ratio between
G"” and o defines a parameter, obtained by an oscillation experiment, known
as the dynamic viscosity 1"

=G/ o (4.12)
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<
:.q
(¢)
=
@
%]
QJ
=4
o
<2
~
o
=
-
=
o
0
S
Q)
3
Q
=
o]
-
Q)
J(
o
=
o
=T
(@)
=
Q)
)
=
T
(9]
=
~=h gj
=
)
2
Q)
=
3
Q)
cr
1]
-
o
=i

I (4
)

Fig 4.11: An Ostwald type capillary viscometer

In this technique, the viscometer is filled with the dilute sample to the mark C.

The fluid is then drawn up the right arm, to the point A, where it is held.
t in order to record how Iong it takes

n
low from A to B. The basis for this capillary method is

fi
Poiseuilie’s /aw, which relates the flow time, t, to the liquid’s viscosity, n as

B
: (4.13)

where A and B are instrument constants and p is the density of the material.

It is good practice to calibrate the viscometer using a standard material (with a
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known viscosity) at the measurement temperature concerned, e.g. water at
room temperature. The viscosity of a scolution is highly dependent on t
temperature at which it is measured. Fig 4.12 shows the temperatur
main resin/varnish, 161, (Joncryl® 61
(J61) is a varnish, comprising of a low-molecular-weight {wt.av. ~ 8500)

poly(acrylate) suppiied by lohnson Polymer) used in this research at three

different concentrations in water.
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Fig 4.12: The temperature dependence on the efflux time of solutions of Joncryi 61
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It is also useful to choose the most suitable viscometer carefully. The Ostwald

viscometer is available with a variety of different diameters to accommodate
materials with different viscosity ranges.

Although the capillary method is very precise, if the viscosity of concentrated
suspensions, gels or pastes is required a rotational viscometer is the
alternative. Here, the material is continuously sheared between two surfaces,
one or both of which are rotating, hence allowing an equilibrium state to be
achieved under controlled conditions.

Rotational methods can also incorporate oscillatory measurements (see page
95) for characterising the viscoelastic properties of a sample

Rotational measurements can be classified as one of two sub-categories:

1. stress-controlfed - where a constant torque is applied to the measuring tool
in order to generate a rotation and hence determine the rotation speed.

2. rate-controlled.- where a constant rotation speed is maintained and it is the
resulting torque generated by the sample that is measured in this case.
This type is more commonly known as a “Brookfield type” viscometer.

The two types described have found wide application in industry, owing to
their simple handling and robustness. However, more advanced, high
precision, continuously variable shear instruments (rheometers), that are
based on the simple rotational viscometer, are more widely used for research
orientated applications.

4.3.3: Rotational rheometer

The basic rotational system consists of four parts:
1) A measurement tool with a well-defined geometry,
2) a device to apply a constant torque or rotation speed to the tool over a
wide range of shear stress or shear rate values,
'3) a device to determine the stress or shear rate response, and
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4) a means of temperature control for the test fluid and tool.

The instrument available here was the Bohlin CS10 (see figure 4.13). Thisis a
controlled stress instrument that applies a torque (force) to the material and
measures the resultant displacement (movement). Many different measuring
systems can be used on the rheometer. These fall broadly into three
categories, namely:

e cup and bob (coaxial cylinder),

e cone and plate or

e parallel plate

With reference to figure 4.13, the two systems utilised were the cone and
plate and the double gap, which fits into the coaxial cylinder category. A
parallel plate was available, but not used for this research.
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Double gap measuring Cone and plate measuring
geometry \ geometry

Compressed
air

3

Rheometer
Temperature
- control unit
>
I I 1 P = o0
Electronic control box e —

Printer

Computer

Fig 4.13: The Bohlin CS10 rheometer, the different measuring geometries
and associated peripherals
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4_3.4: Selection of appropriate measuring system

The cone and plate measuring system consists of a rotating upper cone and a

fixed lower plate with the sample being contained between them (as shown in

o (radians) m
“virtual” tip in contact with
lower plate

Fig 4.14: The cone and plate measuring geomelry (adapted from www.rheology-

e

onfine.com)

in the outer cylinder. The sample

is contained in the double annular

gap between them as shown in figure

Fig 4.15: The double-gap measuring geometry
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The double-gap measuring system is denoted by the inner and outer
diameters e.g. a DG 24/27 comprises of a hollow inner cylinder with a
diameter of 24mm and an outer cylinder with a diameter of 27mm.

The double-gap system is more suited to low viscosity samples.

The advantages of the double-gap over the cone and plate are few, but
ultimately, particulate materials can be measured (they “jam” in the gap for
the cone and plate) and, for low viscosity samples, maximum sensitivity can be
achieved. This, however, is accompanied by the slight variation in shear rate/
stress over the gap (for low angle cones, the shear stress is constant with
radial position), the need for larger sample volumes and the difficulties
experienced whilst cleaning.

4.3.5: How do we obtain the shear stress and the shear rate?

Rheometers and viscometers work with torque and angular velocity, hence a
method is required to convert these “instrument numbers” into the rheological
parameters that are normally used, shear stress and shear rate. This
conversion is dependent on the measuring system that has been used because
each measuring system has an associated form factor to convert torque to
shear stress (equation 4.14) and to convert angular velocity to shear rate
(equation 4.15).

Shear stress = C; x torque (4.14)
Shear rate = C; x angular velocity (4.15)

where C; and C; are the measuring system dependent form factors.
It follows that, for a cone and plate:

C=3/2=P (4.16)
“where r is the radius of the cone and
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C= 1/6 (4.17)
where 0 is the cone angle in radians.
However, for coaxial cylinders (including the double-gap), the equations are:

Ci=1/2nr’H (4.18)
where H is the height of the cylinder and

r=(r+r)/2 (4.19)
where r; is the radius of the inner cylinder and r, is the radius of the outer
cylinder. Ultimately, knowing the values of r; and r, makes the calculation of C;
rather straightforward since these are the only terms required for
determination of the form factor:

Co= (2 (r® x 1Y) / (rs? (ro* = 1)) (4.20)
Most commercial rheometers have an in-built program that automatically
calculates the shear stress and the shear rate from the associated C; and G,

values respectively, but knowledge of the origin of these parameters is
essential to assist in the understanding of their meaning.

4.4: Analysis of results

4.4.1: Flow curves and flow models

It has already been mentioned that there are five main flow curves commonly
obtained, either exclusively or in various combinations, from the values of the
shear stress, shear rate and hence viscosity for a given material: Newtonian
flow, pseudoplastic flow, dilatant flow, Bingham plastic flow and Ellis plastic
flow. The fundamental behaviour that these curves depict can therefore be
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described using one of many models that have been devised to try and
characterise a given materials flow behaviour.

The simplest model is the Newtonian model, the equation for which has
already been discussed on page 12 and 86. Non-Newtonian Pseudoplasic
(shear thinning) and dilatant (shear thickening) materials are best described
by the Power law (Ostwald model) given as equation 4.21 below. This law is
good for describing a materials (e.g. polymer solutions, melts and some
solvent based coatings) flow under a small range of shear rates, however,
most materials will deviate from this behaviour as the shear rate is increased.

G =X :'Yn (4.21)

where o is the shear stress, 1 is the viscosity,? is the shear rate and n is the
power law index of the material. For shear thinning materials n<1 and for
shear thickening materials n>1.

If a stress is applied to a plastic material, flow will not be observed until a yield
stress is reached, at which point, flow will occur. Models that express this
behaviour are the Bingham plastic model (4.22) and the Herchel-Bulkley
model(4.23):

c=cB+np|? (4.22)

o = ons + (Mpi y) " (4.23)
where og and oup are the Bingham and Herchel-Bulkley model yield stresses
respectively and njp is the plastic viscosity.

If the effect of particle self-crowding on suspension viscosity needs to be

considered, this is incorporated into the Krieger-Dougherty model (4.24):

nr=(1-(¢/¢m)) "~ [n] ém (4.24)
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where ¢ is the particle volume fraction, ¢m is @ parameter representing the
maximum packing fraction and [n] is the intrinsic viscosity (for ideal spheres
[n] =2.5......see chapter 1 for more information).

These models are suitable for describing the flow of many concentrated
suspensions, colloidal systems and are also widely used in industry.

The fundamental models mentioned above are very effective at describing the
flow over a small shear rate range, however the incorporation of model
enhancements allow the flow of more complex systems to be predicted over a
wider range of conditions. For example, in trying to model the behaviour of
pseudoplastic materials at shear rates higher than is valid for the power law,
one can use the Cross (4.25) model:

(M-M)/ (o-ne) =1/ (1 +(Ky)™) (4.25)

where 1o and n. refer to the asymptotic values of viscosity at very low and
very high shear rates respectively, K is a constant parameter with the
dimension of time and m is a dimensionless constant.

For plastic materials at a stress much higher than the yield stress, the Casson
(4.26) model can be used as an extension to the Bingham plastic and the
Herchel-Bulkley models to describe the behaviour of suspensions, in particular
the properties of molten chocolate:

"% = (oc"? + np'? ¢ %) (4.26)
where o is the Casson model yield stress and n is the plastic viscosity.

4.4.2: Factors that affect the rheology of a material

Apart from the nature of the material, the choice of measuring system used
and the magnitude of the applied force, some other important factors that can
affect the rheology of a given sample are temperature, pressure and time.
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Temperature

The viscosity of a sample is very sensitive to the temperature, for water, the
viscosity at room temperature is just about half that at the freezing point and
the viscosity of water at the boiling point is about one-third that at room
temperature. It is known that, for Newtonian liquids, as the temperature is
increased, the viscosity is decreased according to the Arrhenius equation
below:

n=Ae T (4.27)

where A is the pre-exponential factor, T is the absolute temperature in Kelvin
and k is related to the flow activation energy E, and the Boltzmann constant R
by:

k=E /R (4.28)

This equation assumes that there are no physical/chemical changes being
induced by the applied heat energy.

Pressure

The effect of pressure on the viscosity of a material is based on a free volume
theory, proposed by Batchinski® at the beginning of this century. In essence,
this theory states that in a solution, the total volume of the solid material
subtracted from the volume that the same amount of liquid would occupy
gives a value for the free space. Therefore, if the molecules have more space
for movement, there would be less resistance to flow.

Mathematically, the inverse of viscosity is proportional to the free volume.

In effect, external pressure forces the molecules together, reduces the amount
of free space and consequently increases the viscosity.

Time
Some materials have flow characteristics that are highly dependent on the
“shear history”. Take tomato ketchup for example, when it has been left for
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some time, the inter-particle interactions cause an increase in viscosity and it
becomes stiff. In order to then get ketchup to flow, the internal structure
must be destroyed hence a shearing motion (shaking of the bottle) must be
applied. This is an example of a reversible decrease of viscosity (shear
thinning) with time and is termed thixotropy (the term negative thixotropy is
used to describe a temporary increase in viscosity).

4.4.3: Time effects-thixotropy

The measured shear stress and hence the viscosity of a non-Newtonian fluid
can either increase or decrease with time of shearing. Such changes can be
reversible or irreversible. A gradual decrease of the viscosity under shear
stress followed by a gradual recovery of structure on removal of the stress is
termed “thixotropy”.

To combat this time dependent effect, when investigating the rheology of a
sample, a "pre-shear” is usually carried out. During a pre-shear, the sample is
subjected to a high shear rate for a time that is sufficient to completely break
down the structure and then allowed to recover before any measurements are
taken.

4.5: Common rheological problems

The measurement of the rheological behaviour of concentrated dispersions is
of paramount importance to both academia and industry. It is therefore
essential that the measurement conditions selected have been carefully
considered. A few of the more common problems that are encountered when
measuring the rheology of such systems are described below:

4.5.1: Turbulent flow
When investigating the rheological properties of a fluid material using a

rotational rheometer, it is assumed that the flow is laminar (steady) at all
. times. However, at high shear rates this may not be the case and the flow
may become turbulent. This happens when the inertial forces exceed the
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viscous forces in the liquid. The value of this ratio is of the utmost importance

and is given by the Reynolds number. For a double-gap geometry, this is

given by:

~ 'Y( Ro ~ Ri)zp
n

Re (4.29)

where R, and R; are the radii of the outer and inner cylinders respectively and
p is the density of the fluid.

For a cone and plate measuring geometry, the equation becomes:

g 2
Ro.
Re ~ 1P L] 4.30

M- (180 (4.30)

where R is the radius of the cone and « is the angle of the cone (in degrees).

The onset of this secondary (turbulent) flow will produce a sudden increase in
the torque required to obtain a given shear rate and hence a rapid increase in
the viscosity is observed. As a consequence, it is @ good idea to calculate the
Reynolds number for the instrument and measuring geometry being used and
ensure that all measurements are taken below this figure.

4.5.2: Wall slip

If we refer back to the definitions of shear stress and shear rate (section
4.1.4), a cube of material with one fixed surface was considered. Since the
material is not physically “glued” onto the surface it is possible that some
movement of the fixed surface may occur. As a result of this movement, the
rheometer will measure a greater strain than should be correct and so the
measured viscosity will appear lower than it should be. This phenomenon
appears to be more common when using smooth measuring geometries, small
- cone angles (in the case of the cone and plate) and a smaller gap between
surfaces.
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Figure 4.16 suggests three different methods employed to try and eliminate

slippage during measurements. The method in (a) suggests using ribbed

100— ribbed cylinders . g
Viscosity/ Viscosity/
kPa.s. Pa.s.
1.00mm gap
0.00t+
1 1
_I.; Shear stress / Pa 200 0 Shear stress / Pa 100
(a) (b)
- .flw—
iscosity/
KPa.s. 0.75mm gap
0.0
1 1
1 Shear stress / Pa 20
(©)

To support these ideas, it has also been demonstrated on a number of

8,9,10,11,12,13 14,15

occasions that concentrated colloidal dispersions and emulsions

1 A

siip was eliminated. As a result of t

occurrence of wall slip have been proposed, all of which agree that it is due to
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the reduction in concentration of particles adjacent to the solid wall surface.
The phenomenon is said to arise because of the interactions between the
flowing dispersion and the solid surface and the resulting non-linearity of

velocity profiles at the wall.  Figure 4.17 represents this situation
schematically:
’
>
Bulk
)
_
Wall region

Gl TTTTTT7

Fig 4.17: A diagram to represent the velocity profiles of a sheared liquid.

In addition, it has also been suggested that wall slip is a consequence of three

other factors:

1) it is geometrically impossible that the particle arrangement near the
geometry surface (the wall) is the same as that in the bulk solution,

2) the particles migrate from regions of high shear to regions of low shear
and

3) the particles are hydrodynamically redistributed during flow.

In essence, if the flow of a material deviates form the expected behaviour, it is
very important to obtain comparative data from flow geometries of a different
design with both smooth and roughened surfaces in order to determine if wall
slip has occurred.

113



CHAPTER 4: RHEOLOGY

References:

n

12

13

14

15

Bamnes, H.A., Hutton, J.F., and Walters, J.F., An Introduction to Rheology, Elsevier,
1989, pg 1

Goodwin, J.W., and Hughes, R.W., Rheology for Chemists- an introduction, The Royal
Society of Chemistry 2000, pg 1

Morrison, F.A., Understanding Rheology, Oxford university press, 2000, Chapter 1
Science Data Book, edited by R.M. Tennent, Oliver & Boyd ISBN 005 002487 6
Hackley, V.A., Ferraris, C.F., Guide to rheological nomenclature: Measurements in
Ceramic Particulate Systems, National Institute of Standards and Technology Special
Publication 946, January 2001

Batschinski, A.J., Z., phisik. Chem., 84, 643, (1913)

Application Note by Bohlin Instruments Limited

Buscall, R., McGowan, J.1., Morton-Jones, A.)., J. Rheol., 37(4), 1993

Gregory, T., Mayers, S., Surface coatings international, 76(2), 82-86, (1993)
Léger, L., et al, J. Phys.: Condens. Matter, 9, 7719-7740, (1997)

Léger, L., Hervet, H., C.R. Physigue, 4, (2003), 241-249

Russel, W.B., Grant, M.C. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 161, 2, (2000), 271-282

Aral, B.K., Kalyon, D.M., J. Rheol., 38, 957-972, (1994)

Pal, R., Colloids and Surfaces A: Physicochemical and Engineering Aspects, 162,
(2000), 55-66

Sanchez, M.C., Valencia, C., Franco, J.M., Gallegos, C., Journal of Colloid and Interface
Science, 241, 226-232, (2001)

114



CHAPTER 5: OTHER TECHNIQUES

HAPTER 5: OTHER TECHNIQUES

@)

5.1: Colour measurements

5.1.1: What is colour?

The colour we observe a material to have is the result of the interaction of the

optical properties of the pigments and polymer used. Most pigments are
selective in that they absorb and scatter certain portions of the visible
spectrum more completely than others. If a suiface reflects all visible light in
a diffuse way and with complete reflectance, it appears to the human eye as
white. Carbon black, on the other hand, abseibs light very efficiently across
the whole visible spectrum (400 — 750nm)’ and is hence perceived as black. If
a constant fraction of light is absorbed in the whole range between 400 and

750 nm it appears grey. White, grey and black are called achromatic colours’.
In contrast to achromatic colours, materials that show one or more bands, i.e.
absorption maxima and minima in the visible spectrum, are classified as

chromatic.

5.1.2: Chromatic colours

The portion of the electromagnetic spectrum lying between about 400 and 750

shortwave
radar  [FM| TV | AM
I
Sl s I
~ ..9" 1 10° 10
~ __ Wavelength (meters)
o bl
-
]

Fig 5.1: The electroma

netic spectrum with an emphasis on the visible region (iaken

from www.yorku.ca/eye/spectru.htm).
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If a light wave has a wavelength that falls between these limits it appears
coloured to the human eye. Although this may seem relatively simple, the
phenomenon of coloured compounds is, in fact, rather more complicated. In
brief, if a substance absorbs visible light, it appears to have a colour.
However, the colour observed is not directly associated with the light that is
absorbed but is related to the wavelength of the light that is reflected.
Therefore, an inverse relationship exists between the observed colour and the
colour that is absorbed.

5.1.3: Electronic excitations

When radiation with a wavelength belonging in the visible region (400-750
nm) is absorbed, the associated energy of the radiation is sufficiently high to
promote various electronic transitions within a sample. Upon absorption, the
electrons pass from a state of low energy (the initial or ground, state) to a
state of higher energy (the excited state) e.g. from an occupied orbital to an
unoccupied orbital of greater potential energy (fig 5.2).

Energy (excited state)

AE = [E(excited) — E(ground)]

= hv

Energy (ground state)

Fig 5.2: The excitation process 3,

According to quantum theory, this excitation process is quantized, which
means that the energy absorbed must be exactly equal to the difference
between the energies of the two states, hv, where h is Planck’s constant and v
is the frequency of the radiation. These energy quanta are also called
- photons.
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5.1.4: Beer-Lambert law

In accordance with the Beer-Lambert law (eq. 5.1), the intensity of absorption
by a sample varies with the length, / of the sample:

log I/ b= [J]/ (5.1)

where L is the incident intensity (at a particular wavenumber), 7 is the
intensity after passage through a sample of length / and [J] is the molar
concentration of absorbing species J. The quantity ¢ is called the molar
absorption coefficient (also known as the “extinction coefficient”) and is a
measure of the amount of light absorbed per unit concentration, normally
expressed in L mol! ecm™. A compound with a high molar absorbtivity (e.g.
100,000 L mol™ cm™) is very effective at absorbing light (of the appropriate
wavelength), and hence low concentrations of a compound with a high molar
absorbtivity can be easily detected.

Log I/ b is also known as the absorbance, A (also known as the “optical
density”) which is dimensionless and the ratio I/ L is the transmittance, T of
the sample and is a measure of the amount of radiation absorbed. T can also
be expressed as a percentage, hence, when T is 100%, none of the radiation
has been absorbed so the absorbance is zero. If all the light is absorbed, then
percent transmittance is zero, and absorption is infinite.

5.1.5: Measurement of colour

The colour properties of a material can be measured instrumentally. Greatly
simplified, instrumental readings can be used to describe the colour by
converting spectral reflectance data into a position in three dimensional colour
space. The Hunter L,a,b colour measurement method system positions the
specimen’s colour in a space defined by its position along one of three
orthogonal axes as shown in figure 5.3:
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Colour is therefore classified three dimensionally, where the L axis, which is
aligned vertically, represents the lightness or brightness and the a and b axes,
which form a horizontal colour wheel, represent the hue or colour tone. In
addition to these two classifications, a material’s colour also has a horizontally
changing degree of saturation, aiso known as the purity and is a measure of
the vividness or dullness of the apparent colour. The quantities L, a and b are
obtained from the tristimulus values which are related to the amounts of the
three primary stimuli; blue, green and red® that are required to produce a

colour match to a known colour.
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specular angle to the angle of incidence as shown in figure 5.4.

Colour

measurement

A

Incident -
light N :

0

/ / / V. / / ‘ ‘J,
/ Sample surface
Fig 5.4: Angles of measurement.
Note: Gloss measurements depend on the intensity of the light measured at
e specular reflectance angle. Small imperfections on the surface can scatter

light in a variety of directions, hence the total intensity of light reflected to the

measuring point is reduced, which, in turn, reduces the gloss.

5.1.6: Colour applications of carbon black

The use of carbon black in plastics and inks is common for two colour
applications. Firstly, it is simply used to make black products and secondly to
modify the colour imparted by other pigments present. The two applications
however are highly dependent on different aspects of the ability of carbon
black to interact with light. An important attribute is that carbon black has the
ability to impart a degree of blackness, or “jetness”, in its dispersed form.
imary particle size (surface area), the
dispersion. Finer particles

of
have more surface area for adsorbing light and they are more efficient at
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forward scattering of light. For colour applications there is another important
attribute of carbon black, the undertone, or “masstone”. This is a complex
function of the scattering and absorption efficiencies as a function of the
wavelength of light.

As mentioned above, carbon black is also used to modify the intensity of other
pigment colours through tinting. Tinting effectiveness is measured by the
tinting strength, which measures the ability of carbon black to modify the
appearance of a white pigment. The tinting strength depends primarily on the
aggregate size and size distribution.

5.2: Ultrasonic spectroscopy

5.2.1: Introduction

Up until recent times, electromagnetic radiation has dominated the field of
material analysis and is extensively used in many optical spectroscopic
methods e.g. NMR, UV and IR. However, low energy ultrasound can provide
an alternative wave (high frequency (20 MHz) sound waves) for the non-
destructive analysis of materials®. Unlike some conventional spectroscopic
methods that use light waves, ultrasonic spectroscopy utilises waves that can
propagate through most materials including opaque samples (e.g. carbon
black) and allow direct probing of the intermolecular forces (microelasticity)
that make up matter. Another advantage of ultrasonic waves over light is
that, because they are electronically synthesised (whereas light waves
originate from a light source), it is fairly simple to alter the wavelength and
probe a material with a variety of waves that differ in wavelength by more
than an order of magnitude.

5.2.2: Uses of ultrasonic spectroscopy
Ultrasonic spectroscopy allows easy measurements of:
o the critical micelle concentration (CMC) and characterization of elasticity
of the micellar hydrophobic core, as well as other parameters of
micelles.
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e the stability of suspensions and emulsions with regard to temperature
induced transitions (e.g. aggregation)

e particle sizing within a sample hence kinetics of sedimentation and of
chemical and physical processes in materials (e.g. adsorption on particle
surfaces)

e crystal formation

¢ particle and polymer gelation (network formation)

In addition to the measurement applications listed above, the clever

construction of modern ultrasonic cells allows controiled stirring of the sample,
hence permitting measurements under shear.

5.2.3: Ultrasonic attenuation and ultrasonic velocity

Ultrasonic spectroscopy is a non-destructive (the amplitudes of the waves
employed are extremely small) analytical technique that is based on the
measurement of two independent parameters; the ultrasonic attenuation
coefficient (a) of the wave and the ultrasonic velocity (v) of the propagating
wave. The attenuation, which is indicative of the energy losses experienced
during compressions (which promote inter-molecular repulsions and give a
peak in the wave) and decompressions (which are attractive and give a
trough) of the molecules, is mainly determined by the scattering of ultrasonic
waves on particles (microstructure) in non-homogeneous samples such as
emulsions and dispersions and by fast chemical relaxation in homogeneous
samples. The attenuation can therefore be expressed in terms of viscosity of
the medium or its longitudinal loss modulus. On the other hand, the ultrasonic
velocity is determined by the density and the elastic response of the sample to
the oscillating pressure in the ultrasonic wave and thus can be expressed in
terms of compressibility, which is extremely sensitive to intermolecular
interactions, or the storage modulus.
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5.2.4: Methods for obtaining the attenuation and velocity

There are two main methods for the precision measurements of ultrasonic
attenuation and ultrasonic velocity that have been distinguished; the pulse
technique and the resonator technique. In the pulse technique, the

attenuation can be obtained by measuring the change in amplitude of the
pulse and the velocity can be determined through both, direct or indirect
measurements of the time of propagation of the transmitted ultrasonic pulse
through the liquid sample. In contrast, in the resonator technique the
ultrasonic cell forms an acoustic resonator. For this method, the velocity is
obtained by measuring the frequency (or the wavelength) of the ultrasound in
the resonance. A travelling wave has a velocity as shown in equation 5.2:

u=Af (5.2)

where vis the velocity, A is the wavelength and f is the frequency.
However, the velocity of the propagating wave will be affected by the physical
properties of the medium through which it is travelling, hence:

U = Uintrinsic T U scattering (5.3)

where U ininsic is determined by the micro-elasticity of the sample and ¢ scattering
is due to the elasticity and density of the medium and is dependent on a
structural contribution in non-homogeneous samples.

The attenuation is determined by the energy losses experienced during the
resonance. When an “input” wave is propagated through a sample there is
always a reduction in the amplitude associated with the “output” wave- this is
due to a loss of energy (via collisions with particles etc.). The wave can,
therefore, be represented by the following equation:

A=Aje ! (5.4)
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where A is the amplitude of the wave, A is the initial amplitude of the wave, t
is the time and « is the attenuation coefficient. As with the velocity, the
attenuation coefficient can also be regarded as the sum of two separate
components:

O = Olintrinsic + Oscattering (5.5)

where aintinsic is due to the absorption of energy and oscattering is due to the
actual scattering of the wave.

At first, the pulse method, being simple to construct with a low cost of
instrumentation, was the most popular method employed. However, the
requirement of relatively high sample volumes in order to obtain precise
measurements and it’s limitations in biomolecular studies and pharmaceuticals,
due to the high cost of materials, prompted scientists into developing the
resonator technique. As a result, for the past fifteen years or so, the
resonator technique has been the preferred method for ultrasonic
measurements owing to the low resolutions achieved (~1ppm for velocity and
~1% for attenuation) and the small sample volumes that are required (30 pl -
4 ml).

5.2.5: Principles of ultrasonic spectroscopy

In the resonator technique, the ultrasonic parameters of liquids are obtained
through the measurements of resonance characteristics of acoustic resonators.
There are two main elements; the resonator chamber, where the acoustic
resonance is formed and the piezotransducers, which excite and detect the
ultrasonic vibrations.

As is schematically represented in fig 5.5, the generated electronic signals are
converted into ultrasonic waves by the continuous vibrating of the surface of a
piezotransducer, which are then passed back and forth through the sample
chamber before finally being converted, by another piezotransducer, back into
an electronic signal ready for analysis. Oscillating compression (and
decompression) in the ultrasonic wave causes an oscillation of molecular
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arrangements in the sample, which responds by intermolecular attraction or

repulsion.

Fig 5.5: Ultrasonic waves and ultrasonic measurements (taken from

www. thesupplyline.org/Issue50/feature. html),

[#) 3
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If, after probing the system with the high frequency sound waves, the
ultrasonic velocity has dropped this suggests that an elastic network has
been formed or partially formed. Oscillating sound waves can also cause
structural rearrangements within the sample being measured. This

rearrangement of particles ultimately disrupts the wave and conseguently
increases the attenuation. If there appears to be a decrease in both the

ultrasonic attenuation and the velocity this is indicative of the complete

5.2.7: Comparison with rheology measurements

In an ultrasonic wave, oscillating pressure (stress) causes oscillation of
compressions within a sample (mechanical deformation) and therefore can be
regarded as a rheological wave (see chapter 4). Hence, ultrasonic parameters

map ones; for ultrascnic velocity, elasticity/longitudinal storage
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there is a difference between the two, as classical rheology deals with slow or
low frequency (typically below 1 KHz) deformations, ultrasound involves fast or
high frequency deformations (above 100 KHz)®.
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CHAPTER 6: RESULTS AND DISCUSSION - AQUEQUS
DISPERSIONS
6.1: Reproducibility

Before presenting any of the data associated with this research, it seems

appropriate, here, to verify the reproducibility of the data, more specifically,
the rheological data. For carbon black dispersions, the rheological data
obtained can depend on many factors, both in the processing of the carbon
black and the method in which the carbon black is dispersed and also upon the
conditions under which the experiments are conducted. For these reasons, a
great emphasis was placed on the reproducibility of the results and only data
that showed acceptable reproducibility is contained within this thesis.

Firstly, the bulk of this thesis and indeed the great majority of this chapter
(chapter 6) is concerned with an aqueous system of carbon black, either
Raven® L or Raven® M, with a waterborne acrylic resin polymer named
Joncryl® 61 (361). The carbon black particles were supplied by Columbian
Chemicals Company and all experiments were conducted using a portion taken
from the same batch. However, carbon black is composed of aggregates that
vary in size (shown by the TEM'S in chapter 3) hence the need for consistent
data was recognised as a priority at the beginning of the research. The acrylic
resin polymer was supplied on demand, by Johnson Polymer, therefore several
different batches were used throughout.

All samples were prepared with the use of a mechanical mixer and left to
equilibrate overnight. The rheology of the equilibrated samples was then
measured. Following the completion of this initial measurement, a thermal
equilibrium time of 15minutes was allowed, before a repeat measurement was
taken. The sample was then tightly sealed and stored for a week until a third
measurement was taken. All three sets of data were then compared in order
to detect any time dependent effects and to see if the reproducibility is
acceptable for repeat data. In addition to the “day to day” reproducibility, a
“sample to sample” reproducibility test was also conducted. This consisted of
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an identical sample being prepared in the same way and measured under the
same conditions.

Figure 6.1(a) represents repeat rheological data obtained for an agueous

carbon black and Joncryl 61 dispersion, chosen at random, i.e. typical data.

1e+d -

o
(1]
+
(]
L
O

1e+0 - OR

o5 a
le-1 - Oodh

(=]
(=]
—
(=]
-
—
—
=)
—
(]
(o]

Shear stress / Pa

Fig 6.1(a) Typical viscosity-shear stress curves for a dispersion of Raven® L particles
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For the carbon black and poly(ethylene glycol)-poly{propylene glycol)-

-

o a1

poly(ethylene glycol) dispersions all the polymer used was from the same
batch, supplied by Aldrich, however this block copolymer is polydisperse

Just as fig 6.1(a) represents an aqueous carbon black and Joncryl 61
dispersion, fig 6.1(b) represents repeat rheological data obtained for a typical
aqueous dispersion of carbon black and poly(ethylene glycol)-poly{propylene

glycol)-poly(ethviene glycol).
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for a dispersion of Raven® L particles
in an aqueous pol} hy/"n— glycol)-poly(propylene glycol)-poly(ethylene glycol)

soution of Ypaice = 0.15 and gpopmer = 0.21, where (O) initial measurement (following
an overnight equilibrium), (O) repeat data obtained 15 minutes later, (O) repeat data
obtained 7 days later and () data obtained after an identical sample was remade and

measured,
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On considering the reproducibility of “day to day” and “sample to sample”
measurements obtained for the above two systems shown in (6.1(a) and
6.1(b)), it is clear to see that the data has been verified on more than one
occasion and is indeed reproducible to a satisfactory standard. All data
contained in this thesis were measured in exactly the same way and the
results were also confirmed more than once. However, only the initial data
(after overnight equilibrium) have been presented.

Some of the data in this section (fig 6.3(a), fig 6.3(b), fig 6.5(a), fig 6.5(b) and
fig 6.10), at first sight, seem to show flow curves typical of those where wall
slip has occurred®. All data were, however, reproducible on a “day to day” and
“sample to sample” basis. They were also entirely reproducible on two
different rheometers (a Bohlin controlled stress and a Stresstech controlled
stress/rate) using both a roughened double-gap and a smooth cone and plate
measuring system. Although this is not definitive proof, it is sufficient
evidence for us to believe that wall slip is not occurring.

The next part of this chapter is predominantly concerned with an aqueous
acrylic resin polymer system (J61) consisting of either Raven® L or Raven® M
carbon black grades. (For information regarding the nature and properties of
the acrylic resin polymer solution and the carbon black grades, see chapter 3).
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P

6.2: Particle characterisation

The morphology of the two main carbon black patiticles has been exami

d b
small-angie neutron scattering (fig 6.2(a)), in the presence of polymer, and by
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Fig 6.2(a): Particle characterization by SANS. Small-angle neutron scattering data for
0.5 wt% carbon black particles, where (O) is the Raven L and (Q) /s the Raven M,
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Many materials show different structural levels when examined over a range of
dimensions?. A general representation for the scattering on a particular level
is:

I(q)=G exp (-¢R’/3) +B(1/gn " (6.1)

Where g* =g /[ erff (kq R, /6 Y*)] 7, Gis the Guinier prefactor defined by
the specifics of the particle composition and the concentration of the particles,
and Bis a prefactor specific to the type of power-law scattering. Bis defined
according to the regime in which the exponent P falls. Such a behaviour is
particularly true here given the nature of the carbon blacks studied, viz.,
particles with characteristic size 1-2 nm that form aggregates of dimension 87
and 105 nm for Raven L and Raven M respectively. Since each of these
structural levels can be described by a Guinier term that accounts for the
average dimension and a power law term that corresponds to the mass- or
surface-fractal character of the scatterer, a double logarithmic plot such as fig.
6.2(a), will exhibit a “knee” tending toward a limiting slope at high Q. The two
particles have very similar limiting slopes, with a power law P = -3.6. This
value of P corresponds to a surface fractal. At low Q, P decreases toward the
behaviour expected from a mass fractal, i.e., -2.5. However, this slope is
simply a tangent and the exponent decreases further. A difference in the
scattering of the two particles is only observed at low @, corresponding to
larger dimensions, with the Raven M particle denoted “fractal” showing a slope
slightly greater than that of the Raven L particle denoted “spherical”. These
results are in good agreement with those of Lin et al.> and Gerspacher and
O'Farrell*, who found that the fractal dimension was nearly constant for 15
different grades of carbon black. The SANS data presented here confirm the
TEM results that the fractal particle (Raven M) has a more open structure.
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CHAPTER 6: RESULTS AND DISCUSSION-AQUEOUS DISPERSIONS
The particle types could also be differentiated by their ultrasonic parameters,
as shown in figure 6.2(b) and 6.2(c). Two samples comprising of @~sphericar”

Raven L — 0.15, Qpolymer = 0.11, and (P*fractal” Raven M = 0.15, QPpolymer = 0.11 were
investigated.

Ultrasonic attenuation, 1/m

80 >
7
O Spherical particle 7
@ Fractal particle //
60 -
40 -
20 A

-
-

Measurement frequency / MHz

Fig 6.2(b): Frequency dependence of ultrasonic attenuation in carbon black
dispersions in water, where (O)@sphericar” raven 1 = 0.15, @popymer = 0.11, and (®) g-actar

ravenm = 0.15, Ppotymer = 0.11.
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Fig 6.2(c): The relative difference in uftrasonic velocity of the two different particle
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CHAPTER 6: RESULTS AND DISCUSSION-AQUEOUS DISPERSIONS

Further, the sizes of the particles are in good agreement with the (dry state)
aggregate diameters determined by microscopy (Table 1, chapter 3). The
difference in ultrasonic velocity between two samples cannot be explained just
by the relative sizes of the particles in two suspensions. The calculated (HR-
US 102 particle size software module) scattering contribution to the ultrasonic
velocity for the above particle sizes is about 0.3 m/s; this is significantly less
than the measured difference in ultrasonic velocity (fig 6.2(c)) between the
two samples (12 m/s). The large variation in ultrasonic velocity can be
attributed to different internal compressibility of particles (i.e., inaccessibility to
solvent). Ultrasonic velocity in liquids is determined by the density p and
adiabatic compressibility 8 of the liquid, v = (p £)°°. Therefore, the greater
ultrasonic velocity is attributed to lower compressibility of the particles. The
relative compressibilities can be attributed to the different packing of the
elementary carbon particles within “fractal” particle aggregates. It could be
expected that the internal core of “fractal” particles would be less compressible
than that of “spherical” particles, thus resulting in higher velocity values.

However, another factor that could be responsible for these differences in
ultrasonic velocity is the interaction of polymer with the particles. Adsorption
of polymer onto the surface of a particle will be accompanied by solvation
effects, which in term affect the compressibility of the suspension®®.
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6.3: Rheology-the effect of polymeric binder concentration

Figs. 6.3(a) and 6.3(b) show a series of typical viscosity vs shear stress
behaviours for both the Raven L and Raven M particle types with a fixed
particle volume fraction ¢@patice = 0.15 and a range of polymer volume
fractions: @poymer = 0.053, 0.11, and 0.21.

Viscosity / Pa.s
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Fig 6.3(a). Typical viscosity-shear stress curves for "spherical” Raven® L carbon black
particles in aqueous polymer solutions with @arice = 0.15 and (0) gpoymer = 0.053, (A)
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Viscosity / Pa.s
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Fig 6.3(b) Typical viscosity-shear stress curves for "fractal” Raven’® M carbon black
particles in aqueous polymer solutions with gpartice = 0.15 and (0) @poymer = 0.053, (A)
Ppolymer = 0.11 and (0)¢po/ymer = 0.21.

All the dispersions show, in essence, similar behaviour- a Newtonian region at
low shear stresses (rates), which shear thin above some critical shear stress.
Sometimes a slight upturn in viscosity with increasing shear stress at high
shear stress is present. This is an experimental artefact, that is attributed to
the sample being spun out of the double gap geometry, and is not shown in
these data; hence the data cease at different shear stresses.

Dispersions with @poymer < 0.053 were unstable. Hence, we conclude that
opoymer = 0.053 corresponds to sufficient polymer concentration in order to
stabilize the particles. Therefore, for gpoymer > 0.053, excess nonadsorbed
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polymer will be present in the solution. In reality, excess polymer is a realistic
representation of many industrial situations. Unfortunately, the adsorption
isotherm could not be measured for a stable system of carbon black and
Joncryl 61. Several attempts were made, but all methods adopted proved
unsuccessful. The biggest problem was finding a quantitative method for the
residual polymer solution in the presence of some residual carbon black e.g.
NMR, IR were not sensitive enough.

The effects of nonadsorbed polymer on the dispersion viscosity are then
apparent. Consider the @partice = 0.15 / @poymer = 0.053 system, i.e., where
there is little or no free polymer. At low shear stresses the Raven M particle
(fig 6.3(b)) has a much higher viscosity of ~10 Pa.s compared to a viscosity of
~0.45 Pa.s. for the Raven L particle (fig 6.3(a)). This is in excellent agreement
with the rather limited ultrasonic spectroscopy studies. In addition, the Raven
M particle dispersions undergo shear thinning at a higher shear stress (~0.08
Pa) than the Raven L particle (~0.04 Pa). The limiting high-shear viscosity is
similar for both particles at ~0.004 Pa.s. For the dispersions with @parice =
0.15 / ¢poymer = 0.11, there is significant free polymer in solution- the low-
shear-stress viscosity increases accordingly, some four orders of magnitude
compared to the @polymer = 0.053 case. Further increases in @polymer, i-€., Ppartice
= 0.15 / ¢poymer = 0.21, have a far less pronounced effect on the low-shear-
stress viscosity. However, the viscosity at higher stresses increases by about
an order of magnitude and indeed the particle morphology has a negligible
effect on the rheology under these conditions. However, there is a distinct
difference in the yield stress vs @poymer behaviour for the two patticle types.

To explain the details in the shear stress behaviour, we should therefore
examine the rheology of the simple polymer solutions. For all concentrations,
the response is largely Newtonian (to a first approximation at least) over the
majority of the shear stress range, fig 6.4(a), and the viscosity increases with
concentration, fig 6.4(b). The viscosity-concentration scaling behaviour
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increases around @poymer = 0.03, indicating interaction of the polymer
molecules, such as the formation of a weak polymer network or aggregation.

6.4: Rheology-Polymeric binder in solution

Viscosity / Pa.s
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Fig 6.4(a)- A series of viscosity-shear stress curves for a series of different
concentration aqueous polymer solutions i.e. (A) @poymer = 0.04, (A) @poymer = 0.09,
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Newtonian viscosity / mPa.s
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Fig 6.4(b) - Viscosity-polymer volume fraction behaviour for aqueous polyacrylamide

solutions.

Accordingly, the data presented in figs 6.3(a) and 6.3(b) correspond to 1.) a
system with little or no free polymer and 2.) where sufficient excess polymer is
present so that the continuous phase is a reasonably concentrated polymer
solution. The substantially greater low-shear viscosity in the @partice = 0.15 /
Ppotymer = 0.11 and @partice = 0.15 / @poymer = 0.21 cases is therefore due to
polymer in solution, with the particles forming a network.
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6.5: Rheology-Dilution experiments

To understand further the role of interaction between the polymer layer and
the polymer in the continuous phase, “dilution experiments” were undertaken,
in which the ratio @partice t0 @potymer Was held constant, but ¢panice and therefore
opoymer decreases. Of particular interest was the intermediate Newtonian
plateau observed in the @patice = 0.15, @poymer = 0.11 system, i.e., where
Qpartide / Ppolymer = 1.4. Typical viscosity vs shear stress plots are shown in figs
6.5(a) and 6.5(b) for dispersions with @partice ; Ppolymer = 1.4 as a function of

@particle-

Viscosity / Pa.s
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Fig 6.5(a). Typical viscosity-shear stress curves for the "spherical” Raven® L carbon
black particles in aqueous polymer solutions at a fixed [polymer]/[particle] as a
function of @particee ; 1.€. (O) @partice = 0.15, (O) Pparticie = 0.118, (A) @partice = 0.107,
(O) @partice = 0.093 and (V) particie = 0.081.
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Viscosity / Pa.s
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Fig 6.5(b): Typical viscosity-shear stress curves for the "fractal” Raven® M carbon
black particles in aqueous polymer solutions at a fixed [polymer]/[particle] as a
function of gpartice ; 1.€. (O)@partice = 0.15, (D) @partice = 0.128, (A) @particie = 0.114,

(0) @partice = 0.10 and (V) gparticie = 0.092.

Similar viscosity-shear stress behaviour is observed for all systems; a
Newtonian region that shear thins above a critical point, passing through some
intermediate plateau before approaching a common viscosity at high shear
stresses. On dilution, the viscosity at low shear rates decreases significantly,
an effect that is more pronounced for the Raven L particle (fig 6.5(a)). Note
also that as the particle concentration is decreased, the intermediate
Newtonian plateau shifts to lower shear rates until around @partice ~ 0.10, it
cannot be distinguished.
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6.6:0scillatory rheology

Oscillation experiments were undertaken on these samples at various
oscillation frequencies and amplitudes. The shear stress sweep experiments,
figs 6.6(a) and 6.6(b) showed that the linear viscoelastic regions extend only
over a very narrow range of shear stress. The complex viscosity of the Raven
M particle (fig 6.6(b)) is slightly higher than that of the Raven L particle (fig
6.6(a)). Also, the apparent “yield” of the Raven M particle is slightly higher
than the Raven L one, but otherwise the two behaviours are rather similar. As
illustrated by the oval Lissajous plots, both systems are viscous at low shear
stresses (a purely viscous response would be spherical, whereas an elastic
response would be a diagonal line) but become elastic at higher shear
stresses.

143



144

Shear stress [/ Pa

Shear stress / Pa

a8

A% 008 0D Q4 AR NN AWM 0D 004 0D AW

Strain

Shear stress [ Pa

OOOOO;/

o]

/i
Shear stress / Pa

ams Q00 Hom om0 omos 0.0
Strain \

v
]
o
S~
m.
-ﬁ 0.1
=Y
=
o
o]

0.01

0.01

0.1 1

Shear stress / Pa

10

Figure 6.6(2): Typical shear stress sweep data and associated Lissajous plots at 1 Hz for a dispersion of “spherical” Raver® L

hm\ﬂ\ﬁ.\mh.\ GE\QQN = Q. .NM\ Sg\\am\ = Q.thw.

SNOISY3dSIA SNOINDY-NOISSNDSIA ANV SLINSIY 9 ¥ILdVHD




44|

Shear stress / Pa

18
001 008 Q008 0004 007 0000 0002 0004 0OON QOON 0OW

Shear stress / Pa

"
OOOOOODON

Strain
(0]
14
0 \ 10 :

Strain

Strain
1
v
&
~
M
00,1 ;
m.
0.01
0.01

0.1 1
Shear stress / Pa

Figure 6.6(b): Typical shear stress sweep data and associated Lissajous plots at 1 Hz for a dispersion of "fractal” Ra ver® M
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SNOISY3AdSIA SNOANOY-NOISSNISIA ANV SLINSAY 19 ¥ILdVYHD



B R e |
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The frequency response is presented in fig 6.6(c) for the @partice = 0.15, @polymer
= 0.053 Raven L and Raven M dispersions at a shear stress of 0.1 Pa-toward
the end of the Newtonian plateau. This representation concurs with the
Lissajous data, namely that the response to deformation is viscous at low
shear stresses/frequencies, but becomes more elastic with increasing shear.

Phase angle / °
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Fig 6.6(c): Frequency sweep / Phase angle data at 0.1Pa for both the "spherical”
Raven® L particle dispersion (0), where gparice = 0.15, gpoymer = 0.053, and the

“fractal” Raven® M particle dispersion (®), where gpaice = 0.15, @popmer = 0.053.

Summary:
The aqueous J61/carbon black systems described above have, from the
experiments conducted, been well characterised which has allowed a greater
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insight into the interactions present within the system. Aspects that were
studied which allowed this improved understanding were: the effect of the
polymeric binder content, the particle loading, the particle/polymer ratio, the
role of the particles and how their structure can alter the rheology. The SANS
measurements, the microscopy and the ultrasonic experiments proved useful
in the characterisation and in the differentiation of the particle types, whereas
the steady shear and oscillatory rheology assisted us in the understanding of
the dispersion properties and the formation and deformation of a networked
structure under shear.

6.7: The silica/poly(ethylene oxide) model system.

For comparison; a model system consisting of poly(ethylene oxide) chains

adsorbed onto colloidal silica spheres has also been studied. Initially, the
situation where full coverage of the silica particles had been obtained was
considered i.e. with little or no free polymer left in the solution.

It has previously been reported that a coverage of 1mg m (for this molecular
weight) of poly(ethylene oxide) is required to coat silica’ so, based on this, the
coverage for ¢partice = 0.2 was calculated and the rheology of a concentrated
silica dispersion with poly(ethylene) oxide at full coverage (approx 3wt%
polymer) was measured.

Fig 6.7(a) represents the rheological behaviour of an aqueous silica solution,
an aqueous poly(ethylene oxide) solution and an aqueous solution consisting
of poly(ethylene oxide) adsorbed onto the colloidal silica particles.
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Fig 6.7(a): Typical viscosity-shear stress curves for sifica in an aqueous poly(etfiylene

oxide) solution with (O) @particie = 0.2 3nd @poymer = 0.03, (O)a poly(ethylene oxide)

)

solution with poymer = 0.03 and {O)an agueous sifica solutiont With oparice = 0.2.

As can be seen from fig 6.7(a) the agueous particle dispersion has the lowest

weak shear thickening, followed by the 3wt% PEO in

a
water solution. The solution consisting of adsorbed PEO onto silica had an

solution. This can be explained by considering the interaction between the
olymer-coated particles. On absorption of a polymer layer to a particle
poly

face, the effective size of the particle is increased. The distance between

nearest neighbours in a concentrated system is therefore reduced, increasing

the interaction between them and hence increasing the viscosity of the
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Following the initial study (where full coverage of the silica particles had been
obtained, with little or no free polymer left in the solution) a study concerning

the situation where the concentration of poiymer within the solution was well

above the calculated “full coverage” value. In this system, there will be an

Figure 6.7(c) represents the rheological behaviour of an aqueous silica
solution, an aqueous poly(ethylene) oxide solution and an aqueous solution
consisting of poly(ethylene) oxide adsorbed onto the colloidal silica particles in

the presence of an excess of polymer (free polymer).
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critical overlap concentration and the possible onset for the formation of a
polymer network.

Hence in this case at this high polymer concentration (10wt%), the PEO is
highly entangled, this hinders the flow and results in a high viscosity.
However, the viscosity is slightly lowered on adding silica particles. A portion
of the polymer in solution will adsorb onto the particles, lowering the
concentration of polymer in the bulk hence decreasing the extent of
entanglement and lowering the resulting viscosity. For this system, it seems
that any excess polymer in solution somewhat surprisingly appears to have
little effect

Also, there doesn’t seem to be any evidence of “yield” behaviour in these data
even though there is free polymer in the solution. It could be that if yield
behaviour does occur, it lies outside the measurement range.

The remainder of this chapter is not concerned with additional particle
characterisation, it is concerned with how various other effects act to alter the
rheology of the dispersions; studies included:

e using the same systems already described (J61/Raven L or J61/Raven M)
and altering the pH of the dispersion,

e using the same particles but changing the polymeric binder to a different
resin or a block copolymer; poly(ethylene glycol)-poly(propylene glycol)-
poly(ethylene glycol) and

e using different particle types that have or have not been surface modified.

These experiments were conducted in the hope that the results would provide
a reinforced picture of how the interactions between the filler particles and the
polymeric binder and also the filler-filler interactions within a dispersion,
ultimately determine the resulting rheological properties of the dispersion.
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following solvent composition by weight: ammonia (25% solution) 9.5%,;

In an attempt to produce a more acidic solution, dilute HCl was added

e LY

dropwise, however even an adjustment to pH 6 rendered the polymer unstable

1}
o

d caused it to “crash” out of solution. Fig 6.8(a) shows a joncryl 61 soiution

pH 12 (left) and pH 4{right)

Fig 6.8(a): Joncry/ 61 solution with the pH adjusted te 12 (left) using an ammonia

solution and pH 4 (right) using dilute HCl. The solution without any pH adjustment is
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As a result, there is no rheological data corresponding to acidic joncry! 61
solutions. In order to obtain a more basic solution, a 35% ammonia solution

was added dropwise.

Fig 6.8(b) represents the changing rheological behaviour that accompanies a
pH change from & solution at pH 8.3 to pH 12 for both Raven L and Raven M
D

article dispersions.

[
h
9%



CHAPTER 6: RESULTS AND DISCUSSIGN-AQUEOUS DISPERSIONS

Viscosity / Pa.s

10
0QQQQnd
02005, ,
1 A o
0.1 4 N5l 15
O & 4
iy Tppla,
~O00R4A
CZgpa

0.001 — ] ,

0.001 0.01 0.1 1 10

in & Ofk) - o ac far hnth tharartal” Daven® i A
Flg U.G'.‘b).. Tvpical viscosity-shear stress curves for both the'fractal” Raver’™ M and

pH 8
It appears that altering the pH of the system has a relatively small effect on
the rheology of the carbon black dispersions. Having said this however, the
effect is slightly more pronounced for the Raven L particle dispersion than for

between the polymer and paiticle is then increased resulting in the increase of
coverage and the stiffening of the polymer chains. This leads to the thickness



6.9: The influence of adsorbent type

Y
The second absorbent used was, Joncryl® HPD 96 E, from the same suppliers
It is a styrene acrylic ammonia neutralised resin solution (wt.av. ~ 16,500)
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Fig 6.9(a): Typical viscosity-shear stress curves for aqueous dispersions of carbon

black and JHPD-96E gpaice = 0.15 and @poymer = 0.105 for (A) Raven M, (A) Raven
L, {C) R1060 and (O) R760.
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All dispersions displayed an approximate Newtonian behaviour and the typical
rheology associated with concentrated dispersions was not observed. Also,
the viscosity exhibited by the dispersions consisting of Joncryl® HPD 96 E in
place of Joncryl® 61 was much lower.

Following the studies with the resin solutions, the rheology of block
copolymers, Poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol)
in particular, adsorbed onto carbon black was the next area of study.

Poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) block
copolymers are non-ionic macromolecular surface-active agents. PEG-PPG-
PEG is also known as a pluronic block copolymer that is available in a range of
molecular weights and differing ratios of PEG/PPG blocks. The polymer used
here has the shorthand label of F 68, it had a molecular weight of 8,400 and a
composition ratio of 80% PEG to 20% PPG content. (In the shorthand
notation, the prefix F corresponds to flakes).

Firstly, a graph to show how the presence of PEG-PPG-PEG alone and PEG-
PPG-PEG adsorbed carbon black particles affect the viscosity of water:
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Viscosity / Pa.s
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Ppolymer - Pparticle = 1:
All data were approximately Newtonian, hence the viscosity was independent
of the shear stress/shear rate. However, the viscosity of the polymer and
particle solution {which showed slight shear thinning) was greater than that of
the polymer solution, which in turn had a greater viscosity than the viscosity of
pure water. For the polymer solution, the polymer-polymer interactions must
) solutiocn the polymer is in the form of coils, which act to
hinder the motion of the small solvent molecules. When the concentration of
polymer is low, this effect is not so apparent, but as the concentration is
1
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increased, polymer overlapping increases the interactions between chains
which, when the concentration is high enough, forms a weak polymer network
within solution. In addition to the polymer-polymer interactions there are also
secondary interactions between the polymer and the solvent which can result
in @ number of the small solvent molecules being bound to the polymer chains.

The addition of particles to a polymer solution effectively introduces three
other possible interactions: particle-particle, particle-polymer and particle
solvent interactions. These interactions act to form a cross-linking polymer
network where the particles (fillers) are junction points.

@polymer : Ppartide = 2:

On increasing the concentration of the dispersions to a more industrially useful
range the rheological behaviour is altered considerably. For the PEG-PPG-
PEG/carbon black systems, samples investigated comprised of @polymer = 0.26
and @partice = 0.13, @poymer = 0.23 and @partice = 0.115 for both particle types
(Raven L and M) and a dispersion consisting of @polymer = 0.26 and @particte “Raven
i~ = 0.065 + @partide "raven v* = 0.065 was also studied. These results can be
seen in figure 6.9(c) (where the viscosity of a polymer solution consisting of
Ppolymer = 0.26 is included for comparison).

In essence, all of the systems in fig 6.9(c) show shear thinning behaviour with
a high low shear viscosity. At low shear rates, the particles are less mobile
and their random orientation within the solution promotes a tendency for an
increased resistance to flow. Increasing the shear stress induces a velocity
gradient in which the particles align with the flow direction, decreasing the
resistance to flow and reducing the viscosity. On considering the Raven L (A)
and Raven M (a) systems comprising of @poymer = 0.23 and @partice = 0.115
there are only a few points to notice. Firstly, the low shear viscosity of the
Raven M dispersion is higher than that of the Raven L dispersion, but at high
shear rates they both tend to the same value and secondly, the point at which
the dispersion starts to shear thin (the yield point) is higher for the Raven M
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(0.5 Pa compared to 0.14 Pa for Raven L) also. Shear thinning starts to

become more uniform as the force/area increases until complete structural

breakdown has occurred, resulting in the high shear, low viscosity Newtonian
plateau
AW { - .
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Fig 6.9(c): Typical viscosity-shear stress curves for carbon biack particies in agueous

PEG-PPG-PEG poiymer solutions with () Ravent M @panice = 0.13 @poiymer = 0.26, (L)
RaVEﬂ L ¢part,c,e = 0 .ZJ ¢poln779r - 026‘,( ) R aven ,VI' (,Dpart,’c[e - 0. 065 RaVen L wpaf[]de =

0 1 -J @Dpolvmer = 0(6 (A\PHV"I" M@n,.rﬂfln = U ::5 @polymer = 043 (A)Rdl/é’ﬂ L ¢ Dparticle =

PO

0.115 ¢po,lymer = 0.23 aﬂd (O) @pg/ymer = a26.

For the Raven L (1) and Raven M (1)) dispersions consisting of opoiymer = 0.2

(o)}

and ¢pariice = 0.13 the rheological behaviour is closely matched. At low shear,

L

1@ viscosity or the yield point at which th
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dispersion begins to shear thin. However at high shear, the Raven M
dispersion displays a higher viscosity than the Raven L dispersion, although
both have higher viscosities than the same concentration polymer solution.
Combining the particle types into a mixed particle dispersion (O) where @polymer
= 0.26 and @partice *Raven L” = 0.065 + @particie *Raven M» = 0.065 reduces the low
shear viscosity and the yield stress point compared to that of the single
particle systems. In fact, the yield stress point obtained for the mixed particle
dispersions was similar to the values obtained for the @poymer = 0.23 and
@partide = 0.115 Raven M system.

In comparison, the rheological behaviour exhibited by the PEG-PPG-
PEG/carbon black system is very similar to that of the J61/carbon black system
however neither system are at all similar to the PEQ/silica. Other than the
differences between the actual particle surfaces, it seems that the main
difference could be due to the state of the free polymer within solution and
the resulting interactions. For the pluronic any free polymer in solution tend to
form micelles, whereas J61 is a very stiff polymer and the PEO is a fairly
flexible chain.

6.10: Surface modifications

The commonly found carbon-oxygen surface structures are by far the most
important surface groups that influence the physico-chemical properties of
carbon blacks. Further oxidation of pigment blacks produces increased polar
chemical groups on the particle surface area, which possess a higher affinity to
the polar groups of binders. This especially applies to carboxyl groups. The
treatment thus produces better dispersion and stabilization of the pigment
black in the liquid phase and better distribution in a polymer matrix.

Fig 6.10 illustrates the effect of modifying the particle surface on the rheology
of carbon black dispersions. For this study, the particles R760 and R1060
. were used. The particles R760 and R1060 are identical in the way they have
been formed hence their particle size, aggregate size and structure are very
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similar, however R1060 has been surface oxidised using ozone. R1060 has an

been included for comparison.

Viscosity / Pa.s
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Fig 6.10: 7ypical viscosity-shear stress curves for agueous dispersions of carbon black

and joncryl 61 (J61) @pamicie = 0.15 and poonme: = 0.105 for (O) Raven M, (O) Raven
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LI TN Ry -
£, (0) R1060 and (O) R760.

nd R760 have a smaller average aggregate diameter than both Raven

e
o
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L and Raven M. Therefore, the dispersions formed using these particles

exhibit a iower low shear viscosity, lower vield stress point and a lower high

shear viscosity than the larger Raven grades. As mentioned previously, R1060
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and R760 are identical grades, so the observed differences between the
rheology of the R1060 dispersion and the R760 dispersion are due to the
excess chemisorbed oxygen on the R1060. This excess oxygen layer acts to
increase the low shear viscosity and the yield stress point however the high
shear viscosities for both particle dispersions are practically identical. The
excess chemisorbed oxygen on the R1060 renders the surface more active,
increasing the surface/polymer attraction which affects the mode and extent of
polymer adsorption to the surface and hence increasing the surface coverage.
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CHAPTER 7: RESULTS AND DISCUSSION-OIL
DISPERSIONS

In addition to being used extensively in the waterborne inks and coatings

industry, carbon black is also commonly employed for the production of oil
based inks. This chapter will focus, primarily, on oil based carbon black
dispersions. The binder, in this case, is bitumen.

For the initial rheology study, four carbon black grades were used; Raven L,
Raven M, N660 and N772.

Raven L and N772 are low-medium structured particles and Raven M and
N660 are medium-high structured particles. The two Raven grades are fine to
medium particles, whereas N772 and N660 are coarser grades.

For each sample a dry bead vehicle containing 24.5wt% Bitumen in oil was
prepared using an industrial grade mixer. Once mixed, this was left to settle
for 24hours before preparing a mill base. The mill base was prepared by
taking 105g of the dry bead vehicle and adding to that 45g of carbon black
particles using a high shear mixer. After cooling, 75g of this mill base was
mixed with a further 50g of oil. This mixture was triple roll milled three times
to ensure a sufficient dispersion. It was ensured that the grind gauge values
were below 5um. For all four particles, this meant that 18wt% particle stock
samples in oil were prepared. The rheology of these 18wt% samples was
investigated and the stocks were then diluted with oil to various carbon black
loadings.

The aim of this study was to;

e Investigate the rheology of the dispersions with respect to the particle
concentration.

e To combine the particle systems in different quantities and combinations in
order to investigate the rheology of mixed particle systems (containing
both fine and coarse particles) and to compare the results with the
rheology of the single grade systems (see chapter 8).
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7.1: Rheology-o0il medium

Firstly, the rheology of the dispersion medium (the oil) used for the dilutions
was investigated (fig 7.1). The r

1rD

logy of the oil is Newtonian with a

l.‘E.)

e
UL

viscosity of approximately 0.6 Pa.s @ 2

0

U"I
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Fig 7.1: Typical viscosity-shear stress curve for the oil used in the diiution of the

Stock, @ssmie = 0.18, carbon black dispersions.
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7.2: Rheology-Polymeric binder in solution

Secondly, the rheology of simple solutions, comprising of varying amounts of
bitumen in oil were examined. For all concentrations, the response is largely
Newtonian (to a first approximation at least) over the majority of the shear
stress range, fig 7.2(a), and the average viscosity increases with bitumen
content, fig 7.2(b).
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Fig 7.2(a): A series of viscosity-shear stress curves for a series of different
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Average viscosity / Pa.s
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Fig 7.2(b): Viscosity-bitumen content behaviour for bitumen in oil solutions. Data was
fitted to an exponential growth equation.

The data in fig 7.2(b) was fitted to an exponential growth equation
represented as:

Y=Y+ ae™ (6.1)
Where Y is the average viscosity and x is the concentration of bitumen.

However this was for the purpose of guiding the eye only and the parameters
obtained have no significance.
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/.3: Rheoloav-carbon black dispersions

Figures 7.3(a), 7.3(b), 7.3(c) and 7.3(d) represent the full data sets for ali four
different particle types (Raven L, Raven M, N660 and N772 respectively).
Here the stock solutions containing ¢ partice = 0.18 and ¢ pitumen = 0.106 in oil
were diluted g additional oil. Therefore, the ratio of particles to bitumen
was kept constant (at approximately 1.7), however the concentration of both

particles and bitumen was gradually decreased.

Figure 7.3(a) shows the full rheology data for Raven L:
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Fig 7.3(b) shows the full data for Raven M:

Viscosity / Pa.s
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Fig 7.3(b): Typical viscosity-shear stress curves for “fractal” Ra ven® M carbon black

particles and bitumen in ol with (O) @panice = 0.18, (O)@partice = 0.16, (O)@partice =
0.14, (O)@partice = 0.12, (O) @partice = 0.10, (O)@particie = 0.08, (O) @particie = 0.06,

(O)wpa,ﬁc/e = 0- 04 and ( )@pa,t/‘c/e = 0- 02-
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Fig 7.3(d): Typical viscosity-shear stress curves for the coarse N772 carbon black
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Inspection of figure 7.3(a) illustrates a few more features;

e On decreasing the particle concentration, the overall viscosity i

ecreased.

pronounced. The low shear viscosity d
particle concentration, this again, is due to a reduction in the

particle/particle and particle/polymer interactions. The high shear
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viscosity tends to a common value (that of the oil), so the “jump” down
is not as significant and leads to a less pronounced shear thinning
region.

e On decreasing the particle concentration, the data shift to the left and
hence, a reduction in yield stress is also observed. The yield stress
value can be attributed to a “structural breakdown” point. For high
particle concentrations, the distance between nearest neighbours is
small, hence the interaction is at it's strongest. It is, therefore, not
surprising that higher stresses are required to deform or break the
network to allow flow to occur.

The same trends (decreasing low shear viscosity, value of yield stress and high
shear viscosity with decreasing particle concentration) are found for the other
three particles, Raven M (figure 7.3(b)), N660 (figure 7.3(c)) and N772 (figure
7.3(d)), but the absolute values of low shear viscosity, yield stress and high
shear viscosity differ with respect to each other.
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7.4: Comparsion of particle types

(]

To compare the particle types, a single common particle concentration was
plotted for all particles and the results are shown in figure 7.4(a). The same
trends applied to all of the concentrations, S0 @panice = 0.10 a

(¥

was picked as being typical.
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Fig 7.4(a): Typical viscosity-shear stress curves for dispersions of pitumen = 0.06 (O)

N772 @pamie = 0.10 carbon black particles in oil

The fine particles seem to have much higher viscosities than the coarser

grades and the viscosity seems to increase with increasing structure e.g.
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NS

Raven M has a higher viscosity than Raven L because of the higher degree of

structure. Raven L is composed of smaller more spherically shaped

= N

aggregates, Raven M is more “open” and the aggregates have no defined

wn

hape. In addition to the shape dependence, when considering the finer

particle systems, there are a lot more of the particles per unit space than there
are coarse ones. Hence, there are more “nodes” or “junction points” in the

tructure produced from these particle/polymer systems.

&

networked

At low shear, there appears to be a slight shear thickening effect for both
N660 and N772, associated with a “structural build-up”. In fact, on

f the data, a slight shear thickening effect is apparent for Raven L at ¢partice =
t Pparice = 0.04, 0.06, 0.08, 0.10,and 0.12 and N772
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Fig 7.4(b): Typical viscosity-shear stress curves for dispersions of (O) N772 @paice =
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7.5: Low shear viscosity, high shear viscosity and vield stress

[ O+ T

arlier, there are three parameters t

e
the rheology between concentrated dispersions: the low shear viscosity, the

high shear viscosity and the yield stress. The following three figures (fig
7.5(¢

), fig 7.5(b) and fig 7.5(c)) represent these parameters respectively as a
¥
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Fig 7.5(2): Low shear viscosily-particle content data for dispersions of (O) Raven M,

(0) Raven L, (O) N660 and (0) N772 carbon black particles in ofl.
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logarithmic scale has been used as the Y-axis. However, although the

is essentially the

High shear viscosity / Pa.s
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Fig 7.5(b): High shear viscosity-particle content data for dispersions of (O) Raven M,

(0) Raven L, (O) N660 and(O) N772 carbon black particies in oil.

and chapter 4 and is represented by the following:

v-Inlem
T

Nr =No ®m ) (7.1)

T e,

g

where 1, is the relative viscosity, s is the viscosity of the solution in t
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absence of particies, ¢ is the volume fraction, ¢, is the maximum packing
fraction and [n the intrinsic viscosity.
The values of ¢, ] and ns that were obtained from these fits are shown in
table 7.1 for all four grades of carbon black used.
Raven L | Raven M N660 N772

Pm 0.25 0.25 0.25 0.27

[n] 652 | 816 | 546 | 5.16

Ns 0.58 0.46 0.53 0.55

Table 7.1: Krieger-Dougherty parameters.

The parameter @, is a function of particle shape, particle size distribution and
shear rate. Broader particle-size distributions have higher values because the
arti

naller
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hand, non-spherical particles lead to poorer space-ﬁ!ling and hence lower
values of ¢, . A low maximum packing
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The results in table 7.1 show a low maximum packing fraction for all particle
types, this is a consequence of the presence of non-spherical carbon black
particles. However, the dispersion containing N772 particles had a slightly
higher value. There is also a trend in [n] where Raven M > Raven L > N660 >

N772 and where all values of [n] obtained are indicative of non-spherical
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particles The two Raven grades are fine particle grades of similar size, with
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Raven L. N660 and N772 are coarser grades consisting of larger particles,

with N660 having a medium-high structure and N772 having a low-medium

structure. Here, it seems that [n] is dependent on, not only the “fineness” but,

on the structure also. However, the “fineness” seems to be the more
important variable. Fine particle grades contain more particles per unit area
and therefore hav igher resistance to flow. Further examination of the
parameters showed that the product of jn] and®p, for each particle type did
not vary a great deal (From 2 for Raven M to 1.6 for Raven L down to 1.4 for

both N660 and N772). This product is useful for estimating suspension

viscosities and has significant practical value.

Since ng is the viscosity of the solution in the absence of particles, on
constraining it's value to the value obtained for the viscosity of the oil medium

(0.5807 Pa.s) the corresponding values of ¢, and [n] are shown in table 7.2

Raven L | Raven M | N660 N772
Pm 0.25 0.25 0.25 0.25
[rl] 6.49 7.3 5.12 4.7
Table 7.2: Constrained Krieger-Doughertly parameters.

The maximum packing fraction was not altered much (if at all) on constraining

the value of ng,however the intrinsic viscosity values were all decreased.
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Fig 7.5(c): Yield stress-particle content data for dispersions of (O) Raven M, (0)
Raven L, (O) N66J and (O) N772 carbon biack particles in ofl. The lines are to guide

the eye oniy.

Here, the yield stress point is the stress value at which shear thinning

commences. From the graph, at higher particle concentrations (12-18wt%)

m
Y

g

Raven M has greater vield stress values than Raven L. The two coarser

b Ll =

particles have much lower values than Raven M and Raven L, but with N660
having slightly greater values than N772. The yield stress value is indicative of
the strength of the network that has been formed between the polymer and
the particles where a larger value indicates a stronger network and hence a
greater stress is required for the initial breakdown. The shear thinning region

is then observed on increasing the stress above the yield stress, where the

dispersion will flow freely.
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As can be seen from figure 7.6(a), print 1 is “more black” than print 17 for
both particle types however the Raven L dispersion is “more black” than the
N660 dispersion. The colour differences in matter are largely based on the
interaction of light with electrons®. The electrons in the graphitic layers of
carbon black are free to vibrate at practically any frequency and thereby
absorb all wavelengths of visible light ranging from infrared to ultraviolet. The
degree of blackness in carbon blacks is dependent on the efficiency of re-
emission of the light. If the particle size of the carbon black is small there is
an increased amount of forward scattering. This makes the particles less
efficient at re-emission, hence leading to greater light absorption.

All carbon blacks tend to selectively absorb the shorter wavelengths at the
blue end of the spectrum®, however this is also dependent on particle size.
The more absorbing small particles tend to reflect light of a brownish tone
whereas the not-so-well absorbing larger particles reflect more of the
spectrum and appear bluer in tone.

Using these prints, the print density/optical density for each print was obtained
using a handheld Gretag-Macbeth densitometer. The print (optical) density
was then plotted against the print weight (weight of loaded roller — weight of
roller after print had been taken) for all four dispersions (fig 7.6(b)).

The colour measurements were obtained using a benchtop Hunter Labscan®
XE automated spectrophotometer, as detailed in chapter 3, section 3.5.4. The
data obtained is represented in fig 7.7(a), 7.7(b), 7.7(c), 7.7(d) and 7.7(e).

The aim of this series of experiments was to produce an empirical
relationship between the colour strength of a particular dispersion and the
composition of particles within that dispersion using both Hunter L and Hunter
b values obtained from the colour measurements.
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cﬁ.s,persiﬁns with ouamce = 0.18. Aff data are fitted to a Power Law.

In general, samples comprising of high proportions of Raven L have a higher
print density compared to samples comprised predominantiy of N660.

After attempting to fit the data to a two parameter power law, it was found
that the data fitted slightly better to a three parameter power law model of the

form:

where Y is the print density and x is the print weight.
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7.7: Colour data interpretation

The instrumental readings from the Hunter Labscan® are used to describe the
colour by converting the spectral refiectance data into a position in three
dimensional colour space (see chapter 5). From this, values of Hunter L,
Hunter b and Hunter a can be obtained. These values represent the

lightness/darkness, the vyellowness/blueness and the redness/greenness

Hunter L

45

40 -

35 -

30 -

25 -

20 1 B | ] T 1

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Print weight / g
Fig 7.7(a): Hunter L vs print weight data for (1)) Raver® L, (1)) 67% Raver® L + 33%
N660, (71) 33% Raver® L + 67% N660 and (1) N660 carbon black in oif dispersions
WIth @psmice = 0.18. All data are fitted to an exponential decay curve.

A higher value of Hunter L denotes a “whiter” dispersion. Here, the dispersion
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itted best to a single, three parameter exponential decay curve

Y=Yy +ae’X (7.3)

where Y is Hunter L value and x is the print weight. The obtained values for
the parameters Y;, a and b were then used to calculate corresponding print
weights for Hunter L values of 30, 35 and 40.

Figure 7.7(b) is a plot of colour strength (1/print weight) versus composition of

Raven L and represents the data obtained for Hunter L = 30, 35 and 40.
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Fig 7.7(b): Colour strength versus Raven L composition data for (O) Hunter L = 30,
(O) Hunter L = 35 and (O) Hunter L = 40 for mixed particle carbon black in oil

dispersions.

184



CHAPTER 7: RESULTS AND DISCUSSION-OIL DISPERSIONS

=

As can be seen, the results produced a fairly linear relationship. In fact, these

data were fitted to a straight line equation.

print. A positive value

(@)
or
&

a
indicates a blue undertone and is usually obtained with a well dispersed
carbon black, on the other hand a negative value indicates a more brown
undertone which is associated with less well dispersed carbon blacks. Fig's
7.7(c) and 7.7(d) represent the blueness and the undertone of the dispersions
respectively.
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Fig 7.7(c): Hunter b vs print weight data for (1) Raver® L, (1) 67% Raver® L + 33%

N660, (1) 33% Raver® L + 67% N660 and (1) N660 carbon black in oil dispersions
ith Qpamice = 0.18. The data for the Raven L and the 67% Raven L + 33% N660

dispersions are fitted to a /og normal peak, but the data for the 33% Raven L + 67%

N6E60 and the N660 are fitted to an exponential decay curve.
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Here, the increasing amount of Raven L particles in the dispersions increases
the Hunter b value. Raven L is smaller and finer than N660 and is therefore
more easily dispersed.

The log normal peak curve that was used to fit the Raven L data and the 67%
Raven L + 33% N660 data has the form:

Y=ae (7.4)

where the following equalities have been made;
Y = Hunter b

X = print weight and

Xo = maximum print weight.

The exponential decay curve that was used to fit the 33% Raven L + 67%
N660 data and the N660 data has the same form as equation (7.3).
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Fig 7.7(d): Hunter b vs Hunter L data for (7)) Raver® L, (1) 67% Raverf® { + 33%

Vs
N663, () 33% en® L + 67% N660 and (77) N660 carbon black in oil dispersions

With pamice = 0.18. All of the data are fitted to a Gaussian peak.

This graph is in total agreement with the previous graph which shows that the

icle dispersion has a bluer undertone than dispersions containing
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Ints of N660 particles.

From these ﬁts, and by using the values Hunter L = 30, 35 and 40
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jetter colour in which the dispersion is darkened or tinted. The level of
blackness (jetness) and undertone produced by a carbon black is however
affected by several factors related to carbon black properties and dispersion

quality, both of which influence light absorption (jetness) and (scattering)
undertone characteristics.
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CHAPTER 8: RESULTS AND DISCUSSION - MIXED

PARTICLE DISPERSIONS

Carbon black particles are polydisperse in terms of particle size and
morphology. Comparisons between the two particle types that differ only in
the level of structure allow this feature to be explored. The effects of particle
size are somewhat more difficult to elucidate without fractionation of the
particle size distribution. A simple approach to overcome this is to mix
particles. Chapter 8 is therefore principally concerned with dispersions
consisting of mixed particles of Raven L, Raven M, N660 and N772 in different
combinations.

Table 8.1 gives an average value for the size of aggregates found within each
grade of carbon black.

Carbon black Average aggregate
grade diameter / nm
Raven L 87
Raven M 105
N660 215-225
N772 195-205

Table 8.1: Typical aggregate sizes.

The following results were obtained on investigating the effect of combining
the carbon black grades in different combinations (ratio) and quantities
(concentrations). The ratio is referred to as € and is represented as follows:

_[_Ma
T (MA +MB] 61

where M, is the mass of particle type A and Mg is the mass of particle type B.
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Therefore, all values of ¢ lie in the range 0 < e < 1.

8.1 Aqueous mixed particle dispersions

Only one aqueous mixed particle system was studied. This consisted of both
Raven® L particles (particle A) and Raven® M particles (particle B) in an
aqueous polymer solution of 161, where gpoymer = 0.1575. Here, a range of
samples were studied where the total particle volume fraction ¢ total partice =
0.15, made up by combining the two .Raven particles in differing amounts.

The two Raven grades are very similar in properties (e.g. mean particle
diameter where the diameter ratio is 1.2) however, there is a difference in the
“structure” of the particles. Raven L forms roughly spherical aggregates and
has a low to medium structure, whereas Raven M is comprised of slightly
larger more fractal aggregates and has a medium to high structure.

On combining two different sized particles to produce a bimodal system, it has
been shown, using latex' (78nm and 372nm, hence the diameter ratio was
4.76) stabilised with an ABA block copolymer of ethyleneoxide (A) and
propyleneoxide (B), that broadening the particle size distribution leads to an
increase in the maximum packing fraction, where small particles fit in the gaps
between the large particles. Ultimately, polydispersity allows a greater particle
loading that does not increase the viscosity above that of the equivalent
monodisperse viscosity. Without considering the adsorbed layer thickness a
minimum in the relative high shear rate viscosity was found in the range 15-
20% by volume of small particles and another minimum was also found at
20% by volume of small particles for the dynamic viscosity measurements.
Other research?? has also confirmed that the extent of the packing depends
on the proportions of the two spheres and is a maximum when the smaller
constituent is 27% of the total solids volume. Also, for studies on bimodal
suspensions consisting of fine and coarse particles*>® this minimum low shear
viscosity occurs at ~25-35% fine particles.
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The aim, therefore, was to contrast these findings using both an aqueous and
an oil based bimodal carbon black system that comprised of two particles of
different shape and structure in addition to a slightly different size. The
results for the aqueous system are shown in figure 8.1(a).

Viscosity / Pa.s
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Fig 8.1(a): Typical viscosity-shear stress curves for the "spherical” Raven® L carbon
black particles, the “fractal” Raver’® M particles and a mixture of both particles in
aqueous polymer solutions where gpoymer = 0.1575;(0) ¢ = 0,(0) ¢ = 0.25,(0) ¢ =
0.5, (0)e=075and(0) ¢ = 1.

In the low shear stress region it was very difficult to distinguish any
differences, however at high shear, small differences are apparent. Fig 8.1(b)
relates the high shear viscosity to the particle ratio.

193



CHAPTER 8: RESULTS AND DISCUSSION-MIXED PARTICLE DISPERSIONS

High shear viscosity / Pa.s
0.016

0.015 A

0.014 4

0.013 4

0.012 - )

0.011 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Fig 8.1(b): High shear viscosity-particle content ratio data for an aqueous mixed
particle dispersion containing J61 and both Raven L and Raven M particles. Here
Opoymer = 0.1575 and gparice tor1 = 0.15. The line is to guide the eye.

The dispersion that consists entirely of Raven M particles (where £=0) has the
highest value for the high shear viscosity. On incorporation of Raven L
particles, the high shear viscosity decreases towards the value obtained for the
Raven L particle dispersion. This high shear viscosity behaviour is general for
this system, but the relative magnitudes vary as a function of shear stress.

194



CHAPTER 8: RESULTS AND DISCUSSION-MIXED PARTICLE DISPERSIONS

8.2: Mixed particle in oil dispersions

Four different carbon black grades were used here; Raven L, Raven M, N660
and N772. The aim here was to understand how the low shear viscosity, high
shear viscosity and yield stress vary as a function of the proportion of either
particle. Table 8.2 briefly summarises the properties of the four particles used,
namely the differences in the structure and the type of particle hence this

table is used, along with table 8.1, in order to assist in the explanation of the
results obtained.

Particle type
Structure fine coarse
Low-medium Raven L N772

Medium-high Raven M N660

Table 8.2: Four carbon black particles and their associated properties.

To begin with only the effect of particle type was investigated so the low-
medium structured, fine particle Raven L grade (particle A) was combined with
the low-medium structure, coarse particle N772 grade (particle B), shown in
fig 8.2(a). Here, the diameter ratio is 2.2-2.4.
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Viscosity / Pa.s
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Fig 8.2(a): Typical viscosity-shear stress curves for a Raven L (particle A) and N772
(particle B) mixed particle system in oil with(0) e = 1,( e =0.75,(0) e = 0.5,
(O)e=025and(0) ¢ = 0.

Fig 8.2(b) shows the results obtained when the stock Raven M (particle A)
dispersion was mixed with the stock N660 (particle B) particle dispersion in
varying amounts. Remember that, Raven M consists of fine particles with a
medium- high structure and N660 consists of coarse particles with medium-
high structure and the diameter ratio is 2-2.1.
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Viscosity / Pa.s
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Fig 8.2(b): Typical viscosity-shear stress curves for a Raven M (particle A) and N660
(particle B) mixed particle system in oil with(O)e = 1,( Ye=0.75(0) e =0.5
(©)e=025and(0) € = 0.

The data for dispersions consisting of the low-medium structured Raven L and
N772 instead of the medium-high structured Raven M and N660 seem to be
“cleaner”. The low shear viscosity values are more constant, giving a more
definite plateau and there is a clear distinction between the data sets obtained
for each ratio measured.

Using figures 8.2(a) and 8.2(b), each curve was generalised using the method

adopted for the aqueous system. Therefore values for the low shear viscosity,
the high shear (limiting) viscosity and the yield stress were taken and plotted

197



CHAPTER 8: RESULTS AND DISCUSSION-MIXED PARTICLE DISPERSIONS

as a function of the particle ratio. Figures 8.2(c), 8.2(d) and 8.2(e) represent
these data respectively.

Low shear viscosity / Pa.s
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Fig 8.2(c): Low shear viscosity-particle content ratio data for mixed dispersions of (O)
Raven M + N660 and (O) Raven L + N772 carbon black particles in oil.

The low shear viscosity for dispersions consisting of Raven L and N772
particles does not change much as a function of particle ratio. However, for
both systems, the dispersion consisting entirely of the coarse carbon black
particles (N772 or N660) has the lowest value for the low shear viscosity
plateau. The initial addition of Raven M particles (where £€=0.25) to the N660
dispersion was accompanied by a substantial increase in viscosity. Although,
following this initial increase, the addition of more Raven M particles (where
£=0.5 and 0.75) does not seem to have a huge effect on the viscosity. Here,
the viscosity of the dispersion consisting entirely of Raven M particles (where
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e=1) is considerably higher than all of the other dispersions. This is because
small particles have a much higher effective volume fraction than the large
particles due to the adsorbed polymer layer. In contrast, upon incorporation
of Raven L to the N772 dispersion (where £=0.25) there was little change in
the viscosity. However, further addition of Raven L particles (where £=0.5,
0.75 and 1) steadily increased the low shear viscosity value.

High shear viscosity / Pa.s
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Fig 8.2(d): High shear viscosity-particle content ratio data for mixed dispersions of (O)
Raven M + N660 and (O) Raven L + N772 carbon black particles in oil.

The errors were calculated for these data, however the error bars obtained
were comparable to the size of the data points and have therefore been
omitted for clarity.
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For both systems, the initial incorporation (where £=0.25) of fine particles
(Raven M or Raven L) to a coarse particle dispersion tends to decrease the
high shear viscosity plateau slightly before an increase can be seen with
increasing particle ratio. Here, the ¢ of small particles is 25% of the total ¢ of
solids. Greenwood, Luckham and Gregory' also found a minimum in the high
shear viscosity at 15-20% by volume of small particles. However, if the
adsorbed layer thickness is taken into account then the minimum is found
between 27-36%, which is in good agreement with these results. Johnson
and Kelsey’ reported a viscosity minimum at 25% small particles by volume
after studying mixtures of styrene-butadiene lattices. Further, on studying a
binary mixture of polystyrene and silica, Okubo® has also reported a minimum
viscosity at 25% small particles.

In the region where £=0.25, 0.5 and 0.75, the increase in the high shear
(limiting) viscosity is similar for both systems, but Raven M (where £=1) has a
much higher value for the limiting viscosity than Raven L (where ¢=1).
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Yield stress / Pa
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Fig 8.2(e): Yield stress-particle content ratio data for mixed dispersions of (O) Raven
M + N660 and (O) Raven L + N772 carbon black particles in olil.

The yield stress data is rather similar for both bimodal systems, however the
values are slightly higher for the Raven M and N660 medium-high structured

combination.
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Following this, the effect of particle structure was investigated along with
particle type. Here, the low-medium structured, fine particle Raven L grade
(particle A) was combined with the medium-high structure, coarse particle
N660 grade (particle B).

Fig 8.2(f) shows the results obtained when the stock Raven L (particle A)
dispersion was mixed with the stock N660 (particle B) particle dispersion in
varying amounts. Raven L consists of fine particles with a low-medium
structure and N660 consists of coarse particles with medium-high structure.
Here the particle diameter ratio is 2.5-2.6.
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Fig 8.2(f): Typical viscosity-shear stress curves for a Raven L (particle A) and N660
(particle B) mixed particle system in oil with (O) e = 1,(0) ¢ = 0.9,(0) ¢ = 0.75,
(0)e=060)e=05()c=04 (0)e=025and(0) ¢ = 0.
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Fig 8.2(g) shows the results obtained when the stock Raven M (particle A)
dispersion was mixed with the stock N772 (particle B) particle dispersion in
varying amounts. Raven M consists of fine particles with a medium-high
structure and N772 consists of coarse particles with low-medium structure.
Here the particle diameter ratio is 1.9-2.0.
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Fig 8.2(9): Typical viscosity-shear stress curves for a Raven M (particle A) and N772
(particle B) mixed particle system in oil with(0) e = 1,(0) e = 0.9, (0) ¢ = 0.75,( )
e=060)e=05(D)e=04 (0O)e=025and (0) e =0.

As done previously, each curve was generalised using the method adopted for
the aqueous system and values for the low shear viscosity, the high shear
(limiting) viscosity and the yield stress were taken and plotted as a function of
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the particle ratio. Figures 8.2(h), 8.2(i) and 8.2(j) represent these data
respectively.
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Fig 8.2(h): Low shear viscosity-particle content ratio data for mixed dispersions of (O)
Raven M + N772 and (O) Raven L + N660 carbon black particles in oil.

The low shear viscosity data is very similar for both bimodal systems, however
the low shear viscosity of the monomodal Raven M (where ¢ = 1) system is
higher than that of the monomodal Raven L system.
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High shear viscosity / Pa.s
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Fig 8.2(i): High shear viscosity-particle content ratio data for mixed dispersions of (O)
Raven M + N772 and (O) Raven L + N660 carbon black particles in oil. The lines are
best fit lines and act as a guide to the eye.

For the Raven M and N772 bimodal dispersion, the high shear limiting viscosity
increases gradually with increasing particle ratio. On the other hand, for the
Raven L and N660 bimodal dispersion, there is a minimum in the high shear
viscosity at € = 0.25. This was found for both the Raven M/N660 and Raven
L/N772 bimodal dispersions (fig 8.2(d)) and is in good agreement with
previous studies'®.
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Yield stress / Pa
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Fig 8.2(j): Yield stress-particle content ratio data for mixed dispersions of (O) Raven
M + N772 and (O) Raven L + N660 carbon black particles in oil. The lines are best fit
lines and are to guide the eye only.

For the Raven M and N772 bimodal dispersion, the yield stress increases
gradually with increasing particle ratio. On the other hand, for the Raven L
and N660 bimodal dispersion, there is a smooth decrease in the yield stress
point and it's not until ¢ = 0.5 that a noticeable increase is apparent.
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Summary:

The low shear viscosity is very similar for the Raven L/N772 and Raven L/N660
dispersions and also for the Raven M/N660 and Raven M/N772. Therefore,
the particle structure of the larger particle, when combined with Raven L,
appears to have little effect. However, the low shear viscosity of the Raven
M/N660 combinations at ¢ = 0.25, 0.5 and 0.75 are higher than the low shear
viscosity of the Raven M/N772 system. The low shear viscosity of the Raven
L/N772 system at € = 0.5 and 0.75 is higher than the low shear viscosity of
Raven L/N660 but at € = 0.25 this is reversed.

For the high shear viscosity, when Raven M/N660 and Raven L/N772 are
combined, a slight minimum is observed for both systems at € = 0.25 (+ 0.05).
However, when Raven M/N772 and Raven L/N660 are combined, only the
Raven L/N660 bimodal system show a minimum high shear viscosity at ¢ =
0.25. There is no evidence of a minimum in the high shear viscosity for the
Raven M/N772 system.

On investigating the vyield stress for Raven M/N660 and Raven L/N772, the
data are very similar, although the values for the Raven M/N660 dispersion are
slightly higher. There seems to be an abrupt increase in the yield stress point
from e = 0.75 to € = 1. On combining Raven M/N772 and Raven L/N660 the
increase in the vyield stress is gradual for the Raven M/N772 system whereas
the Raven L/N660 system actually passes through a minimum value between ¢
= 0.25and £ = 0.5.

For the bimodal aqueous system of Raven L/Raven M, the low shear viscosity

and the high shear viscosity do not appear to change a great deal with «.
However, the oil based systems show a variety of behaviour.
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CHAPTER 9: CONCLUSION OF RESULTS

In industry the control of a materials flow properties plays an extremely
important role for the development of new printing inks and paints. Inks and
paints are essentially aqueous or oil based colloidal dispersions that have been
stabilised using a polymeric material. However, the flow properties are highly
dependent on the nature of the stabiliser.

The aim of this thesis was to study the rheological behaviour of carbon black
dispersions with a variety of different particle types, adsorbents and dispersion
media

9.1: AQUEOQUS DISPERSIONS
Firstly, the interaction of carbon black with an acrylic resin (J61) was

investigated by rheology. Two carbon blacks, Raven L and Raven M, with
similar. particle size (87nm for Raven L and 105nm for Raven M) and surface
characteristics but with different particle morphologies were examined. On
attempting to characterise the particles, the results shown by small-angle
neutron scattering (SANS) and ultrasonic spectroscopy showed subtle
differences. Thus it is from these data that the Raven L and Raven M particles
are arbitrarily denoted as “spherical” and “fractal” respectively. The
transmission electron micrographs (TEM) further support this distinction that
the Raven M (fractal) particle has a more open structure.

In the absence of polymer, stable aqueous dispersions could not be obtained.
Stable dispersions could be obtained however upon the addition of polymer to
a level corresponding to a ratio of 50mg of polymer per 13m?(+1) of surface
area (i.e. 15wt% particles). These stable dispersions exhibit flow typical of
concentrated dispersions - Newtonian behaviour up to some apparent “yield”
or critical value. Above this value pronounced shear' thinning is observed.
This critical stress increases with increasing polymer concentration. When a
significant amount of non-adsorbed polymer is also present, superimposed on
the shear thinning behaviour is a second Newtonian plateau. This feature is
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observed for both particle types but is more pronounced for the fractal
particle.

When there is little or no non-adsorbed polymer, the viscosity of the fractal
particle dispersion (~10 Pa.s) is greater than the viscosity of the spherical
particle dispersion (~0.45 Pa.s). This is in excellent agreement with the, albeit
rather limited, ultrasonic spectroscopy studies. In addition, the fractal particle
dispersions undergo shear thinning at a higher shear stress (~0.08 Pa) than
the spherical particles (~0.04 Pa). The limiting high shear viscosity is similar
for both particles at ~0.004 Pa.s.

When there is a significant amount of non-adsorbed “free” polymer in the
solution, the low shear stress is increased further. However, further addition
of polymer, to an already highly concentrated system, appears to have little
effect on the low shear viscosity but an increase of about an order of
magnitUde can be seen in the high shear viscosity.

The increase in the low shear viscosity with an increasing polymer
concentration above the coverage can be explained as being due to the
polymer in solution, with the particles forming a network. The “dilution
experiments” in which the ratio @partice t0 @poymer Was held constant, were
conducted to further understand the role of the interaction between the
polymer layer and the polymer in the continuous phase. Similar viscosity-
shear stress behaviours were observed for all systems and of particular
interest was an intermediate Newtonian plateau. On dilution, the viscosity at
low shear rates decreases significantly, an effect that is more pronounced for
the Raven L (spherical) particle.

Oscillation experiments were undertaken on these samples and it was found
that at low polymer concentrations, the dispersions are predominantly viscous
at low shear stresses, as illustrated by the Lissajous plots. The phase angle
decreases significantly over a narrow shear stress range and the rheology
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tends to more elastic behaviour. At higher shear stresses, the dependence on
particle morphology is weak.

At low shear rates/frequencies, the carbon black and polymer form an
extended network of high viscosity, which responds to oscillation in a
predominantly viscous manner. Above some characteristic relaxation time, the
network breaks and there is a reduction in viscosity, the phase angle
decreases and the response becomes more elastic. An intermediate
(Newtonian) region is observed which reflects the interaction between the
polymer layer and the polymer matrix. This is probably the viscous drag
between polymer chains adsorbed on the particles with the polymer in
solution.

An experiment was conducted to study the effect of changing the dispersion
pH on the rheology of the aqueous carbon black/J61 system. Altering the pH
of the system from 8 to 12 has a relatively small effect on the rheology of the
carbon black dispersions. However, the small differences can be explained by
the increase of the negative charge on the surface, which results in an
increase in the attraction of polymer to the surface. This ultimately leads to
an “enlargement” of the particle and an increase in the viscosity.

The nature of the adsorbent has proven to be a very important factor that is
able to alter the rheology of the resulting dispersion. On changing the acrylic
resin polymer (J61) for a styrene acrylic resin (JHPD-96 E) at the same ¢polymer
the typical behaviour associated with concentrated dispersions is not observed,
rather the behaviour has a much lower viscosity and is Newtonian. However,
for a system comprising of PEG-PPG-PEG adsorbed onto carbon black, the
rheological behaviour is similar to that of the J61/carbon black system.

Most carbon blacks are hydrophobic, but the level of hydrophobicity can be
reduced by the presence of chemisorbed oxygen and certain other functional
groups. By studying the rheology of two very similar carbon blacks (the only
difference being that one had been subjected ozonolysis) subtle differences
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were apparent. The particle with the extended built up layer of chemisorbed
oxygen displays a slightly higher viscosity. This results from the increased
surface activity, the adsorbed layer thickness and hence the effective size of
the particles.

9.2: OIL DISPERSIONS

As well as being used extensively in waterborne inks and coatings, carbon

black is also used as a pigment in oil based inks. Here, the colloidal particles

are stabilised by bitumen, which is a very long chain petroleum hydrocarbon.

In addition to the fine particles, Raven L and Raven M, the colour properties

and the rheology of two coarse carbon blacks (N660 and N772) were also

investigated. The typical rheological behaviour that is associated with

concentrated dispersions was observed for all of the systems studied.

Common observations included:

e On decreasing the particle concentration, the overall viscosity was reduced.

e The lower the particle concentration, the lower is the value of the low
shear viscosity. Hence the shear-thinning region is not so pronounced.

e The high shear (limiting) viscosity for all dispersions, regardless of particle
content, tends to a common value (that of the oil).

e Decreasing the particle concentration results in a reduction of the yield
stress point.

On comparing the particle types it became apparent that the low shear
viscosity, the high shear (limiting) viscosity and the yield stress values
decreased in the order, Raven M-> Raven L->N660->N772. The fine particles
having much higher viscosities than the coarse particles, although there is also
a noticeable dependence on the structure of the particles. The Raven M and
N660 having a medium-high structure and the Raven.L and N772 having a
low-medium structure.

Further, the high shear viscosity data was fitted using the Krieger-Dougherty
equation and it was found that all particle types displayed a low maximum
packing fraction-a consequence of the non-spherical nature. Also, there was a
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decrease in the value obtained for the intrinsic viscosity in the same order as
before: Raven M- Raven L->N660->N772.

The use of carbon black in plastics and inks is common for two colour
applications. Firstly, it is simply used to make black products and secondly to
modify the colour imparted by other pigments present. The colour properties
however are highly dependent on the particle size, aggregate size, size
distribution and structure of the carbon black used. In essence, the results
show that small, fine particle blacks produce dispersions that are “blacker” and
they also suggest that there is a linear relationship between the colour
strength and the composition of fine particles within a dispersion.

9.3: MIXED PARTICLE DISPERSIONS

Previous studies (see chapter 8 references 1-8) have shown that combining
particles of different sizes within a suspension can act to reduce the viscosity
without there being any change in the total particle concentration. In other
words, a bimodal system can have a greater particle loading with the same
viscosity as a monomodal system. In industry, this finding has proved useful
because pumping costs can be minimised and also more environmentally
sensitive products with less polluting solvent can be produced.

For aqueous bimodal systems consisting of similar sized particles with a
different structure, there is not a great deal of change in the viscosity
compared to the monomodal systems. The dispersion consisting entirely of
the medium-high structured particle has a slightly higher viscosity, which
decreases upon the continuous addition of the low-medium structured particle.

The oil based dispersions consisted of either:

1) Two different sized particles, where one is coarse and the other is fine or

2) Two different sized particles, where one is coarse and one is fine, but with
a differing structure.

Similar results were obtained for the low shear viscosity regardless of

structure. For example, the low shear viscosity of the Raven L/N772 system is
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very similar to that of the Raven L/N660 and the Raven M/N660 has a similar
viscosity to the Raven M/N772.

For the high shear viscosity, a minimum is observed at € = 0.25 (25% of small
particles) for both Raven M/N660 and Raven L/N772. This is in excellent
agreement with previous studies (see chapter 8 for references 1-8).

Also, for these systems the yield stress data is very similar but with the Raven
M/N660 system having slightly higher values.

More noticeable effects may have arisen if the difference in particle size was
larger. A theoretical prediction by McGeary' states that, if the large particles
form a randomly packed array then the limiting factor to allow smaller particles
into the interstices is the triangular pore size. If the small particles are smaller
than the pore size they are free to move through the lattice created by the
larger particles. Here, the particle diameter ratio is small.

From this research, it is evident that the rheology is a very important factor for
the production of painting inks and paints. However in order to understand
the rheology it is essential to firstly understand the interactions that occur
within a colloidal system and to experiment with conditions/variables that may
affect these interactions.

Due to the colour and opacity of the systems studied, many problems were
encountered whilst attempting to obtain data related to the polymer
adsorption e.g. isotherm, layer thickness. However, characterisation of this
system is possible using the ultrasonic spectroscopy technique. This recently
developed technique allows the direct probing of intermolecular forces within
most materials, including opaque carbon black samples!
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APPENDIX ONE:

List of rheological symbols

SYMBOL NAME CSG UNITS SI UNITS

c Shear stress dynes / cm? Pascals

Y Shear strain dimensionelss

Y Shear rate 1/sec 1/sec

f Frequency Hertz Hertz

® Radian Frequency rad/sec rad/sec
n Viscosity Poise Pascal / sec
n* Complex viscosity Poise Pascal / sec
G’ Storage Modulus dynes/cm? Pascals
G” Loss Modulus dynes/cm’ Pascals

S Phase Angle radians radians
D, Deborah number | dimensionless
Pe Péclet number dimensionless

Conversion factors:
1 Pascal = 10 dynes / cm?
1 Pascal / second = 10 Poise
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Abstract

The interaction of carbon black with an acrylic resin has been investigated by rheology. Two carbon blacks, with similar particle size and
surfiace characteristics but quite different particle morphologies, have been examined. These are somewhat arbitrarily denoted as “spherical”
and “fractal” as shown by small-angle neutron scattering (SANS) and ultrasonic spectroscopy studies. In the absence of polymer, stable
aqueous dispersions could not be obtained. Stable dispersions could be obtained, however. upon addition of polymer to a level comesponding
to a ratio of 50 mg of polymer per 13 m® (&1 m?) of surface area (i.c., 15 wt% particles). These stable dispersions exhibit flow typical
of concentrated dispersions—Newtonian behavior up to some apparent “yield™ or critical value, above which pronounced shear thinning is
observed. The critical stress increases with increasing polymer concentration. When a significant amount of nonadsorbed polymer is also
present, a second Newtonian plateau is superimposed on the shear-thinning behavior. This feature is observed for both particle types but is
more pronounced for the fractal particle. When there is little or no nonadsorbed polymer, the viscosity of the fractal particle dispersions is

than the vi

&

ity of the spherical particle dispersions. At low polymer concentrations, the dispersions are predominantly viscous at

low shear stresses. The phase angle decreases significantly over a narrow shear stress range and the rheology tends to more elastic behavior.

At higher shear the depend
© 2003 Elscvier Inc. All rights reserved.

on particle morphology is weak.

Kaywords: Carbon black; Fractal; Spherical; Concentrated dispersions; Rheology; Oscillation; Lissajous plots; Ultrasonic spectroscopy

1. Introduction

Carbon black is an intensely black, finely divided pow-
dered form of highly dispersed elemental carbon mamfac-
tured by the controlled vapor phase pyrolysis of hydrocar-
bons [1]. Its principal use is as a reinforcing agent in automo-
bile tires and other rubber products, but it is also used as an
extremely black pigment with high hiding power suitable for
use in printing inks. paints, and carbon paper. The blackness
and tint properties of such ink coatings are all highly depen-
dent on the particle size distribution. morphology, and struc-
ture. Carbon black particles are usually spherical in shape
and less crystalline than graphite [2]. The precise struc-
ture is intermediate between those of graphite and a truly
amorphous material—small crystallites made up of paral-

. c I. l
E-mail address: griffithspc@cardiff ac uk (P.C. Griffiths).

0021-9797/S — see front matter © 2003 Elsevier Inc. All rights reserved.
d0i:10.10164 jcis.2003.12.004

lel graphitic layers 0.35-0.38 nm apart. The formation of
carbon black involves three important stages: Nucleation of
soot precursors produces a particulate system from a mole-
cular system: the precursors subsequently agglomerate to
form panrticles with typical dimension 1-2 nm. The final step
involves the association of these particles to form roughly
spherical. primary particles. Aggregation of these primary
particles thus determines the ultimate morphology of car-
bon black aggregates. henceforth termed fractal or spherical
particles. Average aggregate diameters range from 0.1 to
0.8 pm.

In the manufacture of inks, carbon black is often used in
conjunction with waterborne acrylic resins. The resins act
as a cross-linking polymer network. Although the printing
process involves many high-shear interactions, understand-
ing the low-shear behavior of the ink is more relevant to the
ink’s properties (tack. transference, cohesion, and drying).

The rheological properties of concentrated dispersions
are of great importance in many other technological appli-
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cations, such as food concentrates and pharmaceuticals [3].
Polymer dispersions exhibit a complete spectrum of rheo-
logical behavior from pure viscosity to dominating elastic-
ity [4]. Many factors contribute to the flow behavior of the
system, but most importantly, the size, shape, and concen-
tration of the dispersed particles, coupled to the dispersion
stability, are known to be the flow-determining factors. Ex-
periments conducted with spherical particles, sterically sta-
bilized with grafted polymers, have shown that large parti-
cles behave similarly to hard spheres [5-8]. Through optical
and rheological measurements on near hard-sphere suspen-
sions of silica particles, it was concluded that the charac-
teristic shear thinning in concentrated dispersions is due to
changes in the thermodynamic contribution to the stress ten-
sor while the hydrodynamic contribution remains relatively
constant [9]. However, shear thickening was attributed to
increased hydrodynamic interactions and is therefore a re-
sult of strong lubrication forces generated by the formation
of nonpermanent clusters. Further studies on the effects of
added polymer on the stability of fumed silica particles [10]
state that after being fumed and dispersed in rrans-decalin,
the resulting suspensions showed strong elastic responses
due to the formation of gel-like materials.

Nonspherical particles such as montmorillonite clay are
often stabilized by surfactants and/or polymers [11]. Inves-
tigation shows that the flow curves (curves relating stress
to rate of shear) for the suspensions at maximum cover-
age of adsorbing species exhibited more pronounced shear-
thinning behavior than those with lower surfactant concen-
trations. It was also noticed that, with increasing the clay
content (>3%), an apparent deviation from Newtonian be-
havior was observed and the shear-thinning behavior of the
suspension was enhanced. Flocculation of the suspension
(attributed to the bridging of micelles between the particles)
occurs below the maximum surfactant coverage and occurs
to a greater extent at approximately 50% coverage.

In studying the rheology of dispersed furmnace carbon
black particles. it is impossible to avoid taking the floc-
culated structures present into account because it is these
structures that introduce properties such as shear thin-
ning/thickening and yield stress. For 10-15 wt% carbon
black particles suspended in a low-molecular-weight sili-
cone oil [12], it was found that structural breakdown is ob-
served at low shear rates, but this is reversed at higher shear
rates. The values of G’ and G” (~-3000 and ~200 Pa, respec-
tively) obtained for a 12.5 wt% carbon black suspension in
oil from this same experiment, indicate solidlike viscoelastic
behavior for all carbon black suspensions.

The rheology resulting from the adsorption of poly(ethyl-
ene oxide)-poly(propylene oxide) ABA block copolymers
on carbon black has also been studied [13]. The results
showed a decrease in the amount of adsorption with an in-
crease in the ethylene oxide (EO) chain length and it was
therefore concluded that the adsorption is governed by the
size of the PEO chain. Incorporating the results from their
previous studies. Miano et al. deduced that the ABA block

copolymers were not as effective in stabilizing carbon black
dispersions as ABC surfactants containing a nonylphenyl
group in addition to the PPO chain. The results indicated
that anchoring of the chain to the carbon black surface is en-
hanced in the presence of the nonylphenyl group.

Recently, Aoki et al. have studied the rheology of car-
bon black dispersed in various media [14.15}—an alkyd
resin (AR), a modified phenol resin (PR), and a polystyrene/
dibutyl phthalate solution (PS/DBP). Three different types
of rheological behavior were observed, depending on the
affinity of the suspending media for the particles. When the
medium has a poor affinity for the particles (PS/DBP). the
rheology was characterized by a network of agglomerates,
i.e., it was “highly nonlinear elastoplastic.” With moderate
affinity (PR), the suspension showed a sol-gel transition
with increasing particle concentration. This behavior sug-
gested the formation of a self-similar fractal agglomerate.
Further, with increasing affinity of the suspending media for
the particles (AR). the particles become more evenly dis-
persed, forming no agglomerates.

This paper describes the rheology of carbon black dis-
persions stabilized by a synthetic homopolymer in aqueous
solution. Of key interest here is the impact of particle mor-
phology. which has been characterized by small-angle neu-
tron scattering (SANS) and ultrasonic spectroscopy.

2. Experimental
2.1. Materials

“Structure” is the term used to express the size and bulki-
ness of the aggregates and agglomerates. Low-structure car-
bon blacks consist of small, spherically shaped aggregates,
whereas high-structure carbon blacks consist of larger, more
bulky, nonspherical aggregates. Two particle morphologies
were studied: spherical or “low-structure” particles and frac-
tal or “high-structure™ particles. The characteristics of the
particles are presented in Table 1 and the corresponding
transmission electron micrographs can be seen in Scheme 1.
The actual morphology is not as different as this nomencla-
ture may suggest. The average aggregate diameters are 87
and 105 nm for the spherical particle and the fractal particle,
respectively [2].

The polymer solution used in this study is a varnish
comprising a low-molecular-weight (wt. av. ~ 8500) poly-
(acrylate) (Johnson Polymer). a product that is extensively

Table 1

Structure medium-low medium-high
Carbon content (%) of a typical ink 1620 10-13
Mean particle diameter (nm) 30.0 314
Particle surface area (m?/g) 91.4 85.9
Dry state aggregate diameter (nm) 86.8 104.5




212 C.L Barrie et al. / Journal of Colleid aud Rterface Sciance 271 (2004) 210-217

“Spiicrical” Lo
100 nm
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Scheme | Tragsomssion electron micrographs of the “sphencal” and “frac-
tal” carbon black particles.

used in the pnunnz industries. It has a pH of 8.3 and a dex-
® at 25 °C and is formulated as an ammon-
ical solution with ¢golymer = 0.35 with the following solvent
"omposil‘on by weight: ainmonia (25‘/.-; so‘u'icu‘ 9 ‘%. isf'—

siiy of 1.07 g/

2.2. Semple preparaiion

Initiaily, dispersions were prepared using a paint shaker.
A concentrated stock carbon black dispersicn was prepared
b“ s.nl\mz [he desired amounrt of carbon black with steel
miii. This stock was then diluted to the
desxred 04mon black loadmg (~15 wi%e) and ihen further
shaken for 15 min to ensure even dispersion. It was found
subsequently that a normal high-shear mixer was sufficient

amouiit of carbon black tly mic

1o disperse the desir:
the polymeric vehicle. Using the high-shear mixer. sam-
ples were stitred for 24 h, IPfl o equilibrate overnight, and
then 5 A a typical sample would com-
prise 15 wt% par'xcles and 60 w1% polymer resin (of which
21 wt% is polymer and 39 wt% solvent). the 1.u1?md=r
=)

{25 wi%) being water—this is denoied as ¢,

@polymer = 0.21.

During ihis equiiibration period, the IPA evapormates. No
attempt is made to counter this and NMR is used to check
that tantial difference berween the polvmer

soluticns. Such NMR studies have not been applied to the

carben black sysiems. bui we assume they would be no dif-
ferent from the simple polymer soluiions. Indeed. duplicate
theological measurements performed upwards of a week
fater show that no discernible differences in the observed
behavior. This criterion is how we ammive at ihe distinction
of “stable” or “unstable™ and hence. the adsorbed amount
of 50 mg of polymer per 13 m® (1) of particle surface

2.3. Equipment

The controlled-siress rheclegy measurements were per-
formed on a Bohlin CS 10 rhcometer employing a double gap
geometry (the diameters of the inner and outer cylinders be-
ing 24 and 27 mm. respeciively). This gecmetry allows us o
facilitate accurare measuraments of low-viscosity samples,
while the sliear rate sweep and oscillatory shear stress sweep
measuremeants w

ere conducted on a StressTech ¢ n:ﬁLgig_ca

Instruments AB) with a cone and plate geometry (the cone
hLas a diameter of 40 mm and an angle of 4°).

2.4. Small-angle neutron scartering studies

SANS measurements were performed on the D22 dim':!c-
tometer at the ILL. Grenoble. Neutron wavelengihs of & A
were taken with three instrument conﬁgumuons (] span a
Q-range of approximately 0.002 to 0.4 AL,

The samples were contfair 2-mm pathlength UV~

spectrophotometer-grade quartz cuvettes (Hellma) mmounted
in aluminum holders on top of an enclossd computer-
ceuirolled smnple changer. Sample volumes were approx-
imately 0.4 cm?. All scattering data were (a) normalized
for the sainple transinission, (b) backgroumiid-corrected using
an empty quartz ceil (this also removes the inherent instru-
mental background arising from vacuum windows. eic.). and
(c) corrected for the linearity and efficiency of the detector
respofise. The data were pui onto an abscluie scale by refer-

2.5. High-resolution ultrasonic measirements

The velociiy () and aitenuation coefficient (e) of longi-
tudinal ultrasonic waves in carbon black dispersions were
measured with a HR-US 102 high-resolution ultrasonic
speciremeter (Ulirasenic Scientific. Dublin). The liniting
resolution of the spectrometer is 10™7% for ultrasonic ve-
locity and bLetter than 0.2% for ultrasouic attenuation. Twe
idenrical cells of volume 1 cm® are used: rhe measuring
cell was filled with a sample of carbon black dispersion.
w lule the reference cell was filled with water U frasonic ve-
iv and atienuation in the sample and re ution
were measured at frequencies beiween 2 and 15 MHz at
25°C. The particle sizes of the carbon black particles in
the dispersion were analyzed using the HR-US 102 par-
iicle size sofiware module. based cn ihe scaiiering the-
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ory described by Allegra and Hawley [16] and Waterman
and Truell [17]. The following parameters were used in
the calculations: aqueous phase (volume fraction of 0.925,
density = 1049 kg/m3, ultrasonic velocity = 1574 m/s,
intrinsic attenuation coefficient normalized per square of
frequency a/f? =4 x 1013 §?/m), solid particles (vol-
ume fraction = 0.08, density = 2600 kg/m>, ultrasonic
velocity = 4600 m/s).

3. Resulits and discussion

The morphology of the carbon black particles has been
examined by small-angle neutron scattering and by mi-
croscopy. Fig. 1a shows a typical scattering curve for each
of the two particles studied here. Many materials show dif-
ferent structural levels when examined over a range of di-
mensions [18]. A general representation for the scattering
on a particular level is

I(q)=Gexp(—q*R2/3) + B(1/4%)", m

where g* = g/[erf(kq R, /6!/?)]3, G is the Guinier prefactor
defined by the specifics of the particle composition and the
concentration of the particles, and B is a prefactor specific
to the type of power-law scattering. B is defined according
to the regime in which the exponent P falls. Such a behavior
is particularly true here given the nature of the carbon blacks
studied, viz., particles with characteristic size 1-2 nm that
form aggregates of dimension 87 and 105 nm. Since each
of these structural levels can be described by a Guinier term
that accounts for the average dimension and a power law
term that corresponds to the mass- or surface-fractal charac-
ter of the scatterer, a double logarithmic plot such as Fig. la,
will exhibit a “knee” tending toward a limiting linear slope at
high Q. The two particles have very similar limiting slopes,
with a power law P = —3.6. This value of P corresponds to
a surface fractal. At low Q. P decreases toward the behav-
ior expected from a mass fractal, i.e., —2.5. However, this
slope is simply a tangent and the exponent will decrease fur-
ther. A difference in the scattering from the two particles is
only observed at low Q, corresponding to larger dimensions.
with the particle denoted “fractal” showing a slope slightly
greater than that of the particle denoted “spherical.” These
results are in good agreement with those of Lin et al. [19]
and Gerspacher and O’Farrell [20], who found that the frac-
tal dimension was nearly constant for 15 different carbon
black grades. The SANS results presented here confirm the
TEM results that the fractal particle has a more open struc-
ture.

Two samples comprising Pspherical paniicles = 0.15.
Ppotymer = 0.11, and @factal particles = 0.15, @polymer = 0.11
can be easily differentiated by their ultrasonic parameters,
as shown in Fig. 1b. Both the ultrasonic velocity and the at-
tenuation in the dispersion of “fractal” particles are higher
than those in samples with “spherical” particles. The differ-
ences in ultrasonic velocity and attenuation between the two
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Fig 1. (a) Particle characterization by SANS. Small-angle neutron scat-
tering data for 0.5 wt% carbon black particles dispersed in water with
0.18 wi% polymer. The polymer is “invisible” in this experiment duc to
the low contrast. (b) Frequency dependence of ultrasoni ion in car-
bon black dispersions in water: (O) ¢spherical particle = 0-15 and gpotymer =
0.11, and (®) @fracrat particie = 0.15 204 @pojymer =0.11.

samples are 7m/s and 25.7 m™!, respectively, at a frequency
around 8 MHz. Fig. 1b shows the difference in ultrasonic at-
tenuation in the two suspensions as a function of frequency.
This difference in attenuation can be attributed to the scatter-
ing contribution to ultrasonic attenuation, which depends on
the particle size. The second line in the Fig. 1b shows the cal-
culated (via the HR-US 102 particle size software module)
difference in ultrasonic attenuation based on the best-fit av-
erage sizes of particles in both suspensions. 0.8 and 1.1 pm.
As can be seen from the figure, the attenuation data are well
described by the scattering of ultrasonic waves due to parti-
cles of different sizes. Further. the sizes of the particles are
in good agreement with the (dry state) aggregate diameters
determined by microscopy (Table 1).
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The difference in ultrasonic velocity between two sam-
ples cannot be explained just by the relative sizes of the parti-
cles in two suspensions. The calculated (HR-US 102 particle
size sofiware module) scattering contribution to the ultra-
sonic velocity for the above particle sizes is about 0.3 m/s;
this is significantly less than the measured difference in ul-
trasonic velocity between the two samples (12 m/s). The
large variation in ultrasonic velocity can be attributed to
different internal compressibility of particles (i.e.. inaccessi-
bility to solvent). Ultrasonic velocity in liquids is determined
by the density p and adiabatic compressibility 8 of the lig-
uid, ¥ = (pB)~%5. Therefore, the greater ultrasonic velocity
is attributed to lower compressibility of the particles. The
relative compressibilities can be artributed to the different
packing of the elementary carbon particles within “fractal”
particle aggregates. It could be expected that the internal
core of “fractal” particles would be less compressible than
that of “spherical” particles. thus resulting in higher velocity
values.

However, another factor that could be responsible for
these differences in ultrasonic velocity is the interaction of
polymer with the particles. Adsorption of polymer onto the
surface of a particle will be accompanied by solvation ef-
fects, which in term affect the compressibility of the suspen-
sion [21,22].

Figs. 2a and 2b show a series of typical viscosity vs shear
stress behaviors for both particle types with fixed particle
volume fraction ¢panicle = 0.15 and a range of polymer vol-
ume fractions: @polymer = 0.053. 0.11, and 0.21. All the dis-
persions show. in essence, similar behavior—a Newtonian
region at low shear stresses (rates), which shear thin above
some critical shear stress. Sometimes a slight upturn in vis-
cosity with increasing shear stress at high shear stress is
present. This is an experimental artefact and is not shown
in these data: hence the data cease at different shear stresses.

Dispersions with @polymer < 0.053 were unstable. Hence,
we conclude that @polymer = 0.053 corresponds to sufficient
polymer to stabilize the particles. Therefore, for gpotymer >
0.053, excess nonadsorbed polymer will be present in the
solution. This is a realistic representation of many industrial
situations.

The effects of nonadsorbed polymer on the dispersion
viscosity are then apparent. Consider the gpanicte = 0.15/
@potymer = 0.053 system, i.e., where there is little or no free
polymer. At low shear stresses the fractal particle (Fig. 2b)
has a much higher viscosity of ~10 Pas compared to a vis-
cosity of ~0.45 Pas for the spherical particle (Fig. 2a).
This is in excellent agreement with the rather limited ul-
trasonic spectroscopy studies. In addition. the fractal par-
ticle dispersions undergo shear thinning at a higher shear
stress (~0.08 Pa) than the spherical particle (~0.04 Pa).
The limiting high-shear viscosity is similar for both par-
ticles at ~0.004 Pas. For the dispersions with @particle =
0.15/@potymer = 0.11, there is significant free polymer in
solution—the low-shear-stress viscosity increases accord-
ingly, some four orders of magnitude compared to the
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Fig. 2. Typical viscosity—shear stress curves for (a) spherical and (b) fractal
carbon black particles m 1y tutions with gparticle = 0.15
and (1) gpotymer = 0.053, (A) ¢potymer = 0.11, and (O) @potymer = 0-21.

@polymer = 0.053 case. Further increases in @polymer, i.€..
Pparticle = 0.15/@potymer = 0.21, have a far less pronounced
effect on the low-shear-stress viscosity. However. the vis-
cosity at higher stresses increases by about an order of
magnitude and indeed the particle morphology has a negligi-
ble effect on the rheology under these conditions. However,
there is a distinct difference in the yield stress vs gpolymer
behavior for the two particle types.

To explain the details in the shear stress behavior, we
should therefore examine the rheology of the simple poly-
mer solutions. For all concentrations, the response is largely
Newtonian (to a first approximation at least) over the ma-
jority of the shear stress range, Fig. 3a, and the viscos-
ity increases with concentration, Fig. 3b. The viscosity—
concentration scaling behavior increases around @polymer =
0.03, indicating interaction of the polymer molecules, such
as the formation of a weak polymer network or aggrega-
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(O) Ppoiymer = 0.18. (1) Viscosity-polymer volume fracts for

tion. Accordingly, the data presented in Figs. 2a and 2b
correspond to one system with little or no free polymer
and two where sufficient excess polymer is present so that
the continuous phase is a reasonably concentrated poly-
mer solution. The substantially greater low-shear viscosity
in the @panicle = 0.15/¢@potymer = 0.11 and @garticle = 0.15/
©polymer = 0.21 cases is therefore due to polymer in solu-
tion, with the particles forming a network.

To understand further the role of interaction between the
polymer layer and the polymer in the continuous phase,
“dilution experiments” were undertaken, in which the ra-
0 @paricle 10 Ppolymer Was held constant, but @paricle and
therefore ¢polymer decrenses. Of particular interest was the

Viscosityl Pa s

100000.000

10000.000 |

1000.000 k

100.000 ¢

10.000 ¥

0.001 00t 0.10 100 10.00 100.00
Shear siress / Pa
®)

Fig 4. (a) Typmul nsmsuy—shet stress curves for (a) spherical carbon
black particl lutions at a fixed (polymer)/(particle)
as a fun:uon ofw (O) #particle = 015, @) @panicle = 0.118,
(&) ¢paniicle = 0107, (O) @panicte = 0.093, and (V) @panicle = 0.081.
(b) Typical viscosity—shear stress curves for fractal carbon black particles
in aqueous polymer solutions at a fixed (polymer)/(particle) as & function of
particle: (O) epanticle = 0-15, (U) ¢panice = 0.128, (&) ¢panicie = 0.114,
(O) wpanticte = 0.10, and (V) ¢panicie = 0.092.

intermediate Newtonian plateau observed in the @pamcle =
0.15, @potymer = 0.11 system, i.e., where @particle/@polymer =
1.4. Typical viscosity vs shear stress plots are shown in
Figs. 4a and 4b for dispersions with @paricle/@potymer = 1.4
as a function of @panicle. Similar viscosity—shear stress be-
havior is observed for all systems: a Newtonian region that
shear thins above a critical point, passing through some in-
termediate plateau before approaching a common viscos-
ity at high shear stresses. On dilution, the viscosity at low
shear rates decreases significantly, an effect that is more pro-
nounced for the spherical particle (Fig. 4a). Note also that
as the particle concentration is decreased, the intermediate
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Fig. 5. (a) Typical shear stress sweep data and associated Lissajous plots at 1 Hz for a dispersion of (a) spherical and (b) fractal particles, @garticte = 0.15.
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Newtonian plateau shifts to lower shear rates until around
@particle %= 0.10, it cannot be distinguished.

Oscillation experiments were undertaken on these sam-
ples at various oscillation frequencies and amplitudes. The
shear stress sweep experiments, Figs. 5a and 5b showed that
the linear viscoelastic regions extend only over a very narrow
range of shear stress. The complex viscosity of the fractal
particle (Fig. 5b) is slightly higher and the shear thinning
more pronounced than that of the spherical particle (Fig. 5a).
Also. the apparent “yield” of the fractal particle is slightly
higher than the spherical one, but otherwise the two behav-
iors are rather similar. As illustrated by the oval Lissajous
plots, both systems are viscous at low shear stresses (a purely
viscous response would be spherical, whereas an elastic re-
sponse would be a diagonal line) but become elastic at higher
shear stresses.

The frequency response is presented in Fig. 6 for the
@panticte = 0.15, @polymer = 0.053 spherical and fractal dis-
persions at a shear stress of 0.1 Pa—toward the end of the
Newtonian plateau. This representation concurs with the Lis-
sajous data, namely that the response to deformation is vis-
cous at low shear stresses/frequencies, but becomes more
elastic with increasing shear.

4. Conclusions

At low shear rates/frequencies, the carbon black and poly-
mer form an extended network of high viscosity, which

responds to oscillation in a predominantly viscous man-
ner. Above some characteristic relaxation time, the network
breaks and there is a reduction in viscosity, the phase an-
gle decreases, and the response becomes more elastic. An
intermediate (Newtonian) region is observed which reflects
the interaction between the polymer layer and the polymer
matrix, probably viscous drag between polymer chains ad-
sorbed on the particles with the polymer in solution.
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