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Abstract

by Giuliano Maurizio Laudone
Environmentally friendly technology: The behaviour of natural and synthetic binder

systems within paper coatings.

Coating shrinkage upon drying is a phenomenon well known to the paper coating industry, where it ofien causes
changes in the final structure of the coating layer leading to poor results in terms of gloss, light scattering, surface
strength, coverage, uniformity and printability. Such shrinkage has in previous studies been wrongly associated
with shrinkage of the polymeric binders used in the coating formulation, by making erroneous comparison with
solvent-based paint systems. Natural binders, as starch or proteins, which come from renewable resources and are
therefore environmentally friendly, suffer more from this shrinkage phenomenon than synthetic binders. The aim
of this research project was to improve the understanding of the processes involved in the drying of a coating

layer and to create a model able to describe them.

Shrinkage while the coating layer dries has been successfully measured by observing the deflection of coated
strips of a synthetic elastically-deformable substrate. Ground calcium carbonate was used as the coating pigment,
together with latex binders of both low and high glass transition temperature, T;, respectively, and also with
starch which is a natural film-forming water soluble binder. The final dry coatings were studied with mercury
porosimetry and by scanning electron microscopy in order to characterise their porous structure. The flow and
rheological properties of the coating colour formulations were measured in order to probe the particle-particle
interaction between the different species in the wet coating colour.

The void space of the dry coating layers was modelled using Pore-Cor, a softiware which generates simulated
porous networks. A new algorithm was developed to model, within the simulated void space, the effective
particles or “skeletal elements” representative of the solid phase of the dried porous system. The water-filled
porous structures al the beginning of the shrinkage process (first critical concentration, FCC) were subsequently
maodelled by creating Pore-Cor structures with the same solid skeletal elements distribution as at the second
critical concentration (at which the particles lock their positions), but with higher given porosity to account for
the water present. The capillary forces acting on the surface of the simulated coating were calculated, and found
to be several orders of magnitude larger than the measured shrinkage forces. The shrinkage process was thus
described as resulting from the effect of capillary forces in the plane of the coating layer resisted by a stick-slip
process, where the capillary forces yield shrinkage only if a resistance force within the drying coating layer holds
the structure in place and allows the menisci to form. The stick-slip theory was strongly supported by quantitative
comparisons between the experimental forces required to intrude mercury, and the capillary forces within the
simulaied void structure.
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1 INTRODUCTION

1.1 Structure of the thesis

This thesis is divided into two main sections: experimental and modelling. In the experimental
section of this work, both existing and novel experimental techniques are described and their
results presented. In the modelling section, a full description of an existing computer
modelling software is given, the development of novel algorithms is presented and the results,
obtained by application of the existing modelling software and the novel algorithms, are

shown.

The Introduction will describe the industrial, environmental and scientific background of this
research project, with a review of relevant scientific literature. This should enable the reader of
the thesis to gain a general understanding of this work. The hypotheses and the objectives of
the thesis will also be stated in the Introduction. In Chapter 2, the existing experimental
techniques and their use will be presented. A novel experimental technique for the
measurement of shrinkage forces acting upon drying of a paper coating layer, and its results,
are presented in Chapter 3. Chapter 4 will describe the results of rheological measurements on
paper coating formulations. Chapter 5 will describe the software “Pore Cor” for the simulation
of porous network and its use to model paper coating. In Chapters 6 and 7, a novel algorithm
for the calculation of the effective sizes of particles constituting the skeletal solid material in a
porous structure is described and its results presented. Chapter 8 will describe the modelling of
the phenomena occurring while a paper coating layer dries, and how these phenomena cause
the shrinkage of the coating layer. Finally it will compare the results of this modelling of the
shrinkage forces with the experimental results. In Chapter 9, a final overview of this thesis

will be presented and conclusions will be drawn.




1.2 Collaborative basis of this research project

In this thesis, we have investigated the shrinkage forces acting upon drying of a paper coating
layer, with the aim of improving the understanding of the phenomena causing such shrinkage

and of reducing their detrimental effect on the final properties of the coated paper.

This research project has been developed in coilaboration between Omya AG, a Swiss-based
world-leading supplier of mineral pigments for paper coating, and the Environmental and
Fluid Modelling Group at the University of Plymouth. The modelling expertise of the
Environmental and Fluid Modelling Group has led to the development of the Pore-Cor
Research Suite, a highly sophisticated void network model. The R & D department of Omya
AG has knowledge and expertise in the study of pigmented coating layers, solid-liquid
interactions, microscopy and rheology. The collaboration has given rise to several prior and
concurrent research projects, involving the development of an inertial absorption algorithm,
the modelling of throats with converging-diverging geometry, and the study of anisotropic

structures and ink-pigment interaction.

1.3 Environmental issues in paper coating industry

The environmental issues faced by the paper coating industry are mainly related to the

component materials and their origin.

The mining of the different types of pigments used in paper coating production has different
environmental impacts. Traditionally, the mineral most commonly used in Europe has been
primary kaolin, which is usually extracted from rocks with only 15-20 % of kaolinite in the

ore, thus requiring a process of refinement with high waste. Higher yields are possible from




secondary deposits, such as the kaolins used in the US and the Far East, but these lack the
particle shape characteristics so prized for coverage.

Ground calcium carbonate (GCC), on the other hand, is produced via a low-waste mining
process, as about 80 % of the ore is calcite, CaCO;. In this respect, the use of calcium

carbonate is more environmentally friendly.

After extraction of the ore, both kaolin and GCC are processed and ground, for purification
and to create the desired particle size distribution. The energy costs of these processing steps
vary depending on particle size. For the finest grades of GCC and primary kaolins, they are

comparable for the two minerals.

Precipitated calcium carbonate (PCC), which is CaCO; chemically synthesised under highly
controlled conditions (section 1.6.2), requires for its production an overall higher amount of
energy, due to the requirement to burn limestone, creating carbon dioxide, CO,, both from
waste flue gas and from the calcite itself, only part of which is re-captured in the precipitation

process, and is therefore less environmentally friendly and ultimately more expensive.

Coatings on paper need binder to maintain their integrity and to provide adhesion to the
underlying base paper. The different types of binder also have different environmental effects.
On the one hand there are natural binders, like starch or proteins, derived from renewable
resources such as maize, potatoes or animal waste. On the other hand, latex binders are widely
used, because of the better results in terms of fina! properties of the coating layer. However,
they are a product of the petrochemical industry and, therefore, non-renewable and less

environmentally friendly.



The same environmental issue is faced by the printing industry in the choice of inks used in
the printing process. Traditionally, inks were based on mineral oils, which are a product of the
petrochemical industry, and are not biodegradable. Hence new trends are emerging in ink
formulation, favouring the use of vegetable oils. These changes make new demands on the

pore structure of the coating layer and its surface chemistry.

1.4 Hypotheses

In order to understand the hypotheses for this study, it is necessary to have an understanding
of the terms ‘First Critical Concentration’ and ‘Second Critical Concentration’. When a
coating dries, the particles in the coating suspension move closer together as the liquid drains
or evaporates. After a certain loss of water, the ‘First Critical Concentration’ (FCC) is reached
at which the particles touch each other. During further loss of water, the particles re-arrange
themselves into an ever closer packing, until at the ‘Second Critical Concentration’ (SCC)
their positions are locked. Further drying does not then alter the particle positions. This

process is described more fully in section 1.8.7.

At the start of the project, a search of the literature showed that the main hypotheses tested in
this research project were unproven or remained controversial. They are sub-divided according
to process, experimentation and modelling:
Process
1. shrinkage occurs between the FCC and SCC, and the extent of shrinkage is linked to
the extent of structural difference between FCC and SCC;
2. the shrinkage of a coating colour upon drying is not caused by a shrinkage of the

binder(s) commonly used, but is a meniscus driven phenomenon;



3. capillaries, and, as a consequence, meniscus forces, appear on the surface of a drying
paper coating layer because the dynamic rearrangement of the forming pigment
network, to compensate for the water loss, is a process that requires initiation by the
meniscus forces;

4. the work required to progress the rearrangement process is due to the component
interactive resistance forces within the drying coating colour, which oppose the free
rearrangement of the particles, and which are related to the various particulate and
chemical species in the slurry;

Experiment

5. since the forces acting during shrinkage cause a coated paper formulation on an
elastically flexible substrate to curl up, a quantitative measure of the degree of curl can
be used to give a quantitative measure of the shrinkage forces,

Modelling

6. the shrinkage process can be realistically modelled by Pore-Cor by extrapolating
backwards in drying process time from the known SCC, by increasing the porosity of
the system while maintaining the same skeletal element particle size distribution,

7. the driving forces acting in the modelled process are the same as in the experimental

process.

There is no experimental method available which directly probes the drying process.
Therefore hypotheses 1 — 4 can only be proven by a combination of indirect experimentation
and modelling. The rheology of coating colour formulations has been extensively studied, in
order to measure the interactions between the different particulate and chemical species in the

slurry, and hence resolves hypothesis 4. Hypotheses S to 7 have been probed by using a novel




experimental technique and by developing novel algorithms within the existing Pore-Cor

software framework.

1.5 Pigmented coating layers

Pigments are used in the paper industry both in paper coating and as fillers, as they offer a
cheaper alternative to wood fibres, whilst providing improved functional properties.

The application of a pigmented coating layer to a base sheet of paper improves its optical and
printing properties. Some of the characteristics imparted by coating a paper are:

e improved uniformity in appearance,

designed gloss or matt finish,

¢ increased opacity (no image show-through),

o ink absorption without blemish (improved image reproduction via increased colour
spectral gamut, reduced information transfer loss and improved uniformity of print
density);

e increased capillarity to promote complete ink setting within the time-scale of a modern
printing operation.

The uvsual composition of a coating colour formulation (on a dry basis) is 80-90 w/w% mineral

pigment and 10-20 w/w% binder by weight. The solid in water dispersion is usually between

50 w/w% and 70 w/w%. Other compounds, such as dispersants, stabilisers and rheology

modifiers are used in the formulation of the coating colour in lower percentages to act as

colloidal stabilising agents and to make the components compatible in water suspensions. The
particle diameters of the mineral pigments usually range from 0.01 to 10 um. A thin layer of
coating colour is metered on the surface of the base paper, typically with a blade coater, shown

in Figure 1.1, and dried.









ground calcium carbonate, a more efficient production process compared to primary clay

extraction.

1.6.2 Precipitated Calcium Carbonate
Precipitated Calcium Carbonate (PCC), is a chemically synthesised calcium carbonate. The
production process starts with the calcination of limited resource high-purity limestone (95 %
CaCQs3), producing carbon dioxide, CO,, both from the burning of the lime itself and from the
fuel used for the calcination, and CaO (quicklime). In so-called integrated plants, useful heat is
extracted from the hot gases thus generated, before a proportion of the CO; is stored for re-use
in the calcium carbonate precipitation. The quicklime is mixed with water under controlled
conditions to form a slaked slurry of calcium hydroxide. Finally CO; is bubbled into the milk
of lime, where it reacts:
Ca(OH), +CO, — CaCO3; +H;O0.

By controlling the operating conditions it is possible to obtain either calcite or aragonite (the
two stable forms of calcium carbonate crystals), or a mixture of the two, and an almost
monodispersed particle size distribution results. In an alternative process, the lime soda
process, the calcium carbonate precipitates from the reaction of calcium hydroxide with
sodium carbonate:

Ca(OH), +Na, CO; — CaCO;{ +2NaOH
Calcite, which is the only thermodynamically stable form of calcium carbonate, belongs to the
hexagonal-scalenohedral crystal class in the hexagonal system. In the commercial grades of
PCC the rhombohedral, prismatic and scalenohedral (Figure 1.4) are the most commonly
observed. Aragonite (Figure 1.5), which is less used than calcite due to its meta-stability,
belongs to the dipyramidal crystal class and the crystals are normally elongated, with a typical

needle-like shape.


























































































































































to these complex interactions. An attempt to describe and model the relationship between
rheology and particle motion has been made by Bousfield (Bousfield, 1993) for very low
solid-volume fractions, compared to those used in a coating colour suspension. Bousfield
reached the conclusion that non-hydrodynamic forces (electrostatic, short range dispersive

forces and Born repulsion) are responsible for the time-dependent rheology of coating colours.

A similar approach has been used by Toivakka (Toivakka and Eklund, 1995) in order to study
the effect of the size distribution of the particles on the suspension rheology. In this study, the
authors simulated the behaviour of mono- and bi-modal size distributions for particles larger
than 100 pm, far larger than those used in paper coating. The results showed shear thickening
behaviour for the mono-dispersed particle size distribution, while the presence of small

particles seemed to break the stress chain formed between the particles, reducing the viscosity.

The effect of a very narrow particle size distribution has been studied experimentally by
Backfolk et al. (2003). A very narrow particle size distribution can improve the optical
properties of the coating layer, by creating a more open packing of the structure with a higher
number of air-pigment contact points and therefore higher light scattering. However, the lack
of fine particles has two main detrimental effects: a poor water holding, mainly due to the
reduction in the maximum packing of the structure in the wet state, and a high viscosity, both
of which contrive to create runnability problems. The results of this study seem to show that
the introduction of a lubricant, calcium stearate, can improve the runnability of the coating
colour formulations containing pigments with narrow particle size distributions. In the same
study, the authors went on to test the effect of the addition of the surfactant used in the
calcium stearate emulsion. This alone was shown to induce a boundary slip effect, which is a

depletion of solid content in the vicinity of the boundaries. This effect improves the
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runnability of the coating colour, showing that the calcium stearate was not acting as a
lubricant, as previously thought. The latex also suffered from interactions induced by calcium
ions, bridging via dispersant molecules that adsorb onto the latex. This is due to the pigment
particles with a narrow size range having a less strongly adsorbed low molecular weight

fraction of dispersant than finer pigment particles.

In Husband (2000), an interesting experimental study of the interactions between calcium
carbonate particles and latex can be found. The author focuses his study on the observation
that GCC-latex suspensions have a higher viscosity than similar suspensions containing clay
as pigment. This higher structuring of the coating colour in the wet state can cause problems in
terms of runnability of the coating under the blade and final sheet quality. The author studied
both Brookfield viscosity (low shear rate) and final gloss of the coated paper and the results
show that the interactions in the coating colour between latex and GCC can change the
viscosity by a factor of 20. These interactions were found to be mainly due to the interactions
between the dispersant agents, used in order to obtain high concentration GCC suspensions,
and partially polymerised species present in the latex serum, which are by-products of the
polymerisation and the carboxylation process. Figure 1.12 shows a latex particle and the
partially polymerised species in the latex serum. This detrimental increase in viscosity can be
controlled by washing the latex or by controlling the level of dispersant in the GCC
suspensions. This confirms the fact that polymers present in the coating colour formulation
have a major influence on the runnability. The dispersant used by Husband in this study and
the surfactant used to emulsify calcium stearate in the work by Backfolk ef al., act to sequester

the Ca?* ions which bridge the latex particles.
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A similar study by Ostrowicki and Ramthun (Ostrowicki and Ramthun, 1999) show that
changes in the parameters controlling the latex emulsion polymerisation can be used to control
the viscoelasticity of the coating colours and therefore the final result of the coating process.
The rheology of a coating colour formulation can be affected also by the order in which the
different components are mixed, as shown by Persson, Jirnstrdm and Rigdahl (Persson et al.,

1995).

The relationship between rheology and surface defects in blade coating has been investigated
in Triantafillopoulos and Grankvist (1994). The results show that clay-based coating
formulations are more elastic than calcium carbonate ones and that the use of cationic starch in
the formulations can increase the elasticity, due to the affinity of the cationic starch to the
anionic charges on the surface of clay particles; this causes a flocculation of the clay
suspension which can lead to coating defects. Defect-free high-speed coated runnability
requires that the magnitude of elasticity be controlled, so that it is enough to provide an action

of levelling, but not enough to exceed the Deborah number of the application dwell time.

The rheological behaviour of clay and PCC-based coating colour formulations have been
extensively studied by Lohmander (Lohmander, 2000b), by examining the viscosity of coating
colours at both low and high shear rate, with a controlled stress rheometer and a capillary
viscometer, including the use of a slit geometry, respectively. The results show that a broad
shape factor distribution results in a lower viscosity than a narrow one, especially for needle
shaped PCC particles, in agreement with Backfolk ef al. (2003). He also showed that the
passage through a slit makes the needle particle-containing coating formulation more

susceptible to dilatancy.
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Capillary viscometers are often used in order fo study the behaviour of the coating colours
under high shear rates, above 10° s, which are similar to those applied to the coating colour
under a so-called bent blade application. Under normal stiff blade operations, however, the
method is erroneous according to Gane (Gane, 1997) as a viscoelastic colour will always have
a large Deborah number under the impulse conditions of the very short dwell time at a fast
running blade. This means that the colour experiences enormous stresses under small strains.
The constant very high shear rate of a capillary viscometer is therefore considered irrelevant.
It is more applicable to so-called bent blade operations where the gap under the blade is large

and shear can be established.

A review of capillary rheometry and of the different geometrical effects that can affect its

results can be found in Faure ef al. (1991).

Capillary viscometers can be used to study not only viscosity at high equilibrium shear rates,
but also other phenomena, such as the pressure loss at the entrance of the capillary and the
apparent wall slip (Willembacher ef al., 1997). But, as the authors of this study point out, it is
impossible to correlate the runnability of the coating colour to only one of these rheological
parameters, which change simultaneously with the different coating colour formulations. This
confirms the irrelevancy to blade coating operation of the high shear rate measurement of

capillary viscometry, as suggested by Gane (Gane, 1997).

Roper et al. (Roper and Attal, 1993) combined experimental results from rotational
viscometers and capillary viscometry to generate a single flow curve covering a wide range of
shear rates (from 1 to 10° s). This study also shows how increasing values of viscosity cause

increasing values of blade pressure in order to obtain the desired coating weight. But, in turn,
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increasing blade pressures on an industrial blade coater could result in paper web breaks and
downtime on the machine. In order to avoid these problems, the relationship between the
speed of an industrial coater, the blade pressure and the rheology of the coating colour
formulations have to be tested on a pilot plant, which is an expensive and time consuming
operation. The authors suggest that by combining the rheological data, obtained
experimentally, with increasingly sophisticated computationa! fluid dynamics simulations, it
will be possible to create a predictive tool able to minimise the need for such time consuming
pilot tests. Once more, this approach is of dubious validity because of the questionable

relevance of capillary rheometry for high-speed impulse blade coating.
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2 EXPERIMENTAL TECHNIQUES

2.1 Existing techniques

2.1.1 Mercury porosimetry

Mercury intrusion porosimetry is widely used in the study of different porous materials (Webb
and Orr, 1997). In recent years, it has also been used in the paper coating industry for
characterisation of the porous structure of a dry paper coating layer (Johnson ef al., 1999). A
sample, evacuated of trapped gases and moisture, is immersed in mercury, which is a non-
wetting fluid for most materials. The mercury displacement caused by the sample allows the
calculation of the bulk volume of the sample itself, Vwu. The external pressure is then
gradually increased. The amount of mercury intruding the void space of the sample is
measured as a function of pressure; the volume of mercury intruded into the sample increases
as the pressure increases and the mercury is forced into ever smaller voids. The result is a
mercury volume intrusion curve per unit weight of sample as a function of applied pressure,
which, knowing the interfacial tension and contact angle of mercury with the solid, can be
converted into a void size distribution by the Laplace equation:

_ =4y, cosf

D )
P

Eq. 2.1

where }y is the interfacial tension between mercury and air, P is the applied pressure, & is

the contact angle and D is the throat or assumed capillary diameter. A similar procedure, but

with pressure reduction, allows the drainage, or extrusion, curve to be obtained, as the mercury
emerges from the sample. The commonly used values of }jy and 8, for mercury entering an

evacuated sample, are 0.485 N m and 140° respectively. There are, however, uncertainties
and variations in these values, the consequences of which have been reviewed by Webb and

Orr (1997).
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The void size distribution obtained by taking the first derivative of the intrusion curve and
then applying the Laplace equation is representative of a one-dimensional model of a porous
solid, as described in section 1.8.2. However, this “bundle of capillaries” model of a porous
material cannot fully explain some of the results of mercury intrusion porosimetry. For
example, the intrusion and extrusion curves differ. This hysteresis effect is caused by the
“shielding” of larger void spaces, or pores, by narrower void spaces, or throats. The shielding
therefore requires a higher than expected pressure for many of the features to fill. Such
problems in the interpretation of the mercury intrusion measurements can be, at least partially,
overcome by using a void space network model, such as Pore-Cor, which will be described in

full in Chapter 5.

The results of this technique have to be carefully interpreted and many correction factors have
to be applied in order to obtain a true measure of the void space of a sample.

If the sample was completely incompressible, the experimentally observed mercury intruded
volume, Vs, would include the volume of mercury intruded into the sample, Vi, the volume

expansion of the analysis chamber or penetrometer, 6¥,_,, and the compression of the mercury
6V, (Ganeet al., 1995):

Vi =V + 6V, + 8V, . Eq. 22

o
The term representing the expansion of the chamber can be evaluated by running a blank run
with no sample in the penetrometer, while the term representing the compressibility of the
mercury itself can be evaluated by using experimentally derived equations, which relate the
volumetric compression of mercury as a function of pressure. The working equation for an

incompressible sample becomes:

P
V. =V, ~6Vy {0-175(%'“& Ylog,, [1+ 18“’2"0]] , Eq.23
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where &Vpuu is the change in the blank run volume reading, V*yu the sample bulk volume at

atmospheric pressure and P, the applied external pressure.

Paper coating, as explained in the previous chapter, consists mainly of finely ground mineral
pigment particles or synthetic pigment particles, bound together and to the base-paper by latex
and/or natural binders. Due to this composition, a paper coating layer is partiaily compressible,
because of the compressibility of the latex particles, the compaction of pigment particles, or in
the case of synthetic pigments, collapse of the particles. In order to obtain a correct
interpretation of the mercury porosimetry intrusion curves one has to take into account this

compressibility and apply another correction to the observed intruded volume. If i is the

compressibility of the sample and M,; its bulk modulus, then:

M =—— = Eq24

and the final expression for the fully corrected intruded volume is:

Vo=V —sv . +017507 Yog [ 142 ot a—an 1 (P -Fy)
mt — 7 obs blank AT5(Mp ) 108y @ Vo (1-P) _GXPT ,

Eq. 25

where ®' is the porosity at atmospheric pressure and P' is the atmospheric pressure.
Mercury porosimetry can be used to determine the pore size distribution of porous materials

even when these are supported by a laminate substrate (like Synteape) or by a fibrous substrate

(like paper).
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Figure 2.14 - A Synteape strip bending while the coating on its surface dries. The strip is on a
microbalance that measures its weight loss and its white profile can be seen in front of the graph paper.

The experimental apparatus, presented in Figure 2.13, was designed and built in order to take
pictures of the sample deflection during the drying process and simultaneously to measure its
weight loss. This arrangement made it possible to find the forces acting on the surface of the
substrate as a function of % weight (water) loss. It consists of a microbalance, connected to a
computer in order to acquire and store the weight of the samples while the drying occurs. The
apparatus is a development of that described in (Schoelkopf ef al., 2000), which comprised a
microbalance only used for measuring the uptake of liquid during wicking. The coated strips
were clamped to the plate of the microbalance and the chamber above the plate was closed, in

order to avoid external disturbances of the evaporation and weighing processes.
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2.3.3 Application of the Elementary Beam Theory (Frenner, 2003)

An outline of elementary beam theory is presented as a guideline for carrying out the full
derivation of the working equation for the present experiment.

The elementary beam theory gives:

El
M==—
rE Eq. 2.6

where M is the bending moment (the torque which develops in a loaded beam as shown in
Figure 2.17), E is the elastic or Young’s modulus (the ratio between the stress applied and the
subsequent strain), / is the second moment of inertia (a geometrical property of a beam related
to its ability to resist bending) related to the z axis (with z as indicated in Figure 2.15), and R is

the radius of curvature of the deformed beam.

2.3.4 Effect of the coating layer

It is possible to assume that the coating gives rise to a total surface traction 7 and, hence, to a

bending moment M = Td, where 24 is the thickness of the beam. From Eq. 2.6:

El
—=1T1d 2.7
R , Eq. 2

where / = b(2d)’/12, b is the width of the beam and the product EI is called the “beam

stiffness” or “flexural rigidity”.

81




Zn
Yy
b I
, - —/,
[#4 T " /g:

Figure 2.15 - Beam of thickness 2d, width b and length x, with a tetal force 7 acting on its surface.

2.3.5 Radius of curvature of the bending beam

For a generic function z = f{x) the radius of curvature is

1 z"

S ini— Eq.2.8
(1+2%)?

where z' = dz/dx and z”’ = d’z/d¥®. For small z°, 1/R = z". If we have a circular deformation

through (xg, z0), then:

1 2z,

) 2, Eq. 2.9
R x°+z,
Eq. 28 and Egq. 29 are consistent if xo'>>z? ie for small deformation.

If a deflection z; is measured, substituting from Eq. 2.7:

2EIz,

T-d=
2, 2
X, T2,

Eq. 2.10

If xq, zo and ET are known, T can be calculated from Eq. 2.10. The stress acting on the surface
of the beam can be calculated as 7= T/ b-xo_Since T oc [ oc b, the stress 7is independent of the

strip width b.
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2.3.6 Evaluation of the stiffness of the beam

The standard beam theory is also helpful if the stiffness of the beam is unknown. The
deflection of the strip is measured due to its own weight, as shown diagrammatically in Figure
2.16. The effect of the sample weight is assumed negligible when compared to the stress
caused by the drying coating layer, but is nevertheless enough to cause a small deflection.

Then it is possible to determine the value of the product £7.

Figure 2,16 — Evaluation of the stiffness of a beam, by measurement of the deflection of the beam under the
action of its own weight w.

For each section of the beam between x and x+dx (Figure 2.17) the elementary beam theory
gives dM/dx = § and dS/dx = -w, where w is the weight per unit of length, A is the bending

moment and S shear force.

M L M+
( .J l S+8S > ™

x x+dx

Figure 2.17 — Schematic of a section of a beam with the stresses and torque acting on it.

Setting //R =z and eliminating S from the previous equations, Eq. 2.6 gives:
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Successive integrations lead to:

E]F——W
4 . 3 . 2 2
E]-z(x)=-w2: +2 xg X Y5  4x+B

The boundary conditions are z(0) = z(0) = 0

This leads to:

1

2(x) =——{—1(x4 +6x,7 %% —dx, °x3)}

Er| 24

which, for x = x,, will become:

2 =z(x0)=L[_3xg-w)=

and finally:

El

84
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Eq. 2.11

Eq. 2.12

Eq. 2.13

Eq. 2.14

Eq. 2.15



3 EXPERIMENTAL (Laudone et al., 2004)

The experimental work was divided in two parts: in the first part the shrinkage forces,
developed upon drying of a paper coating layer, were measured using the method described in
section 2.2, and the dry structures of the coating layers were characterised by mercury
intrusion porosimetry and electron microscopy. This made it possible to quantify the shrinkage
forces and infer some important ideas on the drying mechanism and how different binders,
coating thicknesses or pigment particle sizes can affect the final properties of the coating
layer.

In the second part, the interactions between the different components of a coating colour
formulation in the wet state were investigated by measuring rheological properties. The results

of this second experimental section are presented in chapter 4.

3.1 Sample preparation

3.1.1 Substrate

The synthetic substrate was the synthetic laminate, Synteape (Arjo Wiggins), described in
chapter 2, manufactured by filling polypropylene with calcium carbonate and stretching it. Its
slightly rough surface allowed the coatings to adhere. Its elastic behaviour, so important for
the measurement of coating shrinkage forces, was shown to be anisotropic, due to the
unidirectional stretching during the last stage of its manufacture. It was found necessary to cut
the strips parallel to this stretch direction to establish a reproducible elastic behaviour. The
strips were formed 4.5 cm long (x axis) and 0.5 ¢cm wide (y axis). The thickness of the
substrate was 100 pum and its elastic modulus 1.73 GPa, calculated by measuring the

deflection of Synteape strips under the action of their own weight, as described in section

224.
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3.1.2 Pigments

The pigments were based on ground calcium carbonate (GCC). This choice of pigment
avoided complications such as the anisotropy of clay platelets and the acicularity of aragonitic
precipitated calcium carbonate (PCC) (Bodurtha et al., 2001; Lohmander, 2000a). The GCC
was a dispersed limestone from Orgon, France, ground to two particle size ranges, named
Hydrocarb 60 and Hydrocarb 90 (Omya AG, Switzerland). The samples contained,
respectively, 60 w/w% and 90 w/w% of particles with diameter < 2 pm, and with a maximum
diameter of around 5 pm.

For a control experiment, the GCC was substituted by a polystyrene pigment with very fine
monosize spherical particles, 98 % in volume with a diameter less than 0.5 pm (DPP 3710,

Dow Chemicals).

3.1.3 Binders

The binder for each sample was selected from one of the following:

o thermally modified maize starch C-film 07321 (Cerestar, France);

o high glass transition temperature (7, = 23 °C) acrylic latex Acronal S320D in the form of
spherical particles of diameter 0.2 pum (BASF, Germany );

e high T, (22 °C) styrene-butadiene latex DL940 (Dow Chemical, USA) with spherical
particles of diameter 0.14 pum,

e low T (5°C) styrene-butadiene latex DL930 (Dow Chemical, USA) with spherical
particles of diameter 0.15 pm .

Both latex types are designed for stability in the presence of calcium ions and so the different
chemical nature of the acrylic and styrene-butadiene (SB) latices was assumed not to interfere

with the study.
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The minimum film-forming temperatures are given by the manufacturers as 1 °C above T
Therefore the low 7 latex was expected to show some film-forming, as much as the coating
structure would allow, at the temperature of the experiment (20 + 1 °C), whereas the high 7,

latices were not.

3.1.4 Thickness and composition

The coating colours were prepared by mixing the pigment and the binders under high shear
mixing conditions, in order to ensure that the final mixtures were homogeneous and all the

pigment agglomerates were broken down.

The preparation of the starch solution was carried out by slowly adding the starch to water at

70-75 °C under high shear mixing, in order to avoid the formation of starch lumps.

Two different compositions were used, either 10 or 25 w/w% binder on a dry basis, the
remaining being pigment. 25 w/w% is above the maximum binder concentration used in
commercial paper coating (typically less than 20 w/w%). However this composition is
included here to demonstrate the dependence of the method to latex level, independent of
critical pigment volume concentration, when emulsion polymers are used (contrary to what
might have been expected from solvent-based paint technology). Experiments were performed
on (i) binders only, (ii) pigment with dispersant only, and (iii) pigment with dispersant and

binders.

It is important to point out that usually, in the paper coating industry, the paper coating

composition is represented as parts of every component per 100 parts of pigment on a dry
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thickness, while in the case of a thinner coating layer the maximum diameter of the mineral
pigment particles, ~ 5 um, is very close to the thickness of the layer, not allowing the free
rearrangement of the structure in the x direction due to constraints in the z direction. When the
structure is free to rearrange, the surface forces act freely for longer and the final dry

structures show a lower value of porosity.

Figure 3.22 and Figure 3.23, when compared to the previous graphs, show that the addition of
starch increases the stress by more than an order of magnitude relative to the addition of latex.
For the coarser HC60, the stress depends on both coating weight and amount of added starch,
whereas for the finer HC90, Figure 3.22, only the coating weight is important. An explanation
is that partial adsorption of the starch on the pigment particles (Jarnstrom ef al., 1995b;
Jarnstrom ef al., 1995a) and/or the relative solubility effect (Yan ef al, 2000) causes a
depletion flocculation of the pigment particles, producing an open, loosely packing structure in
which groups of flocs touch one another. The lack of close-packing reduces the effective
number of fine capillary-like voids in the drying coating at the initial FCC. However, once the
surface menisct form, the loose floc packing at FCC transforms to the tighter SCC packing as
shown by lower values of dry porosity, Table 3-1. The change in dimension from loose to tight

packing in this system is large and so the measured stress is correspondingly high.

If a monosized plastic pigment rather than a broad particle size distribution mineral pigment is
used, Figure 3.24, starch produces much lower stresses. This indicates that there is a similarity
between FCC structures and SCC structures when monosized pigments are used, and also
suggests that with broad size particle distributtons there is selective flocculation of different
particle sizes of the mineral. With low 7, SB latex the stresses formed in the plastic pigment-
containing colour are much the same as when CaCOs is present, although the structures have
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even higher porosities, Table 3-1. All samples retain stress, as expected.

Table 3-2 - Maximum shrinkage stress (Pascal).

Acrylic  Acrylic SB SB SB SB
Sample : high 7, highT, high7, highZ7, low7, low7, Starch Starch
latex latex latex latex latex latex
Coating weight : low high low high low high low high
HC60 +
3 60 58 48 429 1015
10 % binder 2 20 39
HC60 +25 % 43 52 51 57 120 140 1454 2132
binder
HC90 +
5 48 66 347 1455
10 % binder 3 64 84 64
HC90 + 10 1 77 85 50 88 297 1333

25 % binder

Table 3-3 - Retained shrinkage stress (Pascal).

Acrylic  Acrylic SB SB SB SB
Sample : high7, highT, highT, highT, low T, low 7, Starch Starch
latex latex latex latex latex latex
Coating weight : low high low high low high low high
HC60 +
0 4 15 0 41 34 429 1015
10 % binder
HC60 +25 % 1 12 0 16 101 130 1454 2132
binder
HC90 +
0 455
10 % binder 0 4 0 19 49 347 1
HC90 +
41 84 297 1333
25 % binder 0 0 22 14

Table 34 - % water loss by evaporation at the SCC.

Acrylic  Acrylic SB SB SB SB
Sample : high T, high7, highZ, highT, low T, low7, Starch Starch
latex latex latex latex latex latex
Coating weight ; low high low high low high low high
HC60 +
65 50 59 8 57 91 92
10 % binder 54 4
HC60 +25 % 50 30 40 32 60 76 85 91
binder
HC90 +
10 % binder 40 51 54 46 39 30 78 87
HC90 +
4 47 27 3 9 76
25 % binder 4 2 4 80 92
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4 RHEOLOGY AND FLOW PROPERTIES OF COATING
COLOURS

4.1 Introduction

This chapter is divided into four different sections, presenting the results of four different
experiments. The first experiment (section 4.2) was carried out with a Brookfield viscometer
(section 2.1.3) in order to measure the interaction between calcium carbonate and latex
particles at different latex volume concentrations. Section 4.3 shows the second series of
results of the rheological analysis, carried out with the StressTech instrument (section 2.1.4),
on the coating colour formulation used in the bending strip experiments (section 3.4). Yield
stress measurement (section 4.4) and controlled stress sweep measurements (section 4.5) were

included using the StressTech instrument on the same set of samples.

4.2 Effect of latex volumetric concentration on Brookfield viscosity

4.2.1 Samples

The interactions, packing and flow behaviour between latex and CaCOj in the coating colour
have been studied by Brookfield viscosity measurements. The aim of this study was to
investigate how the latex particles and the CaCO; behave when mixed together in suspension
and how their interaction is affected by the volumetric fraction of latex in the coating

suspension.

A series of coating colours was prepared by mixing, as described in more detail in section
3.1.4. They were HC90 or HC60 slurries, respectively, with the same latices used in the
preparation of the samples studied in Chapter 3. The volumetric fraction of mineral pigment

was kept constant (gp = 0.2), while the volumetric fraction of latex (¢) was increased from 0
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(suspensions of CaCOj only) to 0.2, corresponding to a coating colour with 25 w/w% binder
on a dry basis as also used in the bending strips experiments (Chapter 3). By using this
technique, it was possible to keep the carbonate volume concentration constant while the
solids content was raised by the addition of the latex volume fraction. The resultant
measurement of Brookfield viscosity shows effectively how the latex particles in the coating
colour suspension gradually fill the gaps between the pigment particles and how this affects
the packing interactions between latex and pigment particles. If the viscosity rises linearly
over the initial range of latex addition then it is possible to conclude that the latex particles are
small enough to exist between the carbonate particles without disrupting their equilibrium
packing and without establishing any other sorptive or chemical interaction. The viscosity then

follows the Einstein volume fraction equation (Einstein, 1906; Einstein, 1911)

n, =-L=(1+25¢), Eq. 4.1
7

where 7 is the relative viscosity defined as the ratio of the suspension viscosity, #, to the
liquid phase viscosity, 7, and ¢ (=¢p + ¢1) is the volume fraction of solid particles, i.e. the

viscosity is seen to be proportional to the total volume fraction, and corresponds to the

linearity as a function of latex volume fraction addition.

At the concentration where the viscosity rises sharply with the addition of latex, then the latex
is disrupting the mutual packing of the components or is taking part in some inter-particle

interaction.

4.2.2 Resuits
The results are shown in Figures 4.1 to 4.6. It can be observed that the measured values of
Brookfield viscosity (HA1 spindle at 100 min™, corresponding to a shear rate of 22 s') for

HC60- and HC90-based coating colours are similar at low latex volumetric fractions, when the
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4.2.3 Discussion

As we have now seen, using the method of volume fraction, it is possible to determine the
point at which there is an onset of packing or interactive disruption as latex is added to
calcium carbonate. In the case of the coarse pigment HC60 (Figures 4.1, 4.3 and 4.5), there is
apparently sufficient space between the pigment particles to allow for the additional volume
fraction of latex without any additional disruption of the equilibrium packing properties, i.e.
viscosity is a simple function of volume fraction content. Consequently, during the drying of
such a mixture, it is expected that the structure will maintain similarity throughout the drying
process if the process only involves the removal of water. This assumes that concentration of

soluble species will have a minor role to play.

In the case of the finer HC90 (Figures 4.2, 4.4 and 4.6), on the other hand, higher volume
fractions of latex induce a packing disorder or interaction with the pigment. This could be
argued purely on the basis of particle packing or could be due to other interactions. From this
test it is not possible to determine the exact nature of the interaction, though it is interesting to
see that the low 7 styrene butadiene latex generates the most interaction. Given that the
chemistry of the two carbonate pigments is the same, it is unlikely that the interaction is
chemical, and we can assume that the rise in viscosity on addition to the HC90 is most likely

to be due to packing.

The particle sizes of the different latices have been presented in section 3.1.3, and range from
0.14 for the SB high 7 latex to 0.2 um for the acrylic high 7 latex. As later shown in section
6.5.2, HC90 has an average particle size, in terms of number percent of particles, of about
0.1 pm, while HC60 has an average particle size of about 0.5 pm. The latex particles are

therefore of the same size or larger than the average HC90 particle and this will obviously
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cause a disruption of the calcium carbonate packing. In the case of HC60, the latex particles

are smaller than the average carbonate particle and do not cause disruption of the packing.

Once the packing disruption occurs, it is likely that the latex will be seen to play a very
important role in determining the packing behaviour difference between that of a coating
colour, containing pigment and latex, compared with the pure slurry of pigment alone as solids
rises during the drying. The shrinkage properties will thus be strongly dependent on the latex
particle size and physical properties, such as glass transition temperature, 7g, as well as any

physico-chemical interactions that might be taking place.

4.3 Constant shear rate

The coating colour formulations containing HC60 or HC90 as mineral pigments and 25 w/w%
of binder on a dry basis, used in the study of the shrinkage forces and fully described in
section 3.1, were also studied using a StressTech controlled stress/strain rheometer (section
2.1.4). The solid content of these coating colour formulations was 55 w/w%. First a series of
measurements of viscosity and shear stress at constant shear rate were carried out, over a range
of shear rates from 5 to 1 000 s™'. Yield stress and stress sweep measurements were also

carried out and the results will be presented in section 4.3 and 4.4.

4.3.1 Results

Figure 4.7 and Figure 4.8 show the viscosity and shear stress measured at constant shear rate
for coating colours containing 25 w/w% on a dry basis of acrylic high 7 latex with HC60 and
HC90, respectively. It can be observed that the coating colour containing the finer calcium
carbonate (HC90) shows higher values of viscosity and higher shear stress in the whole range

of shear rate investigated.
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4.3.2 Discussion

Over a range of shear rates, it is possible to investigate the impact of both shear-induced
structure and packing. Since all colours with latex are shear thinning, we can assume that there
is no shear-induced packing disorder as particles are moved past each other. This is an
important finding as it indicates that continuous motion of the mixture of particles is allowed,
once any static structure is destroyed (yield). That the HC90 with latex (Figures 4.8, 4.10 and
4.12) generally shows higher viscosity reflects the more crowded packing of that combination.
This latter effect is most marked in the case of HC90 with the low 7} styrene butadiene latex,
thus confirming the assumptions made using the Brookfield data, i.e. over the whole range of
shear rate, the packing dominates. If this had not been the case, the shear thinning of the
colour showing the highest viscosity (Figure 4.12) would have been discontinuously greater at

lower shear rates as interactions became broken down.

The difference between the initial sweep in increasing shear and the return sweep as shear rate
is once again reduced is a measure of the hysteresis in the system. The greater the hysteresis,
the more likely it is that slow processes have led to a stationary equilibrium structure, which
gets progressively broken down as the shear rate increases and fails to re-form as fast as the
timescale of the return shear rate sweep. Such processes are often osmotic in nature, reflecting
a potential depletion flocculation effect. The greater the number of particles (finer size per unit
solids content, for example), together with any disruptive packing ensuring particle-particle
contact, will lead to the greater likelihood of such interactions. This we see in the data for the

finer HC90 especially with the low 7} styrene butadiene latex (Figure 4.12).

Starch addition, on the other hand, is seen to result in a greatly increased viscosity of the
coating, which is maintained largely throughout the shear rate range (Figures 4.13 and 4.14).

The nature of this viscosity component will be explored in more detail studying
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viscoelasticity. Starch is soluble, so there is a rise in the viscosity of liquid phase supporting
the particulate suspension. However, the effect may be more complicated, involving

adsorption or flocculation.

4.4 Yield stress measurements

The yield stress properties of the samples, described in section 4.2, have also been studied by
increasing the applied shear stress from low levels and monitoring the change in viscosity of

the samples.

4.4.1 Results

Figure 4.15 and 4.16 show the result of yield stress measurements for coating colours prepared
using acrylic high 7, latex as binder. It can be seen that the viscosity shows an initial rise with
shear stress to a maximum value of about 2 Pa s and then it falls. In the case of HC60-based
coating colour, the fall is sudden and occurs at a value of shear stress of about 40 mPa, while

in the case of HC90-based coating colour the fall occurs more gradually at around 100 mPa.
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This can be seen as an effect of the number density of particles in the coating colour, which is

larger for the finer calcium carbonate.

As explained more extensively in section 4.4.2, the interpretation of the results for starch-
based coating colour is not as simple as in the case of latex-carbonate mixtures, due to the high
values of viscosity of starch solutions. However, it can be observed that in the case of the finer
carbonate HC90 the measured values of viscosity are larger than for the corresponding HC60-

based coating colour.

Figures 4.15 to 4.22 also show the shear rate as a function of shear stress data. These can be
interpreted as an indication of how much the system is physically moving. In the cases of
starch-based coating colours and HC90 with SB latex, shown in Figures 4.20, 4.21 and 4.22, it
can be observed that the colours flow proportionally to the shear stress. The latex-based
coating formulations show an initial region where the system is not flowing, despite the
growth in internal shear stress. This represents not only an indication of high viscosity until
the yield stress is reached, but an actual immobility of the system. It is necessary to overcome
an energy barrier in order to get the system flowing. It appears therefore that the latex-
containing systems show hard-sphere interactions, while starch-containing systems show long
range interactions allowing the collective movement of the material. These observations
support the idea, presented in more detail in section 4.5.2 and Chapter 8, of a ‘stick-slip’
phenomenon, where the interactions between the particles in the coating colour formulation
can hold the system in place, not allowing the flow and rearrangement of the particles, until an

energetic barrier is overcome.
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4.5 Controlled stress sweep measurements

As previously described in section 1.8.8.2 and section 2.1.4, information about the viscoelastic
behaviour of a coating colour can be obtained by inducing a controlled oscillating shear stress
within the coating colour, over a range of stress values, and determining the elastic and/or
viscous behaviour by measuring the phase angle J, the elastic modulus G’ and the viscous
modulus G*’. A phase angle & of 0° shows perfectly elastic behaviour, and a phase angle of

90° indicates perfectly viscous behaviour.

This stress sweep measurement was carried out on the same samples studied in the previous

section and the results are presented below.

4.5.1 Results

First of all it can be observed that the trends in the curves describing the phase angles for
HC60 with high 7} latex coating colours (Figure 4.23 and Figure 4.25) are not as well defined
at low stress as in the other cases. These samples, due to low interactions, other than hard
sphere interaction and viscosity, probably expose the physical limit of the measuring
instrument at low stress values, making it difficult to carry out reliable measurements under
suspected slip-stick conditions. The remaining parts of the curves, however, are reliable and
show a progressive breakdown of weak elastic structures moving through to a more purely

viscous flow as stress increases.

This behaviour of elasticity at low stress is common to all pigment-latex coating colours and

the magnitude of the rate constant for the structure formation is responsible for the hysteresis

seen earlier in the shear rate curves.
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latex. This was shown using the volume fraction method (section 4.2), and was reflected in the

reluctance to flow (non-linear shear rate response to internal stress).

The principal interest of this project, the drying process, occurs in a static coating colour.
Therefore, the low strain data are most important. As solids increase, the internal stress will
increase, as will the strength of the elastic structure. Then the structure will yield to the stress.
Then, once again, the structural interactions will build elastically as the local stress rises. It
will yield only as the stress increases, and the phase angle rises through 45°. It will then begin

to flow into a new configuration. This behaviour is referred to as stick-slip’.

The induction of structure as a response to induced stress is also responsible for determining
the first critical concentration (FCC), i.e. immobilisation of the wet colour. Furthermore, the
greater the need for high internal stress to cause the consolidation of the coating colour, the

more likely the system is to collapse critically during the slip-stick action.

Starch at high concentration is a viscous medium. The passage of the particles of pigment
through this medium is reflected in high drag viscosity. One must, therefore, be careful in
interpreting the curves in the case of starch due to this background viscous drag. Although the
average behaviour is favouring viscous flow, it is important to note that the elastic modulus,
G’, rises significantly and extends far as a function of stress. In fact the elastic modulus
behaviour is similar in the case of both HC60 and HC90 together with starch, and interestingly
follows that of the HC90 with low T, styrene butadiene latex. This induced elasticity, which
remains under increasing stress until finally broken down, seems to be a common factor
between the most interacting combinations, and, as we see during drying, is a common factor

in respect to the magnitude of shrinkage. Thus, although the long-range forces in the starch-
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containing colours dominate the flow behaviour, the local hard sphere interaction is still

present.

Structure is, therefore, likely to be a key element in determining the response of the coating
colour to drying. Firstly, in respect to the onset of FCC and, secondly, in respect to the internal
stress needed to progress consolidation, with an increasing likelihood of catastrophic collapse

of the structure the more the elastic modulus extends into the higher stress regime.

This overall study of rheology gives clues as to the mechanism of shrinkage and the
interactions involved. The induced distortion of the packing structure leads to an elastic
interaction, which must be broken down before the sample can “flow”. The induced packing
distortion is greatest for the finer pigment, which is logical based on particle-particle number
interactions, and for those binders that give the most deviation from a non-interacting hard
sphere model — low glass transition temperature latex and starch seem to provide the longest
lasting elasticity as a function of stress. Deviation from a non-interacting hard sphere model is,

therefore, probably the clue in determining the magnitude of shrinkage.

The concept of slip-stick and deviation from non-interacting hard sphere behaviour will be

pursued further during the modelling of the shrinkage phenomenon.
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5 MODELLING PAPER COATING WITH PORE-COR

5.1 Pore-Cor

As previously explained in section 1.8.3, there are many examples of different network models
for the study of porous media. The Environmental and Fluid Modelling Group of the
University of Plymouth has developed, during the past 13 years (Spearing, 1991), its own
network model, Pore-Cor, trying to address many of the problems and arbitrary choices
presented by other models. Pore-Cor has been successfully used for the modelling of a wide
range of porous materials including sandstones (Matthews ef al., 1993), medicinal tablets

(Ridgway ef al., 1997) and soil (Peat ef al., 2000).

Pore-Cor generates a three-dimensional structure, which matches the experimentally
determined porosity and the percolation characteristics measured by mercury porosimetry. The
simulated structure, consisting of a repeated unit, or unit cell, is made up of a 10 x10 x 10
cubic array of 1 000 cubic pores, equally spaced in a three-dimensional matrix by a distance
defined as the pore-row spacing, and interconnected by up to 3 000 throats. The number and
arrangement of throats dictates the connectivity, defined as the average number of throats
connected to each pore, between 0 and 6 (Figure 5.1). Both the pore size and throat size
distributions are initially linearly distributed over a logarithmic scale, with equal numbers of
pores and throats in each respective logarithmic interval, the maximum individual throat size

being determined by the smaller of the two pores it joins.

The simulation is performed by optimising, with a Boltzmann-annealed Simplex algorithm
(Johnson ef ai., 2003), sets of 4 adjustable parameters: the connectivity, correlation level, pore

and throat skews.
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Table 5-1 - Simulated correlation level for the bimodal intrusion curves.

SBlow | SBlow [ Acrylic high | Acrylic
| T I ok T Starch Starch
T, latex ate atex i
® e # 1 le rod 2 rod 3
rod 2 rod 3 rod 2 latex rod 3
Simulated
correlation 0.16 0.20 0.03 0.31 0.37 0.28
level

The values of simulated correlation level resulting from the attempt to fit the bimodal intrusion
curves are shown in Table 5-1. It is interesting to observe how thinner (rod 2) latex-based
coating layers have a more random structure; the acrylic high 7, with low coating weight has a
completely random structure, as shown by Figure 5.11, while the thicker (rod 3) acrylic high
T, structure is horizontally banded (Figure 5.12). This can be interpreted taking into account
the diameters of the biggest pigment particles, which are ~ 5 um, in relation to the thickness of
the coating layer. In the case of the thin coating layer, the dimension of the biggest patticle is
larger or equal to the thickness of the layer; this limits the freedom of movement and
rearrangement of the particles while the structure is drying, leading to a random structure. If
the coating layer is thicker than the biggest particle of calcium carbonate, the structure is free
to rearrange and this leads to more order and, therefore, to a higher correlation level. This
phenomenon seems to affect less the starch-based coating colours, which both show a highly

correlated structure, suggesting that the surface forces acting upon drying when starch is used

as binding system are able to overcome the restraining action of the larger pigment particles.







input data for the network simulator to describe the microstructure during unconstrained
drying. For each sample, 10 different “stochastic generations” were used and Paired Student
t-tests were performed on the mean values of each of the fitting parameters of the modelled
coating layers in order to determine if there were any significant differences in their values.
The stochastic generation having fitting parameters closer to the calculated average fitting
parameters was chosen as representative of the sample. This process is also repeated below for

coatings with different formulations.

The mercury intrusion curves were fitted with vertically banded structures, which were found
to be more versatile and able to give simulation results fitting very closely the experimental

intrusion curves.

The results of the software simulation for HC90-based coating colours with 25 w/w% of

binder are presented in Table 5-2.

The simulated three-dimensional structures generated by the software model are shown in
Figure 5.13 to Figure 5.20. Although the simulated void structures are a gross simplification of
those actually existing in the real samples, they nevertheless reveal some interesting and

fundamental properties which are highlighted below.
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Table 5-2 - Simulation parameters resulting from the modelling of coating colours prepared with HC90
and 25 w/w% binder.

Experimental

Simulated

Simulated

. Simulated . Simulated | Figure
Sample and simulated | correlation |  throat
connectivity pore skew | number
porosity / % level skew
SB low T

15.50 4.96 0.16 224 447 513
latex rod 2
SB low T,

13.96 5.08 0.17 2.15 3.06 514
latex rod 3
SB high 7,

35.09 4.53 0.01 1.49 2.67 515
latex rod 2 :
SB high T,

21.86 3.75 0.06 1.35 1.63 516
latex rod 3 '

Acrylic high
37.72 5.36 0.24 1.84 3.34 517
Tglatex rod 2 :
Acrylic high
23.15 4,01 0.29 131 3.61 518
T, latex rod 3 '
Starch
17.01 4.16 0.25 1.26 3.47 519
rod 2 '
Starch

10.17 5.04 0.22 1.36 2.36 590

rod 3 ’

Figure 5.13, which represents a thin coating prepared with fine HC90 and 25 w/w% SB latex,

shows regions of small pore size illustrating the close packing and filling of pores by the

deformation of the latex between the pigment particles. A similar situation can be observed for

the thicker coating layer (Figure 5.14), where the pore structure becomes even tighter, as

shown by lower values of porosity.
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