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Abstract

This licentiate thesis comprises two parallel studies dealing with water-based
flexographic inks on PE-coated liquid packaging board. The commercial water-
based inks that were used in both studies vary in type of pigment and acrylate-
polymer vehicle, and in pigment/vehicle mixing proportions. One vehicle is solely
based on emulsion polymer, another contains solution polymer, and the third is a
50/50 blend of these two. The first study presents results from characterisation of a
matrix of these water-based inks with respect to their rheology, surface tension and
wetting of PE-coated board. The rheological properties were measured over a wide
range of shear rates relevant to various stages in the printing process. All inks
represent shear thinning fluids, forming thixotropic structures. The plastic
viscosity and yield stress are shown to increase strongly with content of solution
polymers (at comparable solids contents). Measurements of static surface tension
and drop spreading, on untreated as well as corona treated board, clearly display
differences in interfacial properties for the vehicles. An increasing amount of
solution polymer give lower surface tension values, while the equilibrium contact
angles increase. The validity of a simple model for expressing the ink drop
spreading dynamics was tested and could be applied to spreading on treated board.
The rheology, surface tension and wetting properties are also shown to depend on
the pigment type (cyan or black) in the ink and on the pigment/vehicle mixing
proportion.

In the second study, the print performance of this matrix of inks on the PE-coated
board was evaluated. Changes in the ink formulation are shown to have significant
influence on the ink amount transferred to the board and the print quality
parameters. The 50/50 intermediate vehicle consistently gave the highest ink
amounts, although the highest print density generally was obtained with the
vehicle containing most solution polymer. High contents of solution polymer also
resulted in more uniform prints and high print gloss. Mottling was most severe
with the vehicle containing solely emulsion polymers. The transferred wet ink
amount is demonstrated to correlate well with the plastic viscosity and static
surface tension of the ink.
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Sammanfattning

Denna avhandling baseras på två parallella studier omfattande egenskaperna hos
en serie vattenbaserade flexografifärger och deras växelverkan med PE-belagd
vätskekartong. De färger som använts i de båda studierna har tillretts genom att i
olika proportioner blanda en av två pigmentdispersioner, cyan eller svart, med en
av tre fernissor. Polymererna i den ena fernissan är i form av emulsioner, den
andra är en kombination av emulsioner och lösliga polymerer, och den tredje en
50/50-blandning av de andra två.

Den första artikeln omfattar i huvudsak en karakterisering av färgernas egenskaper
och deras växelverkan med den PE-belagda kartongen, vilken dels använts som
den levererades (benämns ”obehandlad”), dels koronabehandlad. Egenskaperna
varierar i olika grad beroende på fernissa och pigmentdispersion samt
proportionen dem emellan. De reologiska mätningarna visar att färgerna har
skjuvtunnande flytbeteende med varierande grad av tixotropi. Färgernas plastiska
viskositet och flytgräns ökar med andelen lösliga polymerer, medan jämvikts-
ytspänningen minskar. Fernissor innehållande högre andel lösliga polymerer
uppvisar generellt lägre droppspridningshastigheter samt större jämviktskontakt-
vinklar. Spridningsdynamiken har undersökts utifrån en enkel modell, vilken
visade sig vara tillämpbar vid droppspridning på behandlad kartong.

I den andra studien har provtryckningar på vätskekartongen utförts med samtliga
färger. Tryckresultaten har utvärderats med avseende på överförd färgmängd,
tryckdensitet, flammighet och glans, vilka alla beror på färgens sammansättning.
Färger innehållande 50/50-fernissan gav i samtliga fall högst andel överförd
färgmängd, men däremot inte högst tryckdensitet, vilket generellt erhölls med
färger som innehåller större andel lösliga polymerer. De senare gav även de minst
flammiga trycken och högst glans. Mest flammighet och lägst glans erhölls med
färger bestående av den emulsionsbaserade fernissan. Betydelsen av färgernas
viskositet och ytspänning för mängden överförd våt färg har också studerats, och
tydliga samband mellan dessa parametrar har erhållits.
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1 Introduction

Modern printing inks are required to deal with constantly changing application
technologies and demands from the printers and end users. Development in
printing substrates, requirements for faster printing speeds and more cost effective
processes, and tougher environmental regulations, are challenges the ink
manufacturers have to face.

Flexography, a progressing printing technology, is suitable for printing on coated
and uncoated paper materials, non-porous substrates including metallised and
paper foils, and plastic films, used especially in the packaging industry.
Flexographic printing is an efficient and cost effective printing method that owes
its growth to the continuous improvements in the quality of the printed work
produced.

Water-based flexo inks, which were introduced in the 1930s and achieved
significant commercial use in paper and paperboard printing during the 1950s and
1960s, are today used in almost all areas of flexographic printing. The regulatory
factors especially during the 1980s, with its high pressure on safety and
environment, were an important driving force for the further development of
water-based technology.1 This technology continues to advance at the expense of
solvent-based inks. Radiation curing inks, such as UV- and EB-curable (electron
beam), are also widely used and are an increasing market.

The quality of flexo prints is today on a level people only could dream of ten years
ago. However, the high quality has also got its price. Flexography has become
more expensive and the competition between flexo and offset has become tougher
over the years, both regarding the price and the print quality.2

The aim of this study is to investigate fundamental properties of flexographic
water-based inks and to analyze the dynamic interactions of the inks and the
printing substrate. The interface between ink and substrate is critical, and
underlying factors are examined. The vehicles used in the inks are water-based
styrene-acrylic resins, either in solution or emulsion, and the difference in
performance between the forms is explored. The substrate used throughout the
study is a polyethylene- (PE-) coated liquid packaging board. Printing of the non-
absorbing PE-board is sensitive to the surface chemistry of both the ink and the
substrate, and the attainment of good printability, film properties and adhesion still
remain a challenge. Correlation between the characterised ink and substrate
properties and print performance will be investigated in order to get a better
understanding of different factors affecting flexographic printing.

This project is included in the framework of the Swedish printing research
program, T2F (Tryckteknisk Forskning).
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1.1 The principle of flexography

The principle of a flexographic printing unit can be seen in Figure 1.1 There are
many variations on the basic flexo press, each developed for a specific purpose.3
The transfer of ink to the substrate is one of the most important factors affecting
the quality of the final printed result.4 The thin, highly fluid and rapid-drying ink
used in flexography requires the use of an ink-metering anilox roller, which is
engraved with a cell pattern, to enable an even and fast ink transfer to the printing
plate. The configuration of the cells in the anilox roller, the pressure between the
rollers and the use of a doctor blade mechanism controls the amount of ink
retained in the anilox roller and therefore available to be transferred to the printing
plate. The flexographic printing plate, or cliché, which is mounted on the printing
cylinder, is either made of rubber or more commonly of a photopolymeric
material. This flexible printing plate enables good quality printing even on rough
substrates.5 It is a relief printing process meaning that the image area on the
printing plate is raised above the non-image area. The image area receives the ink,
which is transferred to the print substrate when the substrate is pressed with
support of the impression cylinder against the printing plate. Flexography is a
direct method, i.e. the printing plate transfers the ink directly to the substrate, and
the image on the printing plate is therefore inverted. The pressure between the
anilox roll and the printing plate, and then between the printing plate and the
substrate, must be carefully adjusted to give a uniform print with no areas of over-
impression. Also the ink rheology must be carefully tailored to meet the press
conditions. The approximate ink-film thickness applied to the substrate in
flexography is normally 2-4�µm and depends on the type of work being produced,
the speed of the press, the transfer characteristics of the ink, and the nature of the
substrate surface.3, 6, 7

Both sheet-fed presses and web presses are used in flexographic printing. The
most popular type of press is the central-impression/satellite press where two to
eight printing units are arranged around the single central impression cylinder. The
other basic types of flexographic presses are stack and inline presses.7

As flexography is a relief printing process, ink squash is visible on the printed
work. Ink squash is a ‘halo’ normally visible all around the edges of the letters,
lines and solid areas of print. During the printing, the ink is squashed between the
printing plate and the substrate on impression, resulting in the ink being squeezed
to the edges of the printed image surface and producing the ‘halo’.6
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Figure 1.1 Schematic figure of a flexographic printing press unit equipped with a
chambered doctor blade ink-metering system.

The range of materials for different end applications printed by flexography is
extensive. Flexo is the predominant method of printing in the packaging industry
but is also expanding in other printing segments.3 It is widely used for flexible and
corrugated packaging, folding cartons, milk and other liquid cartons, food and
rigid-plastic containers, multiwall and paper bags, tags and labels, and gift wraps.
Other applications include towels, tissues and napkins as well as newspapers and
books.1

1.2 Printability and print evaluation

Successful printing requires ink to be transferred to the substrate in a controlled
and uniform way. To maintain uniformity of printing it is important that the
substrate properties are well defined and controlled, since these will influence the
interactions between inks, printing process and substrate. The printability of a
substrate may be seen as its ability to consistently reproduce images to a standard
quality or uniformity and may be defined in terms of print sharpness, density and
colour range. Print quality is defined as the degree to which the appearance
characteristics of the print fulfil those of the desired target and is the result of
several interacting properties and factors.8, 9

The colour and strength of a flexographic print will be determined by the thickness
of the wet ink-film applied to the substrate, and the type and concentration of
colorant used in the formulation. The thickness of the wet film deposited on the
substrate varies in different applications and is mainly determined by the ink-
metering system.1
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When a print is described as having mottle, it means that the solid area of the
image appears uneven. Mottle can be due to a variety of causes, for example poor
machine settings resulting in different thicknesses of ink being fed to the substrate.
Printing with an ink of too low viscosity is another cause of ink mottle. If the ink
has poor flow properties, it may not flow out properly after being transferred to the
substrate, thereby resulting in mottle.6

The gloss of an ink film is a measure of its ability to specularly reflect incident
light and depends to a large extent on whether or not the ink forms a
microscopically smooth surface film on the substrate surface. The macro-
smoothness will largely depend on that of the substrate while the micro-
smoothness can be strongly influenced by the ink. Generally, the higher the ratio
of vehicle to colorant the more gloss is obtained. The type of vehicle used can
influence gloss level since its interaction with colorant to a great extent determines
both how effective the dispersion will be and if a continuous film will be printed.
Insufficient wetting or affinity between the ink and the substrate will result in
reduced gloss, as will large pigment particles that protrude through thin ink-films.
A thicker ink-film will, on the other hand, improve flow-out and surface
continuity, and give higher gloss.8, 10

1.3 Flexographic printing inks

The nature and demands of the printing process and the application of the printed
product determine the fundamental properties required of flexographic inks.
Measuring the physical properties of inks and understanding how these are
affected by the choice of ingredients is a large part of ink technology. Formulating
inks requires a detailed knowledge of the physical and chemical properties of the
raw materials composing the inks, and how these ingredients affect or react with
each other as well as with the environment.6, 10 Flexographic printing inks are
primarily formulated to remain compatible with the wide variety of substrates used
in the process. Each formulation component individually fulfils a special function
and the proportion and composition will vary according to the substrate.11, 12

Flexographic inks are organic solvent-based, water-based or radiation-curable. For
environmental and health reasons the use of traditional organic solvents has
gradually been replaced by water and non-volatile products. In this study, solely
water-based inks are considered. Typical water-based flexographic formulations
for printing on non-absorbent and absorbent substrates are shown in Table 1.1.
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Table 1.1 Typical water-based flexographic formulations.1

Ingredient For non-absorbent
substrate [wt %]

For absorbent
substrate [wt %]

35% Pigment dispersion 50 40
Acrylic solution polymer 10 30

Acrylic emulsion 30 12.5
Water 5 13

Organic amine 1 1
PE wax compound 3 3

Surfactant 0.5 -
Organic anti-foam 0.5 0.5

Totals 100 100

Printing inks are composed of a colorant (pigment or dye), and a vehicle. The
great majority of flexographic inks manufactured today are pigment-based, but
dye-based inks are still made for particular purposes. The purpose of the pigment
or dye is to provide the image contrast on the substrate and aid desirable
properties, such as light resistance and gloss. Pigments and dyes are obtained from
both natural and synthetic sources and are either organic or inorganic compounds.
In contrast to dyes, pigments are insoluble in the ink vehicle. The pigments used in
a given ink have a major effect on the viscosity and flow properties of the ink, and
different pigments can influence the same vehicle system in quite different ways.3,

6

Despite the fact that there are numerous types of pigments relatively few are used
in ink formulations.1 Pigments are multi-molecular crystalline structures, produced
to an optimum particle-size distribution. The pigments used in this study, copper
phthalocyanine blue (β-form) and carbon black (Figure 1.2), are two of the most
commonly used pigments in the printing industry.5 The planar phthalocyanine
molecules are arranged in one-dimensional stacks, forming primary particles with
a rodlike shape and a mean particle size of 50-80�nm.13 The β-form of the crystal is
a greenish blue organic pigment. It is a tinctorially strong pigment that exhibits
excellent light- and weatherfastness. Prints are entirely fast to organic solvents,
alkali, acids and soaps.14 Carbon black has an extremely fine particle size and high
surface area, which can cause body and flow problems.1 Primary particles of
carbon black, which are almost spherically shaped with a mean particle size of 10-
80�nm,13 build up aggregates in the form of chains or clusters. The degree of this
aggregation is called the “structure” of carbon black.15 Carbon black has good
colour strength and high resistance to light, heat, moisture and chemicals.8
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Figure 1.2 (Left) The planar and completely conjugated structure of c o p p e r
phthalocyanine blue (CI Pigment Blue 15) and (right) the graphite-like structure of carbon
black (CI Pigment Black 7).

When ink is manufactured, it is extremely important to ensure that the pigment is
properly dispersed. If the dispersion of the ink is not carefully controlled, most of
the other properties of the ink will be negatively affected. This includes properties
such as colour, gloss, strength, viscosity, yield value, rub resistance, and other
general printing properties. The thinner the ink-film weight being applied, the
better the dispersion must be.6

A flexographic ink vehicle consists of resins (binders), solvents and additives. The
purpose of the vehicle is to carry the pigment to the substrate, hold it there and
provide properties such as transfer behaviour, setting, drying mechanism, gloss
and rub resistance. The formulation of inks in terms of which type of vehicle
and/or resin is used depends upon the printing process and the properties required
of the finished printed product.6

A number of resin systems are used in water-based inks and a blend of resins are
commonly added to give a balanced range of properties. The dual requirement for
these resins is that they retain water solubility while being printed but become
water insoluble after printing and drying. Some resin systems are designed with
colloidal dispersions, usually of acrylic resins, that are made water-soluble by the
addition of a volatile base, normally ammonia or an amine, to the correct pH
(Figure 1.3). After printing, the base is volatised and the print achieves a measure
of water resistance. These resins generally have high gloss and provide good
pigment wetting and printability. An example of a very important drawback,
however, is poor resistance, especially towards alkali. To overcome this problem,
resins with aqueous dispersions or emulsions, also usually of acrylics, are used.
These are water insoluble polymers dispersed as tiny droplets in the aqueous
phase. After printing the emulsion particles coalesce to form a continuous ink-film
exhibiting very good print and product resistance properties.10, 16 These softer, low-
Tg (glass transition temperature) acrylic emulsions are used in water-based inks to
give adhesion and flexibility to non-absorbent substrates.5
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A very important property for flexographic inks is the resolubility of the ink, i.e.
the ability of the dry polymer to be redissolved by the same polymer in the wet
state. This resolubility is essential for a good machinability of the ink or else it will
permanently dry in the anilox cells during printing.16 Emulsions, when used alone,
can give problems with resolubility and drying-in, and in order to improve
resolution it is normal to include some alkali-soluble resin, which exhibits very
good resolubility.5

A commonly used water-borne polymer for inks is a combination of oligomer with
polymer particles, Figure 1.3. The oligomer acts as a surfactant stabilising the
polymer particles during the polymerisation process. The polymer particles are
much more hydrophobic and higher in molecular weight than the oligomer, and
resistance properties are improved. Resolubility is retained and, as a result of
higher solids content, the drying time is reduced compared to pure oligomer
systems. In general these resins are styrene acrylics.16, 17

Figure 1.3 (Left) Alkaline soluble polymer with carboxyl groups being protonated at
pH�<�4-5 and deprotonated at pH�>�6. (Right) Combination of oligomer with pigment
particles. From Ref.16

Since the colorant and binder are both solids, the prime function of the solvent is
to convert the ink into fluid form. Thus, the solvent is acting as a carrier but must
also be easily removed from the print after the transfer is completed. Drying in
water-based flexography is by absorption and evaporation, or only by evaporation
when printed on non-absorbent substrates. The properties of the ink are also
modified and improved by the use of various additives, for example plasticizers,
waxes, and anti-foaming agents. Additives provide special effects, such as low or
high coefficient of friction, or rub resistance.6

Water-based inks share many common features with solvent-based inks. However,
aqueous inks also present a range of characteristic differences and in some cases
difficulties not seen with solvent-based inks. One of these is the higher surface
tension of water-based inks compared to solvent-based inks. Water has a surface
tension of 72�mN/m, while solvents typically have surface tensions of slightly
above 20�mN/m. Therefore, it is necessary to use co-solvents, slower amines and
surfactants in water-based inks to lower the surface tension below 38�mN/m in
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order to improve wetting of substrates and printability.10, 17, 18 Hence, the term
water-based ink does not mean that it is solvent-free. Environmental regulations,
however, require the minimisation of volatile organic compounds (VOC) in water-
based systems and thereby limit the use of volatile alcohols used in water-based
inks.1, 19

The degree of water reducibility or water tolerance depends on the pH value of the
water-based ink and a good pH control and balance is required. An ideal pH for
water-reducible inks is between 8 and 8.7. If the pH is too low, the water
reducibility of the ink and stability with water is greatly reduced. A too high pH,
on the other hand, can lead to the printed ink not achieving adequate water
resistance after it has dried. Therefore, it is essential to control the pH of these inks
within strict limits.6

1.4 Shear rheology

The viscosity and yield value of a given flexographic printing ink are important
properties and must be controlled within quite narrow limits if consistent and
reproducible printing results are to be achieved. This is because the distribution,
transfer and working properties of the ink on the press are greatly influenced by
variations in these properties. The flow of the ink from the duct, the transfer down
the press, and the eventual printing of the ink from the printing plate on to the
substrate, are all influenced by the viscosity of the ink. The proper viscosity will
depend on a number of factors such as press speed, substrate, type of metering,
temperature, solvent mix and print thickness required.6, 10

1.4.1 Steady shear

Rheology is the science of how a system responds to a mechanical perturbation in
terms of elastic deformations and of viscous flow.20 The simplest way to define
rheological parameters is a model with two parallel planes,21 Figure 1.4. The test
sample is sheared between the two parallel plates with separation distance h. The
lower plate is fixed and immobile. A shearing force F moves the upper plate, with
a shearing area A, to a speed U. The force per unit area required to produce the
motion is F/A and is defined as the shear stress σ [Pa]. The length of the arrows
between the plates is proportional to the local velocity in the fluid. A laminar flow
is required to calculate the shear rheological parameters. Under so-called non-slip
conditions, the layer of the sample closest to the fixed plate is stationary with
respect to the neighbouring layer. The ratio of velocity U to h gives the shear rate
˙ γ  [s-1], hence ˙ γ =U/h . Shear tests are commonly performed using a rotational

viscometer, and in this case one of the shearing areas is performing a rotary
movement.
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F, U
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Figure 1.4 The model with two parallel plates gives a schematic representation of a shear
cell. A is the area and h the distance between the plates. The upper plate is subjected to a
force F, moving the plate to a speed U.

All kinds of rheological shear behaviour take place between two extremes, viscous
flow and elastic deformation, Figure 1.5. Systems showing viscous as well as
elastic behaviour are called viscoelastic.

Viscous flow

     (liquid)

Viscoelastic deformation Elastic deformation

          (solid)

Figure 1.5 Mechanical models illustrating different rheological behaviours.21 The dashpot-
model describes a viscous substance, which steadily deforms as long a force acts on the
piston. When the force is removed, the piston stays in the position it has reached. The
spiral spring illustrates an elastic body, deforming without any time delay under a load.
After discharging it immediately moves back to its original state. The behaviour of a
viscoelastic solid and liquid can be shown as a combination of the spring and the dashpot
in parallel and serial connection, respectively. The viscoelastic liquid is only redeforming
to the part corresponding to its elastic portion, while the viscoelastic solid redeforms
totally when it is discharged from a load.

For a perfect elastic solid Hooke’s law applies,20 and the shear stress is
proportional to the displacement x divided by the thickness y (Figure 1.4), giving
the shear strain γ = dx dy . When this solid is subjected to shear, the shear strain
is constant through the sample and the shear stress can be written σ =G0γ , where
G0 [Pa] is the static shear modulus.

When looking at the simplest behaviour of a liquid, so-called Newtonian, the shear
rate varies in direct proportion to the applied shear stress so that

σ = η ˙ γ (1.1)

where η [Pa s] is the viscosity of the system.20 The viscosity of the substance can
therefore be measured at any shear rate, giving a true, representative value. Figure
1.6 shows the flow curve (the shear stress vs. the shear rate) and the viscosity
curve (the viscosity vs. the shear rate) for a Newtonian liquid. For these
substances, the viscosity alone determines the rheological behaviour.
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σ

γ

η

η

σ

Figure 1.6 Flow and viscosity curves for a Newtonian liquid, for example water, mineral
oils and solvents.

However, systems like polymer solutions, colloidal solutions, and dispersions
often show non-Newtonian behaviour, i.e. there is a non-linear relation between
shear stress and shear rate. For these systems, an apparent viscosity is defined as

σ = ηapp ˙ γ (1.2)

where the value of ηapp [Pa s] depends on the shear rate (or shear stress).

According to their flow behaviour, the non-Newtonian systems can be classified as
follows:

• Pseudoplastic or shear thinning. ηapp decreases with increasing ˙ γ , for example
polymer solutions, varnishes, glues, and shampoos. Figure 1.7 illustrates the
behaviour of different material systems.

• Dilatant or shear thickening. ηapp increases with increasing ˙ γ , for example
quicksand, flocculated paints, and highly concentrated dispersions of starch.

• Plastic and viscoplastic. A certain level of shear stress (yield stress, σy) needs
to be applied before the substance will begin to flow. If a plot of shear stress
versus shear rate is a straight line once the yield value has been exceeded, the
type of flow is described as plastic. If the plot is a curve, then it is defined as
viscoplastic. Examples are toothpaste, ketchup, dispersion paints, and printing
inks.

• Thixotropic. The viscosity decreases with time under a constant deformation.
Shearing breaks down the structure and on removal of the shearing force the
viscosity will start to rebuild. The original structure recovers completely after a
sufficiently long time. The flow history of the system must be taken into
account. Examples are almost all dispersions, pastes, creams, and gels.
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At rest: higher
viscosity

At shear:
reduction
of the viscosity

Suspension with non-
spherical particles Polymer chains Emulsion Agglomerated particles

Figure 1.7 Shear thinning behaviour of four different material systems. The systems
illustrate distinct molecular phenomena in the flow direction: orientation of non-spherical
particles, extension of polymer chains, deformation of spherical emulsion droplets into
elliptic formed droplets, and breakdown of aggregates.

Figure 1.8 illustrates the different relationships between shear stress and shear rate
for Newtonian and non-Newtonian systems. For many shear thinning materials,
the linear part at higher shear rates of the ˙ γ −σ  relationship can be approximated
by the Bingham model21

σ = σB + ηpl ˙ γ (1.3)

where the slope, ηpl, is the plastic viscosity and intercept, σB, the Bingham yield
stress.

Figure 1.8 Newtonian and non-Newtonian flow behaviour of fluids.

Most materials, including inks, have a temperature-dependent flow behaviour. For
Newtonian liquids, the viscosity decrease on heating can be approximated by an
Arrhenius relationship21

η = CeD /T (1.4)
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where C  and D are constants of the liquid and T the temperature measured in
Kelvin. Because of the strong temperature dependence of viscosity, temperature
control is important in order to produce accurate and comparative results.

1.4.2 Oscillatory shear

To be able to study the properties of viscoelastic materials, a set of parameters that
continuously describes the behaviour from an elastic solid to a viscous liquid is
defined. Viscoelasticity can be investigated in oscillating measurements.21, 22 The
upper plate in Figure 1.4 is sinusoidally oscillated. The oscillation is transmitted
by the sample to be measured to the lower plate, on which the transmitted force or
movement can be measured. For an elastic substance, the shear stress varies in
phase with the deformation, while for a viscous liquid the shear stress is out-of-
phase with respect to the deformation, and the phase angle is 90°. For a
viscoelastic liquid the phase angle has an intermediate value, 0°�<�δ�<�90°, and its
elastic and viscous components can be expressed by the storage modulus G' (in-
phase) and loss modulus G'' (out-of-phase), respectively.

′ G = G0 cosδ
′ ′ G = G0 sinδ

tanδ = ′ ′ G ′ G 
(1.5-1.7)

G' [Pa] is a measure of how much deformation energy the liquid can store for each
deformation cycle, and G'' [Pa] how much energy that is irreversibly lost to the
environment. These values generally depend on the angular frequency ω [rad/s].
For an ideal solid, the storage modulus is G'  (ω ) = G 0 and the loss modulus
G''�(ω)�=�0, while for a Newtonian liquid G' (ω) = 0 and G'' (ω) = ηω. A sample is
predominantly elastic if G'�>�G'' and predominantly viscous if G''�>�G'. Other
parameters used to explain the viscoelastic behaviour of a liquid are then
magnitude of the complex modulus, G* [Pa], and the complex viscosity, η* [Pa s]

G* = ′ G ( )2 + ′ ′ G ( )2

η* = G* ω
(1.8-1.9)
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1.5 Surface tension and wetting processes

For water-based flexographic printing, the surface energy of the board relative to
the surface tension of the ink is very important. When the ink comes into contact
with the substrate, the strength of the forces acting between them will determine
what happens at the interface. Wetting occurs when the forces cause the ink to
spread and non-wetting when no or only partial spreading takes place. Besides the
wettability of the substrate surface, other properties such as transfer and adhesion
of the ink to the substrate are dependent on the surface energy of the substrate as
well as the surface tension of the ink.8, 10

1.5.1 Equilibrium and dynamic surface tension

In the bulk liquid a molecule senses the same attractive forces in all directions,
while for a molecule at the surface this attraction is missing in one direction. The
surface tension originates from this imbalance of the attractive forces on a
molecule at the surface. Another way of understanding the surface tension is that
close to the surface the molecules are more separated and therefore have a higher
energy. Moving a molecule from the bulk to the surface increases the internal
energy, i.e. work must be done to create a new surface. This work, W , is
proportional to the number of molecules transported to the surface and thus to the
area of the surface, resulting in

W = γ∆A (1.10)

where γ is the surface tension. γ  can either be viewed as the free energy per unit
area expressed in mJ/m2 or as a surface tension in units of dynes/cm or mN/m.20, 23,

24

Solutes can affect the surface tension of aqueous systems.23 Addition of organic,
water-soluble materials, for example ethanol or iso-propanol, normally lowers the
surface tension monotonicallly with increasing concentration due to a preferential
adsorption of the organic molecule at the liquid-air interface. Surfactants,
however, quickly reduce the surface tension at very low concentrations up to the
critical micelle concentration, CMC, due to a strong adsorption of the surfactant at
the liquid-air surface. At concentrations higher than CMC the surface tension is
practically constant since additional surfactants will form micelles.

Dynamic surface tension is the change in surface tension before equilibrium
conditions are obtained. The time for surface relaxation for a pure liquid is related
to the time it takes for the molecules to reach their equilibrium distribution. This
period is very short, characteristically of the order of milliseconds. For surfactant
and polymer solutions, however, the relaxation time is dominated by diffusion,
adsorption and desorption processes, generally resulting in much longer relaxation
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times.23, 25 Dynamic surface tension of water-based inks, which usually is much
higher than the equilibrium value, is of particular importance in printing processes.
In the high-speed presses equilibrium surface tension will never be attained and
hence characterisation of printing inks using equilibrium surface tension can be
misleading when describing dynamic press behaviour.

1.5.2 Spreading of liquids on solid surfaces

For a liquid drop to spread on a surface, there needs to be an energy gain. The
spreading is determined by the balance between adhesive forces between the liquid
and the solid and cohesive forces within the liquid. The adhesive forces promote
the drop to spread, while the cohesive forces work against it. The forces on the
liquid at the three-phase line (Figure 1.9) can be described using the Young
equation

γ sv = γ sl + γ lv cosθ (1.11)

where θ is the contact angle and the subscripts sv, sl and lv refer to the solid-
vapour, solid-liquid and liquid-vapour interface, respectively.24

The spreading coefficient, S, is used for predicting whether a liquid drop will
spontaneously spread on a solid surface, and is defined as24

S = γ sv − γ sl + γ lv( ) (1.12)

When S�≥�0 the spreading process will be spontaneous and result in a thin film,
while for S�<�0 the liquid will form a drop with contact angle θ. Changing one or
several of these surface energy components makes it possible to control the system
to attain the wetting properties desired for a given system.

Figure 1.9 Side-view of a liquid drop on a solid surface illustrating the contact angle and
the forces acting on the liquid at the three-phase contact line.
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1.5.3 Cohesion and adhesion

The work of cohesion and adhesion are useful concepts when studying the wetting
of a solid by a liquid20, 24, 26. The surface tension of a liquid is a reflection of its
cohesion energy. The cohesive forces in the liquid originate from the
intermolecular forces within the liquid. The work of cohesion, WC, is the work
required to pull apart a volume of unit cross-sectional area and is given by
WC = 2γ lv , where γlv is the surface tension of the liquid in contact with vapour.

The work of adhesion, WA, between a liquid and a solid surface is defined as the
reversible work required to separate the unit area of the interface, creating a unit of
solid-vapour surface area and a unit of liquid-vapour surface area. WA is expressed
by the Dupré equation

WA = γ sv + γ lv − γ sl (1.13)

which combined with Young’s (1.11) yields

WA = γ lv 1+ cosθ( ) (1.14)

1.5.4 Spreading dynamics

Since dynamic situations instead of equilibrium often are of interest in many
practical applications it is of great importance to study the moving three-phase
contact line. The dynamic contact angle generally differs from the equilibrium
value, with the difference usually being velocity-dependent.24 The dynamic contact
angle, θ, at a given velocity, v, is found to increase with increasing viscosity, η,
and decreasing surface tension, γlv. The viscous force, Fdrag, per unit length near the
three-phase line in Figure 1.9 (Equation 1.15)27, 28 can be seen as working against
spreading by slowing the rate at which equilibrium is approached.

Fdrag
unit length

~ Lη
dv
dz

≈ η
v

tanθ
=

η
tanθ

dr
dt

(1.15)

where L is the effective length of the zone near the drop margin in which the
viscous forces are significant, dv/dz the velocity gradient, and r the spreading
radius. The spreading force, Fspread, acting on the three-phase line in the direction
of spreading can be related by 24, 28

Fspread
unit length

~ γ lv cosθeq − cosθ( ) (1.16)
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where θeq is the equilibrium contact angle determined by the Young equation
(1.11). Combining the viscous drag (1.15) and the spreading force (1.16) the
balance between the forces can then be approximated as 28, 29

dr
dt

=
γ lv
η
tanθ cosθeq − cosθ( ) (1.17)

1.6 Printing substrates and surface treatment

Paperboard, commonly referred to as board, is a major raw material in packaging.
There is a wide variety of board types on the market, for example carton- and
containerboards. The structure, which can be single- or multi-ply, is determined by
its final application. In multi-ply board, different types of fibres can be used in
each ply, resulting in a strong and rigid board. A triplex board, for example,
consists of three plies of different fibres. Barrier coatings applied onto the board
give protection against undesirable effects caused by factors such as light, oxygen,
humidity, grease, or heat. Liquid packaging board, also called milk carton, is a
type of board that usually is coated with plastic to achieve barrier properties.1 This
plastic film is commonly low-density polyethylene, LDPE, which is the most
preferred polymer in the packaging industry because of its high specific modulus
and strength.30

Consideration of the substrate to be printed on is of fundamental importance to ink
formulation, particularly when it comes to non-absorbent substrates, such as
polyethylene, where the ink adhesion properties are crucial.5 When ink is printed
on an absorbent substrate, such as paper or board, the ink is absorbed into the
fibres as it dries and thereby obtains anchorage to the substrate surface. In contrast,
when ink is printed on a non-absorbent substrate, there is a greater problem
associated with ink adhesion. The degree of the problem depends on the
formulation of the ink and the surface characteristics of the substrate being
printed.6

The printability of polyethylene and other plastic surfaces is determined by their
molecular polarity with respect to that of the ink vehicle. The total surface free
energy of a non-polar or low polarity substrate is low and consists mainly of the
dispersive component (see Equation 3.3 on p. 22). In order to increase the polarity
of these surfaces and make them receptive to the more polar vehicle component of
water-based inks, they require surface treatment. Among the methods used in
industry to alter the surface energy of a printing substrate, corona discharge
treatment in air is one of the most widely used methods.30 Ideally, corona
treatment should be carried out in-line or shortly before printing. Corona treating
uses high-energy electrical discharges to oxidize the surface of the printing side of
the substrate and thereby introduces various polar oxygen-based functionalities
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(hydroxyl groups, ether, ketone, carboxylic acid, etc.), providing sites for adhesion
of inks. As a consequence of corona treatment, the polar part of the surface free
energy increases while the dispersive part changes only slightly. Thus, the total
surface free energy increases and improved adhesion and wetting properties that
are vital to ensure satisfactory printability are achieved. In addition, corona
treatment can crosslink surface regions and increase the film cohesive strength.8, 30-

33

Corona treatment can also lead to physical changes in the polymer surface in
forms of micropits and surface roughness.33, 34 Caution should be used in corona
treating in order not to overtreat the film as this can damage or distort the surface
of the substrate. Another effect of corona treatment is that surface contaminants,
such as plasticizers that have leached to the surface, can be removed.1

As a result of corona treatment, the drying speed may be improved. When the
corona treatment of a film is high, the rate of flow-out can be more rapid, leading
to a thinner layer of ink-film, which can dry faster.18 Corona treatment, however, is
reversible.18, 31 The increase in surface energy that is induced on the plastic surface
begins to decay immediately after the treatment. This decay is most rapid in the
beginning and levels out as time passes depending on start level, type of polymer
surface, and humidity.
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2 Materials

The liquid packaging board used in this study was a LDPE extrusion-coated
triplex board supplied by Stora Enso. LDPE was coated to a weight of 14 g/m2 and
26�g/m2 on the top and back sides, respectively. All experiments were performed
on the glossier top side. The wetting studies of the board were performed on both
its as-received state (referred to as “untreated”) and after corona treatment (see
below). For the printing trials, the board was not corona treated prior to printing,
in order to ease ink removal for determination of transferred ink amount (see
below). Corona treatment is expected to affect the dry-state ink adhesion more
than the wet-state ink transfer, and adhesion properties of the prints were not
evaluated in this study.

The inks used were water-based flexographic inks prepared by mixing one of two
different pigment dispersions with one of three different vehicles, all of which are
commercial products supplied by Sun Chemical. In particular, the cyan and black
inks correspond to the pigment dispersions Flexiverse Blue 15:3 and Flexiverse
Black 7, containing the pigments copper phtalocyanine and carbon black,
respectively. The three vehicles used were Scanbrite, Aquaboard and Aquaten.
These vehicles are all based on alkaline blends of styrene-acrylate polymers, with
the distinction that the polymers in Aquaten are all in the form of emulsion
polymers, while Scanbrite contains a combination of emulsion and soluble
polymer components. Aquaboard is a 50/50 mixture of Scanbrite and Aquaten.
Each of the six different combinations of pigment dispersion and vehicle types
was combined in seven weight fractions of pigment dispersion, namely 0 (pure
vehicle), 5, 20, 35, 50, 60, and 100% (pure pigment dispersion). The abbreviations
and solids contents for the pigments and vehicles are shown in Table 2.1

Table 2.1 Abbreviations and solids contents for the pigment dispersions and vehicles used
in the study.

Component Abbrevation Solids contents (wt %)
Flexiverse blue 15:3 (cyan) C 48

Flexiverse black 7 (carbon black) K 46
Scanbrite S 43

Aquaboard SA 41.5
Aquaten A 40
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3 Experimental techniques

3.1 Shear rheology measurements

Shear rheometers are divided into two main groups: drag flows, in which shear is
generated between a moving and a fixed solid surface, and pressure-driven flows,
in which shear is generated by a pressure difference over a closed channel35. The
most common geometries of the drag flow rheometer are sliding plates, concentric
cylinders, cone and plate, and parallel disks. The concentric cylinder used in the
study works according to the Searle principle, rotating measuring bob and
stationary measuring cup, Figure 3.1 The test mode used in the drag flow
rheometer is either controlled strain with stress measurement or controlled stress
with strain measurement, the former being used in the study.

Figure 3.1 A concentric cylinder geometry working according to Searle’s principle was
used for the rheological measurements presented in Paper I.

The rotational rheometer used in this study was a Physica UDS 200 rheometer.
With steady shear measurements the dependence of the viscosity and the shear
stress on the shear rate was obtained for the inks. Since materials generally are
shear history dependent, a fixed pre-shearing followed by zero shear was applied
to guarantee that the samples were treated in the same manner before the actual
steady shear measurement. The shear rate was subsequently increased stepwise in
the range 1-1200 s-1 with a duration of 15 s/step, then decreased following the
same steps. The hysteresis area between the up and down flow curves shows the
amount of thixotropic behaviour of the ink.
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Oscillatory shear measurements were performed using the controlled strain mode
and the storage and loss moduli were obtained with strain (or amplitude) sweeps
of 0.1-100% at a constant frequency of 1 Hz with a measurement point duration of
20�s. These measurements were performed without pre-shearing in order to study
undisturbed samples at low deformations. The amplitude sweeps are chosen to
determine the linear viscoelastic (LVE) range of the sample, i.e. where the low
deformation is such that the structure of the sample remains undestroyed and
stable. Crossover between G' and G'' at higher deformation reveals a change from
solid-like to liquid-like behaviour.

3.2 Surface tension measurements

3.2.1 Ring tensiometry

The static surface tension measurements presented in Paper I was measured using
a Sigma 70 Tensiometer equipped with a platinum/iridium du Noüy ring. The
measurement of surface tension using this technique is based on force
measurements of the interaction of the ring with the surface being tested. The
forces depend on the size and shape of the ring, the contact angle of the liquid-ring
interaction and the surface tension of the liquid. The size and shape of the ring are
controlled and the use of the high surface energy platinum/iridium ring insures
complete wetting, i.e. the contact angle is controlled to be zero. The ring is hung
on a microbalance and submerged below the surface of the liquid. Thereafter, the
ring is moved upwards, forming a raising meniscus of the liquid. Eventually, the
meniscus breaks and the ring detaches from the liquid. The force exerted on the
ring reaches a maximum value F prior to the breakdown of the meniscus and the
calculation of surface tension is based on the measurement of this maximum force.
The surface tension is determined using the relation

γ =
F
4πR

(3.1)

where R  is the radius of the ring. However, this equation is mathematically
corrected36 by the instrument software in order to compensate for an additional
volume of liquid, which is raised due to the proximity of one side of the ring to the
other.

3.2.2 The maximum bubble pressure method

Dynamic surface tension at short adsorption times is mostly measured using the
maximum bubble pressure method. The method measures dynamic surface tension
in the time interval from 1 ms to a few seconds. In this study, a BP2 Bubble
Pressure Tensiometer (Krüss) with a hydrophobised glass capillary was used to
measure the dynamic surface tension of inks. In this instrument, air passes through
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a narrow capillary into the test liquid, sequentially forming bubbles in the liquid.
When forming an air bubble at the capillary outlet, the bubble curvature, and thus
the capillary pressure ∆P, passes through a maximum. In absence of gravity when
the interface is spherical, this maximum curvature equals 1/rcap. The surface
tension value is then calculated via the Laplace equation

γ =
rcap
2

∆P =
rcap
2

Pmax − PH − Pd( ) (3.2)

where rcap is the radius of the capillary, Pmax the excess maximum pressure in the
system, PH the hydrostatic liquid pressure at height h, and Pd the excess pressure
arising between the measuring system and the bubble due to dynamic effects. The
minimum value in pressure occurs when the bubble bursts and a fresh bubble
begins to form. The time interval from the start of bubble formation up to the
moment when the bubble has the same radius r as the capillary is called the
surface lifetime, tl, and the time from this state until the bubble detaches is the
dead time, td. Thus, the sum of these two corresponds to the bubble lifetime, tb.
The surface tension as a function of time is measured by changing the lifetime of
the bubbles by varying the airflow rate.

3.3 Wetting and spreading measurements

3.3.1 Dynamic Absorption Tester (DAT)

Spreading dynamics of ink on the PE-board substrate were studied by depositing
drops, and acquiring and analysing their side images, using the DAT 1122
instrument (Figure 3.2). The ink is automatically pumped out from a syringe and
the droplet (approximately 4 µl), formed on the tip of a Teflon tubing, is contacted
with the board below. The time from board contact (t�=�0) to release of the drop
from the tubing varied between 0.02-0.3 s for the different inks. A video camera is
directed in the board cross direction, i.e. measuring spreading along its machine
direction, and takes up to 50 images per second. After measurement, the images
are analysed to provide the time evolution of drop contact angle, base diameter
and volume. To reduce effect of variations in ejected drop size, the drop volume
and diameter for each sample were converted to normalised forms. The initial
volume, V0, is taken as the mean of the measured volume values up to t = 1 s, with
the measured volume, V , then normalised as V/V0. The measured drop base
diameter, d, is divided by the diameter of the sphere corresponding to this initial
volume, giving the normalised diameter d/(6V0/π)1/3.
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Figure 3.2 Side image of a sample drop deposited from the Teflon tubing onto the
substrate surface.

All calculations are made on the two-dimensional images captured from the video
camera under the assumption that the drop is symmetrical around its vertical axis.
However, the drop spreading in the machine direction of a substrate may differ
compared to the cross direction, resulting in elliptical contact areas and different
contact angles. Hence, it is important to position the substrate in the same
direction for all measurements.

The technique most commonly used for determining the surface free energy of
solids is the measurement of contact angles on the solid surface using test liquids
with known surface energy characteristics. Both treated and untreated PE were
characterised for surface energy and polarity by the use of the DAT instrument to
measure contact angles of water and methylene iodide (Table 3.1). The surface
energy of the solid is calculated using the obtained contact angles and the surface
tensions of the liquids. This calculation can be based on different theories and has
been debated extensively in the literature 26, 37-40.

The present study has employed the method originally proposed by Fowkes that
approximates all forces to be either dispersive or polar. The total surface free
energy, γ tot, is then divided into a London dispersive component and a polar
component

γ tot = γ d + γ p (3.3)

where γd is the London attraction of the van der Waals force and γp the sum of all
non-dispersive intermolecular interactions present in a given phase30. Using this
approach, the work of adhesion can be written as

WA = 2 γ s
d ⋅ γ l

d + 2 γ s
p ⋅ γ l

p (3.4)
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where γ s
d  and γ l

d  are the dispersive parts of the surface energies of the solid and
liquid, and γ s

p  and γ l
p  are the polar parts of the surface energies of the solid and

liquid.

Substituting equation (3.4) into (1.14) yields

γ l 1+ cosθ( ) = 2 γ s
d ⋅ γ l

d + 2 γ s
p ⋅ γ l

p (3.5)

which is the equation used for calculating the polar and dispersive components of
the board. Low-energy surfaces interact with liquids primarily through dispersion
forces.

Table 3.1 Surface tension parameters of contact angle test liquids.
Liquid γtot (mJ/m2) γd (mJ/m2) γp (mJ/m2)
Water 72.8 21.8 51.0

Methylene iodide 50.8 50.8 -

3.3.2 Wetting between capillaries

As a complement to the above standard technique of ink drop spreading,
experiments were also performed using a modified set-up to increase the extent of
spreading, and thus the attainment of a thinner film, and to examine the effect of
heterogeneities in substrate surface energy. In this set-up a pair of plasma-cleaned
glass rods (0.7 mm in diameter) were mounted flush with the surface of the PE-
board (both untreated and corona treated), in parallel with a separation of 1.0 mm
(Figure 3.3). Using a pipette, ink drops were applied to the region between the
rods. The ink spreading thus occurs as a meniscus bridging the rods and contacting
the board, driven by the two ink fingers penetrating along the gap between the rod
underside and the board. The final length of penetration of the inner meniscus as
well as the outer fingers was measured.
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Figure 3.3 Ink spreading between glass rods mounted flush on PE-coated board for
different ink formulations.

3.4 Surface topography

3.4.1 White-light profilometry

One of the most important factors affecting print quality is the surface structure of
the substrate, generally referred to as surface topography. In this study, the
topography of the PE-coated board was imaged and quantified using a Zygo
NewView 5010 optical profilometer, which is a non-contact instrument based on
white-light interference. The measurement principle is based on an incoming light
beam that is split, one beam going to an internal reference surface and the other
one illuminating the sample. The reflected parts are recombined in the interference
lens to give an image of the sample as an interference pattern of lighter and darker
fringes. The lens is scanned along the height direction, z, generating a three-
dimensional interferogram of the surface. The software calculates a quantitative
topographic image of the surface and different parameters describing the surface
are obtained. The root mean square (r.m.s.) parameter, Sq, gives a statistical value
of the surface roughness. Using equation (3.6), the r.m.s. roughness for a two-
dimensional area (x, y) with m×n height values is calculated,

Sq =
1
mn

z x,y( )2
y=1

n

∑
x=1

m

∑ (3.6)

By stitching together images from single measurements, a larger continuous image
area can be obtained. This effectively increases the field of view without
compromising lateral or vertical resolution.
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3.5 Surface treatment

3.5.1 Corona discharge treatment

LDPE has low surface energy, approximately 31�mJ/m2, and hence will not
support adhesion of water-based inks. Using corona discharge treatment the
normally desired energy level of 40-42�mJ/m2 for satisfactory adhesion can be
obtained.

Corona treatment was performed on board sheets mounted on a rotating drum in a
CP-LAB equipment from Vetaphone, at an applied power of 2000�W and a drum
surface speed of 10�m/min, giving an output of 500�W�min/m2. This corona
treatment level, substantially higher than the one typically used commercially for
PE-coated liquid packaging board for flexographic printing, was chosen to
maximise the difference between untreated and treated states. The surface energies
achieved were determined using the method described in 3.3.1.

3.6 Printing trials and print evaluation

The laboratory prints presented in Paper II were printed using a web-fed
Saueressig Flexo Proofer 100/300 equipped with a 45° anilox roller graduated in
eight segments (bands 1-8) with cell volumes from 4.16 to 13.25�cm3/m2 at screen
ruling from 48 to 140�lines/cm. The impression cylinder is fixed, and the anilox
roller and plate cylinder are brought into contact pneumatically. The ink is held in
a pond behind the doctor blade. Once the ink is poured, the press is started. A
fulltone printing plate, with circumference 315 mm and width 260 mm, was used
and the printing speed (20 m/min), nip loads and hot-air drying setting were kept
constant during all printing trials. The press was run for approximately 15 seconds
per trial, and to ensure that the anilox cells had been sufficiently filled with ink all
analyses were performed on the last part of the printed material.

The gloss of the printed surfaces was measured with a ZGM 1022 Glossmeter
using an incident angle of 75° to the normal of the substrate. The reflected light
from the sample at the corresponding angle is recorded and the gloss is obtained
from the ratio I/I0, where I  is the measured reflected light intensity and I0 the
reflected light intensity measured on a black standard glass surface.

Optical print density, DP, is a measure of the light-absorbing spectral properties of
a printed substrate and is measured using a reflection densitometer. DP is defined
in terms of the reflectance factor, R, which is the ratio of the reflectivity of the
unprinted substrate to the reflectivity of the printed substrate (Equation 3.7).8 A
higher density value indicates a darker surface or that more light is absorbed. With
increasing ink-film thickness, the DP-value increases and the print density can
therefore be used as a rough value of the ink amount on the substrate. When the
ink-film thickness approaches a certain point, however, the density level reaches a
plateau and there is no further increase in density. The densitometer used was an
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Atlantis Vipdens 1000 P densitometer. The sample is illuminated from above, i.e.
at 90° to the sample surface, and detected at 45° to the surface. This eliminates
gloss reflections and only the diffuse reflections are seen by the detector.

DP = log 1
R

(3.7)

A quantitative approach to study ink transfer in flexography for impervious
substrates is to use a gravimetrical method. In this study, the dry ink amount in
g/m2 transferred to the printed PE-board was gravimetrically determined by
immersing a piece of the printed sample (5×2 mm) in a beaker with acetone,
scraping off the softened ink-film and then evaporating the acetone before
weighing the amount of dried ink removed from the sample. Three printed bands,
numbered 1, 4 and 7, and corresponding to anilox cell volumes of 4.16, 7.01 and
11.71�cm3/m2, were chosen for each of the 30 inks. The corresponding wet ink
amount was calculated using the known solids content of the ink.
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4 Summary of key results and discussion

4.1 Rheological properties and surface characteristics

Paper I presents a characterisation of rheological properties and surface tension of
water-based inks. These characteristics describe the bulk and surface properties of
the ink, which are important inputs to determining the behaviour of the ink on the
press and the final quality of the printed product. Steady shear measurements of
the inks show a shear thinning behaviour with increasing apparent viscosity at a
given shear rate from vehicle A to SA to S (at fixed pigment type and amount).
The higher viscosity of vehicle S is due to the stronger and more long-ranged
interactions between solution polymers compared to emulsion polymers.
Comparing the apparent viscosity of cyan and black inks containing the same
vehicle type and amount, higher values are displayed for cyan inks, which most
likely is a result of the more pronounced non-spherical form of the cyan pigment.
All inks show some thixotropy, the degree being dependent on vehicle type as well
as pigment used in the ink. The combined viscosity curves in the left graph of
Figure 4.1 illustrate an excellent overlap between complex viscosity obtained from
oscillatory measurements and viscosity from rotational shear measurements. This
extends the practical measuring range for these inks down to lower shear rates,
which is relevant to ink levelling.41 At these low shear rates, the ink behaves more
like a Newtonian fluid, i.e. the viscosity dependence on shear rate diminishes.
Applying the Bingham model (Equation 1.3) for the upper linear part of the curves
of shear stress σ versus shear rate ˙ γ  for all inks gives their plastic viscosity and
yield stress values. The right graph of Figure 4.1 illustrates the dissimilarity in
behaviour of plastic viscosity with increasing content of cyan pigment dispersion
for the different vehicles. Substituting the emulsion-polymer vehicle A for
pigment dispersion increases the plastic viscosity, while the vehicle S containing
solution polymer reveals the opposite behaviour. The black inks have a plastic
viscosity of the same magnitude as the cyan inks and show similar dependence on
increasing pigment content, at least within the range up to 60% pigment dispersion
relevant to commercial printing inks. The yield stress values obtained for all inks
increase approximately exponentially with content of pigment dispersion.
However, the values are substantially higher for cyan than for black, revealing that
a higher force is necessary to initiate shear flow for the cyan inks.
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Figure 4.1 (Left) Combined plot of complex viscosity from oscillatory strain sweeps
(filled symbols) and shear viscosity from rotational steady shear measurements (unfilled
symbols), as function of shear rate, for cyan inks comprising 35/65 mixtures with the three
different vehicles and (right) the plastic viscosity of cyan inks as function of increasing
content of pigment dispersion. For plastic viscosity the solid lines are fits in the regime
from 0 to 60% pigment dispersion.

The dynamic surface tension is a more relevant characteristic of ink performance
on-press than its final equilibrium (static) value.42-44 However, experimental
methods to measure short-time dynamic surface tension, such as the maximum
bubble pressure technique, have often proved troublesome for real, undiluted inks,
owing to their relatively high viscosity and tendency to foam. In this study, the
dynamic surface tension of inks was measured without dilution using a glass
capillary with wider diameter than standard, resulting in reproducible
measurements. The fast decrease in surface tension at short times for the 35/65 ink
with cyan pigment dispersion and vehicle S is demonstrated in Figure 4.2 (at left).
At time zero, i.e. at the instant a new surface of the ink is created, the surface
tension has the value of pure water and as the relaxation processes proceed, the
surface tension approaches its equilibrium value. However, analysing the full
matrix of inks with the maximum bubble pressure technique proved to be too time
consuming, and the static surface tension was measured instead. Comparisons of
the static surface tension of cyan as well as black inks show increasing values
from vehicle S to SA to A, as well with increasing pigment content. The complex
formulation of the vehicles makes it difficult to explain the lowest surface tension
with vehicle S. However, a likely key factor is the greater quantities of low
surface-tension alcohols and their substitutes contained in this vehicle compared to
A.
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Figure 4.2 (Left) Dynamic surface tension of ink containing cyan pigment dispersion with
vehicle S (proportion 35/65) and (right) static surface tension of the full series of inks with
the three vehicles as function of cyan pigment dispersion content.

Figure 4.3 provides a representative interferometric profilometry image of the
topography of the PE-coated board in its untreated state. The plastic film follows
the unevenness of the board it is coated on, resulting in a surface containing peaks
and valleys on millimetre lateral length scales. There are also several sharper high
and low points, sometimes even exceeding the vertical scale limits used in the
image. These are presumable caused by incomplete coverage of board surface
fibres, the polymer sinking into board pores, and pinholes from on-line corona
treatment. The scratches running parallel in the image, in the machine direction of
the board, are defects from the chill rollers in the extruder. The surface free energy
of the PE-board as delivered was 35.7 mJ/m2, of which the dispersive component
was 34.5 mJ/m2 and the polar component 1.2 mJ/m2. In the wetting studies, the
PE-board was also used in its corona treated state, and its surface energy values at
the time of the spreading measurements were 50.5, 37.1 and 13.4 mJ/m2 for the
total, dispersive and polar part, respectively. The polar and total surface energies
after treatment are notably higher that the levels recommended for PE-board in
industrial processes, confirming that the corona power used was very high and
intended to serve as an upper bound on reality.
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Figure 4.3 Two-dimensional height map of the untreated PE-coated board, over an area of
2.71 x 2.48 mm, obtained using interferometric profilometry.

4.2 Spreading of ink drops on PE-coated board

Dynamic spreading of ink drops on the PE-coated board show distinct differences
between the board in its untreated and treated state, and the ink formulation.
During spreading, the drops maintain the form of a spherical cap, therefore the
contact angle and normalised diameter are simply related geometrically at all times
and contain the same information. The extent of spreading increases from vehicle
S to SA to A on untreated as well as treated board, the difference between the
vehicles being accentuated on treated board. At very short times the curves for
each vehicle are independent of substrate treatment since the spreading is due to
the kinetic energy of drop impact and thus dictated solely by the viscoelastic
properties of the ink. After these times the higher energy of the treated substrate
takes effect, giving a greater and longer-lasting spreading for all inks.

The equilibrium contact angles from the spreading measurements of cyan ink
drops are shown in Figure 4.4. The trends in the contact angles for the different
inks do not directly follow the corresponding static surface tension, γlv, in Figure
4.2. This is due to the fact that these changes in ink formulation also affect the ink-
board surface energy, γ sl, with the combination of these two forces then
determining the equilibrium contact angle, θ eq, via Young’s equation,
γsl�=�γsv�−�γlv�cosθeq. This ink-board surface energy, using board surface energy
values, γsv, given above, increases from vehicle A to SA to S (i.e. the reverse of the
hierarchy for surface tension), has almost no dependence on cyan pigment
concentration, and increases on corona treatment. Thus, contact angle for cyan
increases with pigment concentration due to increase in ink surface tension (no
effect on ink-board energy), increases from vehicle A to SA to S since this
increase in ink-board energy beats the opposing trend in ink surface tension, and
decreases on corona treatment since increase in board energy exceeds increase in
ink-board energy.
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Figure 4.4 Equilibrium contact angles of cyan ink drops on untreated (UT) and corona
treated (T) PE-board.

The ink drop spreading dynamics are quantitatively investigated using Equation
(1.17). The validity of this equation was tested by plotting dd/dt, where d is the
spreading diameter, versus tanθ�(cosθeq�−�cosθ), both known as function of time
from the drop spreading measurements, with linear proportionality between them
then verifying (or disproving) the form of this equation. As seen in Figure 4.5
there is not a purely linear dependence of cyan ink drop spreading on untreated
board, while spreading on treated board shows extremely good correlation. For
spreading on untreated board the simple two-parameter description is not
sufficient, with the dynamics apparently undergoing a transition from
intermediate- to long-time behaviour. The reason for this effect is not known,
although the fact that it strengthens with decreasing content of solution polymer
(i.e. vehicle S to SA to A) suggests that surface drying may become significant
during the longer times of spreading on the untreated board.
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Figure 4.5 Drop spreading results replotted to compare the left and right hand sides of
Equation (1.17), for 35% cyan pigment dispersion with the three vehicles on (left)
untreated and (right) treated PE-board.

Consequently the spreading dynamic on treated board can be summarised by its
equilibrium contact angle (Figure 4.4) and the gradients of the plots of Equation
(1.17), i.e. effective coefficient γlv/η. Figure 4.6 displays the values of this gradient
for all cyan ink drops. The gradient decreases with increasing pigment content and
at a fixed pigment amount the hierarchy of decrease is from A to SA to S vehicle,
matching the trend in increasing contact angle on the treated board in Figure 4.4.
This reveals that both the final extent of spreading and rate of attainment of it
decrease for this sequence of vehicles. The trend in decreasing gradient for the
vehicles match those of decreasing surface tension and increasing viscosity (from
A to SA to S), motivating the identification of this with the ratio γlv/η in Equation
(1.17).
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Figure 4.6 Gradient parameter from drop spreading measurements on treated PE-board
using eq. (1.17), as function of increasing content of cyan pigment dispersion with the
different vehicles.

A quantitative comparison of this gradient, i.e. γlv/η, which is based only on results
from contact angle measurements, correlate well with the ratio obtained from
independent measurement of static surface tension and viscosity at steady shear of
1�s-1. However, although a reasonably strong correlation exists between these two
quantities, the effective value is between one and two orders of magnitude smaller.
This is explained by the complexity of spreading where, for example, the
associated friction between the interfaces is neglected in Equation (1.17) and the
actual shear rate corresponding to spreading is unknown.45

On untreated as well as treated board, the order of increasing extent and rate of
spreading is from S to SA to A, implying a better flow with decreasing content of
solution polymer in the ink. This is in conflict with the common observation,
confirmed in Paper II, that increase in solution polymer improves the uniformity
of fulltone prints. The explanation is that these same factors which increase
wetting of inks applied non-uniformly, e.g. as a halftone point, can also serve to
increase the dewetting of uniformly applied ink films. In particular, low viscosity
enables the ink to redistribute in response to the local energetic drive, now given
by the receding rather than advancing contact angle.
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4.3 Print quality evaluation

In Paper II, the results from printing trials using the untreated PE-board with each
ink in the formulation matrix are evaluated with respect to transferred ink amount,
print density, print uniformity, and print gloss. The gravimetrically determined dry
amounts of cyan inks for three of the printed bands (corresponding to anilox
volumes 4.16, 7.01 and 11.71�cm3/m2) are shown in Figure 4.7 (to the left). An
increase in dry ink amount with increasing anilox volume and content of pigment
dispersion is displayed for all inks, with vehicle SA consistently giving the highest
transferred ink amounts.

Subjective visual assessment of the fulltone prints shows that most exhibit varying
degree of ink mottle. The uniformity of the cyan prints decrease (i.e. worsens)
from vehicle S to SA to A, and also with increasing proportion of pigment and
increasing anilox volume. Increase in anilox volume first leads to a short-scale
(sub-millimetre) random mottling pattern, which then transforms to a larger-scale
unevenness in the print direction for the higher anilox volumes.

The print density for all samples increases with content of pigment dispersion and
anilox volume, and reaches its plateau value at lower pigment contents for higher
bands, as was expected. In Figure 4.7 (to the right) these trends are displayed for
cyan prints corresponding to anilox volumes 4.16, 7.01 and 11.71�cm3/m2. At the
lowest band, the print density at fixed pigment content increases from vehicle A to
SA to S, reflecting the subjective assessment of print uniformity but not the
hierarchy in dry ink amount seen to the left in Figure 4.7, where SA gives the
highest amount. This suggests that print distribution, rather than average ink
weight, is the more important parameter for print density. For the higher bands, the
differences in print density between the vehicles diminishes, partly due to the
reduced sensitivity on approaching density saturation and also possibly reflecting a
competition between these different effects.
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Figure 4.7 Effect of increasing content of pigment dispersion on dry ink amount on the
printed board (left) and on print density (right) for cyan inks with the three vehicles. Black,
white and grey markers correspond to anilox volumes 4.16, 7.01 and 11.71�cm3/m2,
respectively.

The relation between print density and dry ink amount for 20/80 mixtures of cyan
pigment dispersion and each vehicle is displayed in Figure 4.8. The vehicle SA
gives higher densities than A for all three bands, consistent with higher uniformity
and ink amounts as mentioned above. However, the trends in Figure 4.8 suggest
that vehicle SA is not effectively used since the high print density is obtained at
the cost of high ink amounts. Comparison of vehicle SA and S shows slightly
higher print density values for S, but again a less effective use of vehicle SA is
shown.
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Figure 4.8 Print density as function of dry ink amount for prints with cyan inks with the
three vehicles (proportion 20/80).
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Figure 4.9 displays the 75° gloss average for cyan inks containing each of the
three vehicles. The originally high gloss of the PE-coated board is decreased by
printing, and increasingly so with rising anilox volume. The hierarchy in
increasing gloss is from vehicle A to SA to S, reflecting their film forming
tendencies. The emulsion polymers in vehicle A coalesce during film formation
and the shrinkage involved roughens their surface. Substitution of this vehicle for
pigment thus increases gloss by reducing the shrinkage-induced microroughness.
The higher gloss values with the solution-polymer containing vehicle S are due to
its slower and less dramatic drying. With increasing content of pigment dispersion
in these inks, the gloss is first reduced before rising to approach the high gloss
level of the pure pigment nanoparticle cake.
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Figure 4.9 Effect of increasing content of pigment dispersion on gloss at 75° for cyan inks.
Black, white and grey markers correspond to anilox volumes 4.16, 7.01 and 11.71�cm3/m2,
respectively.



37

4.4 Influence of ink properties on print performance

All pigment dispersions and vehicles have similar solids contents, and the trends
in wet ink amount are therefore largely the same as for dry amounts. The
transferred wet ink amount is influenced by press speed and nip pressures, both
parameters kept constant during the trials, and is strongly dictated by the given
anilox volume. Ink rheology and surface tension are other factors having major
influence on the transferability. However, the phenomena governing ink behaviour
on the press are complex and laboratory measurements of rheology and surface
tension do not accurately mimic the dynamic situation on the running press.

In this work, correlation of wet ink amount with plastic viscosity and surface
tension (determined in Paper I) is displayed. As seen from the left graph in Figure
4.10 the static surface tension of cyan inks increases with pigment content for all
three vehicles, as does the wet ink amount, showing a correlation within each
vehicle family. However, the surface tension increases in the order from vehicle S
to SA to A, which does not match the hierarchy in wet ink amount, and thus the
correlation between these vehicle families cannot be fully explained by this
parameter alone. Replacing the static surface tension with its dynamic value at a,
for this printing press, relevant time may improve the correlation between
transferred amount and surface tension. The relation between wet ink amount and
plastic viscosity for all cyan inks is given in Figure 4.10 (right graph). The
parabolic form of the ink amount curves is explained by the trends seen in Figure
4.1 (right) and is consistent with the expectation of a maximum in transferred
amount due to viscosity aiding splitting transfer but hindering anilox cell
emptying.46, 47 It is, however, also clear that viscosity itself cannot alone explain
the trends, as evidenced by the significant spread in wet amounts for the vehicle
SA with only weak viscosity dependence. Note that comparison of wet ink amount
with the Bingham yield stress does not exhibit a clear relation, thus confirming the
expectation that drag force under shear, rather than force to initiate shear, is more
relevant to transferred amounts.
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Figure 4.10 Dependence of wet ink amount on static surface tension (left) and plastic
viscosity (right) of cyan inks. Black, white and grey markers correspond to anilox volumes
4.16, 7.01 and 11.71�cm3/m2, respectively.

Normalisation of the wet ink amount by the corresponding anilox volume,
compresses the correlation for each band in Figure 4.10 to single curves for plastic
viscosity and surface tension, respectively. Although rather scattered, second-
degree polynomial fits to these curves for normalised amounts capture the
parabolic dependence of plastic viscosity and the increase with surface tension.
Further improvements can be achieved by performing a two-dimensional fit of the
normalised amounts to the surface tension and viscosity, in order to include the
combined effects of these two parameters. The plot of the measured values, now
only considering the average of the wet ink amount per anilox volume for the three
bands, is provided in Figure 4.11, along with their two-dimensional quadratic
surface of best fit for all inks. The plot displays the expected behaviour of reduced
significance of surface tension at higher viscosity, and reduced importance of
viscosity at higher surface tension.
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Figure 4.11 Two-dimensional quadratic surface of best fit of the measured wet ink
amounts (normalised as in Fig. 9) to the measured static surface tension and viscosity
values, for all ink types and anilox volumes.
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5 Concluding remarks and proposal for future work

The study presented in this thesis demonstrates some fundamental characteristics
of water-based flexographic inks and their relationship with the properties of a PE-
coated liquid packaging board. The investigated flexographic inks represent shear
thinning fluids, forming thixotropic dynamic structures. The rheological behaviour
of inks composed of different resin systems clearly shows the distinct bulk
properties of these water-based inks. The differences are evident in low as well as
high shear rate regimes, both regimes being relevant when correlating ink
rheology with press performance. The fact that different pigments can give quite
different effect on the same vehicle system is also revealed from the rheology
measurements. The diverse behaviour of the inks depending on the choice of
vehicle and pigment is furthermore shown by the surface tension values of the inks
and the spreading of ink drops on treated and untreated PE-board. The solvents,
polymers, pigments, and additives present in the ink govern its properties and
complicate the interpretation of the rheology and surface tension measurements as
well as the spreading studies.

Since the complex nature of commercial inks makes it difficult to fully understand
and explain the results obtained, it would be interesting to study the properties and
performance of model inks. By producing a well-defined pigment dispersion and
letting it down in a vehicle composed of a reduced amount of ingredients, a better
control of the actual ink content would be achieved. After that, modifications of
the model ink formulation could be made, and the resulting effects of various
properties easier interpreted.

Significant differences in print performance were obtained with the different ink
formulations. The emulsion-polymer vehicle consistently gave the lowest print
density and uniformity, and print gloss. The highest values of these print quality
parameters were achieved with the vehicle containing highest content of soluble
polymers, while the 50/50 intermediate vehicle gave the highest ink amounts.
Gravimetric determination of the dry ink amount in the prints makes it possible to
calculate the corresponding wet amount transferred from the plate to the board. As
demonstrated in this study, both static surface tension and plastic viscosity
influence the wet ink amount. The combined effect of these ink properties on
transferred wet ink amount can be well fitted with a two-dimensional quadratic
surface without taking the type of ink used into consideration.

In the present study, visual assessment of the print quality in terms of print mottle
clearly shows differences in ink distribution between the inks. When comparing
cyan and black prints, one interesting difference is white speck-like defects
evident in the black prints, especially when printed with the vehicle containing
highest content of soluble polymer. Additional measurements of mottling and
uncovered print areas should be performed in order to obtain a quantitative



41

measure of these print defects and how these defects are correlated to print density
and ink surface tension and plastic viscosity.

Determination of the dispersive and polar parts of the surface tension of the inks
would be a complement to this study in order to better understand the reasons
underlying the differences in their interactions with the PE-board and print
performance. Bassemir and Krishnan47 discussed the importance of polarity
matching, and a comparison of the polar components of the inks used in this study
would be of interest. In this thesis, minor attention was devoted to the adhesion of
water-based inks to the polymer-coated board, and an investigation of polarity
would be particularly important when performing more detailed adhesion studies.

Printing with water-based inks on low-energy surfaces is often associated with
print defects caused by dewetting phenomena. The receding contact angles of ink
drops on the polymer-board relates to the dewetting of the surface by the drop.
Evaluation of receding contact angles for inks on untreated and corona treated PE-
board is an obvious continuation of this study.

The major importance of the resolubility of water-based inks on the press was
mentioned in the introduction of this thesis. However, simulating the real situation
on a press is difficult and no standard method for characterising ink resolubility
exists, rather different in-house techniques at ink manufacturers and suppliers are
utilised. Developing a method for studying resolubility properties of water-based
inks is a challenging task that would be interesting to investigate.
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