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Abstract 

This doctoral thesis comprises three studies dealing with water-based flexography 
on polymer-coated boards, which have been presented in the five papers included 
at the end of the thesis. The first study (covered in three papers) presents results 
from characterisation of a matrix of water-based inks with respect to their 
rheology, surface tension, wetting, and fulltone printing performance on PE-coated 
board. The commercial water-based inks used vary in type of pigment and acrylic 
vehicle, and in pigment/vehicle mixing proportions. For all mixing proportions, 
the inks were shear thinning, with viscosity increasing strongly with content of 
solution (versus emulsion) polymer in the vehicle. Increasing amount of solution 
polymer also gave the indirect consequence of lower surface tension values. The 
wet ink amount transferred to the board and the resulting print uniformity 
responded sensitively to ink formulation and could be correlated to the 
corresponding changes in these two ink properties. Transferred amount correlated 
well with ink plastic viscosity and static surface tension, exhibiting a maximum at 
intermediate values of both. Print mottle decreased with increasing content of 
solution polymer, principally due to the associated increase in low-shear viscosity 
and decreased surface tension, both serving to reduce substrate dewetting. 

In the second study, the effect of corona discharge treatment of PE-coated board 
on its surface chemistry and print resistance properties was evaluated. The 
increase in total surface energy, due to its polar component, with increasing corona 
level was strongly correlated to surface oxidation fraction from XPS. AFM 
revealed oxidised material nano-mounds, which increased in size and substrate 
coverage with corona level. Wet rub resistance (with water) first increased for 
lower corona dosages before decreasing at higher dosages. This worsened water 
resistance at higher dosages is presumably due to the oxidised material dissolved 
and dispersed in the ink film. 

The third study presents results from another set of water-based acrylic inks 
printed on boards coated with PE, OPP and PP. Print quality and resistance 
properties, though dependent on the polymer type, were strongly influenced by the 
choice of emulsion polymer and presence of silicone additive in the vehicle, with 
corona treatment level playing a lesser role. The emulsion polymer giving best 
resistance performance was generally found to give poorest press performance and 
visual appearance. Again the trends could be understood in terms of wet ink 
surface tension (versus substrate surface energy), dictating print uniformity, and 
dry print surface energy (and swellability), dictating resistance properties. 

 

 



iv 

Sammanfattning 

Denna avhandling omfattar tre studier avseende vattenbaserad flexografi på poly-
merbelagd kartong. Den sammanfattar resultaten i de fem artiklar som återfinns 
sist i avhandlingen. I den första studien, där tre av artiklarna ingår, har en serie 
vattenbaserade färger karakteriserats med avseende på reologi och ytspänning 
samt vätning av och tryckbarhet på PE-belagd kartong. De färger som använts har 
tillretts genom att i olika proportioner blanda en av två pigmentdispersioner, cyan 
eller svart, med en av tre akrylatbaserade fernissor. Färgegenskaperna varierar i 
olika grad beroende på fernissa och pigmentdispersion samt proportionen dem 
emellan. De reologiska mätningarna visar att färgerna har skjuvtunnande flytbete-
ende och att viskositeten ökar med andelen lösliga polymerer i förhållande till 
emulsionspolymerer i fernissan. Jämviktsytspänningen däremot minskar med 
ökande andel lösliga polymerer. Tryckresultaten visar att ändringarna i färgens 
sammansättning även har en signifikant inverkan på mängden färg som förs över 
till kartongen och på den slutliga tryckkvaliteten. Betydelsen av färgernas 
viskositet och ytspänning för mängden överförd våt färg har också studerats, och 
tydliga samband har erhållits mellan dessa parametrar. Flammigheten i trycken 
visade sig minska med tilltagande andel lösliga polymerer i färgen. Detta beror 
huvudsakligen på den därmed ökande viskositeten vid låga skjuvhastigheter samt 
avtagande ytspänning, vilka båda ger en minskad avvätning av substratet. 

I den andra studien har koronabehandlingens inverkan på PE-kartongens ytkemi 
samt tryckbarhet undersökts. Den erhållna ytenergin ökar med behandlingen och, 
som förväntat, är det energins polära komponent som står för ökningen. Analys 
med XPS visar att även ytoxideringen tilltar och ett tydligt samband mellan 
ökande ytenergi och ytoxidering har erhållits. AFM visar att oxiderat material 
bildas som små öar på ytan till följd av behandlingen. ”Öarnas” storlek samt ytan 
de täcker tilltar med koronadosen. Tryckens beständighet mot nötning (med 
vatten) ökar till en början med tilltagande koronados, men avtar efter en viss nivå. 
Försämringen vid högre doser beror förmodligen på att det oxiderade materialet 
löses upp i färgfilmen. 

Den tredje studien omfattar utvärderingar av vattenbaserat tryck på kartong belagd 
med PE, OPP respektive PP. Tryckens kvalitet och beständighetsegenskaper har 
analyserats och relaterats till val av emulsionspolymer i fernissan, med respektive 
utan silikontillsats, samt nivå av koronabehandling. Färgsammansättning och typ 
av polymerbeläggning på kartongen visade sig ha stark inverkan på tryckresultatet. 
Den emulsionspolymer som uppvisade bäst beständighet var i allmänhet den som 
gav de sämsta optiska egenskaperna. Trenderna i denna studie förklaras av 
skillnaden mellan substratets ytenergi och färgens ytspänning, som påverkar 
tryckets jämnhet, och tryckets ytenergi (och svällning), vilken styr de egenskaper 
som inverkar på tryckets beständighet. 
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1 Introduction 

Flexography, a progressing printing technology, is suitable for printing on coated 
and uncoated paper and board, non-porous substrates including metallised and 
paper foils, and plastic films, used especially in the packaging industry. It is an 
efficient and cost effective printing method, continuing to grow and improve in the 
quality of the printed work produced. Today, the quality of flexographic prints is 
at a level only dreamt of ten years ago. However, the high quality has also its 
price. Flexography has become more expensive and its competition with offset has 
become tougher over the years, regarding price versus print quality.1 

Water-based flexographic inks, which were introduced in the 1930s and achieved 
significant commercial breakthrough in paper and paperboard printing during the 
1950s and 1960s, are today used in almost all segments of flexographic printing. 
Regulatory factors, especially during the 1980s with its high emphasis on safety 
and environment, were an important driving force for further developments of 
water-based technology.2 This technology continues to advance at the expense of 
organic solvent-based inks and is now the dominating choice for absorbing 
substrates such as paper and paperboard.3 Water-based inks for printing on 
polyethylene (PE) and polypropylene (PP) films and other non-absorbing 
substrates have also begun to be introduced, following new developments in ink 
binder technology and formulation.3, 4 However, in these latter segments the 
attainment of an satisfactory balance between good on-press flexographic 
performance and print quality/resistance properties still remains a challenge in 
such applications where high demands are placed on both aspects. Radiation 
curing inks, such as UV- and EB-(electron beam) curables, are also used, with the 
former significantly increasing its market share. 

The work presented in this thesis analyses bulk and surface properties of 
flexographic water-based inks and their interactions with polymer-coated 
substrates. Differences in printing performance and print quality between the 
characterised inks is explored, for a range of real and model inks formulated with 
vehicles containing various styrene-acrylic resins, both in solution and emulsion 
forms, and including the effect of silicone additive. The main substrate used 
throughout the thesis is PE-coated board, although printability of PP-coated boards 
is also studied. The effect of corona discharge treatment of the polymer-coated 
boards on surface chemistry, print appearance and print resistance is also 
evaluated. Correlations obtained between the characterised ink and substrate 
properties and print performance provide a more systematic understanding of the 
different factors affecting flexographic printing, upon which future developments 
will build. 

This PhD 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 Fig. 1.1. Many 
variations of the basic flexo press exist, each developed for a specific purpose.5 
The transfer of ink to the substrate is one of the most important factors affecting 
the quality of the final printed result.6 The thin, highly fluid and rapid-drying inks 
in flexography require the use of an ink-metering anilox roller, which is engraved 
with a cell pattern (Fig. 1.2), 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 control the amount of ink retained 
in the anilox roller and therefore available to be transferred to the printing plate. 
The shape and volume of the cells are chosen to suit the anilox surface (chrome or 
ceramic), the doctoring system, the press capabilities, the printing substrate, the 
image type (solid or halftone) and the type of ink.5, 7 Advances in anilox 
technology have resulted in laser-engraved ceramic anilox rollers offering tougher 
and more long-wearing rollers with greatly improved ink-release characteristics 
compared to the conventional mechanically engraved chrome rollers.5, 8, 9  

The flexographic printing plate, or cliché, which is mounted on the printing 
cylinder, is made either of rubber or more commonly of a photopolymeric 
material. The plate thickness varies from 1.14 mm up to a few millimetres, and its 
hardness has a pronounced effect on the printing characteristics. Hardness is 
measured by using a Shore gauge, and photopolymer-plate materials are normally 
available in a range from 25 to 70 Shore A.10 The flexibility of the printing plate 
enables good quality printing even on rough substrates.11 The plates required for 
printing these materials have low Shore A values to provide sufficient flexibility to 
bottom the image and are also thicker to enable higher nip pressures to be 
applied.12 Flexography is a relief printing process, meaning that the image area on 
the printing plate is raised above the non-image area, see the right-hand picture in 
Fig. 1.2. The image area receives the ink, which is transferred to the print substrate 
when the latter 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 printing plate, and then between printing 
plate and substrate, must be carefully adjusted to give a uniform print with no 
areas of over-impression. The ink rheology must also 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.5, 13, 14 Flexographic presses are run at speeds up to 800 m/min, 
and presses able to print at 1000 m/min are now appearing on the market. The 
printing speed, however, also varies greatly depending on type of press and 
material being printed. Both sheet-fed and web presses are used in flexographic 
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printing. The most popular type of press is the central-impression/satellite press, 
where two to eight printing units are arranged around a single central impression 
cylinder. The other basic types of flexographic presses are stack and inline.14  

As flexography is a relief printing process, ink squash can be visible on the printed 
work. Ink squash is a ‘halo’ normally visible all around the edges of 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 it being squeezed to the 
edges of the printed image surface and producing the ‘halo’.13 

The range of materials for different end applications printed by flexography is 
extensive. Flexography is the predominant method of printing in the packaging 
industry but is also expanding in other segments.5 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.2 

 

 

Figure 1.1 Schematic illustration of a flexographic printing press unit equipped with a 
chambered doctor blade ink-metering system. 

 

   

Figure 1.2 Anilox cylinder showing an enlarged view of the small cells crucial to 
controlled and uniform metering of the ink (left) and a printing plate illustrating relief 
printing (right). 
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1.2 Printability and print evaluation 

A large number of tests are used for evaluating end-use print properties. These can 
be divided into tests of the durability of the ink film and of its appearance.2 Some 
of the more common properties that are tested are described in the following 
section, and also in section 3.6. 

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 with inks and printing press. 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, 12 

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, as well as substrate optical properties. The wet 
film thickness varies in different applications and is mainly determined by the ink-
metering system.2 In multicolour printing, each colour must be printed in close 
positional relationship, called register, to the other colours. Misregister can be 
caused by various effects, e.g. faulty machine settings, defective or wrongly 
mounted printing plates, or substrate expansion.13 The hue, chroma and lightness 
of colour prints are measured using a spectrophotometer. Visual assessment 
together with objective colour measurement is performed to ensure consistency 
and acceptability to a standard.2  

When a print is described as mottled, 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 potential cause of print mottle. 
If the ink has poor flow properties, it may not flow out properly after being 
transferred to the substrate, thereby resulting in mottle.13 At a normal viewing 
distance, observers are most sensitive to mottle in the wavelength range 1-8 mm.15 

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 ink and substrate will result in reduced 
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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.9, 12 

The print must exhibit sufficient adhesion to the substrate, especially critical in 
packaging applications, and a number of tests are used for assessing this.2, 13 All 
tests are examples of physical conditions that the printed product may be subjected 
to. Ink adhesion is commonly measured in tape tests, performed in order to 
compare the ink-to-substrate bond to the bond of the adhesive between tape and 
ink surface. The tape and substrate are examined for evidence of adhesion failure. 
When waxes and/or silicone additives are present in the ink, the adhesion of the 
tape to these low-energy materials is measured, giving the apparent adhesion 
instead of the true adhesion obtained when these additives are excluded.  

An ink rub tester evaluates the rubbing or scuffing resistance of printed or coated 
surfaces by simulating abrasion damage typical in the field. Abrasion resistance is 
a desirable and sometimes critical property of printed material (again especially 
for packaging) as damage can occur during shipment, storage, handling and end-
use.2 A material with a low abrasion resistance may suffer a significant decrease in 
product appearance and readability of printed information. Water resistance, i.e. 
resistance to ink bleeding or removal when exposed to water, is especially 
important for water-based inks. If the amine in the water-based flexographic ink is 
not fully removed through drying, the printed product may resolubilise in contact 
with water. Generally, both optimum rub and water resistance develops with time 
when water-based inks are printed. 

Block resistance is the ability of a printed surface to separate from an adjacent 
surface without sticking or disturbing. Blocking can be caused by too slow ink 
drying, but is normally due to too much plasticizer in the ink.2, 13 Wet wrinkle 
resistance is an ink property essential for materials such as printed polyethylene 
carrier bags, bags for cement or fertiliser packaging. These bags are often exposed 
to weather influences during external exposure. Images on plastic packages often 
come in contact with various chemicals and resistance of the ink film against a 
wide range of chemicals is required in several applications. Scratch, heat and fade 
resistance, lamination adhesion, coefficient of friction and absence of odour are 
other properties often required of the printed material.2 

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. Formulation 
of 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 
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with each other as well as with the environment.9, 13 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.16, 17  

Flexographic inks can be 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 thesis, solely 
water-based inks are considered. Typical water-based flexographic formulations 
for printing on non-absorbing and absorbing substrates are shown in Table 1.1.  

 
Table 1.1 Typical water-based flexographic formulations.2 

Ingredient For non-absorbing 
substrate (wt%) 

For absorbing 
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 

Total 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 colorant 
is to provide the image contrast on the substrate and aid desirable properties such 
as light resistance and gloss. Colorants are obtained from both natural and 
synthetic sources and can be either organic or inorganic compounds, with the 
former category predominating. In contrast to dyes, pigments are insoluble in the 
ink vehicle. The pigments used in a given ink have a major effect on its viscosity 
and flow properties, and different pigments can influence the same vehicle system 
in quite different ways.5, 13 

Despite the fact that numerous types of pigments exist, relatively few are used in 
ink formulations.2 Pigments are multi-molecular crystalline structures, produced to 
an optimum particle-size distribution. The (organic) pigments used in this study, 
copper phthalocyanine blue ( -form) and carbon black (Fig. 1.3), are two of the 
most commonly used pigments in the printing industry.11 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.18 The 

-form of the crystal is a greenish blue pigment and is tinctorially strong, 
exhibiting excellent light and weather fastness. Prints are entirely fast to organic 
solvents, alkali, acids and soaps.19 Carbon black has an extremely fine particle size 
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and high surface area, which can cause body and flow problems.2 Primary particles 
of carbon black, which are almost spherically shaped with a mean particle size of 
10-80 nm,18 build aggregates in the form of chains or clusters. The degree of this 
aggregation is called the “structure” of carbon black.20 It has good colour strength 
and high resistance to light, heat, moisture and chemicals.12 

When ink is manufactured, it is extremely important to ensure that the pigment is 
properly dispersed. If the dispersion is not carefully controlled, most of the other 
properties of the ink and print will be negatively affected, including viscosity, 
yield value, colour, gloss, strength, and rub resistance. The thinner the ink film 
being applied, the better the dispersion must be.13 

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, setting, drying, gloss and rub resistance. The 
formulation of inks in terms of which type of vehicle and/or resin to use depends 
upon the printing process and the properties required of the finished printed 
product.13  

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 (Fig. 
1.4). After printing, the base is volatised and the print achieves a measure of water 
resistance. These resins generally give 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 particles in the aqueous phase. After 
printing, the emulsion particles coalesce to form a continuous ink film exhibiting 
very good print and product resistance properties.9, 21 Film formation of emulsions 
is not an instantaneous process and some time (as a rule 24 hours) must be allowed 
to obtain the maximum resistance properties.  

  

Figure 1.3 The planar and completely conjugated structure of copper phthalocyanine blue 
(CI Pigment Blue 15) (left) and the graphite-like structure of carbon black (CI Pigment 
Black 7) (right). 
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A very important property of flexographic inks is resolubility, i.e. the ability of the 
ink when (partially) dry to be redissolved by itself. This is essential for good press 
performance of the ink, otherwise it will permanently dry in the anilox cells and 
build up on the printing plate.21 Emulsions, when used alone, can give such 
problems with resolubility and drying-in, normally requiring addition of some 
alkali-soluble resin exhibiting very good resolubility.11 

Acid number is one of the most important properties of the alkali soluble resin. It 
is defined as the amount of free acid on the resin and is expressed as the number of 
milligrams of potassium hydroxide (KOH) required to neutralise the acid 
constituents in one gram of resin. High acid number will result in higher 
resolubility and improved pigment wetting, but reduce wet rub resistance. The 
emulsion polymers have lower polarity (acid number), which gives a faster water 
release than with acrylic solutions and improved drying speed. Glass transition 
temperature (Tg) is a key property when selecting the acrylic emulsions to be used 
in the ink. It is defined as the temperature at which significant segmental rotation 
in the polymer backbone and/or side chains occurs.22 Below Tg the chains can be 
considered to be immobile, except for movement around the equilibrium position, 
and the polymer is a hard, brittle solid. Above Tg, substantial movement of 
segments occur in the chain, and the polymer exhibits a more rubbery character. 
For acrylic emulsion polymers, Tg is increased by reducing the alkyl chain length 
of the alkyl acrylate (e.g. ethylhexyl or butyl to ethyl or methyl). A low Tg value 
results in better film formation and gives film properties such as water and grease 
resistance, flexibility and adhesion to non-porous substrates. With high Tg 
emulsions, hardness, gloss, drying speed and heat resistance will be increased.11, 23 

A commonly used water-borne polymer for inks is a combination of oligomers and 
polymer particles, Fig. 1.4. The oligomer acts as a surfactant stabilising the 
emulsion particles during their polymerisation process. The polymers in the 
particles are much more hydrophobic and higher in molecular weight than the 
oligomer, and subsequent resistance properties are improved. Resolubility is 
retained and, as a result of higher solids content, drying time is reduced compared 
to pure soluble-polymer systems. In general these resins are styrene acrylics.21, 24 
Both the amount and type of solution resin used in support has a significant 
influence on the performance properties of the total emulsion polymer.4 The soft, 
film forming polymers supported by solution resins are designed to have low Tg’s 
in the range of 10 to -40°C and typically contain the monomers butyl acrylate or 2-
ethyl hexyl acrylate.4 These polymers are for example used in inks formulated for 
flexible films and foils. To enhance the adhesion and resistance of acrylic ink 
binders to plastic substrates, self-crosslinkable resins were introduced.21 Adhesion 
is improved by chemical means and the density of the polymeric network 
increases. This results in better water and block resistance and thus an improved 
performance compared to conventional inks. 
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Figure 1.4 Alkaline soluble polymer with carboxyl groups being protonated at pH < 4-5 
and deprotonated at pH > 6 (left). Combination of oligomers with polymer particles (right). 
From Ref.21 

 
Since the colorant and binder are both solids, the prime function of the solvent is 
to incorporate them into a fluid form. Thus, the solvent acts as a carrier, but must 
also be easily removed from the print after the transfer is completed. Drying in 
water-based flexography occurs by absorption and evaporation, or only by the 
latter when printed on non-absorbing substrates. The ink properties are also 
modified and improved by use of various additives, for example plasticizers, 
waxes, silicones, defoamers and wetting agents.13 Additives are employed to 
provide desired properties either during the printing process or in the end-use of 
the printing material (e.g. influence the coefficient of friction, wetting properties 
or rub resistance). The additives require optimisation for each printing ink 
formulation because of the presence of various ingredients in the inks. 

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 their higher surface 
tension. Water has a surface tension of 72 mN/m, while solvents typically have 
values of slightly above 20 mN/m. Therefore, it is necessary to use co-solvents, 
lower amines and surfactants in water-based inks to lower their surface tension 
below approx. 38 mN/m in order to improve wetting of substrates and 
printability.9, 24, 25 Hence, the term water-based ink does not always mean that it is 
100% solvent-free. Environmental regulations, however, require the minimisation 
of volatile organic compounds (VOC) in water-based systems and thereby limit 
the addition of volatile alcohols.2, 26 

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 value 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 drying. Therefore it is essential to control pH of these inks within 
strict limits.13 
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1.4 Shear rheology 

The viscosity and yield value of a given flexographic printing ink are important 
properties greatly influencing the distribution, transfer and working function of the 
ink on press. These properties must thus be controlled within quite a narrow 
window if consistent and reproducible printing results are to be achieved. The 
flow of the ink from the duct, the transfer down the press, and the eventual 
printing of the ink from the printing plate onto the substrate, are all influenced by 
ink viscosity. 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.9, 13  

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.27 The simplest way to define 
rheological parameters is a model with two parallel plates,28 Fig. 1.5. The test 
sample is sheared between the 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 F/A required to produce the motion is 
defined as the shear stress  [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  ̇ [s-1], hence 
˙  =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. All kinds 
of rheological shear behaviour take place between two extremes, viscous flow and 
elastic deformation, Fig. 1.6. Systems showing viscous as well as elastic behaviour 
are called viscoelastic.  

 

F, U

x

y

A

h

 
Figure 1.5 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. 
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Viscous flow 

     (liquid) 

Viscoelastic deformation Elastic deformation 

    (solid) 

Figure 1.6 Mechanical models illustrating different rheological behaviour.28 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 described as a combination of spring and dashpot in 
parallel and serial connection, respectively. The viscoelastic liquid only redeforms 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,27 and the shear stress is 
proportional to the displacement dx divided by the thickness dy (Fig. 1.5), giving 
the shear strain = dx dy . When this solid is subjected to shear, the shear strain 
is constant through the sample and the shear stress can be written =G0 , where 
G0 [Pa] is the static shear modulus. 

The simplest behaviour of a liquid is Newtonian, for which the shear rate varies in 
direct proportion to the applied shear stress so that 
 
 = ˙   (1.1) 
 
where  [Pa s] is termed the viscosity of the system.27 The viscosity can therefore 
be measured at any shear rate, giving a true, representative value. Figure 1.7 shows 
the flow curve (shear stress vs. shear rate) and viscosity curve (viscosity vs. shear 
rate) for a Newtonian liquid. In this case the viscosity alone determines the 
rheological behaviour. 

Systems such as polymer solutions and colloidal dispersions often show non-
Newtonian behaviour, i.e. a non-linear relation exists between shear stress and 
shear rate. For these systems, an apparent viscosity is defined as  
 
 = app ˙   (1.2) 

 
where the value of app depends on the shear rate (or shear stress). 
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Figure 1.7 Flow and viscosity curves for a Newtonian liquid, for example water, mineral 
oils and solvents. 

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

• Pseudoplastic or shear thinning. app decreases with increasing  ̇, for example 
polymer solutions, varnishes, glues, and shampoos. Figure 1.8 illustrates the 
behaviour of different systems. 

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

• Plastic and viscoplastic. A certain level of shear stress (yield stress, y) 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.  

 
Figure 1.9 illustrates the different relationships between shear stress and shear rate 
for Newtonian and non-Newtonian systems. For many shear thinning liquids the 
linear part of the ˙   relationship at higher shear rates can be approximated by 
the Bingham model28 
 
 = B + pl  ̇ (1.3) 

 
where the slope, pl, is the plastic viscosity and intercept, B, the Bingham yield 
stress. 
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Figure 1.8 Shear thinning behaviour of four different 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 
droplets, and breakdown of aggregates. 

 

 

Figure 1.9 Newtonian and non-Newtonian flow behaviour of fluids. 

 
Most liquids, including inks, have a temperature-dependent flow behaviour. For 
Newtonian liquids, the viscosity decrease on heating can be approximated by an 
Arrhenius relationship28 
 
 = CeD /T  (1.4) 
 
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 comparable results. 
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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.28, 29 The 
upper plate in Fig. 1.5 is sinusoidally oscillated. The oscillation is transmitted by 
the sample to the lower plate, on which the transmitted force or movement is 
measured. For an elastic substance, the shear stress varies in phase with the 
deformation, while for a viscous liquid the shear stress is completely out-of-phase, 
i.e. with phase angle 90°. For a viscoelastic liquid the phase angle has an 
intermediate value, 0° <  < 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 cos  (1.5) 
   G = G0 sin  (1.6) 
 tan =   G  G  (1.7) 
 
The modulus G’ [Pa] is a measure of how much deformation energy the liquid can 
store for each cycle, and G’’ [Pa] how much energy that is irreversibly lost to the 
environment. These values generally depend on the angular frequency  [rad/s]. 
For an ideal solid, the storage modulus is constant, G’ ( ) = G0, and the loss 
modulus G’’ ( ) = 0, while for a Newtonian liquid G’ ( ) = 0 and G’’ ( ) = . 
A sample is predominantly elastic if G’ > G’’ and predominantly viscous if 
G’’ > G’. Other parameters used to describe the viscoelastic behaviour of a liquid 
are the magnitude of the complex modulus, G* [Pa], and the complex viscosity, * 
[Pa s] 
 

 G* =  G ( )
2

+   G ( )
2

 (1.8) 

  *
=G*  (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 limited 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 its surface energy as well as the 
surface tension of the ink.9, 12 

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 change  of the surface, resulting in  
 
 W = A  (1.10) 
 
Here  is the surface tension, and can be viewed as either the free energy per unit 
area, expressed in mJ/m2, or force per unit length, in units of mN/m or dynes/cm.27, 

30, 31 

Solutes can affect the surface tension of aqueous systems.30 Addition of organic, 
water-soluble materials, for example ethanol or isopropanol, normally lowers the 
surface tension monotonically 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 in bulk.  

Dynamic surface tension refers to the evolution 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, typically resulting in 
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much longer and varying relaxation times.30, 32 Dynamic surface tension of water-
based inks, which usually is much higher than the equilibrium value on relevant 
timescales, 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 spontaneously spread on a surface, there needs to be an energy 
gain. The spreading is determined by the competition between adhesive forces 
between liquid and solid and cohesive forces within the liquid. The adhesive 
forces promote drop spreading, while the cohesive forces work against it. At 
equilibrium the balance of forces on the liquid at the three-phase line (Fig. 1.10) 
can be described using the Young equation 
 
 sv = sl + lv cos  (1.11) 
 
where  is the contact angle and the subscripts sv, sl and lv refer to the solid-
vapour, solid-liquid and liquid-vapour interface, respectively.31  

The spreading coefficient, S, is used for predicting whether a liquid drop will 
spontaneously spread on a solid surface and is defined as31 
 
 S = sv sl + 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 non-zero contact angle . 
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 1.10 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 liquid27, 31, 33. 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 = 2 lv . 

The work of adhesion, WA, between a liquid and a solid surface is defined as the 
reversible work required to separate a unit area of the interface, creating a unit of 
solid-vapour surface area and a unit of liquid-vapour surface area. This energy 
change is expressed by the Dupré equation 
 
 WA = sv + lv sl  (1.13) 
 
which combined with Young’s Eq. (1.11) yields  
 
 WA = lv 1+ cos( )  (1.14) 

1.5.4 Spreading dynamics 

Since dynamic situations, rather than equilibrium, are of relevance 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 in Eq. (1.11), with the difference usually being velocity-dependent.31 The 
dynamic contact angle, , at a given velocity, v, is found to increase with 
increasing viscosity, , and decreasing surface tension, lv. The viscous force, Fdrag, 
per unit length near the three-phase line in Fig. 1.10 can be seen as working 
against spreading by slowing the rate at which equilibrium is approached:  
 

 
Fdrag

unit length
~ L

dv

dz

v

tan
=

tan

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 spreading 
direction can be expressed as 31 
 

 
Fspread

unit length
~ lv cos eq cos( )  (1.16) 
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where eq is the equilibrium contact angle determined by the Young equation 
(1.11). Equating the viscous drag Eq. (1.15) to the spreading force Eq. (1.16), the 
balance can then be approximated as 34 
 

 
dr

dt
= lv tan cos eq cos( ) (1.17) 

1.6 Printing substrates  

The choice of printing substrate is in most cases determined by the end application 
and the requirements demanded by it. Printing substrates can be grouped into five 
categories, namely paper and paperboard, corrugated board, laminates, foils and 
films.2 In this work, only polymer-coated paperboards have been considered and 
other substrate classes will therefore not be discussed. Paperboard, commonly 
referred to as board, is a major raw material in packaging. A wide variety of board 
types exist 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. Paperboards can be pigment-coated to enhance the appearance and to 
improve the printing surface. A more uniform surface gives higher and more 
consistent print density, gloss and print smoothness. Coatings can also provide 
different functional qualities. Barrier coatings applied onto the board give 
protection against undesirable effects caused by factors such as humidity, oxygen, 
grease, light or heat. Liquid packaging board, often called milk carton board, is 
usually laminated with plastic to achieve barrier properties (Fig 1.11). A large 
variety of laminate-board combinations exists on the market to satisfy the 
demands of the various foodstuffs.  

 

 

Figure 1.11 A liquid packaging board typically coated with low-density polyethylene 
(LDPE).  
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Extrusion lamination for packaging materials is a large market for the two 
polyolefins polyethylene (PE) and polypropylene (PP), Fig 1.12. Extrusion 
lamination includes both the coating of a resin onto a substrate and the application 
of a resin between two substrates to form a bonding layer. The most common 
material used as coating and adhesive resin is low-density polyethylene (LDPE), 
but many other polymers are also used.35 Paper and board, metal foils, 
thermoplastic films and cellulose films are the main substrates. The coatings are 
applied to provide barrier and mechanical properties and heat sealability. The 
principle of the extrusion coating process is illustrated in Fig. 1.12. The coating, in 
the form of a molten polymer, is extruded into the nip between the chill roller and 
the substrate, with its surface conforming to that of the chill roll. The extrusion 
lamination process is similar to that of the coating process except that the polymer 
melt is used as an adhesive layer between two substrates (e.g. a board and a plastic 
film).  

The extrusion of film can be carried out either by casting or by the blown-film 
process.36 Both methods can produce oriented (stretched) or non-oriented films. 
Molecular orientation is the alignment of the crystal structure in polymeric 
materials. The molecules are stretched in such a manner that they align in a 
predetermined direction. Among the properties of polymers that can be 
significantly improved are gas barrier, tensile strength and stiffness. Orientation 
may be either uniaxial or biaxial. In uniaxial orientation the polymer is stretched in 
one direction, thereby aligning the chain molecules parallel to the direction of 
stretching. Biaxial orientation is achieved by stretching the sheet in both directions 
at right angles to each other. The chains tend to line up parallel to the plane of the 
sheet, but randomly within that plane.37 

 

  

Figure 1.12 The monomer building blocks of polyethylene (PE) and polypropylene (PP) 
(left) and illustration of the extrusion coating process.  
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1.6.1 Polyolefins 

The properties of polymers are governed largely by the chemical nature of the 
monomer, the chain stereochemistry, and the molecular weight.38 Polyolefin resins 
have a mixture of crystalline and amorphous areas, and the mixture of these 
regions is essential to the formation of good film products. A totally amorphous 
polyolefin would be rubber-like and have poor physical properties, while a totally 
crystalline polymer would be very hard and brittle. 

For homopolymer polyethylenes, the higher the resin density, the higher the 
degree of crystallinity. The two main grades of polyethylene are low-density 
polyethylene (LDPE) and high-density polyethylene (HDPE). The major 
difference between these is the degree of branching of the polymer chain. For 
LDPE the ethylene backbone has many branches, leading to irregular packaging 
and low crystallinity. The more rigid HDPE contains comparatively few side chain 
branches, allowing the chains to pack more closely together, and resulting in 
higher crystallinity than for LDPE.2, 36 Polypropylene resins are highly crystalline, 
but they are not very dense. Most commercial polypropylenes have a level of 
crystallinity intermediate to that of LDPE and HDPE. PP is more rigid and has 
higher melting point than PE.35 

Additives have a major impact on the physical characteristics and surface 
properties of a film.2 Common additives include anti-static, slip and anti-block 
agents, thermal stabilisers and antioxidants.2, 36 Migratory additives tend to bloom 
at the surface, masking the surface treatment and affect printability, e.g. prevent 
inks from adhering to the polymer.  

1.7 Substrate surface pretreatment 

Consideration of the substrate to be printed on is of fundamental importance to ink 
formulation, particularly for non-absorbing substrates, such as polyolefins, for 
which the ink adhesion properties can be problematic.11 When printing on an 
absorbing substrate, such as paper or board, the ink is absorbed into the fibres or 
pigment coating as it dries and thereby obtains anchorage to the substrate surface. 
In contrast, on a non-absorbing substrate, physical anchoring is far more limited 
and adhesion must rely more on chemical mechanisms, thus demanding chemical 
compatibility between ink formulation and substrate surface.13, 35  

Factors causing poor ink adhesion on untreated polyolefins are low substrate 
surface energy, low polar functionality, and potential weak boundary layers.35 
Good ink wettability and adhesion on these surfaces require that their very low 
surface energy (ca. 28-35 mJ/m2)39 is increased by surface modification. Corona 
discharge treatment in air is one of the most widely used on-line methods for this 
purpose.40-45 During this treatment, the substrate passes through a high energy 
electrical discharge zone where the surface is exposed to reactive species in the 
high-energy plasma (or “corona”).42, 46, 47 Free radicals created at the polymer 
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surface by hydrogen abstraction form covalent chemical bonds with the mixture of 
reactive species representative of the local atmosphere. In air corona, these species 
include free oxygen in its elemental form (O•), ozone (O3) and activated oxygen 
(O2

*). This process incorporates new oxidised functionalities onto the surface 
(ketones, aldehydes, carboxylic acids, esters, ethers, peroxides, etc.)41, 48, 49 
resulting in increased surface energy and polar groups that provide sites for 
adhesion of water-borne ink components. In addition to oxidation, the free radicals 
cause crosslinking of polymer molecules at the surface, increasing their molecular 
weight. The oxidation occurs first in the outermost polymer layer, and 
subsequently penetrates to a depth (on the order of nanometres) that increases with 
treatment energy.49-51 

Two important phenomena resulting from corona treatment of polymers are the 
production of low molecular weight oxidised materials (LMWOM) and 
hydrophobic recovery, or aging.42, 44, 45, 49, 52-54 The reactions resulting in oxygen 
incorporation may also lead to cleavage of C-C bonds in the polymer chains, 
generating highly oxidised oligomers at the surface.41, 42 The chain scission 
increases with corona energy level, yielding (partially) water-soluble material with 
potentially significant effects on adhesion.48, 54 The LMWOM can be easily 
removed by wiping or washing (e.g. with water), and once removed no new 
oxidised material is formed over time.41, 53, 54 Földes et al. (2000) used FTIR 
spectroscopy to analyse the chemical composition of the fractions washed off PE 
films by chloroform and identified low-molecular-mass components (oligomers, 
oxidised polymer fractions and additives) in the exudate. Humidity during corona 
treatment plays an important role and Strobel et al. (1989) showed that low 
relative humidity favours LMWOM formation. They suggested that surface 
roughening at short length scales is due to humidity effects, with the LMWOM 
agglomerating at high humidity to form mounds. This is claimed to be driven by 
interaction of LMWOM and adsorbed water, and is due to surface tension effects. 
The oxidised species may form a structurally weak layer between the underlying 
bulk polymer and the ink. The effect of this layer on adhesion is dependent on the 
system. Brewis and Briggs (1981) and Strobel et al. (1989) stressed that LMWOM 
will not worsen adhesion if the polymer-ink interaction is sufficiently strong to 
displace the oxidised material or if it can be incorporated into the ink. Strobel et al. 
(1989) showed that the LMWOM actually enhanced adhesion of a polyamide 
printing ink to corona treated polypropylene.  

The hydrophobicity of the treated polymer surfaces recovers over time, depending 
on factors such as chemical structure of the unmodified polymer, treatment level 
and storage environment,50 and is practically important if the substrate is not 
printed directly after treatment. That the induced surface energy increase decays 
with time (most often not entirely back to the original low level of the untreated 
polymer) reduces the efficiency of the treatment, and is generally detrimental to 
printing and other applications due to reduced wettability and adhesion.53 The 
hydrophobic recovery is explained in the literature by different mechanisms: 
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masking of the treatment due to migration of additives from the polymer bulk, 
surface reorganisation within the modified layer, reorientation and movement of 
macromolecular segments, further oxidation and degradation on exposure to air, or 
desorption of volatile products.41, 44, 49, 53 

As a further 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, which can dry faster.25 Another effect of corona 
treatment is that surface contaminants, such as plasticizers that have leached to the 
surface, can be removed.2 

Polymer morphology significantly affects corona treatment efficiency, which is 
reduced by increasing the density (crystallinity) of the polyolefin.55 PP is much 
more difficult to treat than PE, resulting in lower surface energy values.35, 42, 49, 54, 55 
While PE tends to crosslink, PP under the same conditions is more prone to chain 
scission, i.e. the corona energy density (dosage) threshold for LMWOM 
production is lower on PP. 



23 

2 Materials 

2.1 Polymer-coated boards 

The liquid packaging board used in Papers I-IV was a triplex board (282 g/m2) 
extrusion coated with 14 g/m2 LDPE on the top (print) side. The LDPE-coated 
board used in Paper V was also a triplex board extruded with LDPE on top of a 
single pigment coat on the print side. The print side of the OPP-coated board has 
PE between the double pigment-coated board and the laminated OPP-film. On the 
PP-coated board, the polymer was extruded on the print side. None of the 
polymer-coated boards contained additives or primers in or on the top polymer 
layer on the print side, nor had the print surfaces been treated with corona or any 
other method. The LDPE- and the OPP-coated boards were supplied by Stora 
Enso and the PP-coated board provided by Tetra Pak. 

2.2 Water-based flexographic inks 

The inks used in Papers I-IV were water-based flexographic inks prepared by 
mixing one of two pigment dispersions with one of three 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 (see Fig. 1.3). The three vehicles used were Scanbrite, Aquaboard and 
Aquaten. These vehicles are all based on alkaline blends of styrene-acrylate 
polymers, principally in the form of emulsions (dispersions), but with Scanbrite 
containing a higher amount of the solution polymer form compared to Aquaten. 
Aquaboard is a 50/50 mixture of Scanbrite and Aquaten. All vehicles contain the 
full range of additives (e.g. cosolvents, waxes, wetting agents, defoamers) required 
for commercial printing. Each of the six combinations of pigment dispersion and 
vehicle types was mixed 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 of the pigment dispersions and vehicles used 
in Papers I-IV. 

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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In Paper V, the water-based inks (from Sun Chemical) were obtained by mixing 
20 wt% of a commercial cyan pigment dispersion with 80 wt% of one of six 
vehicles. A commercial vehicle, Table 2.2, was used as the starting formulation 
from which the other vehicles were obtained by exchanging the main component, 
i.e. the acrylic emulsion polymer dispersion Joncryl 2647, for the same wet 
amount of one of two other such dispersions. Table 2.3 gives the names of these 
three products and their key properties provided by the supplier (Johnson 
Polymer), i.e. acid number, glass transition temperature and solids content. The 
acid number and Tg of the low molecular weight resin solution in Table 2.2 
common to all formulations is 245 NV and 57°C, respectively. All three emulsion 
polymers also contain soluble polymers, for stabilisation (see Fig. 1.4), at an 
amount on average approximately 10% of the emulsion polymer (comparing dry-
on-dry solids). The type and amount of the soluble polymer differs for the three 
emulsions, and no information regarding these is available. Further, the vehicles 
containing each of these three emulsions were prepared both with and without the 
silicone additive, thus giving a 3x2 matrix of vehicles.  

 
Table 2.2 Components of the original water-based vehicle formulation used in Paper V. 

Component Comments 
Joncryl 8085 Resin solution 

Water  
Joncryl 2647 Emulsion polymer 

DC 65 Silicone 
Wetting agent  

Amine  
 

Table 2.3 Acid number, glass transition temperature (Tg) and solids content for the three 
emulsion polymers used in Paper V. 

Emulsion Acid number (NV) Tg (°C) Solids (wt%) 
Joncryl 2647 63 -35 46 

Joncryl 74 69 -8 48 
Joncryl 8050 114 -18 42 
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3 Experimental techniques 

3.1 Shear rheology measurements 

The rotational rheometer used in this thesis was a Physica UDS 200 rheometer 
equipped with a concentric cylinder measuring system. The instrument works 
according to the Searle principle, with rotating measuring bob and stationary 
measuring cup, Fig. 3.1. The test mode used in the rheometer is either controlled 
strain with stress measurement or controlled stress with strain measurement, the 
former being used in the thesis. 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 indicates the degree of thixotropy of the ink. 

Oscillatory shear measurements (Paper I) 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. within which the low deformation is such that the structure of the 
sample is preserved and stable. Crossover between G’ and G’’ at higher 
deformation reveals a change from solid-like to liquid-like behaviour. 

 

 

Figure 3.1 A concentric cylinder geometry working according to Searle’s principle 
(rotating measuring bob and stationary measuring cup) was used for the rheological 
measurements.  
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3.2 Surface tension measurements 

3.2.1 Ring tensiometry 

The static surface tension measurements were performed using a Sigma 70 
tensiometer equipped with a platinum/iridium du Noüy ring. This technique is 
based on force measurement of the interaction of the ring with the surface being 
tested. The force depends 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 rising meniscus, which 
eventually 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 
 

 =
F

4 R
 (3.1) 

 
where R is the radius of the ring. However, this equation is mathematically 
corrected56 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, see Fig. 3.2. 

 

 

Figure 3.2 Illustration of the du Noüy ring method. The dark shaded area shows the 
additional liquid lifted by the ring. From Ref32. 
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3.2.2 The maximum bubble pressure method  
Dynamic surface tension at short adsorption times is most commonly 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 Paper I, a BP2 
bubble pressure tensiometer (Krüss) with a hydrophobised glass capillary was 
used to measure the dynamic surface tension of undiluted inks. In this instrument, 
air passes through 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, where rcap is the radius of the capillary. The surface tension value is 
then calculated via the Laplace equation 
 

 =
rcap
2

P =
rcap
2

Pmax PH Pd( )  (3.2) 

 
where Pmax is 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 air flow rate.  

3.3 Wetting and spreading measurements 

3.3.1 Dynamic Absorption Tester (DAT) 

In Paper I, 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 (Fig. 3.3). The ink is automatically pumped out from a syringe 
and the droplet (approximately 4 µl), formed on the tip of a Teflon tubing, is 
lowered to the board below. The time from board contact (t = 0) to release of the 
drop from the tubing varied between 0.02 and 0.3 s for the different inks. A video 
camera is directed in the board cross direction, i.e. measuring spreading along the 
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 
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base diameter, d, is divided by the diameter of the sphere corresponding to the 
initial volume, giving the normalised diameter d/(6V0/ )

1/3. 

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 know how the substrate is positioned in 
the 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 polymer-
boards have been characterised for surface energy and polarity by the use of the 
DAT instrument to measure contact angles of water, ethylene glycol 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.33, 57-60  

In the present thesis, the method originally proposed by Fowkes that approximates 
all forces to be either dispersive or polar has been employed. The total surface free 
energy, tot, is then divided into a London dispersive component and a polar 
component 
 
 tot = d + p  (3.3) 

 
where d is the London attraction of the van der Waals force and p the sum of all 
non-dispersive intermolecular interactions present in a given phase.40 Using this 
approach, the work of adhesion can be written as 
 

 WA = 2 s
d

l
d

+ 2 s
p

l
p  (3.4) 

 
where s

d  and l
d  are the dispersive parts of the surface energies of the solid and 

liquid, and s
p  and l

p  are the corresponding polar parts. Substituting Eq. (3.4) into 
(1.14) yields 

 

 l 1+ cos( ) = 2 s
d

l
d + 2 s

p
l
p  (3.5) 

 
which is the equation used for calculating the polar and dispersive components of 
the board.  
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Figure 3.3 Side image of a sample drop deposited from the Teflon tubing onto the 
substrate surface. 

 
Table 3.1 Surface tension components of contact angle test liquids. 

Liquid tot (mJ/m2) d (mJ/m2) p (mJ/m2) 
Water 72.8 21.8 51.0 

Methylene iodide 50.8 50.8 - 
Ethylene glycol 48.0 29.0 19.0 

 

3.4 Surface structure and composition 

Important parameters of polymeric materials, such as adhesion, friction, swelling, 
penetrability and wetting, are strongly influenced by their surfaces.38 In general, 
the structure, morphology and composition of the topmost surface layers differ 
from those of the bulk polymer. Therefore, comprehensive surface analyses are 
needed to correlate the surface structure and composition with the 
physical/chemical properties. For topographical characterisation and visualisation, 
the two overlapping techniques of white-light interferometric profilometry, over 
lateral length scales 1 µm to 1 cm, and atomic force microscopy (AFM), for finer 
length scales from nanometres up to 100 µm, offer a powerful combination. For 
measurement of the outermost composition of solid surfaces, x-ray photoelectron 
spectroscopy (XPS) is one of the most extensively used techniques. The basic 
principles of the above-mentioned techniques are briefly summarised in the 
paragraphs below. 

3.4.1 White-light profilometry 

The topography of the polymer-coated boards 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, see Fig. 3.4, is 
based on an incident light beam that is split, one beam going to an internal 
reference surface and the other one striking the sample. The reflected parts are 
recombined in the interference lens to give an image of the sample as an 
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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 lateral resolution 
obtained with this technique is around 1 µm (depending on settings) and the 
vertical resolution is in principle unlimited. By stitching together images from 
single measurements, a larger continuous image area can be obtained, effectively 
increasing the field of view without compromising lateral or vertical resolution.  

3.4.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy was carried out using a Nanoscope IIIa from Digital 
Instruments, in order to image and analyse the structural changes of corona treated 
PE-boards (Paper IV). The working principal of an AFM is that a small probe 
scans, line by line, across the sample, while recording the probe-sample 
interaction.38, 61 The main components are a laser, a probe (in this work a sharp 
silicon nano-sized tip) mounted on a cantilever, a detector measuring the 
cantilever deflection, and a piezoelectric scanner moving the sample or the probe. 
The instrument uses a laser beam deflection system; the laser is reflected from the 
back of the cantilever and, via a mirror, onto a position-sensitive detector 
consisting of four photodiodes, see Fig. 3.4.  

For structural characterisation AFM allows measurements in different modes, e.g. 
contact (repulsive) mode, non-contact mode and tapping mode, and the technique 
has undergone many modifications for specific application requirements. In 
tapping mode, used in this work, the tip is vertically oscillated at its resonance 
frequency (typically in the range 200-400 kHz). When the sample surface 
approaches the vibrating tip, they come into intermittent contact, thereby lowering 
the vibrational amplitude. The feedback loop uses the amplitude for maintaining 
the degree of contact between tip and substrate constant. The lateral resolution in 
tapping mode is approximately 1-5 nm. The height image obtained is somewhat 
blurred, reflecting the inability to perfectly move the scanner in accordance with 
the real topography. Imaging in tapping mode is preferential to contact mode for 
soft surfaces, e.g. soft polymers, due to virtually no lateral movement when the tip 
is in contact with the surface, thus reducing the risk of sample damage.  

Phase mode imaging is a technique used simultaneously with tapping mode. In 
phase mode, the phase shift of the oscillating cantilever relative to the driving 
signal is measured. This shift can be correlated with specific material properties 
that effect the tip/sample interaction. It can be used to differentiate areas on a 
sample with differing surface properties such as friction, adhesion, and 
viscoelasticity, but with no apparent difference in topography. The phase image is 
also influenced by the topographic information of the sample and often provides 
significantly more contrast than the topographic image. 
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Figure 3.4 Schematic representations of the operating principal of a white-light 
interferometer (left) and an atomic force microscope (right). 

3.4.3 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy, also well know as electron spectroscopy for 
chemical analysis (ESCA), is a surface-sensitive analysis technique (analysis 
depth of 2-10 nm) that has found application in many technologies.49, 62-65 The 
instrument used in Paper IV for analysing the PE-board was a Kratos AXIS HS x-
ray photoelectron spectrometer with an analysis area of approximately 1 mm2. 
Using XPS, all elements, except H and He, are observed and quantitative (surface 
concentrations) and qualitative (functional groups) information can be obtained. 
The XPS spectrum is obtained by irradiating the sample surface with soft x-rays 
(in this work a monochromatic Al x-ray source) and analysing the kinetic energy 
Ek of the emitted photoelectrons. This energy depends upon the element from 
which it was ejected, the orbital in the atom from which the electron originated 
and the chemical state of that element. The element-specific binding energy of the 
photoelectrons is obtained from the Einstein relation  

 
 EB = hv EK  (3.7) 
 
where hv is the x-ray energy and  the so-called sample work function. The 
ejected photoelectrons have a small kinetic energy and in order for them not to be 
scattered by gas molecules before reaching the detector, and for maintenance of a 
clean sample surface, the instrument is operated in ultra-high vacuum. 

Normally a survey spectrum is acquired to identify the elements present in the 
specimen. For a clean hydrocarbon polymer, this spectrum is rather simple as only 
the C1s peak is present. Information of functional groups is obtained from the 
chemical shift often observed for an element bonded to a more electronegative 
element, such as for carbon bonded to oxygen. A high resolution spectrum of the 
element of interest is used for revealing this information.  
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3.5 Corona discharge treatment 

The polymer-coated boards were corona treated by mounting single board sheets 
or strips on the rotating drum of the CP-LAB equipment, programmed at varying 
applied power levels (W) and drum surface speeds (m/min). The board passed the 
electrode (of width 0.39 m) once during the treatment, with the gap between 
electrode and drum surface being 1.5 mm. A schematic representation of the 
treatment equipment is given in Fig. 3.5. The corona dose imparted to the board is 
given by 
 

 corona dosage =
power

speed  electrode width
 (3.7) 

 
in units of W min/m2 (transformed to the unit J/m2 by multiplication by 60). A 
range of treatment levels has been investigated in the papers, extending from 
levels below those normally used in industry to substantially higher. The specific 
levels used in the different studies are given below in the results and discussion 
section. 

The surface energies obtained after corona treatment were determined using the 
contact angle method described in 3.3.1, or with the test method described in ISO 
8296 (former DIN 53364) and ASTM D2578, with dyne-liquids commonly used 
in industry for fast estimation of surface energy of treated films. The dyne-liquids 
contain mixtures of formamide (HCONH2) and ethylene glycol monoethyl ether 
(CH3CH2OCH2CH2OH) and were, for the work in this thesis, available for every 
second unit in the range 30-56 mN/m. The formamide part increases from 0 to 
99.0 vol-% in the mixtures having surface tension 30 and 56 mN/m, respectively. 
The liquid is applied as a broad line in a thin layer using a felt-pen or a small brush 
and the surface tension is determined visually by judging the liquid behaviour on 
the surface within two seconds after application. If the test liquid shrinks and/or 
forms droplets, the substrate has lower surface energy than the test liquid, while if 
the liquid remains unchanged during these two seconds, the substrate is said to 
have surface energy at least equal to that of the liquid applied. The surface tension 
of the liquid that comes nearest to wetting for exactly two seconds is taken as the 
surface energy of the substrate. 

 
Figure 3.5 Schematic illustration of a corona discharge treatment unit. 
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3.6 Printing trials and print evaluation 

3.6.1 Laboratory printing presses 

The laboratory prints presented in Papers II and III were printed using a web-fed 
Saueressig Flexo Proofer 100/300. The proofer was equipped with a reverse-angle 
doctor blade and a 45° anilox roller (hard-chrome-plated) divided into eight 
segments (bands 1-8) with cell volumes (electronically engraved) from 4.16 to 
13.25 cm3/m2 at screen ruling from 140 to 48 lines/cm, see Fig. 3.6. 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 rubber-coated printing plate 
(55-60 Shore A), 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 s 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 prints evaluated in Papers IV and V were laboratory printed (at a speed of 
0.3 m/s) using the IGT F1 flexo proof press (Fig. 3.7), equipped with a laser 
engraved anilox roller (4.5 ml/m2, 300 lines/cm). The substrate is attached to a 
carrier and placed on the substrate guide, between the photopolymer printing plate 
and the impression cylinder. When the press is activated, the anilox and the 
substrate come into contact with the printing plate and the doctor blade contacts 
the anilox. A few drops of ink are pipetted into the nip between the doctor blade 
and the anilox. The force between the anilox and the printing plate and between 
the printing plate and the substrate is set independently. In this work, the former 
was 50 N and the latter 250 N and 300 N in Paper IV and V, respectively. Two 
revolutions of the anilox cylinder are performed automatically to ensure that the 
anilox cells are well filled, and the second part of the printed area, 40 190 mm, is 
used for print quality evaluations. The prints were dried ambiently, without 
applied heat, and only the 100% fulltone printed fields were analysed. 

  

Figure 3.6 Schematic illustrations of the Saueressig Flexo Proofer (left) and its anilox 
roller divided into eight segments, each with a different cell volume (right). 
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Figure 3.7 The IGT F1 laboratory flexographic press used in papers IV and V. From 
www.igt.nl. 

3.6.2 Transferred ink amount 

A quantitative approach to study ink transfer in flexography for impervious 
substrates is to use a gravimetrical method. In paper II, 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 in the study. The corresponding wet ink amount was 
calculated using the known solids content of the ink. 

3.6.3 Optical print properties 

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, PD, is a measure of the light-absorbing spectral properties of 
a printed substrate and is measured using a reflection densitometer. PD 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 (Eq. 3.7).12 A higher 
density value indicates a darker surface absorbed more light. With increasing ink 
film thickness, the PD-value increases and the print density can therefore be used 
as an indication of the ink amount on the substrate. When the ink film thickness 
approaches a certain point, however, the density level reaches a plateau with no 
further increase. The densitometer used in Papers II and III was an Atlantis 
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Vipdens 1000 P and in paper IV and V a Techkon R410e. 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 so only the diffuse reflections reach the 
detector. 
 

 PD = log
1

R
 (3.7) 

 
Mottle of the fulltone prints was quantified by image analysis using the instrument 
Moffe (Stora Enso Research, Sweden). The images were acquired with a 
monochromatic CCD camera over an area of either 32 32 mm or 25.6 25.6 mm, 
from which mottle was then expressed as the coefficient of variation (COV) in 
grey tone value, as 
 

 COV =
R

 (3.8) 

 
where R and  are the mean and standard deviation, respectively, of reflectance. 
Using Fast Fourier Transform (FFT), mottling COV is partitioned into different 
classes (bands) of feature sizes.  

 

 

Figure 3.8 The instrument Moffe from Stora Enso used for analysis of print mottle. 
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3.6.4 Mechanical print properties 

In general, many of the tests used for evaluation of print adhesion and resistance 
properties are rather unscientific and not very accurate. Nevertheless, these tests 
are commonly used since they normally are fast and easy to perform and give a 
measure, or indication, of print performance and quality.35 Numerous methods for 
testing adhesion and resistance properties are in use, and the choice of method 
depends on the application. The methods applied in this work are described below. 
These are often performed as pass/fail tests, but are here quantified by image 
analysis of the scanned test areas (or of the tape strips in the adhesion test). 

Adhesion of the dried ink film to the board was studied by tape tests using a tesa-
tape, firmly attached to the print and very rapidly peeled off by hand. The tape can 
be pulled off at various angles and rates from the ink film, and the faster the rate of 
separation, the more severe the test. In the scratch resistance test, the printed 
surface is scratched with either the blade of a penknife or, as in this work, the nail 
on the index finger, using a fast movement and moderate pressure. The dry and 
wet rub resistance of the printed boards were studied using a Sutherland rub tester, 
established as the standard equipment for measuring these properties.2 Only results 
from the wet tests have been quantified and reported in this thesis. In these wet 
tests, a cotton cloth with a drop of water was attached to a weight (1.8 kg) that was 
automatically rubbed 30 times along the printed area.  
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4 Summary of key results and discussion 

4.1 Rheological properties and surface characteristics 

Paper I presents a characterisation of bulk rheological and surface tension 
properties of the matrix of water-based inks prepared by mixing the two pigment 
dispersions and three vehicles given in Table 2.1 in seven weight fractions. These 
properties are important inputs to determining behaviour of the inks on the press 
and the final quality of the printed product, as dealt with in Papers II and III (see 
section 4.2). 

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), i.e. with increasing content of solution polymers. 
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, most probably 
due to the more pronounced non-spherical form of the cyan pigment. All inks 
show some thixotropy, with degree dependent on vehicle type as well as pigment. 

The upper part of the full curves of shear stress, , versus shear rate,  ̇, could be 
well fitted to the Bingham model (Eq. 1.3) for all inks, giving their plastic 
viscosity and yield stress values. The left graph of Fig. 4.1 illustrates the 
difference 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 corresponding yield 
stress values increase in this same order from A to SA to S, but approximately 
exponentially with content of pigment dispersion for all three vehicles, reflecting 
the heightened importance of network-building pigment at lower shear rates. The 
yield stress values are substantially higher for cyan than for black, again reflecting 
the stronger networking tendencies of this non-spherical pigment. The apparent 
viscosity for the cyan inks at a shear rate of 1 s-1, relevant to the slow and small 
deformations during ink levelling,4, 66 is displayed in the right graph of Fig. 4.1, 
and displays a similar character to the yield stress curves.  
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Figure 4.1 Plastic viscosity (left) and apparent viscosity at a shear rate of 1 s-1 (right) of 
cyan inks as function of increasing content of pigment dispersion. For plastic viscosity the 
solid lines are linear fits in the interval 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.39, 67, 68 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 Paper I, the 
dynamic surface tension of inks was measured without dilution using a glass 
capillary with wider diameter than standard, resulting in reproducible 
measurements. A fast decrease from the high value of pure water towards the 
equilibrium value was observed at short times. 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 (see Fig. 4.2). 
These trends are not directly related to solution polymer content, but instead 
reflect the overall effect of the multitude of solvent and surfactant components 
present in small quantities in these vehicles.  
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Figure 4.2 Static surface tension of the full series of inks with the three vehicles as 
function of cyan pigment dispersion content.  

4.2 Transferred ink amount and print uniformity 

For the printing trials in Papers II and III, 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 these two papers. The print uniformity obtained may have been 
influenced, although the results presented in Papers IV and V and by other 
authors69 show that the influence of corona treatment on print uniformity of water-
based flexographic inks on plastic-coated boards is relatively slight compared to 
the magnitude of the differences presented below. The surface free energy of the 

PE-board as delivered (referred to as “untreated”) was 35.7 mJ/m
2
, of which the 

dispersive component was 34.5 mJ/m
2
 and the polar component 1.2 mJ/m

2
. 

In Paper II and III, the results from printing trials of the PE-board with each ink in 
the formulation matrix (see Table 2.1) are evaluated with respect to transferred ink 
amount, print density, uniformity, and 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 Fig. 4.3 (left graph). An 
increase in dry ink amount with increasing anilox volume (as expected) and 
content of pigment dispersion is displayed for all inks, with vehicle SA 
consistently giving the highest transferred ink amounts.  
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Figure 4.3 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 print density for all samples increases with anilox volume and pigment 
dispersion content, and reaches its plateau value at lower pigmentation for higher 
anilox volumes, again as expected. In Fig. 4.3 (right graph) these trends are 
displayed for cyan prints corresponding to the same anilox volumes as in the left 
graph. At the lowest volume, the print density at fixed pigment content increases 
from vehicle A to SA to S, reflecting the measured print uniformity (see below) 
but not the hierarchy in dry ink amount seen to the left in Fig. 4.3, where SA gives 
the highest amount. This suggests that print distribution, rather than average ink 
weight, is the more important parameter for print density (at least for these low 
anilox volumes). For the higher anilox volumes, the differences in print density 
between the vehicles diminish, partly due to the reduced sensitivity on 
approaching density saturation. 

Print uniformity was quantified by print mottle coefficient of variation (COV) and 
the various classes of feature size from spectral decomposition are combined in the 
figures below into one class of smaller sizes, 0.06-1 mm (abbreviated < 1 mm), 
and one of larger, 1-8 mm. The mottling trends are direct or indirect 
manifestations of the number density (per area) and size (width) of the 
characteristic print patterns of white (or poorly covered) stripes (or striations7 or 
channels), created by the anilox ruling, running in the printing direction. These 
channels have a fractal- or tree-like appearance, splitting into parallel branches and 
also sprouting smaller “twigs”. On decreasing anilox volume the stripe width 
decreases, as does that of the inked “streaks” (i.e. background) in between, and the 
channels become more branched, intertwined and stochastic. Figure 4.4 displays a 
high resolution detail of a print, showing this mottling texture typically observed 
throughout the study.  
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Figure 4.4 A high resolution detail of a print (5.5 5.3 mm), showing the mottling texture 
typically observed in the study. The example is printed with anilox volume 8.01 cm3/m2 
and the ink containing 60 wt% cyan pigment dispersion and 40 wt% A vehicle.  

 
Print mottle from the two grouped bands, < 1 mm and 1-8 mm, is plotted in Fig. 
4.5 for all cyan inks and for the same three anilox volumes plotted in Fig. 4.3. 
Although print density and mottle were quantified for all eight anilox volumes, 
only the results from these three are displayed to better clarify the trends. Figure 
4.5 illustrates that mottle is substantially larger for the sub-millimetre band, and 
always increases with anilox volume and degree of pigmentation of the ink. This 
trend is also true for the larger size-class, although less apparent and more subject 
to errors (e.g. note the deviant behaviour for some 20/80 inks) due to the smaller 
differences within this class. The observed trend with increasing pigmentation is 
obviously due to the ink pigment heightening the contrast between the white 
stripes and inked background.  

The effect of anilox volume and pigmentation degree thus impact mottle through 
their direct influence on ink amount and colour saturation, independent of the 
vehicle used. The vehicle however clearly also plays a role in dictating the transfer 
and re-distribution of pigment, and in particular the degree to which the anilox-
imposed stripe pattern can hopefully be erased by spreading and merging, or not 
worsened by dewetting and contraction, prior to immobilisation by drying. This 
vehicle influence is obvious from Fig. 4.5, with mottle for each fixed anilox 
volume and pigmentation systematically worsening from vehicle S to SA to A, 
with this holding for both < 1 and 1-8 mm bands. Note that the mottle COV in the 
1-8 mm band varies over the wide range of 1-8%, whereas acceptably low values 
in commercial printing lie more narrowly clustered at the lower end of this range, 
with a difference of around 0.2% units regarded as visually noticeable. 
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Figure 4.5 Effect of increasing content of pigment dispersion on print mottle in the band 
< 1 mm (left) and 1-8 mm (right). Black, white and grey markers correspond to anilox 
volumes 4.16, 7.01 and 11.71 cm3/m2, respectively. The white diamond markers show the 
interpolated values of print mottle for the ink compositions corresponding to print density 
1.55. 

 
When comparing print mottle, density should be held at a constant level. Since 
density was allowed to vary in response to the different ink formulations and 
anilox volumes, fixed values are instead extracted from the results by 
interpolation. In particular, for each of the four density levels considered later 
(section 4.2.2), specifically 1.35, 1.55, 1.75 and 1.95, the corresponding pigment 
fractions for given vehicle type and anilox volume are extracted from Fig. 4.3 
(right graph). These pigment fractions are then inserted into, for example, Fig. 4.5 
to obtain the corresponding COV values, as illustrated for density 1.55 for the 
lowest anilox volume. 

4.2.1 Influence of ink properties on transferred ink amount 

All pigment dispersions and vehicles considered here 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 fully mimic the dynamic situation on the running press.  

In Paper II, correlation of wet ink amount with plastic viscosity and surface 
tension (from Figs. 4.1-2) is evaluated. As seen from the left graph in Fig. 4.6 the 
static surface tension of cyan inks increases with pigment content for all three 
vehicles, as does the wet ink amount, thus showing a correlation within each 
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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 this correlation. The relation 
between wet ink amount and plastic viscosity for all cyan inks is given in Fig. 4.6 
(right graph). The parabolic form of the ink amount curves is explained by the 
trends seen in Fig. 4.1 (at right) and is consistent with the expectation of a 
maximum in transferred amount due to viscosity aiding splitting transfer but 
hindering anilox cell emptying.70, 71 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. 

Normalisation of the wet ink amount by the corresponding anilox volume, 
compresses the correlation for each anilox band in Fig. 4.6 to single curve clusters 
versus plastic viscosity and surface tension. 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 properly 
account for 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 anilox bands, is provided in Fig. 4.7, 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. 



44 

 

0

1

2

3

4

5

30 32 34 36 38

C + S
C + SA
C + A

W
e

t 
in

k
 a

m
o

u
n

t 
(g

/m
2
)

Static surface tension (mN/m)
    

0

1

2

3

4

5

30 40 50 60 70 80 90 100

C + S
C + SA
C + A

W
e

t 
in

k
 a

m
o

u
n

t 
 (

g
/m

2
)

Plastic viscosity (mPas)
 

Figure 4.6 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. 

 

 

 

Figure 4.7 Two-dimensional quadratic surface of best fit of the measured wet ink amounts 
(normalised by the anilox volume) to the measured static surface tension and plastic 
viscosity values, for all ink types and anilox volumes. 
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4.2.2 Influence of ink properties on print uniformity 

The transferred ink amount is shown above to be related to the plastic viscosity, 
i.e. the viscosity at intermediate-high shear rates. The viscosity dictating (i.e. 
resisting) ink redistribution on print cylinder and substrate by spontaneous 
wetting/dewetting, however, pertains to much lower shear rates. In Paper III, print 
mottle is therefore related to the apparent viscosity value at shear rate of 1 s-1 (Fig 
4.1, left graph). Fig. 4.8 displays the mottle COV results from the above-
mentioned interpolation procedure. COV is here plotted as a function of ink 
viscosity or surface tension for each of the three vehicles at their pigmentation 
values corresponding to the four fixed print densities, and for each of the three 
representative anilox volumes common to the graphs above. Thus, for a given 
anilox and target print density, these graphs give an indication of whether the 
mottle expected to be obtained for a set of inks (here for the vehicles S, SA and A, 
joined by lines in Fig. 4.8) can be understood and predicted by either or both of 
these ink properties. Indeed all such three-point curves, independent of size band, 
print density and anilox volume, exhibit increasing mottle COV with increasing 
surface tension (as expected) and decreasing viscosity. The latter implies that 
dewetting, rather than wetting, is the relevant mechanism in all cases, as also 
suggested by the optical textures in Fig. 4.4, and in particular the uncovered 
“riverlets” apparently draining away (i.e. ink receding) from the wider white 
channels from the anilox pattern.  
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Figure 4.8 Correlation of print mottle (in band < 1 mm to the left, 1-8 mm to the right) 
with viscosity (top) and static surface tension (bottom) for the interpolated values 
corresponding to print density 1.95, 1.75, 1.55 and 1.35. Black, white and grey markers 
correspond to anilox volumes 4.16, 7.01 and 11.71 cm3/m2, respectively. 

 
Turning to more quantitative analysis of the trends for viscosity in Fig. 4.8, mottle 
COV in the sub-millimetre size band clearly decreases roughly linearly with the 
logarithm of viscosity, with slope apparently depending only weakly on anilox 
volume and print density. For the size band above 1 mm the corresponding graph 
in Fig. 4.8 displays stronger dependence on this ink property, i.e. decreasing more 
rapidly than the logarithm of viscosity. For a given viscosity value, anilox volume 
is clearly more influential in this larger size band than print density, but with the 
latter’s role becoming more important at greater anilox volumes.  
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The graphs in Fig. 4.8 and the general trends they exhibit suggest that, through 
appropriate normalisation by anilox volume and print density, the curve sets could 
be more conveniently compacted into master curves (in analogy to that discussed 
in connection with Fig. 4.7). In particular, for the two graphs of COV versus 
viscosity, the full set of all data obtained in this study (i.e. for all eight anilox 
volumes) was normalised by appropriate powers of anilox volume and print 
density to yield the best linear fit to viscosity (actually its logarithm or reciprocal). 
The resulting plots are given in Fig. 4.9, where separate symbols are now not used 
to distinguish anilox volumes and vehicles, due to the prohibitively large number 
of points. 

The fitting equations used in Fig. 4.9 are as follows: 
 
 COV 1 8mm( ) = AV 0.7PD1.15 0.0209 + 0.164( )  (4.1a) 

 COV <1mm( ) = AV 0.1PD 0.95 1.057ln + 2.801( )  (4.1b) 

 
where AV and PD denote anilox volume (cm3/m2) and print density, respectively. 
As indicated by the coefficients of determination R2 in the graphs, these equations 
give good fits to the set of 96 points. Thus in spite of the inevitable spread, these 
trend line equations should be reliable enough to give quantitative estimates of the 
impact of changes in ink viscosity ( , in unit Pas in Eq. 4.1) on print mottle in 
these two bands, for given anilox volume and print density.  

Several words of caution should though be added to these equations, along with 
emphasis that the relations are purely empirical. Firstly, the equations separately 
express mottle COV as functions of viscosity, while surface tension also varies 
simultaneously for all inks used. Thus, at this stage it cannot be concluded as to 
which parameter exerts greatest influence, without performing a two-parameter 
analysis as in Fig. 4.7. It should also be noted that the specific relations obtained 
presumably depend on the pressures and compressions in the nips between anilox, 
print cylinder and substrate, as well as the printing speed and dryer settings, 
although it is reasonable to believe that similarly simple relations apply to each 
given press situation. Likewise, the trends and form, but not numerical 
coefficients, should hold for other classes of water-based flexographic inks and 
impervious plastic substrates. By the same token, deviations from these trends 
could thus provide a useful indication that other mechanisms not taken into 
consideration begin to dominate, e.g. ink resolubility and drying properties 
independent of viscosity and surface tension.  
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Figure 4.9 Graphs as for Fig. 4.8 (top), but now containing data from all eight anilox 
volumes, and with COV normalised by powers of anilox volume and print density (see Eq. 
4.1) to give the best linear fit, indicated by their coefficients of determination, R2. 

 
For the predictions presented in section 4.2.1 of transferred ink amount as a 
function of surface tension and plastic viscosity, the amount was found decrease at 
lower surface tensions. This suggests that the advantage of reduced surface tension 
for print uniformity will eventually be counteracted at sufficiently low values by 
reduced transfer. Further, ink amount decreased at higher plastic viscosity values. 
Given that intermediate- and low-shear viscosities are often coupled, this would 
also suggest the eventual occurrence of a transfer limit to the advantages of high 
viscosity in minimising dewetting on the print substrate.  

4.3 Influence of corona treatment 

4.3.1 Surface chemistry and structure 

The effect of corona discharge treatment of the PE-coated board on its surface 
chemistry, structure and print resistance is presented in Paper IV. The PE-board 
was treated with a matrix of corona output energies (Table 4.1), ranging from 
levels below to above those normally used in industry for PE-printing (~30-
130 W min/m2). The resulting surface energies, determined both from DAT 
contact angles (three test liquids) and with dyne-liquids, are displayed in Fig. 4.10 
(left graph). Although the two methods predict an increase in surface energy with 
increasing corona treatment, the correlation between the two is relatively poor. 
The disagreement between the methods is not surprising considering their different 
natures. The value from dyne-liquids is estimated from their dewetting on the 
board surface and is more related to receding contact angle, compared to the 
advancing angle of more relevance to the drops of test liquids applied in the DAT. 
This disagreement was also observed in Paper V. 
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The increase in total surface energy (obtained from DAT contact angles) with 
corona dosage is, as expected, principally due to the increase in its polar part, 
while the dispersive part (dominating in the untreated state) remains roughly 
constant. As is well known, the corona induced surface energy of treated 
polyolefins decays over time.41, 44, 49, 53 In this study, a decrease is observed in both 
the polar and the dispersive parts of the surface energy and is larger at higher 
corona dosages.  

Table 4.1 Power (W) and speed (m/min) settings used in the corona treatments and the 
resulting output energy (in units of W min/m2) delivered to the board during one pass 
under the electrode. 

 10 m/min 40 m/min 160 m/min 
  500 W 128   32   8 
1000 W 256   64 16 
2000 W 512 128 32 

 
Results from XPS analyses of the board surfaces clearly show that oxygen is 
incorporated into the surface of the corona treated PE-boards. As a result of the 
treatment, the oxidation of the surface, expressed as the oxygen/carbon (O/C) ratio 
in the right graph in Fig. 4.10, increases with increasing treatment of the board, as 
expected. The rate of increase of this ratio decreases with corona dosage, although 
still proceeds steadily without exhibiting a plateau at the highest dosages. As 
clearly revealed from the two graphs in Fig. 4.10, the increase in polar energy and 
hence total energy is very strongly correlated to the surface oxidation. 
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Figure 4.10 The total surface energy, tot, and its dispersive, disp, and polar, pol, parts 
determined from contact angles of test liquids and the surface energy measured with dyne-
liquids (left) and surface oxidation, expressed as the O/C ratio from XPS analysis (right), 
as function of increasing corona treatment (dosage) of the PE-coated board. Note in the left 
graph that the corona dosage is plotted as square root to clarify trends at low values. 
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The corona-induced changes in surface structure of the treated PE-boards were 
studied with AFM. Representative phase images of the untreated PE-surface and 
surfaces corona treated with three of the nine investigated levels are given in Fig. 
4.11. Clearly visible on the treated surfaces are tiny islands scattered on a coarser 
background texture of parallel stripes arising from the chill roll after extrusion of 
the PE melt. From the second lowest treatment level, 16 W min/m2 (second image 
from the left), these islands are clearly present and uniformly distributed over the 
surface. The mean diameter and area occupied by the islands were quantified by 
image analysis and the results show a progressive growth both in size and 
substrate coverage with corona level. From a mean diameter of approximately 
50 nm at 16 W min/m2, the size begins to approach 1 µm at the highest treatment 
level, and can no longer be referred to as true islands as they merge to create 
fingers snaking over the surface. The phase images indicate that the islands (light) 
are more fluid than the background PE (dark). The islands correspond to nano-
agglomerated LMWOM, which can be easily washed off with water, with the 
AFM images after rinsing appearing as featureless as the untreated board. The 
static surface tension of the rinse water after washing the treated boards always 
remains above 70 mN/m for all corona levels, i.e. shows no significant decrease 
from that of pure water. For the higher treatment levels, small white flakes are 
observed at the air-water interface of the rinse water. Thus it appears that the 
removed material is a mixture of soluble and insoluble components, with surface 
activity too low for the monomers to migrate to the air interface or hydrophobic-
particle interface in order to reduce surface tension or wet and disperse the 
particles, respectively. 

     

     

60°

0°  

Figure 4.11 AFM phase images (5 5 µm) of PE-coated board treated with a corona output 
level of (from upper left to lower right) 0, 16, 64 and 256 W min/m2. 
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4.3.2 Print performance of corona treated PE-boards 

The untreated and corona treated PE-boards were fulltone printed using the IGT 
F1 laboratory press, with ink comprising 35 wt% Flexiverse blue pigment 
dispersion and 65 wt% SA vehicle (from the matrix of inks in Papers I-III). For all 
samples the print density was approximately the same ( 1.02). Thus the span of 
different surface energy levels of these boards does not influence transferred ink 
amount during (laboratory) printing, nor distribution on the substrate sufficient to 
impact print density. Tape adhesion and scratch resistance tests of the prints 
resulted in the same outcome; the untreated board performed poorly, while all 
treated boards exhibited good adhesion and scratch resistance properties. 

In the dry and wet rub resistance tests, however, ink could be rubbed off from the 
treated boards and, especially from the wet rub test, a clear distinction in resistance 
could be made depending on the corona dosage. Figure 4.12 displays examples of 
prints tested for wet rub resistance. The quantified ink amount remaining after the 
test is shown as a function of corona dosage and board surface energy (from dyne-
liquids) in the left and right graphs of Fig. 4.13, respectively. A value above ~98% 
can be considered as a very good score. From the poor result on the untreated 
board, the resistance increases rapidly with corona treatment and shows high 
resistance properties on boards treated at intermediate levels (16-64 W min/m2). 
Above 100 W min/m2 (giving a surface energy of ~45 mN/m from dyne-liquids) 
a reduction in resistance is observed with poor results for the highest levels.  

The increased wet rub resistance at low treatment levels is presumably an effect of 
the improved ink-substrate adhesion due to increase in the polar energy 
component, and the corresponding increase in affinity of hydrophobic protective 
ink additives (e.g. waxes and silicones) for the ink-air interface. An additional 
reason for the positive effect of the treatment may be an increased contact area of 
the ink film with the fine-scale corona-roughening. However, these benefits are 
eventually counteracted at higher dosages by some negative influence(s). One 
plausible explanation is that an increasing amount of the soluble oxidised material 
on the treated boards dissolves in the applied ink during drying, thus increasing the 
film’s resolubility and/or softness in the wet state during testing, and so worsening 
the wet rub resistance. This may also be coupled to possible dislodging of the 
insoluble agglomerated LMWOM islands from the substrate, to the detriment of 
ink film integrity and strength. A third possibility is that, while the LMWOM is 
itself not surface active, it encourages migration of surfactants in the ink to the 
ink-air interface. At any rate, water-washing the board before printing to remove 
the oxidised fragments, which also lowers the surface energy, considerably 
improves the wet rub resistance (denoted ‘New, washed’ in Fig. 4.13). 
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Figure 4.12 Examples from wet rub resistance test for printed PE-coated board treated 
with a corona dosage of, from the left, 0, 64 and 512 W min/m2. 
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Figure 4.13 Ink wet rub resistance, expressed as the percentage of ink remaining in the 
tested print area, as function of increasing corona treatment level (left graph) and surface 
energy from dyne test liquids (right graph). ‘New, washed’ in the legends refers to a 
sample water-washed directly after treatment at the highest dosage on the day prior to 
printing, and ‘Old, unwashed’ to a sample treated at the same level but stored for two 
weeks before printing. 

4.4 Print properties of PE-, OPP- and PP-coated boards 

In Paper V, the substrate matrix in the previous papers was extended to also 
include OPP- and PP-coated boards. The print performance of the three boards 
was analysed and interpreted using a new set of inks, based on one commercial 
vehicle for which its main component, the emulsion polymer, was substituted for 
two other such polymers. In particular, the emulsion polymer in the original 
vehicle formulation, Joncryl 2647, was replaced by either Joncryl 74 or Joncryl 
8050 (see Tables 2.2-3). Further, the effect of the presence or not of one key 
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additive in the original formulation, namely the silicone (DC 65), was also 
considered, thus giving in total a 3x2 matrix of vehicles. 

Steady shear viscosity measurements of the inks show that the apparent viscosity, 
for a given shear rate, decreases from inks containing Joncryl 8050 to 74 to 2647. 
This hierarchy, however, does not match that of solids content of the emulsion 
polymer suspensions (Table 2.3), or that of the viscosity of these suspensions 
themselves (information from the supplier). This suggests that interaction of the 
unknown soluble polymer fraction of these suspensions with the other ink 
components (in particular pigment particles) is the most likely origin of the 
viscosity trends. Regarding the static surface tension of the inks, the difference 
between the different formulations is not particularly large, neither when changing 
the emulsion polymer, nor when adding the silicone. The obtained values (33.6-
35.3 mN/m) increase from inks containing Joncryl 74 to 8050 to 2647.  

Figure 4.14 shows the effect of increasing corona treatment level on surface 
energy (assessed with dyne-liquids) for each of the three polymer-coated boards. 
The response of the treatment varies greatly depending on the polymer substrate. 
For OPP and PP, repeated revolutions of the drum using the highest settings on the 
corona unit (1281 W min/m2 for each revolution) did not result in surface energies 
exceeding those from single treatment, i.e. the maximum surface energy for OPP 
(54 mN/m) and PP (42 mN/m) using this corona unit is obtained already after one 
revolution. For PE, surface energy values exceeding 56 mN/m were obtained 
already at treatments above 100 W min/m2. The corona levels used in the printing 
trials are those indicated by rings in Fig. 4.14. 
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Figure 4.14 Surface energy of the treated boards, from dyne-liquids, as function of 
increasing corona treatment dosage. Circled values are the treating levels for each board 
chosen for the printing trials.  
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4.4.1 Print quality and property evaluations 

Optical properties as well as adhesion, wet rub and scratch resistance properties of 
the fulltone printed samples were evaluated. For adhesion, wet rub and scratch 
resistance tests, a value above 99, 98 and 97%, respectively, can be considered as 
a good rating. An example is shown in Fig. 4.15, in particular for a sample rating 
poorly in all three tests. 
 

 

Figure 4.15 Examples showing a tape strip from the ink adhesion test (left) and board 
samples after wet rub (middle) and scratch resistance tests (right). All three examples are 
PP-board treated at the lowest level (165 W min/m2) and printed with Joncryl 8050 and 
silicone in the ink. The black square shows the area (tape test 6.2 1.8 cm, wet rub 
6.4 3.7 cm, scratch 1.8 3.6 cm) image analysed for quantification of removed print. 

 
Print evaluation shows that the emulsion polymer giving the best optical print 
properties for these ink formulations, namely Joncryl 74, is not the one generally 
exhibiting best print resistance properties, Joncryl 2647. This illustrates the typical 
difficulty of finding a water-based flexographic ink fulfilling both types of 
requirement for non-porous substrates. In particular, the lowest print density was 
obtained with 2647, which reflects its undesirable tendency to adhere and begin 
film forming on-press, i.e. the same tendencies helping to improve its resistance 
properties in the final printed state on the board.  

Tables 4.2-4.4 summarises the results and trends obtained for the print properties 
in response to changes in the vehicle formulation. The effect of corona treatment 
has been averaged out of the results compacted in these tables, since it was found 
to be less than that of the vehicle changes. Table 4.2 gives the average results for 
all ink formulations, with standard deviations, obtained for a given print property 
on each of the substrates. The influence of the presence of silicone on the 
properties is summarised in Table 4.3, where the average value for the result 
without silicone is subtracted from the average with silicone (so positive values 
indicate that silicone generally increases the property). Table 4.4 provides a 
measure on a scale from 0 to 100 of the relative influence on the given print 



55 

property of the silicone additive versus the type of emulsion polymer. The closer 
the number in this table is to 100, the stronger is the influence of silicone. 

Differences in print density both within and between the different substrate classes 
are relatively small, as evidenced in Tables 4.2 and 4.3, thus allowing a fair 
comparison of the other evaluated print properties. Table 4.2 clearly shows that 
print mottle worsens from OPP to PE to PP. However, the choice of ink can quite 
strongly influence the mottle within these substrate classes (e.g. see the standard 
deviations in Table 4.2), with emulsion polymer and silicone having roughly equal 
influences (Table 4.4) and with silicone generally tending to worsen the mottle 
(Table 4.3). 

Ink adhesion on PE and OPP was perfect for almost all ink and substrate 
combinations (Table 4.2 and 4.3). On OPP, however, it was obvious that the 
lowest treatment level, resulting in a surface energy of 42 mN/m, is not sufficient 
for good adhesion. Although the adhesion on PP generally was much poorer 
(Table 4.2), it is possible to obtain a very good adhesion on PP by avoiding 
silicone (Table 4.3) and using emulsion polymer 2647. In general, the trends 
support the belief that the most important substrate criteria for high adhesion is a 
strong boundary layer in combination with a well-oxidised surface layer, with PE 
providing increased boundary layer strength by cross-linking.46  

Table 4.3 shows that silicone was also found to have a negative impact on wet rub 
resistance, especially on PP but also on PE, underlining the fact that this additive 
will not automatically improve all print resistance properties if not chosen to be 
compatible with the other ink components. Rub resistance generally decreases 
from PE to PP to OPP (Table 4.2), with the result for OPP depending strongly on 
choice of emulsion polymer and comparatively little on the silicone (Tables 4.3 
and 4.4). In distinction to wet rub resistance, silicone is needed in the ink to obtain 
good scratch resistance (Tables 4.3 and 4.4). Scratch resistance was comparably 
high on OPP and PP, while lower on PE, as expected of this softer substrate (Table 
4.2).  

 
Table 4.2 Average value and standard deviation, for the given substrate and print property, 
taken over all ink compositions and corona treatment levels. 

Substrate Print density Mottling Adhesion (%) Wet rub (%) Scratch (%) 
PE 0.86 ± 0.06 1.07 ± 0.12 99.9 ± 0.2 95.2 ± 4.2 87.7 ± 6.5 

OPP 0.88 ± 0.03 0.90 ± 0.09 99.5 ± 0.3 84.5 ± 10.1 92.1 ± 5.3 

PP 0.88 ± 0.05 1.28 ± 0.14 91.6 ± 11.5 90.8 ± 8.5 92.0 ± 5.5 
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Table 4.3 Average value for all prints with silicone in the ink formulation minus the 
corresponding result without silicone. 

Substrate Print density Mottling Adhesion (%) Wet rub (%) Scratch (%) 
PE +0.01 +0.01   +0.3 -4.3 +10.7 

OPP -0.01 +0.08   -0.1 -0.9   +6.0 

PP 0.00 +0.18 -13.6 -7.8   +9.2 

 
Table 4.4 Influence on the print properties of changes in emulsion polymer vs. silicone. 
On the scale from 0 to 100, 0 indicates that the choice of polymer has more influence on 
the result than the silicone additive.  

Substrate Print density Mottling Adhesion Wet rub Scratch 

PE 35 51 58 52 71 

OPP 31 51 46 21 50 

PP 45 53 55 48 73 

4.4.2 Correlations to test liquid spreading 

Paper V also presents correlations between some of the print properties and those 
of the ink, substrate and their interaction. Print mottle is expected from Fig. 4.8 to 
correlate with the ink’s ability to resist dewetting and uniformly cover the 
substrate. Figure 4.16 displays the relation between print mottle COV (1-8 mm) 
and the difference between total surface energy of the substrate and surface 
tension of the ink, i.e. primarily dictating the force opposing dewetting (see Eq. 
1.12). The figure shows that improved mottle indeed correlates reasonably with 
increased difference between these two energies. However, large deviations 
clearly exist about this trend line, mainly due to the influence of the silicone 
additive on the mottle. This additive has only a very small effect on ink surface 
tension, and thus other parameters must be introduced to obtain a fuller 
interpretation. 

The surface energy of the dry printed ink films was determined from DAT contact 
angles. The polar component of the surface energy is in Fig. 4.17 (at left) plotted 
versus scratch resistance. A reasonably strong correlation is obtained, showing 
improved scratch resistance with decreasing polar component (as expected), 
although other properties such as polymer material hardness also influence this 
resistance property. Wet rub resistance was found to not correlate with printed 
surface energy components, but instead shows a relation to uptake by the ink film 
and underlying substrate (through swelling and penetration) of the test liquid 
ethylene glycol, Fig. 4.17 (at right). For OPP, decrease in ethylene glycol uptake is 
strongly correlated to improved wet rub resistance. However, a true correlation, 
independent of ink, does not exist. Nonetheless, no points fall below the diagonal 
in Fig. 4.17, indicating that a low uptake (measured as only a small decrease over 
time in contact angle of an ethylene glycol drop on the print surface) corresponds 
to good wet rub resistance.  
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Figure 4.16 Correlation of print mottle coefficient of variation, over the band 1-8 mm, 
versus ink-substrate interaction, in particular the difference between substrate total free 
energy (from DAT) and ink static surface tension. The graph shows the trends for the three 
substrates (OPP, PP and PE), the three emulsion polymers (2647, 74 and 8050), the 
silicone additive (filled symbols = with silicone, open symbols = without silicone), and the 
corona treatment level for each substrate (solid line = higher treatment, dashed line = lower 
treatment, and for OPP the dotted line = lowest treatment).  
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Figure 4.17 Correlation between print scratch resistance and polar component of surface 
free energy of the dry printed surfaces (left) and between print wet rub resistance and 
decrease in contact angle of an ethylene glycol drop on the printed surface due to ethylene 
glycol penetration and swelling (over the time interval 0.09-10 s, from DAT) (right). The 
graphs show the effect of substrate (OPP, PP and PE) and silicone additive (filled symbols 
= with, unfilled symbols = without). 
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5 Concluding remarks and future work 

The work presented in this thesis demonstrates some fundamental characteristics 
of water-based flexographic inks and their print performance on polymer-coated 
boards. The inks used, whether true commercial products or variations on them, 
are exceedingly complex mixtures of pigments and emulsion polymers, together 
with their stabilisers, additional solution polymers and surfactants, cosolvents, and 
a range of other additives. One main goal has been to understand the two central 
wet ink properties, namely viscosity and surface tension, in terms of a) the 
compositions giving rise to these properties, and b) the press performance and 
print quality in turn dictated by these properties. With regard to rheology, the 
behaviour of low and intermediate-high shear viscosities can be clearly related 
back to the type and amount of pigment, emulsion and solution polymers, and 
interactions between these main components. Surface tension also exhibited 
systematic differences, although since this property is dictated by surface-active 
minority components, the exact origin of these trends is not known.  

Significant differences in printability and print quality were obtained with the 
various ink formulations. For example, the vehicle containing the largest amount 
of solution versus emulsion polymers gave the highest print uniformity, while the 
50/50 intermediate vehicle transferred the highest ink amounts. Importantly, such 
differences were successfully correlated to the two above-mentioned fluid 
properties. In particular, transferred amount exhibits a maximum at intermediate 
values of plastic viscosity and surface tension, and the results from all trials could 
be well fitted to a quadratic form in these two parameters. Print mottle was caused 
by patterns originating from the anilox ruling striations, and accordingly was 
largest on these sub-millimetre scales, also generally increasing with anilox 
volume and pigmentation. The improvement in mottle with increased content of 
solution polymers was principally due to the associated increase in low-shear 
viscosity and the indirect consequence of lower surface tension, both serving to 
reduce substrate dewetting. 

Another key goal was to relate changes in the surface energy and polymer 
chemistry of the coated board to final print properties, and in particular abrasion 
resistance. Evaluation of print resistance on PE-board treated at increasing corona 
dosage clearly showed a decreasing wet rub resistance at higher dosages, while 
adhesion and scratch resistance were very good for all treatment levels. The 
decreased wet rub resistance was suggested to be primarily due to the increasing 
amount of oxidised material dissolved and dispersed in the ink film. Both PP and 
OPP were, as expected, much more difficult to treat than PE, resulting in lower 
surface energy values at the same corona dosage. The highest attainable surface 
energy level was also significantly higher on PE, particularly compared to PP. 
Print mottle and adhesion were generally worst on PP, while wet rub and scratch 
resistance were worst on OPP and PE, respectively. The type of emulsion polymer 
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product in the ink as well as the presence or not of silicone were however shown 
to have a very strong influence on the print appearance and resistance properties. 
In addition to the overall performance trends, correlations between these print 
properties and those of the ink, board surface and their interaction were presented 
in order to explain the reasons underlying the observed behaviour. 

One of the most important factors affecting print quality is the substrate 

topography, or roughness distribution. Topography has a significant influence on 

ink transfer from the printing plate and on print properties such as gloss, mottle 

and uncovered print areas. A study performed within this PhD project, but not 

presented in any of the five included papers, deals with the influence of the local 

topography of PE-coated board on uncovered print areas, or missing spots. The 

PE-board was corona treated to a surface energy of approximately 43 mJ/m
2 

and 

printed with the IGT F1 laboratory press using the same ink as in Paper IV, 

namely 35 wt% cyan pigment dispersion and 65 wt% SA vehicle. The left image 

in Fig. 5.1 provides a representative interferometric profilometry image of the 

topography of the PE-coated board (the same board as used in Papers I-IV). Its PE 

film follows the unevenness of the underlying board, resulting in a topography 

exhibiting peaks and valleys on lateral length scales of board formation, as well as 

smaller scale pits due to sinking into local surface pores. The right image in Fig. 

5.1 shows a microscope image of the cyan print from exactly the same area as the 

topographic image. The topography corresponding to a specific unprinted spot is 

more easily visualised when combining the topographical data with the optical 

information, as demonstrated in Fig. 5.2. Note in this and subsequent images that 
the uncovered areas are coloured red to more clearly distinguish them from the 
board topography. As expected, the missing spots are mainly located in holes or 
valleys (or the steep sides of them) in the board surface and the occurrence of 
these defects depends both on the depth and the slopes of the holes. 

 
+15 µm

-25 µm  
Figure 5.1 A topographical map (left) and an optical image (right) of exactly the same area 
(approximately 0.8 1 cm) when printed with a cyan water-based ink.  
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Figure 5.2 Demonstration of the location of uncovered print areas (coloured red) by 

combining the optical information and the topographical data in Fig 5.1. Note that the 

upper right corner in Fig 5.1 here is rotated down toward the reader. 

 

The possibility to predict print defects such as uncovered print areas of a printing 

substrate before actually being printed is extremely valuable for the industry. Such 

a topography-based method has been developed in the study and, although still 

undergoing improvement, has shown itself to be able to predict both the location 

and the shape of missing areas. Two procedures, both designed with an imaginary 

printing plate in mind, are combined in order to give the best possible estimation 

of the print defects. The first procedure calculates a natural surface of the sample 

through an optimisation algorithm that minimises the sum of the potential energy 

and the squared norm of the surface gradient. The resulting image reflects the 

distance between the natural surface and the true substrate surface. A larger 

distance is interpreted as a higher risk for a print defect to occur. The natural 

surface tends to return the shape of the defects very well, but has the drawback of 

predicting the same density of defects over the surface without considering the 

large-scale topography. Therefore, it is combined with a second procedure, which 

detects the long-range defects but is less sensitive to short-scale features. This 

valley detection procedure is based on an algorithm that weights the depths of the 

valleys detected in the substrate surface. The final method yielding the best 

estimation of the defects was then obtained by multiplying the results from the 

natural surface and the valley detection. 

The method thus provides an effective probability map over missing-print defects, 

as displayed in the example given in Fig 5.3 (left), where the predicted risk for 

defects increases from the light to red areas while the dark blue areas indicate no 

risk. In the right image, the validity of the method is tested by superimposing the 

actual print defects (red coloured) on the probability map. The result shows a 

fairly good match between the predicted and actual missing-print distributions, 

and the ability of the method to both show the location and the shape of the defects 
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is clearly demonstrated in Fig. 5.4. However, the method is still requires further 

development, and in particular, the algorithms need to be further modified and to 

take into account additional factors (e.g. printing direction) in order to give an 

even better and more reliable probability map. The ultimate goal is to be able to 

predict this map, or rather its defect statistical measures, for a given substrate 

topography, as a function of ink rheology and surface tension, substrate treatment, 

and press settings, thus unifying all aspects studied in this thesis.   

 

     

Figure 5.3 A probability map (approximately 0.8 1 cm) over print defects estimated from 

topographical data (left) and with the actual print defects (red areas) superimposed on the 

probability map (right). Light and red areas in the probability map correspond to risk areas 

for obtaining print defects. 

 

     

Figure 5.4 Zoomed close-ups of a defect detail on the left and right images in Fig. 5.3, 

respectively. 
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6 List of acronyms and symbols 

A Aquaten (vehicle) 
AFM Atomic force microscopy 
AV Anilox volume 
C Cyan pigment dispersion 
COV Coefficient of variation 
d Diameter 
DAT Dynamic absorption tester 
DIN Deutsches Institut für Normung 
ASTM American society for testing materials 
ESCA Electron spectroscopy for chemical analysis 
FFT  Fast Fourier transform 
G’ Storage modulus 
G’’ Loss modulus 
HDPE High density polyethylene 
ISO International organisation for standardisation 
K Black pigment dispersion 
LDPE Low density polyethylene 
LMWOM Low molecular weight oxidised material 
OPP Oriented polypropylene 
PE Polypropylene 
PD Print density 
PP Polypropylene 
RH Relative humidity 
R Reflectance 
R2 Coefficient of determination 
S Scanbrite (vehicle) 
SA Aquaboard (vehicle) 
TAPPI Technical Association of the Pulp and Paper Industry (US) 
Tg Glass transition temperature  
V  Volume 
V0 Initial volume 
XPS X-ray photoelectron spectroscopy 
 Surface tension, surface energy 
 ̇ Shear rate 
 Viscosity 

pl Plastic viscosity 
* Complex viscosity 
 Contact angle 
 Shear stress 

B Bingham yield stress 
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