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Abstract 
 

The primary aim of this work was to develop a solid knowledge on 

formulation effects controlling adhesion of offset ink to coated papers and 

to identify important factors of the coating and the printing process 

affecting it. Focus lay on comprehending the impact of pigment 

dispersant, commonly added additionally in excess to already pre-

dispersed pigment slurry, on ink-paper coating adhesion and ultimately 

on the print quality of offset prints.  

 

The work covers laboratory investigations, a pilot coating trial designed to 

produce coated material with a span in surface chemistry and structure, 

and an industrial offset printing trial.  

The lab scale studies quantified ink-paper coating adhesion failure 

during ink setting with a developed laboratory procedure based on the 

Ink-Surface Interaction Tester (ISIT) and image analysis. Additional 

polyacrylate dispersant resulted in slower ink setting and reduced ink-

paper coating adhesion, with a dependence on its state of salt 

neutralisation and cation exchange, especially in the presence of moisture 

and liquid water.  

The industrial printing trial on pilot coated papers was designed to 

evaluate how these laboratory findings affected actual full scale offset 

print quality. These trials confirmed the dispersant-sensitive effect on 

ink-paper coating adhesion, especially at high water feeds. Evaluation of 

prints from the printing trial resulted in two fundamentally different 

types of ink adhesion failure being identified. The first type being 

traditional ink refusal, and the second type considered to be a novel 

mechanism referred to as ink-lift-off adhesion failure. Ink-lift-off 

adhesion failure occurs when ink is initially deposited on the paper but 

then lifted off from the paper in a subsequent print unit. In this work, ink 

adhesion failure by this ink-lift-off mechanism was observed to occur 

more frequently than failure due to ink refusal.  

 

Print quality evaluation of the industrial prints suggested that water 

induced mottle was caused by a combination of ink-surface adhesion 

failure, creating white spots on the print, together with the commonly 

considered variation in ink layer thickness due to emulsified ink. 
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Sammanfattning 
 

Målet med detta avhandlingsarbete var att öka förståelsen för hur 

bestrykningssmetens formulering påverkar färgadhesionen mellan 

offsetfärg och bestruket papper samt att identifiera viktiga faktorer i 

bestryknings- och tryckprocessen som påverkar färgadhesionen. 

Fokus har legat på att förstå effekterna av dispergeringsmedel, som 

oftast tillsätts i överskott vid formulering av bestrykningssmeten för att 

säkerställa körbarheten under bestrykningsprocessen, på färgadhesionen 

och därmed också på tryckkvaliteten på offsettryck.  

 

Detta arbete omfattar laboratorieförsök, en pilotbestrykning och en 

fullskaletryckning. Pilotförsöken var designade för att studera effekten av 

både ytkemi och struktur på tryckkvaliteten vid en storskalig process.   

Färgadhesionen vid färgsättningen utvärderades och kvantifierades 

under laboratorieförsöken med instrumentet Ink-Surface Interaction 

Tester (ISIT) i kombination med bildanalys. Resultaten från dessa försök 

visade att extra tillsatts av dispergeringsmedlet polyakrylat resulterade i 

en långsammare färgsättning samt en försämrad färgadhesion, som 

påverkades av akrylatets motjon, speciellt vid förekomsten av vatten och 

fukt.  

Fullskaletryckningen som utfördes på pilotbestruka papper var 

designad för att utvärdera hur resultaten från laboratorieförsöken faktiskt 

påverkar tryckkvaliteten vid en storskalig tryckprocess. Fullskaleförsöken 

bekräftar färgadhesionens sensibilitet för dispergeringsmedel, speciellt 

vid höga fuktvattenflöden i tryckprocessen. Utvärdering av 

fullskaletryckta prover resulterade i identifieringen av två fundamentalt 

olika typer av bristfällig färgadhesion. Den första typen är traditionell 

färgvägran och den andra typen anses vara en ny mekanism och kallas 

färgbortlyftning. Bristfällig färgadhesion inträffar, enligt 

färgbortlyftningsmekanismen, när färg initialt har applicerats på pappret 

vid en tryckenhet men blir senare bortlyft från pappersytan i efterföljande 

tryckenheter. I detta arbete har bristfällig färgadhesion orsakad av denna 

färgbortlyftningsmekanism setts inträffa oftare än bristfällig färgadhesion 

på grund av färgvägran. 

 

Utvärdering av tryckkvaliteten på de fullskaletryckta proverna föreslog att 

vatteninducerad flammighet orsakades av en kombination av bristfällig 



vii 
 

adhesion mellan färg och bestruket papper, vilket resulterade i 

uppkomsten av vita fläckar på den tryckta ytan, och en variation i 

färgfilmens tjocklek orsakad av emulgerad färg.   

 

Nyckelord 

Färgadhesion, offsettryckning, kalciumkarbonat pigment, polyakrylat, 

dispergeringsmedel, flammighet, ytkemi, hygroskopiska ytor, 

bestrykningsskiktets struktur, tryckkvalitet, vatteninducerad flammighet 
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1. Introduction 
 
1.1 Setting the scene 
 

Papers for high quality product applications are generally coated before 

being printed, as it improves surface smoothness, optical properties and 

printability. Simplified, a coating colour consists of mineral pigments 

dispersed in a vehicle primarily made up of water, binder and, if required, 

thickener. Pigments for paper and board coating are frequently supplied 

as pre-dispersed slurries with high solids content. The principal pigments 

are calcium carbonate and kaolin clay, with ground calcium carbonate 

(GCC) being the most common in higher brightness quality papers. 

In this thesis only calcium carbonate based pigment coatings have been 

studied. These pigments are generally stabilized by a dispersing agent, 

commonly polyacrylate-based, which prevents pigment particle 

flocculation. The optimal amount of dispersant in a pigment slurry, of a 

specific solids content, refers to the minimum amount required to achieve 

maximum viscosity decrease. However, the demand for good runnability 

at high speed and high solids content forces the papermaker to guarantee 

that the colloidal stability against agglomeration is at a high and secure 

level. A common way to support this need is to add an extra dose of 

dispersant during coating makedown, additional to the amount already 

present via the as-delivered pigment slurries. This policy, however, can 

lead increasingly to other problems, including re-flocculation of the 

pigment, and particularly latex binder, however its prevalence in use has 

grown due to many additives to the coating colour being poorly controlled 

in respect to pH. Low pH acts to release calcium from the GCC and the 

excess dispersant can act positively as a chelating agent for this coagulant 

cation. 

In the offset printing process the coated paper is exposed to water both 

in the liquid form (fountain solution) and as vapour due to high relative 

humidity in most printing houses. Polyacrylate is a highly hydrophilic and 

hygroscopic polymer that swells in the presence of moisture and water. 

This has a strong impact on the pore structure of the coating and its 

surface chemistry, thus influencing the interaction between the printing 

ink and the coating and is hypothesized to lead to a failure of ink transfer 

and/or a failure in ink adhesion, which, of course, is detrimental for the 

quality of the printed product. 
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This thesis endeavours to test the hypothesis of the impact of excess 

hydrophilic dispersant on print quality and to identify its effect on the 

surface properties of the coating responsible for detrimental offset 

printability. In this respect, adhesion between ink and coated paper has 

been studied in detail and a new mechanism for ink adhesion failure is 

proposed. 

 

1.2. Objective 
 

The main scientific objective of this thesis is to gain a fundamental 

understanding of the adhesion properties of offset ink to a pigment 

coated surface. Of particular focus is the goal to generate knowledge 

about the impact of additional dosages of the anionic dispersant 

polyacrylate, often added to a coating colour in an attempt to correct 

runnability problems during the coating process, and its subsequent 

impact on coating surface properties, ink-paper coating adhesion and 

lastly on offset print quality, primarily print mottle.  

2. Background  

 
2.1 Pigment coating 
 

Uncoated paper generally consists of a network of cellulose fibres, 

mineral filler particles and flocs of these constituents, which form a 

relatively inhomogeneous surface layer with a fairly rather coarse micro 

surface structure. These components create a surface that does not meet 

the demands for good print resolution in high quality prints. Papers and 

boards for this segment are therefore often coated with a pigment based 

coating composition which creates a more uniform surface layer with a 

structure that better meets the demands for high quality prints. Pigment 

coating also improves the printed product by enhancing paper optical 

properties like opacity, whiteness and gloss. The print and converting 

runnability of paper is improved upon coating as the surface strength 

increases and consequently the occurrence of surface linting (dusting and 

fine unbound fibre loss), and breakage, decreases.   
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Pigment coatings are aqueous dispersions with the main constituents 

being mineral pigment and binder, but it also contains small amounts of 

various additives such as dispersing agents, thickeners, optical 

brightening agents, antifoaming agents etc. The solids content of the 

formulated coating lies between 50-70 % depending on factors such as 

coating procedure, coating formulation and type of manufactured paper. 

The pigments are frequently supplied as pre-dispersed slurries with 

high solids content. Pigments being the main component in a coating, in 

respect to weight content, have a large impact, often in interaction with 

binder, on the rheological properties of the coating, and have the biggest 

influence on the optical properties of the finished paper (Gate, et al., 

1973). The pore structure generated by the pigment, and the distribution 

of binder, has the greatest effect on liquid absorption. The primary 

pigments used for paper coatings are calcium carbonate and kaolin clay. 

Calcium carbonate can either be ground (GCC) or precipitated (PCC). 

GCC pigment particles have a rhombic almost spherical shape whereas 

kaolin clay particles are platy shaped. The particle shape of PCC pigments 

is determined by the precipitation condition (Kumar, et al., 2011). The 

main advantages calcium carbonate pigments offers papermakers are 

higher brightness and whiteness at low costs (primarily GCC), whereas 

kaolin offers good coverage and a smooth and glossy surface (Dennison, 

1979). GCC grades have however been advanced over the years so they too 

can deliver high gloss. 

 

The main role of a binder in a pigment coating is to bind the pigment 

particles to the paper substrate and to each other. Commonly used 

binders for high quality coatings are latex-based, i.e. dispersions of fine 

spherical particles (0.1-0.2 µm) in water and supplied to the papermaker 

with a solids content of 50 %. Styrene-butadiene latex (SB) is most 

frequently chosen as a binder in coatings for papers to be printed with an 

offset press. For odour and taste sensitive products, such as packaging 

products, styrene-butyl acrylate latex (SA) is a more suitable binder. Cost-

wise, currently, SB latex commands a lower price than SA latex.  

 The binder type and content significantly influence the pore structure 

of the coating layer as well as surface properties such as roughness and 

surface energy. This, in turn, has an impact on the interaction between 

the surface and printing ink, e.g. ink setting and print quality, seen, for 

example, in terms of print gloss (Rousu, et al., 2000; Preston, et al., 

2001). The general binder to pigment ratio in a typical coating 
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formulation varies between 5-11 parts binder per hundred parts by weight 

of pigments. An increasing amount of binder in the coating layer can 

decrease the wettability of the surface, and thus impact ink-paper coating 

interactions (Ström, et al., 2008). Well-chosen binder content 

contributes to improving the coating surface so it may require less ink 

and still achieve a high quality print (Li, et al., 2015). Too high binder 

content in the coating may result in a less porous coating layer surface 

that will have a damaging effect on gloss, brightness and microroughness 

of the paper (Preston, et al., 2008; Lepoutre, et al., 1979; Aspler & 

Lepoutre, 1991).  

 

In the coating operation the colour is applied to the paper surface and the 

excess coating is then removed. The most frequent coating process is 

blade coating where the excess coating is metered to a certain coat weight 

using a trailing doctor blade. This coating process can be regarded 

essentially as a filling in method where the blade rides on the base sheet 

fibre flocs and fills in the valleys of the paper surface topography (Dean, 

1997). This coating process achieves a smooth coating surface but results 

in a coating layer with an uneven mass distribution (Engström & Morin, 

1996; Engström, et al., 1989). The desired coat weight (usually 5-20 gm-2 

which matches a thickness of 5-20 µm) can be reached by adjusting the 

pressure applied to the blade. The wet coating is then dried to remove 

water which is evaporated during the drying process usually by the use of 

infra-red dryer in combination with hot-air dryers.  

In order to improve paper smoothness further and, thus, also paper 

gloss, the coated paper can be calendered. Calendering results in a 

densification of both coating layer and base paper (Eriksson, et al., 2008; 

Tribello, et al., 2009; Nyström, et al., 2004), which also results in a 

reduction of the opacity and bending stiffness of the paper. There are 

several calendering techniques in common use, supercalendering being 

one of the most common techniques used for offline calendering of 

printing papers. A supercalender consists of 10-12 nips formed each 

between a steel roll and a softer roll that are arranged vertically. The 

softer roll is generally covered with a polymeric material or compressed 

paper. 
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2.2 Dispersing agent  
 

The mineral pigments used in the making of paper coating are supplied as 

high solids aqueous dispersions. The high speed and high shear, more 

particularly high rates of change of shear rate, coating process requires 

the coating to be able to flow under the metering device (blade, rod etc.) 

without causing any runnability defects. The required rheology of a 

coating colour throughout the coating process is relatively low shear 

thinning viscosity at high solids content (Rogan, et al., 1994), displaying 

low levels of induced elasticity under short timescale changes of shear 

rate (Gane, 1997). High solids are desired to minimize water pick-up by 

the base paper surface and thus retain paper strength, reduce cost during 

the drying process and to improve coating surface uniformity of structure 

by avoiding uneven shrinkage. To meet these demands, dispersants are 

used to stabilize the mineral pigments particles in colloidal dispersion 

against flocculation and aggregation, and in turn positively impact the 

flow and rheological properties of pigment slurries (Rohmann, 1974), 

which is strongly dependent on the interactions between the pigment 

particles.  

The dispersant amount in a coating colour is small (< 1 part per 

hundred parts pigment), relative to the other coating colour components, 

and therefore its effect on printability is often disregarded. However, 

dispersant is situated on the surface of the pigment, and so is the defining 

chemistry of the pigment surface in contact with print in practice, and its 

role in initiating deflocculation of pigments influences the pigment 

particle distribution on the dry coating surface and, thus, also the final 

pore structure. The pore structure, in turn, affects the microroughness of 

the coated surface and its capability to accept ink during printing 

(Ridgway & Gane, 2006; Ridgway & Gane, 2005). Therefore, the 

dispersant added to the paper coating can in fact play a crucial role in 

terms of print quality even in its optimized dose for 

dispersion. Considering additional excess dispersant in the water phase, 

and, thus, eventually not adsorbed but rather deposited on the material 

surface during drying, the impact on surface chemistry can be quite 

different compared with its immobilized form on a pigment particle.     

 

A pigment slurry is referred to as a dispersion in terms of colloidal 

chemistry. Dispersions are two-phase systems where the phases are 
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termed dispersed phase and dispersion medium. The dispersed phase in a 

pigment slurry consists of the pigment particles whereas the dispersion 

medium refers to the water in which the pigments are dispersed. The 

dispersion process of pigment particles in a liquid can be divided into 

three mechanisms, namely wetting, grinding and stabilizing (Snyder, 

1995).  

Wetting of coating pigment particles aims to displace air from the 

particle surfaces and any air entrapped between the particles to then 

replace it with water. The thermodynamic conditions for wetting to be 

spontaneous are that the total work of dispersion (WD) is negative 

(Tadros, 2016), see equation 2.1 

 

(Eq. 2.1) 𝑊𝐷 =  −6ƴ𝐿𝑉cos𝜃  
  

where ƴLV is the liquid/vapour surface tension and 𝜃 is the contact angle 

between liquid and solid.  

The second mechanism, grinding, in the dispersion process is when 

aggregates and agglomerates of pigment particles are broken up 

mechanically, typically with mills, grinders and mixers.  

The last step of the dispersion process is to stabilize the deflocculated 

pigment particles. The stability of colloids is determined by the 

interactions between the particles during collision. The interactions can 

be either attractive or repulsive. If the attractive interactions (van der 

Waals forces at close range or Coulombic attraction between opposite 

charge species at a distance) dominate then the particles will adhere. 

However, to attain a stable and dispersed colloidal suspension the 

repulsive interactions have to dominate and their existence keeps 

particles separated over time without particle re-agglomeration. A stable 

dispersion can be obtained as a result of two principal stabilization 

mechanisms, electrostatic stabilization (Coulombic repulsion between 

like charged species), and steric stabilization or a combination of both 

(Shaw, 1980). 

Electrostatic stabilization can be explained in terms of an electrical 

double layer. This double layer is an arrangement of charge that appears 

on the particle surface when it is immersed into an electrolyte solution. It 

refers to the dual layers of charge which surrounds the particle, see Figure 

2.1. The first layer contains ions adsorbed on the particle through 

chemical interactions, whereas the second layer consists of a diffuse ion 

layer of oppositely charged ions that moves freely in the solution as a 
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result of electric attraction. Electrostatic stabilization is manifest when 

two particles surrounded with the electrical double layer approach each 

other. Overlapping layers are energetically unfavourable due to entropic 

effects. The charge thus offers a barrier to closer particle interactions and 

the deflocculated state is stabilized (Shaw, 1980). The potential energy 

model for this kind of stabilization was described by Derjaguin, Landau, 

Verwey and Overbeek (Derjaguin & Landau, 1941; Verwey & Overbeek, 

1948), and referred to as the DLVO theory. 

Steric stabilization can occur when high molecular weight polymers are 

well adsorbed on the particle surface and forms long loops and tails that 

spread out into the dispersion medium, see Figure 2.1. For steric 

stabilization to occur the polymer must be fully solvated by the dispersion 

medium. A fully solvated polymer will choose to stay associated with the 

dispersion medium, rather than interact with any other particle, with the 

exception of the adsorption site on the particle surface. If the dispersion 

medium is a good solvent for the polymer then interpenetration will not 

be favoured and particle-particle repulsion will take place, and thus 

stability achieved (Napper & Netschey, 1971; Napper, 1977).  

 

 
Figure 2.1. Particles in dispersion can be stabilized either through an electrostatic 

mechanism (left) or through steric hindrance (right) or both.  

 

2.2.1 Polyacrylate  

In this work the dispersing agent used was sodium polyacrylate (NaPA), 

see Figure 2.2, which is commonly applied as dispersant in pigment 

production and in coatings. NaPA is the sodium salt of polyacrylic acid 

and the polymer is highly hydrophilic and hygroscopic, and in the bulk 

swells upon contact with water (Omidian, et al., 1998; Sohn & Kim, 

2003). In an aqueous solution of NaPA, the sodium ions will be 

dissociated from the negatively charged polymer chains at a distance of 
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approximately 4-5 Å (Molner & Rieger, 2005) and form a counter ion 

clouds adjacent to the PA chain. 

 

 
Figure 2.2. The chemical formula for polyacrylate sodium salt. 

 

Loiseau and coworkers (Loiseau, et al., 2005) showed how the molecular 

weight distribution of the polymer affected the characteristics of a 

dispersion containing calcium carbonate pigments. They reported that for 

molecular weight polydisperse PA, only chains with a particular (~5 000 

g.mol-1) molecular weight adsorbed onto the pigment surface whereas 

chains in other molecular weight range stayed in the solution. Near-

monodisperse PA, however, adsorbed irreversibly and totally onto the 

pigment surface. Low molecular weight (~1 500-4 800 g.mol-1) PA is a 

linear polymer, whereas increasing molecular weight results in a more 

branched polymer chain (Loiseau, et al., 2005).  

Due to its anionic nature polyacrylate adsorbs directly onto positively 

charged sites of coating pigments. The adsorption results in an increased 

negative surface charge and a thicker diffuse layer which prevents 

flocculation and aggregation (Rohmann, 1974). 

When divalent or trivalent cations are present in the aqueous 

dispersion, they will interact strongly, driven by entropy (Bulo, et al., 

2007; Sinn, et al., 2004) with the PA chains (Boisvert, et al., 2002). The 

interactions between PA and calcium carbonate in presence of free 

calcium ions within the aqueous solution will be further discussed in the 

following section. 

  

2.2.2 Calcium and polyacrylate interactions 

Polyacrylates high affinity to calcium carbonate surfaces and the 

formation of complexes with calcium ions is demonstrated in the work of 

Sanders and Bashey (Sanders & Bashey, 1991). Their approach was to use 

the amount of heat released or absorbed when a polymer solution is 

mixed with a suspension of particles as a degree of the interaction 

strength and to use the time required for this heat to appear after mixing 

as a quantification of the interaction rate. They reported on a strong 
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interaction with a rapid interaction rate between the polymer and calcium 

carbonate surfaces.   

Several studies have confirmed the strong interactions between PA and 

calcium carbonate (Eriksson, et al., 2008; Chen, et al., 2004; Taylor & 

Sigmund, 2010; Geffroy, et al., 2000). While calcium carbonate is 

relatively stable in a basic solution it dissolves under acidic conditions 

(Liang, et al., 1996; Kaufmann & Dreybrodt, 2007) and thus act as a 

reservoir of calcium ions. This dissolution process of calcium carbonate 

renders the dispersion of calcium carbonate pigments by NaPA rather 

complicated. 

The formation of Ca-PA complexes have been reported by numerous 

researchers (Loiseau, et al., 2005; Tribello, et al., 2009; Marinsky & 

Reddy, 1984). The PA becomes insolubilized by adsorbing on the calcium 

carbonate surface by calcium ion exchange (Järnström, 1993). The 

adsorption process has been shown by many researchers (Eriksson, et al., 

2008; Chen, et al., 2004; Taylor & Sigmund, 2010) and is verified by the 

charge reversal seen on the calcium carbonate pigments upon addition of 

PA (Eriksson, et al., 2008; Jada & Verraes, 2003; Eriksson, et al., 2007). 

During the adsorption process PA acts as a chelating agent at the calcium 

carbonate surface, effectively “ripping out” calcium ions from it. However, 

more calcium ions are drawn-out from the pigment surface than can be 

bound to the polymer and thus Ca-PA complexes are formed. The free 

unbound calcium ions in the solution are then compensated for by 

desorption of carbonate from the calcium carbonate surface, which occurs 

at the same time (Loiseau, et al., 2005). The cation exchange between 

NaPA and CaPA when forming the Ca-Pa complex in turn supports the 

formation of Na2CO3, which remains dissociated, increasing the ion 

content of the water phase. Addition of multivalent cations to the 

suspension that form complexes with PA can, however, prevent the PA 

induced chelation (Eriksson, et al., 2008).  

 

Moreover, in addition to the adsorption of PA, precipitation of the formed 

Ca-PA complex has been reported (Loiseau, et al., 2005; Geffroy, et al., 

2000). At a specific molar ratio between the evolved calcium and acrylate 

units the Ca-PA complex is at the limit of its solubility. Beyond this molar 

ratio (after seed point) the complex will be precipitated and retrieved as 

solid particles in the solution. 

Gane (Gane, 1998) illustrated how the ratio of calcium carbonate 

adsorbed to free polyacrylate in the water phase should be maximized, in 



12 
 

order to minimize the depletion flocculating effect of excess polyacrylate 

in the coating colour, especially in respect to its role in destabilizing latex 

binder and carbonate fines. Gane showed that by designing the dispersant 

to maximize its sorption onto calcium carbonate, homogeneous coating 

structures could be designed using 100 % fine grade ground calcium 

carbonate (GCC), resulting for the first time in high quality mottle-free 

offset prints. This study led the way to the final replacement of kaolin 

(fine glossing clay) in the highest brightness multicoated quality woodfree 

grades.  
  

2.2.3 Polyacrylate chain configuration 

In a suspension of calcium carbonate pigments the adsorbed PA chains 

on the pigment surface assume a flat configuration (Loiseau, et al., 2005; 

Ström, et al., 1995), due to intramolecular repulsion among the negative 

charges on the chain. In the presence of divalent cations Schweins and 

Huber (Schweins & Huber, 2001) saw that the interactions between 

calcium ions and carboxyl groups on the acrylic chain resulted in a 

change in configuration. The bound calcium ions on the PA chains caused 

a more coiled polymer chain forming a shrunken network.  

In a simulation study Bulo and coworkers (Bulo, et al., 2007) 

investigated the interaction of one calcium ion and two carboxylate 

groups on the PA chain. They first investigated the interactions between a 

calcium ion and two neighbouring carboxylate groups, and showed that 

these interactions resulted in a stretched polymer configuration. They 

then investigated the interactions between a calcium ion and two non-

adjacent carboxylate groups, which instead resulted in a coiled polymer 

chain. The work also showed that these interactions and, thus, also the 

polymer configurations are dependent on the calcium ion concentration, 

which plays a significant role in controlling both the electrostatic and 

solvation interactions between the components (Huang, et al., 1991).  

Several studies (Fantinel, et al., 2004; Boisvert, et al., 2002; Schweins, 

et al., 2003; Huber, 1993) have shown different kinds of calcium binding 

to the PA chain and that high calcium ion concentration results in chain 

coiling (Bulo, et al., 2007). At high calcium concentration, clusters of 

calcium ions will share the oxygen atoms from the carboxylate groups and 

thus enhance the stability of the formed Ca-PA complexes. High calcium 

concentration also leads to precipitation of the Ca-PA complex due to 

shielding of the electrostatic (repulsive) forces between the polymer 
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chains, which permits the chains to approach each other and precipitate 

(Molner & Rieger, 2005).  

Increasing the PA concentration, however, results in less coiling of the 

chain due to the local inflexibility in the polymer chain (Bulo, et al., 

2007). The uncoiled state of the crowded chain hinders strong 

interactions between calcium ions and the carboxylate groups on the 

polymer chain, which will favour inter chain interactions and, thus, 

polymer aggregation. However, at low PA concentration highly coiled and 

stable polymer chain configurations are possible due to calcium ions 

clustering together and sharing numerous carboxylate groups. 

  

2.2.4 Polyacrylate stabilization  

PA gives stability to the dispersion of calcium carbonate pigments by 

forming an electrostatic repulsive barrier (Järnström, 1993; Dahlvik, et 

al., 1995; Bain, et al., 1982). The PA chain contains a high number of 

carboxylate groups, which all can bind strongly to the calcium ion. 

Tribello and coworkers (Tribello, et al., 2009) showed that the most 

stable interaction was obtained when calcium complexed with both the 

polyacrylate chain and carbonate.  
 

2.2.5 Polyacrylate dosage  

The dosage of dispersant is a key factor in determining the ultimate 

stability of the coating colour (Järnström, 1993), especially since paper 

mills often add extra dispersing agent to the colour in the desire that it 

will ensure that it will perform well on the coater following, for example, 

pH shock in the case of calcium carbonate, arising frequently from the 

use of acidic binders or microbiological contamination on the machine.  

The amount of PA in calcium carbonate pigment dispersion influences 

the properties of the coating colour, and consequently the final coated 

paper (Rohmann, 1974). The hygroscopic nature of PA gives the polymer 

a key role in influencing print quality in conditions where the relative 

humidity is high, and particularly when lithographic offset printing 

methods are used.   
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2.3 Lithographic printing process 
 

Offset is a lithographic printing method based on the immiscibility of oil 

and water. In offset the image and non-image areas on the printing plate 

are essentially on the same plane and are separated primarily by their 

differences in wetting (surface tension). The printing image areas of the 

plate are low-energy surfaces that are ink-accepting (oleophilic) and 

water repellent (hydrophobic). The non-printing areas on the other hand 

are surface porous water accepting (hydrophilic) surfaces, which by water 

surface coverage are designed to be ink-repellent (oleophobic) during 

printing. They are generally made up from aluminium oxide with 

adsorbed hydrophilic polymers like gum arabic or carboxymethyl 

cellulose (Adams, 1971; Riddell & Davies, 1931). 

 

Traditional offset printing is an indirect lithographic printing technology, 

meaning that during printing the ink is transferred from the printing 

plate onto a blanket and then onto paper, rather than directly onto the 

paper from the printing plate.  

The ink-repellent properties on the printing plate can be achieved also 

by surface chemistry in the case of waterless offset printing. A printing 

plate used for waterless offset is covered with a layer of silicone. During 

the development of waterless offset plates, the silicone layer is removed 

from the printing areas of the plate, making them ink-accepting 

(Kipphan, 2001). The silicone layer remains on the non-printing areas, 

which inhibits adhesion with ink. Conventional offset, however, is the 

most common technology of the two methods, and will thus be the only 

method henceforth discussed in detail in this work. The non-printing 

areas of the plate used for conventional offset are prevented from 

transferring ink by a thin layer of dampening solution (more about this in 

section 2.3.1).  

 

In a four-colour offset press there are four printing units, one for each 

colour (generally black (K), cyan (C), magenta (M) and yellow (Y) in that 

order). These units (see Figure 2.3) follow each other in rapid succession  
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without external drying 

between them. The printing 

process, taking place within 

each printing unit, can be 

described in four steps. 

Firstly, the printing plate 

comes in contact with the 

dampening unit which 

covers the non-printing 

areas of the plate with 

dampening (fountain) 

solution. Secondly, the 

printing plate passes 

through the inking unit and 

ink is thus applied on the 

printing image areas of the 

plate. Thirdly, the image on 

the printing plate is transferred onto a rubber blanket covered cylinder, 

referred to as the offset roller, since it takes the ink off the printing plate 

and sets it onto the paper, making the ink transfer from the offset roller 

onto paper the fourth and last step in the printing unit (Kipphan, 2001; 

MacPhee, 1979; Takahashi, et al., 1983). The printed paper then enters 

the subsequent printing unit for the following colour where these four 

steps are repeated.  

An offset printing press can either print on paper from a continuous 

roll of paper (web offset) or on sheets of paper (sheet-fed offset), the 

latter being preferred for high quality prints (posters, books etc.).  

A sheet-fed offset press offers flexible production options and in-line 

finishing operations such as imprinting, perforating, binding etc., for a 

wide range of print volumes. Web offset is mostly used when printing 

large volumes of somewhat lower print quality products (newspapers, 

leaflets etc.). The finishing operations that can be integrated with the 

press are more limited compared to sheet-fed offset and typically only 

include operations such as folding and stapling. A web offset press can 

either print with coldset or heatset inks, referring to the drying process, 

discussed in section 2.3.2, required to set the ink. The heatset web offset 

press is, in general, preferred when targeting high print quality products. 

 

 

 
Figure 2.3. A schematic drawing of an offset printing 

unit. 
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2.3.1 Dampening solution 

The dampening solution, or fountain solution which it is commonly 

referred to, has three key functions in the offset printing process. Firstly, 

the principal function of fountain solution in the offset press is to protect 

the non-printing areas from ink. Secondly, it keeps these areas on the 

plate and blanket clean from primarily ink and paper lint. Lastly fountain 

solution also helps cool down the offset printing process (Kipphan, 2001; 

MacPhee, 1979). 

Commercially used fountain solutions consist mainly of water. 

Additives such as plate preservative agents (gum arabic), buffer 

substances (control pH) and wetting agents are, however, commonly 

added. The most indispensable additive is the wetting agent, usually 

isopropyl alcohol or, increasingly more common, surfactants, due to 

reasons of VOC (volatile organic compounds) regulations, which reduce 

the surface tension of the solution and, thus, promote a rapid spreading 

of the fountain solution across the plate (Kipphan, 2001). 

During the printing process fountain solution is applied as a thin film, 

normal average thickness being 0.5-1 µm (MacPhee & Lind, 1991). 

However, the non-printing area of the plate is not mirror-smooth, a 

design feature applied to ensure satisfactory fount transfer, and so 

sufficient fountain feed is needed in order to assure that the water film on 

elevated areas also has an appropriate thickness.  

 

2.3.2 Offset Ink 

Offset inks are referred to as paste inks in comparison with fluid inks, 

which are generally used in other conventional printing processes, such 

as rotogravure, flexography or inkjet. They have a very high viscosity but 

are also highly shear-thinning. Values around 100 Pa.s at 10 s−1 have been 

reported (Chou, 1992).  

The dispersion of colouring agent (solid pigment particles) in the offset 

ink is made down into a vehicle of binders (soft alkyd and hard resins) 

and oils, from both vegetable and mineral sources, used, respectively, to 

solve the soft resins and to act as diluent ink vehicle, although mineral oil 

in some cases is also substituted by vegetable oil varieties (Williams, 

1992). The role of the ink vehicle is to ensure ink transport in the printing 

press during printing and, lastly, to transport resin to provide the binding 

of the ink to the paper surface. Additives, such as rheology modifiers, 

drying agents and wax, are added in small amounts to enhance the ink 

performance. These additives effect ink consistency, prevent ink from 
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drying and hardening prematurely, improve inks scratch and rub 

resistance etc.  

Offset inks for conventional offset printing must also be able to 

incorporate a limited amount of fountain solution within the ink 

throughout the printing process.  This is accomplished by emulsification, 

and will be discussed in the following section.  

The ink adheres to almost any dry surface, even a dry non-printing area. 

The ink film thickness on the printing areas of the plate is typically 2-3 

μm (MacPhee & Lind, 1991).  

 

2.3.3 Emulsification of ink with fountain solution 

The offset printing process is characterized by the emulsification of 

fountain solution in the ink. Therefore, both ink and paper must be 

compatible with fountain solution in order to guarantee ink transport in 

the press and good print quality. Offset ink comes in contact with 

fountain solution throughout the printing process and, therefore, a 

special requirement is placed on these inks. They must be able absorb a 

certain amount of fountain solution in a water-in-oil emulsion (MacPhee, 

1979; Fadner & Doyle, 1985). The fountain solution is distributed evenly 

throughout the ink in the form of small droplets.  

Print quality and ink transfer is very dependent on the amount of 

fountain solution applied onto the printing plate. If the amount of fount is 

too low then scumming will occur, in which non-image areas of the plate 

start to deliver ink and create a false print.  Too much fountain solution 

will result in poor ink transfer and water barrier on the surface of the 

paper coating, resulting in white spots in the image due to exposed 

coating, which is referred to as snowflaking (Takahashi, et al., 1983).  

 

2.3.4 Ink transfer and ink splitting mechanisms  

The transfer and film splitting mechanisms of inks are critical for any 

printing process, and affect both print quality and press runnability. In an 

offset press these mechanisms occur between: 

 

 inking roller and printing plate 

 plate and blanket 

 blanket and paper  
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2.3.4.1 Ink transfer mechanisms 

The ink transfer mechanism in offset printing is predominantly 

determined by the ability of the paper surface to adsorb and immobilize 

ink in combination with the ink rheology.  

Before the transfer mechanism will be addressed, the two different 

states of ink during the printing process need to be discussed. During 

printing, the high viscous offset ink can either be regarded as immobilized 

or free, within the printing press. Immobilized ink refers to ink that is 

adsorbed by or bonded to the roller surface, whereas free ink is ink that 

can move freely and, thus, is involved in the ink splitting process, which 

completes the ink transfer process (MacPhee, 1998). 

The ink transfer onto paper during offset printing can be divided into 

the following three steps, the physical contact between the plate and 

paper, the immobilization of ink at the paper surface and finally the 

splitting of the free ink. The ink transfer mechanism commences at the 

printing nip as ink on the blanket roller is contacted under pressure 

against the paper, causing a fraction of the ink to become immobilized at 

the paper surface. At the nip exit, the ink is subjected to extensional 

forces, which causes a tensile stress to develop within the ink, initiating 

the splitting of the ink film (Patel & Dealy, 1987). The ink splitting 

mechanism will be addressed in section 2.3.4.2.  

 

Work done in the 1950s on ink transfer (Phil, 1952; Olsson & Phil, 1952; 

Olsson & Phil, 1954) showed that the paper surface was only capable of 

instantaneously immobilizing a certain amount of ink during the time of 

impression. In 1955 Walker and Fetsko (Walker & Fetsko, 1955) proposed 

the currently most commonly used ink transfer equation (Eq. 2.2), which 

describes ink transfer as a function of ink film thickness on the plate. This 

equation is based on the initial incomplete contact of ink with paper, the 

acceptance of ink by paper up to a maximum capacity and finally by the 

split of excess ink in any constant percentage (Walker & Fetsko, 1955)  

 

(Eq. 2.2) 𝑦 = (1 − 𝑒−𝑘𝑥) [𝑏(1 − 𝑒−𝑥/𝑏) + 𝑓[𝑥 − 𝑏(1 − 𝑒−𝑥/𝑏)]]  

 

where y equals the amount of ink transferred on paper (per unit area) and 

x equals the amount of ink originally on the plate (per unit area). The 

transfer constant k relates to the smoothness of paper (higher value for k 

representing higher smoothness) and indicates how quickly full contact is 
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reached between the paper and an increasing ink film. The transfer 

constant b relates to the immobilization capacity of paper for ink, i.e. the 

maximum amount of ink which the paper can immobilize during the time 

of impression. The factor f is referred to as the film splitting coefficient 

and relates to how the free ink splits. 

The Walker-Fetsko equation (Eq. 2.2) is based on incomplete contact 

of ink with paper during the ink transfer, which is the case for low ink 

film thicknesses and primarily uncoated paper substrate, for which the 

model was developed. At low ink film thicknesses the ink film is only in 

contact with parts (predominantly fibre flocs) of the paper surface, 

whereas higher ink film thickness is more likely to fill all of the paper 

surface (fibre flocs and valleys), and thus result in complete contact 

between blanket and paper. Therefore, when complete contact is assumed 

(high x), the ink transfer can be described with the following linear 

equation 2.3  

 

(Eq. 2.3) 𝑦 = 𝑏 + 𝑓(𝑥 − 𝑏) 
 

The applicability of the Walker-Fetsko equation (Eq. 2.2) has, however, 

been questioned. The main reasons for the equation being disputed is due 

to reports of its poor agreement with experimental data (Karttunen, et al., 

1971; Zaleski, et al., 1969), the interdependence between the splitting 

coefficient (f) and the immobilization parameters (b) (Mangin, et al., 

1981) and lastly due to unrealistic ink transfer parameters, i.e. negative f, 

reported by Mangin and coworkers (Mangin, et al., 1981). However, these 

limitations can now be disregarded thanks to non-linear curve-fitting 

methods accessible in today’s computers. Unrealistic transfer parameters 

can be avoided by fitting data not only containing thin ink film 

thicknesses, but also including higher thicknesses (MacPhee, 1998) in the 

calculations. Therefore, the use of the Walker-Fetsko equation to describe 

the ink transfer mechanism remains largely valid.   

 

In offset printing the printing and non-printing areas of the plate are 

differentiated by their respective surface energies, the printing areas of 

the plate having the lowest surface energy (Ström, 1988). Studies (Ström, 

1988) have shown that the spreading and adhesion of oil-based inks 

becomes less favourable on highly moist and water-like surfaces, such as 

non-image areas of the plate covered with fountain solution. On the 

printing plate, the aqueous fountain solution transfers both to the 
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printing and non-printing areas. Ink on the other hand cannot displace 

any water from the non-printing area, but it can transfer and emulsify 

fountain solution on the printing area.  

Studies (DeGrace & Mangin, 1984) of ink transfer on dry substrates in 

the case of single-colour printing, as a function of surface energy have 

shown that low surface energy materials can be made to accept ink at the 

nip, achieved by the phenomenon of forced wetting, but the ink will, 

shortly after the nip, de-wet the surface and undergo reticulation. Hence, 

the substrate reluctance to be wetted by the ink can be overcome, albeit 

for a brief moment, by the pressure exerted at the nip. Dooley (Dooley, 

1980) have reported that the general print quality is not affected by the 

surface energy of the substrate but that ink transfer on high surface 

energy substrates, however, increased the ink adhesion to the substrate. 

 

In a multicolour press, the ink transfer can occur under three different 

conditions. Firstly, the wet ink can be transferred onto a previously 

printed and dried ink film (dry trapping), secondly, ink can be transferred 

onto a just printed and still-wet ink film (wet trapping) or, thirdly, ink can 

be transferred onto an entirely unprinted but nonetheless dampened area 

of the paper.  

Dry trapping is usually not challenging, other than when the wet ink 

cannot wet the already previously applied dried ink film, which in that 

case can be remedied by modifying the respective surface energies of the 

inks. 

To avoid problems during ink transfer associated with wet trapping, 

the tack of the first laid ink, already on the paper, must be greater than 

that of the next ink. If not, ink transfer may not occur or the first laid ink 

film may be lifted off, to some extent, by the second ink (Aspler & 

Lepoutre, 1991).  

The final condition, ink transfer onto a dampened surface, occurs when 

fountain solution is applied onto the non-printing areas in the preceding 

print units and, thus, moistens the paper surface. Ink being transferred to 

such a surface can either result in ink acceptance or ink refusal, 

depending on the short-time water sorption ability of the paper surface.  

In 1953 Price and co-authors (Price, et al., 1953) suggested that the 

sorption of water by paper is a two-step process consisting of capillary 

penetration into the pore system (pore sorption) followed by slow 

diffusion controlled penetration into the fibres (fibre sorption). Bristow 

(Bristow, 1971) proposed that the water sorption in unsized paper is so 
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rapid that the two mechanisms couldn’t be separated, whereas in sized 

papers the water sorption mainly occurred through fibre sorption.  

A coated paper surface has a finer surface pore structure than an 

uncoated paper surface, which must be taken into account. Also the 

impact of both binder and pigment on surface energy has to be 

considered. Increasing amount of binder as well as increasing 

hydrophobicity of the binder have both been seen to decrease the water 

sorption rate of the coated paper (Rennes & Eklund, 1989 ). The impact of 

pigment in the coating colour was investigated by Sandås and Salminen 

(Sandås & Salminen, 1987). They studied the water sorption of paper 

coated with clay coatings and calcium carbonate coatings, and reported 

that, in the absence of external pressure, the water sorption was not 

influenced by the pigments. However, with applied pressure they 

concluded that the impact on the water sorption from surface energy was 

less important in relation to the contribution of pore size, better 

described, perhaps, as permeability, since the sorption was greater in the 

calcium carbonate based coatings (Sandås & Salminen, 1987). 

 

2.3.4.2 Ink splitting mechanisms 

The ink transfer onto paper is completed when the ink film splits at the 

nip exit, between the blanket and impression cylinders, followed by ink 

setting and ink film levelling. The ink splitting mechanism is related to 

ink properties (viscosity, cohesion and film thickness), paper properties 

(surface pore structure) and printing press properties (press speed and 

nip load) and can affect both press runnability and print gloss.  

The ink splitting of an ink at the nip exit occurs according to either a 

homogeneous splitting or a stochastic cavitation initiated splitting 

mechanism, depending on the speed at which the cylinders are separated.  

Homogeneous splitting refers to a continuous ink splitting along a 

single air-ink interface, and occurs at low cylinder speeds and at low ink 

viscosities, or, more precisely, low extensional viscosities. Under these 

conditions the cohesive properties of the tacky offset inks are strong 

enough to endure the tensile stress applied on the ink as the cylinders 

move away from each other, and the ink film splits in a smooth and 

unbroken manner (MacPhee, 1997a).  

The ink splitting taking place in a printing press, however, follows the 

other splitting mechanism, i.e. cavitation initiated splitting, which applies 

at higher cylinder speed (Myers, et al., 1959). At these velocities the 

viscous offset ink cannot flow fast enough to sustain the tension formed 
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as the cylinders separate and, thus, cavities are formed within the film 

(Taylor & Zettlemoyer, 1958).  

Banks and Mill (Banks & Mills, 1954) proposed a four-step splitting 

mechanism consisting of cavitation, filament formation, filament 

elongation and filament rupture. This mechanism relieves the tensile 

stress developed in the ink film as the cylinders separate by forming 

cavitation in the ink film which expands vertically. Between these cavities 

filaments of the ink are formed and stretched as the ink film becomes 

elongated under the movement of the blanket under rotation away from 

the surface, i.e. expansion of the nip exit. Lastly, the ink film splits as the 

elongated filaments are stretched to the point of rupture. The filaments 

remain on the cylinder surfaces and then recoil towards their respective 

cylinder and paper surfaces, which, due to the inhomogeneous mass 

distribution, results in an “orange peel” pattern on their respective 

attachment surfaces (MacPhee, 1997b).   

The splitting mechanism is significantly impacted by the process 

parameters during printing. The quantity of filaments produced during 

splitting as a function of press speed, ink film thickness and nip load was 

investigated by (Myers, et al., 1959). They saw an increase in filament 

number as both press speed and film thickness increased, whereas 

increasing the press nip load resulted in a reduction.  

The impact of ink rheology and paper pore structure on the 

filamentation process has been studied by Ercan and Bousfield (Ercan & 

Bousfield, 1998). They reported that the ink rheology influences the film 

split as it affected the elongation of the developed filaments. They also 

reported that a less porous paper revealed the existence of filament 

remnants, whereas a more porous paper showed no visible filament 

remains.  

The splitting asymmetry, in favour of the printing plate, of offset inks 

has been reported by many (Walker & Fetsko, 1955; Taylor & 

Zettlemoyer, 1958; DeGrace & Mangin, 1987). Taylor and Zettlemoyer 

reported that the point of split was controlled by the ink sensitivity to 

temperature and shear-rate variations at the press nip. However, this was 

later contradicted (DeGrace & Mangin, 1987), and the point of split was 

instead proposed to depend on entrained air or asperities on the substrate 

surface.   

The fountain solution, characterizing the lithographic printing process, 

can be found within the press on the paper surface, on cylinders and 

rollers or emulsified into the ink. According to the Stefan equation (Eq. 
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2.4) (Stefan, 1874), the force needed to split a liquid film depends on the 

splitting velocity (press speed) and is inversely proportional to the third 

power of the film thickness and proportional to viscosity of the film 

 

(Eq. 2.4) 
𝐹

𝐴
=

𝐶𝜂𝜈

𝑡3  

 

where F is the force needed to split a film with area A at a velocity of ν, 

while η is the viscosity of the film, t is its thickness and C is a constant. 

Based on equation 2.4 MacPhee (MacPhee, 1979) recognized that the 

splitting of a fount-ink layer construction will occur in the ink layer when 

the thickness of the fount layer is low, but once it exceeds a certain value, 

splitting will occur in the fountain solution film and thus no ink transfer 

will occur. 

 

2.3.5 Ink-paper coating interaction 

Paper to be used for high print quality products is generally coated.  

However, to attain an effective ink transfer onto the coated paper surface 

and thus high print quality, proper ink-paper coating interaction is 

crucial. The interaction causes ink oil depletion from the ink film by 

capillary absorption to the porous coating layer in a process referred to as 

ink setting. Ink setting is affected by both ink and paper properties and 

should not be too fast since this may reduce print gloss and create high 

film split forces leading to likely surface damage and piling on the 

blanket, but not too slow either as smearing can appear, which in sheet 

fed printing results in blocking (ink transfer between sheets) in the stack.  

Ink-paper coating interaction also affects adhesion between coating 

and ink as well as the cohesive strength within the ink layer. Poor 

adhesion at the interface can cause common print failures in the offset 

process such as print mottle, ink piling and also poor ink scuff resistance 

in the bindery (Gane, et al., 2006; Ridgway & Gane, 2005). 

 

2.3.5.1 Ink setting and drying  

When the ink film has been successfully transferred and split from the 

blanket, the ink setting processes are followed by the drying of the ink, 

which is initiated by the ink setting mechanisms and either oxidative 

polymerization of the resins and/or heat drying, if applied. In offset 

printing, sheet-fed inks, heatset inks or coldest inks can be used and the 

ink setting and drying mechanism will depend on the ink used. The ink 
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on the print is considered touch-dry when it consists of a completely 

immobilized and touch-proof ink layer.  

Sheet-fed inks, also called quickset inks, are often used during printing 

of higher print quality products and thus the inks are most often printed 

on coated paper. These inks set through rapid ink oil absorption (Gane, et 

al., 1994b; Ström, et al., 2000) into the coated surface, where the ink 

binder and pigment particles remain on the surface of the coated paper, 

due to size exclusion (Ström, et al., 2000). Heatset inks are common in 

web offset printing on coated paper grades in production of, for example, 

magazines. These inks set by solvent evaporation governed by hot air 

drying in the press (Ström, 2005), together with ink oil absorption by the 

coated surface. 

Coldset inks are largely used in the printing of newspaper, i.e. on 

uncoated paper grades, and the ink sets essentially through absorption 

and permeation of ink vehicle into the porous paper structure. 

 

The ink oil absorption on coated paper is mostly controlled by coating 

pore structure, namely pore volume, pore size distribution, pore density  

(Donigian, et al., 1997) (Preston, et al., 2001) and interconnecting fine 

pores (Gane, et al., 2000; Schoelkopf, et al., 2001; Schoelkopf & Gane, 

2002). Pore geometry can either accelerate or impede oil absorption 

(Ridgway, et al., 2001). Ridgway and Gane (Ridgway & Gane, 2002) also 

stresses the importance of permeability, which governs the access to the 

finest pores. 

Ink oil is not only absorbed by pores in the coating structure but can 

also be absorbed by the binder, primarily by diffusion and when the 

solubility indices of latex and oil are closely matched (Rousu, et al., 2002) 

(Rousu, et al., 2003). A report (Kelly, et al., 1971) discussing the impact of 

coating binder on the ink-setting was published in the 70s. They 

confirmed that the fastest ink setting was seen for binders with the 

greatest affinity for the oils studied, i.e. binders with the greatest swelling 

and oil sorption.  

Rousu and coworkers (Rousu, et al., 2003) also reported that the 

absorption and distribution of offset ink constituents influenced print 

quality considering print density and gloss.  
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2.3.5.2 Ink adhesion versus cohesion 

In the offset printing press, ink oil becomes depleted from the ink film, 

changing the tack of the ink. Ink tack is defined as the internal cohesion 

of the ink, i.e. equivalent to the force required to separate the ink into two 

films. Print tack is a more general term and relates to the surface 

stickiness of the printed area, such that if contacted with another surface 

it is then possible to split the ink layer, revealing once again the internal 

cohesion of the mobile ink. The ink-paper coating adhesion in relation to 

the increase in tack of the ink film is an essential parameter when 

printing in multicolour offset. Ink tack impacts the print quality of an 

offset print as it affects both the ink setting and the transfer of ink onto a 

previously printed ink film layer or layers still in a relatively wet state, 

being already printed in one or more preceding print units.  

Research has shown that the ink tack development on coated paper not 

only influences the print quality but also the runnability in multicolour 

offset printing (Aspler, et al., 1997; Gane & Seyler, 1994a; 

Triantafillopoulos & Lee, 1996; Robie, et al., 1992). 

The ink-paper coating interaction is governed by the ink and coating 

layer properties, but is also influenced by printing conditions, such as 

temperature, pressure and contact time (Oittinen, 1976). It can be studied 

using the ISIT, short for Ink-Surface Interaction Tester (Gane, et al., 

1994b), which enables evaluation of the ink-paper coating adhesion and 

ink setting under uniaxial Hencky strain conditions (Gane, et al., 2003a; 

Gane, et al., 2003b). This technique determines the ink film splitting 

forces as the ink splits between the printed paper and a roller covered 

with an offset-like blanket material. The ink-paper contact time, 

separation time and the tack force can be determined when the tack disc 

is pressed against and removed from the printed surface. Using the 

results obtained from the tack tester, a curve of ink tack force against time 

can be constructed. A schematic describing this curve can be seen in 

Figure 2.4.  
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Figure 2.4. A schematic drawing of the tack force with time in relation to observed 

adhesion on the test strip during ISIT ink tack measurements. Lighter pull-off areas on 

the test strip describe points of adhesion failure (Gane, personal communication). 

 

Throughout the test procedure, the competition between the internal 

cohesion growth within the ink film and the interface adhesion between 

the concentrating ink and the coating surface is being challenged. Up to 

the point of maximum tack, and sometimes beyond, the adhesion is 

determined by the interface energy, and thus both surface chemistry and 

contact surface area between the immobilizing ink components and the 

coating surface composite of pigment, binder and additives play a role. 

Removal of ink at any step in this process cycle indicates adhesion failure 

(Ridgway & Gane, 2005).  

 

Four kinds of primary failure in the ink-on-coating-paper composite 

under extensional strain can occur; cohesive failure within the ink, ink-

paper coating adhesion failure, cohesive failure within the coating and 

adhesive failure at the coating-paper interface. A cohesive failure within 

the ink results in a split film of ink remaining on the coated paper. Ink-

paper coating adhesion failure would cause ink missing at image areas of 

the print, resulting in “white spots” or uncovered areas (UCA), whereas a 

cohesive failure within the coating layer or an adhesive failure at the 

coating-paper interface would result in surface picking. As the coated 

paper is being printed the ink pulls on the surface with a force (tack), if 

this force is higher than the cohesion of the coating or the adhesion 

between the coating and base paper then failure of the coated paper 

structure will occur.  

A recent study by Ridgway et al. (Ridgway & Gane, 2005) of the ink-

paper coating interaction showed that the interfacial adhesion, between 



27 
 

the investigated coatings and inks, strongly related to surface chemistry 

and the surface area properties of the coatings.  

The tack curve is most often used to obtain information about the ink 

setting. The initial slope relates to the initial rate of ink vehicle removal in 

the form of the diluent oil, driven by the fine pore capillarity of the 

coating, while the decay rate gives information of oil removal from a fairly 

solidified and progressively touch-dry ink film, a mechanism related more 

to permeation drainage and diffusion into binder.  

 

2.3.6 Offset print quality  

One major challenge with regards to offset print quality originates from 

the fact that, in a multicolour press, the just printed area from the first to 

the penultimate printing unit passes through succeeding printing nips. 

Additionally, the fountain solution, required in conventional offset 

lithography, may give problems since it too becomes transferred to the 

paper (Aspler, 2006; Plowman, 1994). In this section, only the print 

quality of offset prints made on coated paper will be addressed.  

Common printing defects on coated paper are surface picking, the 

removal of coating and /or paper material due to the separation force in 

the printing nip, ink piling, a build-up of pre-printed ink and other debris 

on the transfer blanket of the press, and print mottle, related to uneven 

ink lay down and/or subsequent removal during the various printing nip 

contacts.  

Picking occurs when the paper surface ruptures, causing “white spots” 

in the print where the surface structure integrity has failed. This defect 

can be related to low surface strength of the paper as well as high ink tack.  

Ink piling is seen as a cause for print shop downtime, since the build-

up of ink and coating components on the rubber blanket requires the 

printing press to be stopped for cleaning, so that the deposits on the 

blanket will not impact on the print quality.  

Mottle is an observed optical variation, and may derive from any of a 

whole range of causes, including picking and piling, as well as interaction 

with the fountain solution, but can be caused also by non-uniformity of 

surface structure, surface chemistry and their impact as discussed here on 

ink-surface adhesion failure. Print mottle is, therefore, a printing defect 

which mainly relates to reflectance disturbances in print gloss and print 

density. Print quality with regards to print gloss, print density and print 

mottle will be discussed further in the succeeding sections 2.3.6.1-2.3.6.3. 
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Generally, four-colour cyan, magenta, yellow and black (CMYK) offset 

print quality appraisals are commonly made on cyan prints since the 

human eye is sensitive to variations in this colour, and the cyan is 

typically laid down first or second and so subject to the greatest number 

of subsequent print nip splits as each of the other colours, and black, are 

laid down in turn subsequently, making the cyan area of the print more 

exposed to interference from the following print units. Furthermore, cyan 

is often printed using a relatively low film weight, which leads to a 

considerable visual disturbance when the ink film thickness varies. 

Therefore, an evaluation of cyan prints is often very instructive with 

regards to print quality and how the print is perceived.  

 
2.3.6.1 Print gloss 

Gloss is defined as the specular light reflection from a surface, at a 

specific incident angle. Print gloss is generally a desired quality for an 

offset printed product and relates to smoothness and refractive index of 

the ink film. The smoothness is influenced by the ink film, its constituents 

and how it is laid down. Ink constituents, such as wax particles, added to 

the ink to reduce smearing, fillers and ink pigments may create a micro 

roughness of the ink film surface which, in turn, affects the print gloss. 

However, perhaps more importantly, the properties of the coating layer 

and interaction with the printing process determine the final ink layer 

surface.  

 

The roughness of a pigment coated paper surface is influenced by the 

components that make up the coating layer and the base paper structure. 

The pigment size, agglomeration of pigments and shrinkage of the 

structure during drying give the surface a roughness in the micro scale 

range, and is often referred to as micro roughness, while the base paper 

structure induces a more long range structure which is typically referred 

to as macro roughness. In addition, the paper may develop further 

roughness during the actual printing process since fountain solution 

transferred to the paper surface can cause fibre-rising (Hoc, 1989; 

Wågberg, 1994) in particular on lightweight coated products.  

It is a well-known fact that print gloss, as well as coating gloss, is 

improved as macro roughness and micro roughness are decreased 

(Ström, et al., 2003). The relationship between TAPPI gloss and surface 

micro roughness has been demonstrated for both pigment coatings (Gate, 

et al., 1973) and ink films (Ström & Karathanasis, 2008).  
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In addition to roughness, ink film thickness has also been reported to 

influence final print gloss (Preston, et al., 2003) as well as the ink 

levelling process (Desjumaux, 1999; Desjumaux, et al., 1998) and others 

(Preston, et al., 2003). The ink filaments formed during ink transfer may 

create a rough ink surface if the excess ink in the filaments does not level 

out to a smooth surface. A fast oil removal (ink setting) results in an 

increased ink viscosity and this will slow down the levelling rate and 

create a permanent pattern of unlevelled ink, decreasing print gloss.  

Decrease of coating pigment size may increase the print gloss, since 

coating smoothness increases, but it may also decrease print gloss due to 

finer pores, which give faster ink setting and thus poor ink levelling. This 

delicate balancing issue between ink setting and levelling has been 

addressed in a research report by Donigian and coworkers (Donigian, et 

al., 1997) using precipitated calcium carbonate with average particle size 

ranging from 0.45 µm to 0.19 µm, which may be regarded as a span of 

typical fine particle size. They confirmed that a finer pigment size 

produced coatings with finer pore size distribution and high sheet gloss, 

but then observed that this resulted in a significant decrease in print 

gloss. Donigian and his coworkers explained this in terms of fast ink 

immobilization as finer pores remove ink oil initially more rapidly than 

larger pores.  

The loss in print gloss as a result of fast ink setting has also been linked 

to a change of surface composition of the ink film (Preston, et al., 2002). 

It was reported that a rapid removal of ink oils resulted in a rougher ink 

film surface, thus less glossy print, caused by an enrichment of ink 

pigment at the ink film surface as the binder was depleted. 

 

Calendering prior to printing can have an ambiguous effect on print gloss, 

as it results both in a reduction of the substrate surface roughness, which 

in itself would be expected to increase print gloss, but may also cause an 

uneven smoothness and uneven surface densification of the coating layer. 

This unevenness may thus result in an uneven coating absorbency and 

areas of reduced print gloss (Lepoutre & Means, 1978). A similar effect 

may also be induced for coatings with high variation in coat weight since 

low coat weight generally generates higher void fraction (Lepoutre, 1978) 

within the coating layer, which results in faster ink oil drainage than high 

coat weight highly shrunk/compacted areas (Isoard, 1983). 
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Variation in print gloss can ultimately result in a visually deteriorating 

print quality, a defect referred to as gloss mottle, which will be discussed 

in section 2.3.6.3. 

 

2.3.6.2 Print density 

The print density of a print is expressed as the logarithmic ratio between 

the light reflected by the unprinted paper surface and the light reflected 

by the printed surface. A high amount of ink applied on the print 

generally results in a high print density, providing that the ink holdout by 

the paper surface is sufficient enough to keep ink pigment particles on the 

surface (Pauler, 1988).   

Rousu and coworkers (Rousu, et al., 2005) reported that for a specific 

ink amount the print density will be higher on a smoother paper than on 

a more rough paper surface. Surface roughness thus greatly impacts both 

print gloss (Oittinen, 1979) and print density.  

The impact of coat weight variations on print density have been 

reported by several researchers (Inoue, et al., 1992; MacGregor & 

Conners, 1987). These reports conclude that low print density matches 

with high coat weight areas of the paper and this is explained by 

decreased coating absorbency of high coat weight areas during 

calendering. Print density variation on the paper surface is a well-known 

print defect and is referred to as print mottle, and will be discussed 

further in the subsequent section. 

 

2.3.6.3 Mottle 

The most serious print quality defect associated with offset printing is the 

variance in light reflectance (see Figure 2.5), which originates from non-

uniformities in either print density or print gloss. These defects are 

referred to as print mottle and print gloss mottle, respectively.  

 

 
Figure 2.5. Examples of prints suffering from mottle 
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The two main types of print mottle are back-trap mottle (BTM) and water 

interference mottle (WIM). BTM is a severe print quality limitation in 

multicolour offset printing and is identified traditionally as the most 

frequent defect (Isoard, 1983; Plowman, 1994). This type of mottle has 

been widely studied (Isoard, 1983; Ozaki, et al., 2008; Xiang, et al., 

2000; Rajala & Koskinen, 2004; Engström, 2008; Shen, et al., 2005; 

Kim, et al., 1995; Kim, et al., 1998; Arai, et al., 1988; Xiang, et al., 1999), 

and can be observed on both full-tone and half-tone areas of the print.  

BTM originates from non-uniform ink setting, caused by a non-

uniform coating surface pore structure (Xiang, et al., 2000), as the paper 

passes through several printing nips in a multicolour offset press. The 

consequence being that ink traps back, unevenly, onto the following 

blanket(s) resulting in an uneven build-up of ink on the blanket. This 

results in a non-uniform ink film thickness on the paper that exits the 

printing press.  

BTM is mostly detected in the cyan areas of the print, i.e. it primarily 

occurs on areas printed in the first or second printing unit of a 

multicolour offset press. 

A number of reasons for variation in surface porosity have been 

proposed e.g. coat weight variation, calendering, drying strategies and 

binder migration (Allem, 1998; Whalen-Shaw & Eby, 1991; Hiorns & 

Julin, 2000; Lepoutre & DeGrace, 1978; Xiang, et al., 2000; Kim, et al., 

1995; Kim, et al., 1998). The correlation between coat weight variation 

and mottle has been reported by Gane (Gane, 1989) and Engström and 

coworkers (Engström, et al., 1991). The impact of mass distribution of 

fibres and surface structure of the base paper on the coat weight 

distribution has been reported by Tomimasu and coworkers (Tomimasu, 

et al., 1990). They described that the coating weight distribution was 

controlled by the surface roughness of the basestock and that the surface 

roughness, in turn, was controlled by the basis weight distribution of the 

basestock.  

In the early 1950s, Drappen (Drappen, 1951) reported on the impact of 

drying conditions on the formation of high porosity (open) and low 

porosity (closed) areas induced by coat weight variations. Later, Whalen-

Shaw and Eby (Whalen-Shaw & Eby, 1991) proposed that the closed areas 

on the coated surface, characterized by higher binder content, might 

correlate with areas of low ink density. These closed areas on the coated 

paper surface were later also linked to areas with low coat weights and 

smooth surfaces by Xiang et al. (Xiang, et al., 2000). In 2003, Chinga and 
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Helle (Chinga & Helle, 2003) reported that the fraction of open and 

closed surface areas does not directly affect mottling. Instead they found 

the critical factor, when considering print mottle, to be the size and 

distribution of these areas where an uneven distribution increased the 

mottle tendency. Gane (Gane, 1989) suggested that print mottle 

depended on surface inhomogeneities in smoothness and fibre coverage.  

An uneven moisture distribution within the coating layer due to harsh 

drying conditions before calendering has also been reported to be an 

important factor to consider regarding mottle (Xiang, et al., 2000).   

The tendency of print mottle on today’s coated surfaces can most likely 

not be related to binder migration, at least where latex alone is used. 

Scanning electron microscopy (SEM) micrographs (Dahlström, 2012) 

suggest that latex binder might migrate to the base paper but not to the 

coating air interface. Starch binder, which was frequently used in the 

early days of pigment coating, may have a stronger tendency to follow the 

water to the air interface during drying, in particular the amylose 

fraction, which has a low molar mass. 

Kim and coworkers (Kim, et al., 1995; Kim, et al., 1998) studied the 

distribution of surface chemical composition on prints with good and bad 

mottle and found no significant difference in respect to binder 

distribution between the two, concluding that mottle was not uniquely 

controlled by binder distribution. Xiang and coworkers (Xiang, et al., 

2000) also reported on the lack of correlation between mottle and the 

uniformity of surface chemical composition.  

 

The other main type of mottle is water interference mottle (WIM) 

(Plowman, 1994) and is attributed to water from the previous printing 

unit or units. Available research covering this type of mottle is rather 

limited (Lie & Kolseth, 2007; Ström & Madstedt, 2009). These reports 

have linked WIM to improper absorption or impression of fountain 

solution by or into the coating, which can give rise to “white spots” due to 

poor ink transfer. In addition to paper and coating properties, WIM can 

also be press related. Lie and Kolseth reported that mottle increased with 

increasing fountain water feed during printing and decreased with 

decreasing printing speed. WIM is identified on both full-tone areas of 

the print as “white spots” and, in particular, on half-tone prints as dots 

with uneven edges instead of sharp edges, causing an uneven and mottled 

print. 
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Mottle that originates from print gloss variation is referred to as gloss 

mottle. Because of the interdependence between print gloss and surface 

roughness, any change in roughness during the offset printing process 

(Skowronski & Lepoutre, 1985) will, therefore, result in a change in print 

gloss and may consequently cause gloss mottle. The effect of calendering 

and variations in coating surface roughness variations on gloss mottle 

have been reported by Ström and Preston (Ström & Preston, 2013). They 

confirmed that gloss mottle was primarily controlled by variation in 

coating porosity and variation in coating surface roughness. Fujjiwara 

and his co-workers reported (Fujiwara, et al., 1990) that coat weight 

variations correlate well with gloss mottle, as high coat weight areas 

usually resulted in high gloss. In that report, high coat weight areas also 

showed high binder concentration. 

Consequently, mottle can be concluded to be a complicated print 

quality defect affected by several material properties and process 

conditions.  

 

 

3. Material  
 
3.1 Base paper 
 

The base paper was pre-coated to avoid effects such as coating holdout 

differences, which otherwise could have obstructed the interpretation of 

the obtained results from this work. Therefore, the base paper used 

during the laboratory coating described in Papers A and B was a triple 

coated board with a basis weight of 200 gm-2 (Kopparwhite T LS, supplied 

by Stora Enso Fors, Finland). For the pilot coating (Papers E and F) a pre-

coated fine paper with a basis weight of 80 gm-2 (Magnostar, supplied by 

Sappi, Belgium) was chosen. 

  

3.2 Coating colour formulations 
 

The coating colours prepared and studied in this work all consisted of 

commercial grades of ground calcium carbonate (GCC) pigment, latex 

binder and polyacrylate dispersant. Specifics about these constituents will 

be discussed in the succeeding sections. 
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No additives have been added with the exception of 0.5 pph 

carboxymethyl cellulose (Finnfix 5 supplied by CP Kelco, USA) in the 

laboratory prepared coating colours studied in Papers A and B.  

 

3.2.1 Ground calcium carbonate  

Two different ground calcium carbonate pigments were included in this 

work. They differed in particle size distribution. Most studies used a 

broad GCC with 90 w/w% of the particles being less than 2 µm and 64 

w/w% being less than 1 µm. The commercial name of this product is 

Hydrocarb 90. The other GCC product had a narrower particle size 

distribution with 95 w/w% being less than 2 µm and 75 w/w% being less 

than 1 µm. This is a so called engineered calcium carbonate and its trade 

name is Covercarb 75. Both products were supplied in the form of slurries 

by Omya International AG, Switzerland. The pigments particles had been 

optimally dispersed during the production, prior to delivery, with 

polyacrylate-based dispersant (0.1- 0.2 pph). 

  

3.2.2 Binder 

Styrene-butadiene (SB) latex (DL920, supplied by STYRON, USA) was 

the binder used in all formulations, with the exception of one coating 

where the more polar binder styrene-butyl acrylate (SA) latex (Acronal 

S728 supplied by BASF, Germany) was used. The binder content was 

rather high (11 parts binder to 100 parts by weight of pigment) to 

minimize the risk of surface pick during printing. The binder properties, 

including glass transition temperature (Tg) can be seen in Table 3.1. 

 
Table 3.1. Binder properties. 

 Binder Solids content (%) Mean particle size (μm) Tg (°C) 

 SB latex 50 0.14 13 

 SA latex 50 0.15 23 

  

3.2.3 Dispersing agent 

This work has a strong focus on the impact of adding extra dispersant to 

the coating colour, and results from this are reported in four papers. 

Table 3.2 summarizes the different amounts of extra dispersants used 

and studied in each paper. The coatings where no additional dispersant 

had been added are denoted as reference coatings (Ref, Ref NGCC and Ref 

SA). The remaining formulations were denoted according to their 

additional amounts of polyacrylate, see Table 3.2.   
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 Table 3.2. The coating colour formulations studied in Papers A, B, E and F. 

 No additional PA Additional dosage of PA [pph] 

  Ref Ref 

NGCC 

Ref 

SA 

0.2 

NaPA 

0.4 

NaPA 

0.8 

NaPA 

0.2 

CaPA 

0.4 

CaPA 

0.8 

CaPA 

 Paper A x     x    

 Paper B x   x  x x  x 

 Paper E x x x    x   

 Paper F x   x x x x x x 

 Ref + all formulations with additional dosage of PA: GCC with broad PSD and SB-latex 

 Ref NGCC: GCC with narrow PSD and SB-latex 

 Ref SA: GCC with broad PSD and SA-latex   

  

Anionic sodium polyacrylate (Dispex® N40 supplied by BASF, Germany) 

with a molecular weight of 3 000 g.mol-1, corresponding to approximately 

30 acrylate units (Ström, et al., 1995), was used as dispersing agent 

during coating formulation. The dispersing agent was added to the 

pigment slurries either in its as delivered form sodium neutralized 

(NaPA) or modified through ion exchange to partially calcium neutralized 

(CaPA).  

The CaPA solution was prepared using an analytical grade of calcium 

nitrate-tetrahydrate (calcium nitrate-tetrahydrate, Ca(NO3)2*4H2O, 98.5 

% purity supplied by Merck, USA). The calcium to acrylate ratio was 0.3 

(determined through turbidity analysis described in the section 4.1.1) in 

the prepared CaPA solution. Additional amounts of NaPA and CaPA were 

added to several coatings over a range of different dosage according to the 

formulation matrix seen in Table 3.2. 

 

4. Methods 
 

The papers analysed in Papers A and B were coated and printed in 

laboratory scale, whereas the papers studied in Papers E and F were 

coated and calendered using full scale pilot equipment and printed with 

an industrial sheet-feed offset printer. In this section these procedures 

along with the methods used to analyse and characterize dispersant 

properties, coating properties, the surface properties of the coated papers 

as well as the print quality will be described.  
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4.1 Coating and dispersant properties 
 

4.1.1 Seed point  

In the majority of the coating colours studied in this work excess 

dispersant had been added at a defined dosage. The dispersant, 

polyacrylate, was added either totally sodium neutralized or partially 

calcium neutralized. Preceding the coating colour preparation, the 

requirements of this ion exchange from sodium polyacrylate to partially 

calcium polyacrylate without causing any precipitation of calcium 

polyacrylate had to be investigated. This was done with a turbidity 

analysis, described in Paper B, and the aim of this analysis was to 

determine the molar ratio between added calcium and acrylate units, 

[Ca2+]/[A-], where the calcium polyacrylate complex is at the border of its 

solubility.  

Aliquots of 1.0 M Ca(NO3)2 were added to the sodium polyacrylate 

solution and the turbidity was measured using a Turbidimeter (2100P 

Portable Turbidimeter supplied by Hach, Germany). Two concentration 

levels (0.5 M and 20 mM) of sodium acrylate were included in the 

analysis. The seed point is defined as the point when the turbidity of the 

solution quickly increases. The turbidity increase is a result of the 

formation of colloidal particles of calcium polyacrylate, i.e. the insoluble 

Ca-PA complexes form a colloid. 

 

4.1.2 Brookfield viscosity 

A Brookfield viscometer (Brookfield Digital Viscometer, Model DV-I+ 

supplied by Brookfield Engineering Laboratories Inc, USA) was used to 

determine the viscosity of the formulated coating colours. The rotation 

rate used, i.e. rotation per minute (rpm), was 100 min-1. The viscosity 

determination was performed on coating colours at pH 8.3 and 22 oC in 

Paper B and at pH 8.8 and 27 oC in Paper F.  

In Paper B, the impact of calcium nitrate on the viscosity of the coating 

colours was studied in detail. All coatings used were prepared without 

addition of thickener so that the influence of excess dispersant and free 

calcium ions on the viscosity could be studied without any rheology 

modifying additives. The viscosity was studied as the molar ratios of 

calcium ions to acrylate units increased from 0.30 to 0.57 upon addition 

of aliquots of 1.0 M Ca(NO3)2 solution to the coating colours. After each 

addition of Ca(NO3)2 the colours were stirred for 50 minutes and pH was 
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adjusted. The colours were then stirred for an additional 10 minutes prior 

to viscosity determination.  
 

4.2 Coating procedures 
 

4.2.1 Laboratory coating 

The coated papers studied in cases Papers A and B were coated using a 

laboratory rod coater. The coatings were applied onto a pre-coated base 

paper and the grammage of the dry coatings reached 17.2 ± 0.3 gm-2.  

  

4.2.2 Pilot coating and calendering 

The pilot coated papers were coated on pre-coated base paper with a 

blade coater with approximately 10 gm-2 on both sides of the paper. 

The coated papers were supercalendered passing through 11 nips with 

a line speed of 300 m.min-1. The papers were calendered to reach 69 % 

gloss. All process parameters can be found in the Appendices included in 

Paper E and F. 

 

4.3 Surface properties 
 

4.3.1 Pore structure  

The pore structure was studied using mercury porosimetry. In Paper B, 

coatings for pore structure analysis were laid on a plastic film and then 

ripped off prior to measurements. However, in Paper F, coating colour 

tablets, and not films of coating colour, were used for the pore structure 

analysis.  

The mercury porosimetry method is based on intrusion of mercury into 

the sample under pressure. The pressure required to intrude mercury into 

the sample structure is then inversely proportional to the pore size, 

yielding pore size according to the Young-Laplace equation (Eq. 4.1),  
 

(Eq. 4.1) 𝐷 =
1

𝑃
× 4𝛾cos𝜃 

 

where D is the diameter, P is the pressure, γ is the surface tension of 

mercury, and θ is the contact angle of mercury in contact with the sample.  
Further description regarding the pore structure calculations can be 

found in Paper F. 
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4.3.2 Surface structure 

In Paper E the coating surface was studied using SEM and details about 

the analysis can be found in the same paper. The topography of the 

coated papers was characterized using three instruments with different 

sensitivities.  

The least sensitive instrument used was the PPS instrument (Parker 

Print Surf supplied by Lorentzen & Wettre, Sweden), which detects 

surface roughness on a microscale. The instrument determines the 

surface roughness by estimating the air leakage between the paper 

surface and a metal measuring head. This analysis method was used in 

Papers B, E and F and the reported results were a mean value of ten 

measurements.  

In addition, in Papers E and F the more sensitive optical instrument 

OptiTopo was also used to examine the topography of the coated papers. 

The OptiTopo instrument detects smaller surface roughness variations 

than the PPS instrument, but still on a microscale. The instrument uses a 

photometric stereo technique to analyse the paper surface (Barros & 

Johansson, 2005; Hansson & Johansson, 1999). The results were an 

average of eight areas of 1.6 x 1.6 cm2.  

The third and most sensitive surface roughness instrument used in this 

work was the FRT (FRT MicroProf Chromatic Aberration Sensor, 

supplied by Fries Research & Technology GmbH, Germany) which uses 

chromatic aberration to detect surface roughness variations on a 

nanoscale. The FRT analysis measures twenty parallel profiles per sample 

where the profiles lie 3 mm apart. The analysed sample area was 6.0 x 6.0 

cm2. The FRT instrument was used in Paper B in addition to the PPS 

instrument.  

Additional details about the surface roughness instruments discussed 

in this section can be found in Papers B, E and F.  

 

4.3.3 Surface chemistry  

The contact angles of deionized water on coated paper surfaces are 

reported in Papers B, E and F. The contact angle determination was made 

using an automatic device called Fibro-DAT (supplied by Fibro System 

AB, Sweden) which puts a liquid drop on top of the substrate surface. The 

contact angle of the droplet is recorded as a function of time after it has 

been placed on the substrate. The value decreases with time due to lateral 

spreading and absorption into the substrate, processes which prevent 

absolute values of contact angle to be determined, but apparent values (as 



39 
 

observed) are considered in the calculations in this study. The reported 

contact angle is the mean of at least six droplet analyses.  

In Paper B, in addition to the contact angle of water, the surface energy 

is also reported. Three liquids, diiodomethane, deionized water and 

ethylene glycol, are required to calculate the surface energy according to 

the theory proposed by van Oss & Good (1994). The contact angle, used 

when calculating apparent surface energy, was read at different times 

depending on which liquid was used. The contact angle of diiodomethane, 

water and ethylene glycol was registered at 0.25 s, 0.5 s and 2 s 

respectively. The drop volumes used were 1.7 µl for diiodomethane and 

4.0 µl for water and ethylene glycol. The lower volume of diiodmethane is 

due to its high density and the longer time for ethylene glycol is due to its 

high viscosity.  

 

4.3.4 Hygroscopy  

In Paper B the hygroscopy of the dispersant polyacrylate deposited as a 

film on a glass substrate was studied using a gravimetric analysis. Two 

aqueous solutions of polyacrylate were prepared. The first solution 

consisted of sodium polyacrylate and the second solution containing 

calcium nitrate to a [Ca2+]/[A-] ratio of 0.3. The same concentration of 

polyacrylate was used in both solutions (65.8 g.dm-3). Different volumes 

of the solution were poured into petri dishes to yield different film 

thicknesses. The polymer solutions in the petri dishes were dried at 105 

ºC for 30 minutes and the dry mass was determined. The samples were 

then stored in a room conditioned to 50 % relative humidity and 23 ºC for 

48 hours and the change in mass (an average of three measurements) was 

determined.  
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Figure 4.1. A schematic of the Dynamic Vapour Sorption device. 

 

The hygroscopy of polyacrylate was further investigated in Paper D using 

a Dynamic Vapour Sorption apparatus (DVS), see Figure 4.1, supplied by 

Surface Measurement Systems Ltd, UK. The DVS offers completely 

automated measurements of gravimetric moisture sorption using 

dynamic environment control. A sensitive microbalance (Cahn D200, 

supplied by Thermo Scientific, USA), designed for weights (and forces) up 

to 3.5 g, with a resolution of 0.1 μg records the sample weight repeatedly 

throughout sample exposure to moisture.  

 

Prior to the hygroscopy analysis, the sample was exposed to a controlled 

drying procedure to reach the point of “bone dryness”. This was 

conducted at 30 °C and a relative humidity of 0 % by setting the climate 

humidity program to 0 % RH. The weight decreased until equilibrium 

was reached. Subsequently, the bone dry mass of the substrate, without a 

film of polyacrylate, was subtracted from the final value to give the mass 

of the bone dry polyacrylate film.  

During the sorption experiments, the temperature was held constant at 

30 °C and the relative humidity changed stepwise from 0-90 % in 6 steps. 

The mass increase was followed as a function of time at each step, and 

when the mass became constant it was assumed that equilibrium had 

been reached. Most often, this took 40 to 100 minutes. The sorption rate 
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describes the mass increase of polyacrylate film from one relative 

humidity to another divided by the required time needed to reach 

equilibrium weight for each relative humidity. The sorption results were 

formed each from the average of three measurements. 

 

4.3.5 Water absorptivity 

The water absorptivity of the coated surfaces was studied in Paper B. The 

analysis was done using a drop absorption measuring device named The 

Micro Drop Absorption Tester, (MicroDAT, constructed by Innventia AB, 

Sweden) (Ström, et al., 2008). The instrument ejects microscopic 

droplets (300 pl) of distilled and deionized water onto the coated 

surfaces. A high-speed camera records the droplet as its volume 

decreased. The images were then analysed with a numerical computing 

program and the drop diameter and drop height were retrieved for 

further calculations.  

The combined absorption and evaporation of water was denoted A&E 

in Paper B and expressed in cm3.m-2. The expression A&E was calculated 

according to equation 4.2, 

 

(Eq. 4.2) 𝐴&𝐸 [
𝑐𝑚3

𝑚2 ] =
𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑉Drop

𝐴𝑟𝑒𝑎𝐷𝑟𝑜𝑝
 

 

where Absorbed VDrop is defined as the original drop volume which is 

roughly 300 pl minus the average drop volume at a certain time. AreaDrop 

is the average contact area between drop and paper. Data are recorded 

between 0-1 s. The contact area is fairly constant during this short time.  
The decrease in drop volume is referred to as the absorption and 

evaporation volume and the reported A&E value was an average of five 

droplets. 
 

4.3.6 Permeability  

In Paper F the permeability of tablets made of compressed and dried 

coating colour was determined gravimetrically using a permeability 

apparatus (Schoelkopf, et al., 2004) developed by Omya International 

AG, Switzerland.   

Tablets were formed by filtration of the coating colour under pressure 

(15 bar). The time required (3-5 h) to form a tablet of a certain height 

depended on the solids content of the sample, the water retention 

properties and the size and packing characteristic of the solid particles in 
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the sample. The obtained tablets were dried in an oven (60 ○C) over night 

and had a diameter of 4 cm and a thickness of 1-2 cm.  

 

  
Figure 4.2. Blocks of compressed 

coating colour.  

Figure 4.3. Coating colour blocks embedded in 

resin and left to imbibe hexadecane. 

 

Prior to the permeability measurements, the tablets needed to be 

additionally prepared. The dried tablets were cut and ground into blocks, 

see Figure 4.2, then embedded in resin and finally saturated with 

hexadecane (Figure 4.3) before the permeability analysis could be 

performed.  

The permeability measurement was conducted by placing an 

embedded and hexadecane saturated coating colour block in the 

permeability apparatus. Hexadecane was injected into the permeability 

cell and the sample chamber was then kept pressurised (7 bar). The 

permeability apparatus was mounted over a micro balance and during the 

analysis the permeated hexadecane was collected in a sampling dish, 

placed on the balance, so that the mass of hexadecane as a function of 

time could be noted (measurements took ~ 5 days, thus only 2 were made 

per sample). This analysis returned the volume rate of the hexadecane 

flow, and using Darcy’s law (Eq. 4.3) the permeability, in terms of Darcy’s 

permeability constant (k), could be derived (Schoelkopf, et al., 2004),  

 

(Eq. 4.3) 𝑄 =  
−𝑘𝐴Δ𝑃

𝜂𝑙
 

 

where Q is the volume flow, k is the permeability constant, A is the cross 

sectional area, ΔP is the pressure difference, η is the viscosity of the 

liquid, and l is the length of sample.  

More about the tablet forming procedure, the sample preparation and 

the permeability analysis can be found in Paper F.  
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4.4 Laboratory printing and measurement of splitting 
(tack) force 
 

To measure and evaluate the ink splitting force, the following test set-up 

was used: pre-dampening, printing and, lastly, measurement of splitting 

force. The splitting could be cohesive within the ink film (no adhesion 

failure), adhesive between the coated surface and the ink (adhesive 

failure), or a combination of both. The splitting force measurement was 

performed with the Ink-Surface Interaction Tester (ISIT) immediately 

after ink transfer onto the test strip. 

Two amounts (0.25 gm-2 and 0.50 gm-2) of deionized water were used 

to dampen the paper surface (without time delay between dampening and 

printing) and a test without dampening was also performed. A fixed 

amount of a cyan sheet-fed offset process ink was used and the transfer 

speed from print wheel to paper was 0.5 ms-1 at a load of 400 N applied to 

the printing disk with width 19 mm.  

The splitting force was measured by pressing a wheel covered by an 

offset-like blanket against the printed surface and measuring the force 

needed to remove the wheel normal to the surface under constant 

acceleration, see Figure 4.4. The values reported were the mean of 6 

analyses. 

 
Figure 4.4. The tack wheel pressed against a freshly printed surface (left) just before the 

tack wheel is lifted off (right) leading to ink-paper coating adhesion failure resulting in white 

spots (Gane, personal communication). 

 

The test strip, i.e. the printed paper seen in Figure 4.5, shows thirteen 

positions, in the following referred to as pull-off areas, where the splitting 

force was measured at chosen intervals of time printing. Thus, each test 

strip yielded thirteen split forces and the same amount of areas to be 

analysed with respect to ink adhesion failure. 
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Figure 4.5. An ink tack tested strip with thirteen pull-off areas spread over time. 

 

The ink setting had just begun at the first of the thirteen pull-off areas on 

the test strip, showing a still wet ink layer, and was considered complete 

when the value after decaying from maximum reached a constant end-

point. The individual tested areas, i.e. pull-off areas were subjected to 

image analysis to characterize regions were ink had been lifted off from 

the paper. More details on this characterization are given below. 

The work on lab printing and tack properties is reported in Papers A 

and B, where more details on the experimental procedure can be found. 

 

4.4.1 Characterization of Ink Adhesion Failure on laboratory prints 

The laboratory coated papers printed with the ISIT were characterized 

with respect to ink adhesion failure by quantifying white spots, i.e. areas 

not covered by ink at the print tack test pull-off areas. The white spots at 

the pull-off areas arose during the tack testing and at these areas the ink 

adhesion sometimes failed either due to ink originally not being 

transferred or due to ink being removed after contact with the subsequent 

rubber coated tack wheel under the force transmission via the cohesive 

tack build in the ink.  

Optical microscope pictures were taken of the pull-off areas 

(magnification 50x). Figure 4.6 shows such a magnified picture of a pull-

off area after ink tack measurements were made. The white spots can be 

seen clearly (scale bar 600 μm). 

 

The characterization of the areas not covered by ink was made with an in-

house produced software program in an image analysis tool. Two to three 

test strips of each sample were tested and the analysed areas were 2.4 x 

1.8 mm2. The program calculates the number of “white” pixels in the 

image to indicate where the ink had been pulled off the coating surface, 

making sure that there was no coating cohesion failure (picking). 
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Figure 4.6. Left image shows a magnification of an analysed pull-off area. The right image 

shows the same area but after conversion to a grey scale image where areas computed 

as AFA have been marked red.   

 

Pixels with a higher grey scale value than a certain threshold were 

included in the calculations as indicating potential adhesion failure. The 

spots having “white” pixel areas larger than or equal to an area of 100 µm2 

were included in a parameter referred to as AFA1, short for adhesion 

failure areas. AFA is, thus, the area fraction in % of white spots within the 

tack test pull-off area. White spots with an area less than 100 µm2 were 

regarded as noise. A more detailed description of the experimental 

procedure is given in Paper A.  

 

4.5 Full scale printing  
 

The pilot coated papers analysed in Papers E and F were printed both 

uncalendered and calendered using a sheet-fed offset printing machine. A 

six-stage unitized press, where each print unit only laid down one ink, 

was used. The papers were printed using the traditional print unit 

sequence black (K1), cyan (C2), magenta (M3), yellow (Y4). However, 

during this study, the four unit ink sequence was also followed by two 

additional cyan-printing units (C5 and C6), see Figure 4.7. Only prints 

from the cyan printing units, i.e. prints from C2, C5 and C6 were studied. 

 

 

                                                             
1Paper A and B a longer expression was used. The ink-paper coating adhesion failure areas were in 

these papers denoted IPCAFA.  
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Figure 4.7. The ink sequence used during the full scale printing trial. 

 

The print layout was designed primarily keeping two factors in mind. 

Firstly, the positions of the printing units will influence the amount of 

fount being put onto the paper surface, prior to it being printed. Thus, 

significantly more fount will be put onto the paper printed at C6 

compared to a paper printed at C2.  

Secondly, prints from C2 may suffer from back-trap mottle caused by 

the subsequent 4 blanket cylinders (M3, Y4, C5 and C6), whereas prints 

from C6 do not risk this subsequent splitting as it is the last printing unit 

in the series. How these two factors influence ink adhesion, print quality 

and the overall printability was the main reason for this research and for 

the chosen print layout design.  

 

The amount of fount put onto the papers was also altered by changing the 

fountain feed level. For the main part of this study it was held constant at 

a level of 70 % for all the papers. However, during the printing of two 

uncalendered papers where one was coated with a reference coating and 

the other with a coating containing 0.8 pph excess partially cation 

exchanged calcium polyacrylate, a reduced fountain feed level was also 

used. The reduced feed (30 %) represents normal printing, whereas the 

standard feed (70 %) used during these trials was chosen to show the 

impact of high moisture levels, i.e. at very humid conditions, on the print 

quality.  

 

4.5.1 Characterization of Ink Adhesion Failure on full scale printed 

prints  

On prints from the full scale printing the ink adhesion failure was 

characterized by a parameter referred to as uncovered area (UCA). UCA 

are areas within the print but without ink or where the ink-film thickness 

is considered very low, see Figure 4.8.  
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Figure 4.8. Examples of cyan prints showing UCA. 

 

An image analysis software, named STFI mottling (Johansson & Norman, 

1996), was used to quantify the amount of UCA on the printed surface. 

The software uses light reflectance in grey-scale images. These images are 

calibrated to reflectance, and the quantification of UCA was made by 

determining a reflectance threshold (relative to the mean reflectance level 

of the image) and counting all areas with a higher grey level reflectance 

than the threshold as contributing to the computed UCA.  

The resolution of the analysed images was 600 dpi, which represents a 

pixel size of 42.3 µm. The UCA and the standard deviation reported is an 

average of ten analysed areas (4.3 x 4.3 cm2). 

 

4.6 Print quality 
 

The influence of the coated surface and water feed on the print quality of 

the cyan prints from the full scale printing was examined in Papers E and 

F. The prints were evaluated with regards to print density, print gloss and 

print mottle.  

 

4.6.1 Print density 

The print density (average from ten measurements) of cyan full-tone 

prints was measured with a reflection densitometer which records the 

amount of light reflected by the printed surface over an exposure 

wavelength range of 500-520 nm. The densitometer returns the print 

density (Dprint) as a logarithmic ratio between the light reflected by 

unprinted paper (R∞) and the light reflected by the print (Rprint) according 

to equation 4.4. 

 

(Eq. 4.4) 𝐷print = log10  
𝑅∞

𝑅print
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4.6.2 Print gloss 

The print gloss relates to the surface roughness and refractive index of the 

printed surface. Print gloss is determined using a glossmeter where the 

sample is illuminated with light at a specific angle (α) and the reflected 

light is then recorded at the same reflection specular angle (α) to the 

normal to the surface, see Figure 4.9.  

The print gloss of cyan full-tone prints studied in Papers E and F was 

analysed at an angle of α = 75° (determined with TAPPI Standard T480) 

and the stated results are an average of ten to twenty measurements. 

 

 
Figure 4.9. The schematics of a glossometer. 

 

4.6.3 Print mottle 

Print mottle is defined as a variation in print density which most often is 

a consequence of a variation in ink film thickness.  

The print mottle on both full-tone (Papers E and F) and half-tone 

(Paper F) cyan prints was evaluated with the STFI mottling software. The 

software detects print mottle in a grey-scale image (calibrated to 

reflectance) as the coefficient of variation (COV) in light reflectance, 

divided into spatial wavelength bands. Print mottle was analysed on ten 

areas (4.3 x 4.3 cm2) on each sample. 
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5. Results and discussion 
 
5.1 Impact of excess dispersant on surface properties 
(Papers A-F)  
 

The dispersant used in this work was an anionic polyacrylate. The 

polyacrylic acid polymer was commercially available neutralized with 

sodium ions. As the coating colours studied in this work were all calcium 

carbonate pigment based, the influence of free calcium ions in the 

pigment slurry on surface properties and printability was of interest. To 

simulate these conditions and investigate the effect of the presence of 

calcium ions Ca(NO3)2 was added to the sodium polyacrylate to a specific 

molar ratio of 0.3 between added calcium and acrylate units. This results 

in an exchange of counter ion of the polyacrylate from sodium to calcium. 

To avoid confusion between these two polyacrylate compositions, the 

as delivered sodium neutralized polymer will hereafter be denoted 

sodium polyacrylate (NaPA) and the modified dispersant partially 

neutralized with calcium ions will for simplicity be referred to as calcium 

polyacrylate CaPA. 

  

5.1.1 Seed point  

The preconditions of an ion exchange from sodium polyacrylate to 

partially calcium polyacrylate without precipitation of polyacrylate were 

investigated via turbidity analysis. The seed point was determined 

graphically and is defined as the point at which the turbidity of the 

solution rapidly increases.  

The seed point was seen to decrease as the polyacrylate concentration 

increased, see Figure 5.1. Based on these results, a molar ratio of 0.3, 

between added calcium and acrylate units, was chosen for the coating 

colours containing calcium polyacrylate to avoid precipitation of the 

polymer. 
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Figure 5.1. Turbidity for NaPA solutions at pH 8.5 as a function of [Ca2+]/[A-] provided by 

addition of Ca(NO3)2.  

 
5.1.2 Rheology 

The Brookfield viscosity of the coating colours have been measured in 

Papers B and F. In Paper B, the viscosity was studied as a function of 

increasing amount of calcium ions and it was found to be linearly 

dependent on the calcium ion concentration, see Figure 5.2. In Paper F 

the viscosity was studied as a function of polyacrylate dosage and it was 

seen to increase with increasing dispersant dosage, see Figure 5.3.  

  
Figure 5.2. Brookfield viscosity [mPas] for 

coatings with excess NaPA dosage 0.2 and 

0.8 pph as a function of increasing amount 

of Ca(NO3)2 at a rotation rate of 100 min-1.  

Figure 5.3. Brookfield viscosity [mPas] as 

a function of increasing amounts of NaPA 

and CaPA dosage at a rotation rate of 100 

min-1. 
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The viscosity increase was higher in the coating formulation where CaPA 

had been added, in particular at the highest dosage. The drop in the 

viscosity at the highest dosage of NaPA is, however, expected to be due to 

a reduction in calcium ion concentration due to the high excess of 

polyacrylate, and thus a reduction also of colloidal calcium polyacrylate 

particles. 

Calcium ions interact strongly with sodium polyacrylate (Stenius, et al., 

1990) during the formation of calcium polyacrylate complexes, which are 

soluble below the seed point but form colloidal particles at and above the 

seed point. 

 

5.1.3 Pore structure  

The impact of excess dispersant on the structure of the coating layers was 

investigated. The porosity of these surfaces was studied in Paper B 

(laboratory coated samples) and F (pilot coated samples).  

Pore volume and pore size distribution were characterized on dry 

samples using the mercury intrusion technique. In Paper B an increase of 

average pore size of about 20 % was reported when the coating colour was 

modified with excess polyacrylate (see Table 5.1). No difference in average 

pore size could be seen between the two counter ions, sodium and 

calcium, i.e. both in excess caused coating colour component flocculation.  

The total pore volume of the dry coating surface was, however, not 

significantly affected by the excess dosage of polyacrylate in either 

neutralised form.  

 

Table 5.1. The porosity (%), total pore volume (cm3g-1), pore volume in different size 

classes, pore size at 50 % of the pore volume, i.e. d50(pore). 

Samples Porosity 

[%] 

Total 

specific 

pore 

volume 

[cm3g-1] 

Specific pore 

volume fraction 

in size range 

15-35 nm [%] 

Specific pore 

volume 

fraction in 

size range 

35-95 nm [%] 

d50(pore) 

[nm] 

Ref 23.1 0.13 14.6 85.4 100 

0.2 NaPA 22.7 0.13 8.8 91.2 120 

0.2 CaPA 23.6 0.13 10.7 89.3 120 

0.8 NaPA 22.7 0.13 7.2 92.8 120 

0.8 CaPA 23.2 0.13 10.9 89.1 120 
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Excess polyacrylate, nevertheless, resulted in a decrease in the amount of 

small pores and a tendency towards a higher frequency of larger pores. 

The largest decrease of small pores was observed for coatings consisting 

of NaPA.  

The shift in pore size is interpreted to be a result of fine pores being 

blocked and new configurations of larger pores formed due to 

flocculation. One possible explanation for this is that swollen adsorbed 

polyacrylate associated with free dispersant leads to flocculation effects 

and so increases the effective particle size where pigment and or binder 

particles may be involved (Husband & Adams, 1992), and during 

consolidation the dry layer develops a larger pore size distribution.  

 

The results from the pore structure analysis reported in Paper F mainly 

coincided with the findings from Paper B, in which a slight increase in 

pore size and pore volume with increasing dosage of NaPA was seen 

(Figure 5.4). The effect on pore structure when CaPA was added to a 

coating colour in excess was, however, more complex. The higher doses 

(0.4 pph and 0.8 pph) did not affect the pore structure as severely as the 

lowest dosage (0.2 pph), which increased the pore size and pore volume 

significantly, see Figure 5.5. This is because the dispersing effect of 

polyacrylate sharply deteriorates in the presence of free calcium ions, 

especially at low excess polyacrylate dose (Järnström, 1993). Therefore, 

the flocculation of pigments, binder and polyacrylate is more severe upon 

low excess dosage levels of polyacrylate in the presence of calcium ions 

compared to higher polyacrylate ratio levels, and the pore size, therefore, 

increases.  

In addition to the pore structure volume, however, the actual effective 

pore volume available for ink oil absorption in a moist coating is expected 

to be somewhat different, i.e. reduced, due to the water swelling of the 

hydrophilic layer of polyacrylate (studied in detail in Paper D).  
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Figure 5.4. Specific pore volume [cm3g-1] of 

dried coating colours containing increasing 

amounts of NaPA [pph on pigment]. 

Figure 5.5. Specific pore volume [cm3g-1] 

of dried coating colours containing 

increasing amounts of CaPA [pph on 

pigment]. 

 

In conclusion, excess dispersant had an insignificant effect on the total 

pore volume of the dry coating layers studied in this work. However, a 

decrease in the amount of fine pores was seen together with the 

generation of some larger pores, indicating weak flocculation of the 

colour component mix. A lower amount of fine pores might also be 

interpreted as if the fine connections between the pores become 

constricted in the presence of high amounts of dispersant, which will 

likely be enhanced in a moist environment. This may be in direct relation 

to the physical presence of polyacrylate as it reduces the surface nano-

capillarity for ink oils, which results in a slower ink setting due to the 

lower absorptivity of ink oil by the coating pore surface. This in turn will 

influence the ink adhesion and ultimately also affect printability. 

 

5.1.4 Surface structure 

The surface structure was inspected by SEM and the topography was 

quantified by three instruments (FRT, PPS and OptiTopo) of different 

sensitivity. The average roughness for the samples studied in Paper B and 

Paper F is collected in Table 5.2. The results reported in Paper B showed 

that polyacrylate added in excess, at dosages 0.2 pph and 0.8 pph, had no 

impact on the surface roughness, regardless of the counter ions (sodium 

or calcium) present with the polymer. Results from Paper F confirm that 
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this is the case also for an addition of 0.4 pph. Consequently, the 

aggregation of pigment to pigment, or pigment to binder, induced by 

additional polyacrylate, had little or no impact on the surface roughness 

at the scale measured.  
 

Table 5.2. The average surface roughness analysed with PPS, OptiTopo and FRT. The 

FRT values used in this table represent a mean value of the roughness seen in the 

wavelength range 0-2 mm. 

Samples PPS [µm] OptiTopo [µm] FRT [µm] 

Pilot, calendered (Paper F) 0.58 ± 0.04 0.21 ± 0.04 - 

Pilot, uncalendered (Paper F) 1.56 ± 0.11 0.53 ± 0.05 - 

Lab (Paper B) 1.43 ± 0.04 - 0.26 ± 0.01 

 

Conclusively, no significant impact on micro topography due to excess 

dispersant was detected. However, non-uniformity in porosity was 

observed from the SEM pictures. This showed up as compact areas and 

they were more frequent at low dosage of polyacrylate (0.2 pph).  

 

5.1.5 Surface chemistry and hygroscopy 

The impact of temperature and moisture on wetting by offset ink model 

liquids on freshly cleaved calcite surfaces was studied in Paper C. The 

calcite surfaces were analysed clean (without dispersant) or covered with 

NaPA dispersant. This study showed that the water contact angle on clean 

calcite surface was around 50°, while it decreased to about 30° for a 

calcite surface covered by adsorbed NaPA. The value decreased even 

further when tested in a more humid environment. These findings were 

also supported by data from vapour sorption isotherms reported in Paper 

D where the vapour sorption of thin polyacrylate films with increasing 

relative humidity was studied. The results from that study showed a 

strong increase in adsorbed vapour when the relative humidity exceeded 

40 % and significant decrease in moisture sorption after ion exchange 

from NaPA to CaPA, especially at relative humidities above 40 %, see 

Figure 5.6.  
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Figure 5.6. The moisture sorption [wt.-% per 

total polyacrylate salt] for NaPA and CaPA 

at 30 °C where the sorption contribution by 

NaNO3 has been excluded.  

Figure 5.7. The moisture sorption rate [wt.-

% per total polyacrylate salt min-1] as a 

function of relative humidity at 30 °C for 

NaPA and CaPA where the sorption 

contribution by NaNO3 has been excluded.  

 

From Figure 5.7 it is clear that the presence of calcium with polyacrylate 

(CaPA) severely decreased the sorption rate with increasing humidity.  

In Paper C the surface energy of calcite with adsorbed polyacrylate was 

also reported. The results suggest that the surface layer of calcite with 

adsorbed polyacrylate in a moist environment is a mixed layer of both 

water and polyacrylate. Layers of polyacrylate are indeed hygroscopic, 

hydrophilic and polar.  

The situation becomes more complex in a coating layer since the 

calcium carbonate surface is not as pure as was studied for the calcite, 

and one must consider that partially hydrophobic polymer latex with 

surface active agents has also been added. Moreover, the typical coating 

layer is microrough, porous and chemically heterogeneous, all of which 

makes the interpretation of contact angle difficult.  

The average contact angle between water and the coated paper from 

Paper B and Paper F have been collected in Figure 5.8. In Paper B a more 

polar coating surface was developed as excess polyacrylate was added to 

the coating colour, with or without the addition of calcium salt. This 

means that all modified coatings studied in Paper B interacted more 

strongly with water. In Paper E the coating colours were further modified, 

not only by the additional amount of polyacrylate, but also by using GCC 
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pigments with different particle size distribution and binders with 

different polarity. On the calendered surfaces, excess polyacrylate with 

the use of a pigment with narrow particle size distribution together with 

the application of a more polar binder all increased the polarity of the 

coated surface.  
 

 

Figure 5.8. The apparent contact angles [°] between water and lab or pilot coated paper, 

either uncalendered or calendered. The contact angle on the pilot coated papers was 

measured 1 year after being coated. 

 

However, the same trend was not observed on the uncalendered papers. 

Unfortunately, the contact angles reported in Paper E were measured one 

year after the papers had been coated. Reports (Lidenmark, et al., 2010) 

have shown that the surface hydrophobicity of a coated paper increases 

with time. Therefore, the discrepancy between the values obtained for 

calendered and uncalendered papers is most likely related to coating 

structure and not to differences in surface chemistry.  
 

5.1.6 Water absorptivity 

The influence of excess dispersant on the water absorption by the coating 

surface was investigated in Paper B and the results are shown in Figure 

5.9. The instantaneous absorption (within 8 ms) is shown as the 

measuring point on the y-axes and the curve gives the absorption during 

the first second. The result from these measurements showed an increase 

in water absorption by the coating when excess (0.8 pph) NaPA was 

added to the coating colour.  
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When CaPA was added in excess the effect on the water absorption of the 

coated surface was not as simple. At the lower excess dosage (0.2 pph) the 

water absorption of the coating surface was slightly higher than the non-

modified reference coating. However, when the higher excess dosage (0.8 

pph) was added the water absorption rate was seen to reduce. 

 

 

 

Figure 5.9. The absorption and evaporation volumes (A&E) as a funcition of time for the 

reference coating and coatings with 0.2 and 0.8 pph excess NaPA and CaPA. 

 

The instantaneous absorption is most likely controlled by a swelling of 

the polyacrylate and could be an uptake of water in the outermost surface.  

When the polyacrylate is partly neutralized by calcium ions the 

instantaneous absorption was strongly reduced. This is due to reduced 

hydrophilicity and less hygroscopy of polyacrylate neutralized with 

calcium. Another reason may be loss of connectivity in the surface pore 

structure when excess polyacrylate is used.  

The effect of excess polyacrylate in the coating colour has a significant 

impact on surface chemistry of the coating and results in a more polar 

and hygroscopic surface and a faster instant water uptake, especially 

when NaPA was used.  

The increased affinity toward water and moisture appears to be key 

factors for ink adhesion and will be discussed in section 5.2.3.  
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5.1.7 Permeability  

The permeability of the coating layer was investigated using visual 

appraisal and also a quantitative method. The visual inspection (Paper E) 

of the surface structure of the coated papers using SEM showed a 

significant non-uniformity in porosity with frequent occurrence of 

compacted and closed areas, in particular for calendered samples, see 

Figure 5.10.  

 

Figure 5.10. Closed areas on a calendered paper (0.2 CaPA) surface adjacent to a more 

open structure. 

 
A quantitative method used to study the average permeability of the 

coating structure was reported in Paper F where the liquid (hexadecane) 

permeability of dried coating colour structures was investigated.  

The result (Figure 5.11) showed that the permeability of the sample 

containing excess NaPA was significantly higher than for the ones 

containing excess CaPA, with the exception of the sample with the lowest 

excess dosage of CaPA (0.2 pph). These results coincide with the CaPA 

pore structure characterization, where the pore volume and pore size of 

the sample with 0.2 pph excess CaPA was in fact significantly higher than 

for the other coating formulations.  

However, one should bear in mind that the permeability analysis was 

performed on a coating layer with a thickness of 1-2 cm whereas the 

thickness of a coating layer can vary between 5-20 µm. Thus, this effect is 

possibly somewhat even greater in the thinner layer, due to the reduced 

bulk tortuosity effect in thinner layers.  
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Considering print quality, and mainly ink adhesion failure quantified as 

uncovered area (UCA), no correlation between measured permeability 

data and UCA was seen. This suggests that mean permeability is not a key 

factor in determining ink adhesion provided fountain solution can 

permeate and water interference mottle is thus avoided.  

However the SEM inspection revealed local spots with low porosity. 

These spots will show low permeability and may be regarded as a severe 

coating defect and their impact on ink adhesion and print quality will be 

discussed in section 5.3.2.  
 

 

Figure 5.11. The permeability [10-18m2] through compressed and dried tablets of ground 

calcium carbonate based coating colours. 

 

5.2 Ink Adhesion Failure (Papers A, B, E & F) 
 

5.2.1 Laboratory work 

The papers were coated with a laboratory rod coater before being studied 

with the ISIT instrument, which measures the change in splitting 

force/ink tack due to ink setting as a function of time after ink transfer. 

Ink-paper coating adhesion failure areas, shortened to adhesion failure 

area (AFA), found at the pull-off points after tack testing were quantified 

by determining white spots in the retained print using image analysis.  

 

The characterization of AFA was performed on coated papers printed 

both with and without pre-damping. An analytical procedure was 

developed and is described in Paper A. The characterization method was 



60 
 

shown to be adequate for finding all white spots due to ink detachment 

under conditions of tack measurement on the prints.  

In Paper A, the focus lay on the impact of pre-dampening levels and 

the effect of excess dispersant on AFA. In Paper B the impact of excess 

dispersant dosage and the effect of pre-dampening on AFA were reported.  

 

5.2.2 Effect of excess dispersant in absence of pre-dampening 

The reference as well as the coating with excess dispersant in the coating 

colour showed high AFA immediately after ink transfer. The ink was 

successfully transferred to the paper but lifted off from the paper when 

the rubber coated roller was brought into contact with the wet ink film on 

the paper and drawn apart (see Figure 5.12a-b). The results also showed, 

independent of the presence of excess dispersant, a sharp decrease of 

AFA during the initial ink setting followed by a minimum that 

corresponded with the observed tack maximum, (see Figure 5.12c-d). 

The most likely reason for the high AFA immediately after ink transfer 

is depletion of ink oil from the ink film governed by the environment (e.g. 

surface pores/channels) at the coating interface which may act as a weak 

boundary layer. As the ink setting proceeds ink oil will be transferred 

from the interface into the coating by capillary forces and absorption into 

latex binder. Since the ink setting is slower in the coating with excess 

dispersant due to larger pores the decrease in AFA is also somewhat 

slower for this coating. When the AFA has come down to a level <1% we 

may regard that good contact between ink binder and coating has been 

established. 

 

Excess dispersant in the coating colour resulted in a slower ink setting 

with increasing dosage of excess polyacrylate, especially when the 

polyacrylate was neutralized with calcium ions (see Paper B). Slower ink 

setting has an impact on the print quality since it is recognized as a 

contributing cause for ink piling and print mottle. 
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Figure 5.12a-d. The adhesion failure areas (AFA) in percent as a function of time after ink 

transfer for the reference coating (Ref) and the coating with 0.8 pph excess NaPA (0.8 

NaPA) in a) and b) respectively. c) and d) show the tack force as a function of time for 

coating Ref and 0.8 NaPA, respectively.  

 

5.2.3 Effect of excess dispersant in presence of pre-dampening 

Two levels of pre-dampening were applied (0.25 gm-2 and 0.50 gm-2) on 

the coated papers, before being printed. 

The amount of AFA collected during the first 10 seconds of the ink-tack 

measurements can be seen in Figure 5.13a. The results for the reference 

coating (Ref) showed a gradual increase of AFA with increasing 

dampening level. The effect of excess dispersant on AFA was also seen 
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during this shorter timeframe to vary with dampening level. At the lower 

dampening level a decrease (60 %) in AFA was seen, whereas the higher 

pre-dampening level increased AFA (340 %) significantly.  

The total computed amount of AFA during the whole ink setting course 

can be seen in Figure 5.13b. For the non-modified coating (Ref), pre-

dampening level had no impact on AFA. The effect of both excess 

dispersant and higher pre-dampening level, however, significantly 

increased (1 000 %) AFA.  

The sensitivity to pre-dampening amount is also clearly seen for the 

sample with excess dispersing agent, as the lower dampening level did 

not influence the amount of AFA.  

 

  

 
Figure 5.13a. AFA ≥ 100 µm2 in percentage 

of the entire pull-off area at different 

dampening levels for the first 10 seconds of 

the tack measurements.  

Figure 5.13b. AFA ≥ 100 µm2 in 

percentage of the entire pull-off area at 

different dampening levels for all tack 

measurements. 

 

The strong effect of pre-dampening on the coating with excess dispersant 

is clearly shown in Figure 5.14 as pre-dampening (0.50 gm-2) was seen to 

also significantly reduce the tack maximum. 
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Figure 5.14. The tack force as a function of time for the reference coating (Ref), to the left 

and for the coating with 0.8 pph excess NaPA (0.8 NaPA), to the right,  without pre-

dampening and with a dampening level of 0.5 gm-2. 

 

This dispersant-sensitive effect on ink-paper coating adhesion is 

interpreted as a result of the formation of weak boundary layers of water 

and/or non-absorbed thin layer capillary-driven ink oil drawn from the 

ink. Also sodium polyacrylate in contact with water is suggested to swell 

and block the finest pores or connecting throats within the network 

structure. Thus, the transport of water and ink oil from the interface 

becomes reduced. One or more of these effects, including surface energy, 

might explain why pre-dampening in the presence of unbound, excess 

dispersing agent had a strong impact on AFA. The mechanism on ink 

adhesion failure will be further discussed in section 5.3.3.  

 

5.3 Full scale trials (Papers E & F) 
 

In order to validate if the conclusions from the laboratory study had 

relevance to industrial printing, full scale trials were conducted. Papers 

coated during a special pilot coating trial were printed in full scale sheet-

fed offset with a layout designed for this study.  
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The results are reported in two papers.  

The first, Paper E, focuses on the impact of paper coating properties, 

obtained from modification in coating colour constituents, on ink 

adhesion failure. Modifications, such as changing the size distribution of 

pigment, type of latex binder, calendering and an excess dosage of 

additional dispersant were studied. 

The ink adhesion failure, recognized as uncovered area (UCA) on 

prints from the full scale printing trial, was analysed in detail and the 

unprinted surfaces were inspected with scanning electron microscopy 

(SEM). Also an ink adhesion failure mechanism was proposed in Paper E.  

The second report, Paper F, focuses on the impact of excess dispersant 

on paper properties, ink adhesion failure and print quality. 

 

First and foremost, no pigment build-up was discovered on the rubber 

blankets during the printing trial, which were washed between each trial 

point. Consequently, surface pick can be eliminated as the cause for the 

UCA detected, and, thus, the UCA identified is in fact a unique result of 

adhesion failure (ink–paper coating), rather than coating cohesion failure 

(surface pick) within the coating structure.  

 

5.3.1 Identification of Ink Adhesion Failure 

White spots detected in the print are referred to as uncovered areas 

(UCA) and are caused due to ink-paper adhesion failure. The majority (90 

%) of the UCA identified in these studies were small (squares of side 42.3-

126.9 µm2). Also, the UCA found on prints from C2 was minor in 

comparison to the quantity found on prints from the two following print 

units (C5 and C6), see Figure 5.15a-d. The impact of excess dispersant 

was to increase the UCA, with a maximum effect at 0.2-0.4 pph. 

Uncalendered papers showed roughly the same amount of UCA on the 

fifth and sixth units, and maximal UCA was reached already after the 

lowest dosage of additional polyacrylate.   

Calendered papers showed significantly higher UCA on prints from the 

fifth unit and, generally, CaPA in the paper coatings induced more UCA 

than NaPA, particularly at the lowest (0.2 pph) excess dosage.   

 

The effect of changing the size distribution of pigments and type of binder 

on ink adhesion was investigated in Paper E, and the results can be seen 

in Figure 5.16a-b. 
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Figure 5.15a-d. UCA [%] on uncalendered papers printed at C2, C5 and C6, as a function 

of NaPA a) and CaPA b) dosage [pph], respectively. c) and d) show UCA [%] on 

calendered papers printed at C2, C5 and C6, as a function of NaPA and CaPA dosage 

[pph], respectively. 

 

One paper showed significantly lower UCA compared to the others 

studied. This paper had been coated with a standard formulation, 

consisting of GCC pigment with broad particle distribution and the binder 

used was common SB latex, i.e. the coating denoted Ref. Coating Ref was 

included as a coating with low polarity, based on results from the 

laboratory trial where ink-paper coating adhesion failure (“white spots” in 

Paper B) were seen to be more frequent in more polar coatings. 
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Figure 5.16a-b. UCA [%] on uncalendered a) and calendered b) papers coated with 

modified coating formulations and printed at C2, C5 and C6. 

 

Altering binder from styrene-butadiene latex to the more polar styrene-

acrylic latex (Ref SA) or adding extra dispersant (0.2 CaPA) led to strong 

increases in UCA, mainly on prints printed in the fifth unit but also for 

prints from the sixth unit. This was expected since these changes will 

make the coating more polar. Changing the pigment particle size 

distribution to a more narrow distribution (Ref NGCC) also increased 

UCA in C5, which was unexpected if poor fountain solution drainage 

alone would have been the cause. 

 

5.3.2 Causes of Ink Adhesion Failure 

The printing trial was mainly designed to identify if UCA was caused not 

only by ink transfer failure but also by an additional phenomenon, which 

in this work is referred to as ink-lift-off: a manifestation of post-print ink-

surface adhesion failure. Both mechanisms, ink transfer failure and ink-

lift-off, give UCA and occur due to ink-paper coating adhesion failure. Ink 

transfer failure occurs when ink transfer to the paper surface has failed, 

whereas ink-lift-off occurs when ink is firstly deposited successfully onto 

the paper and then, secondly, becomes lifted-off by the rubber blanket in 

a following print unit.  

For ink transfer failure on the printing press, the fountain solution film 

on the paper is assumed to be retained at the surface and the splitting will 
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thus occur within this film according to Stefan’s law (Eq. 2.4), and ink 

will, therefore, not be transferred to the wet paper surface. 

The ink-lift-off mechanism requires a more extensive investigation of 

ink transfer and ink properties both on the paper surface but also on the 

rubber blanket. Therefore, the ink-lift-off mechanism will be described in 

the succeeding section. 

 

5.3.3 Mechanism of Ink-Lift-Off adhesion failure 

In the ink-lift-off hypothesis, in contrast to ink transfer failure, ink is 

considered to have been transferred to the moist paper surface, in the 

case where the thickness of the fount layer is lower than the critical 

thickness required for splitting in the fount layer. Nevertheless, when the 

ink layer on the moist paper surface meets the used ink2 on the non-

printing area of the rubber blanket in the subsequent print nip, the 

condition changes according to these three properties: ink film thickness, 

ink viscosity and coating surface.  

The thickness of the used ink film on the rubber blanket is now lower 

and no longer uniform due to back-trap. The ink viscosity has increased 

due to depletion of ink oil from the used ink and because the ink film has 

been at rest during the time that elapsed between printing units. Also 

since offset inks are shear thinning, the ink viscosity recovers during the 

time an ink remains stationary. The coating surface beneath the ink film 

from which ink may be lifted off has a high content of moisture and this 

may remain unchanged, in particular if the paper spot beneath the fount 

is a closed non-absorbing area. If not completely closed but compact with 

low porosity, the area may have been saturated by water from earlier 

print nips. Results from Paper E have shown that closed/compact areas 

occur frequently during, and are then observed after, calendering. 

Furthermore, the polymer (polyacrylate) swells in a moist environment 

(Paper D) causing a decrease in the amount of small pores (Paper B).  

These new conditions result in a thinner ink layer and higher ink 

viscosity, where a weak boundary forms between ink and the moist paper 

coating surface caused by free or adsorbed water at the interface.  

                                                             
2 Used ink refers to ink located on the non-printing areas of the rubber blanket. It has been transferred to 

the paper in an earlier print nip and while being in contact with the porous paper surface, ink oil has been 

depleted from the ink. The ink viscosity is thus much higher and the ink layer may be assumed to be 

thinner compared to fresh ink on the rubber blanket.  
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Thus, it is suggested that ink-lift-off adhesion failure is a combination of 

ink refusal and ink back-trap, confirming the prediction of Gane, Seyler 

and Swan (Gane, et al., 1994b) in respect to post-print adhesion failure. It 

occurs on compact areas of the coating when these coincide with an area 

with thin high viscous ink layer on the rubber blanket, particularly under 

moist conditions. The cohesive strength of this ink film is much higher 

than that of the fresh ink film when it was originally deposited on the 

moist paper surface. The probability for this post-print adhesion failure to 

occur is low, but the fraction of UCA is also low, from a few hundreds of a 

per cent to one or two per cent in the worst case.  

This effect is most frequent on paper with non-uniformity in coating 

porosity, showing compact or completely closed areas, where absorption 

of fount is low and free or bound surface water may survive the time that 

elapses between two printing nips. It can be reduced by reducing the 

fountain feed rate. But, the effect was still seen even when the fountain 

feed was reduced. However, with a reduced fountain feed the probability 

of a lingering and unbroken fount film or patches of free water on the 

paper surface decreases. Instead, one would likely find damp areas on the 

paper surface with water associated or adsorbed within the hydrophilic 

dispersant which covers the pigments. Paper D describes this in some 

detail. This would give weak bonds to the ink.  

 

Only a few monolayers of water is needed to shield the dispersion forces 

deriving from the coating surface energy, and, since the dispersion 

component of the surface energy of water is much lower than that of the 

coating, the ink, with its dominant dispersion component (apolar mineral 

oil in particular), experiences much reduced bonding energy to the moist 

coating surface. The consequence being that high tack back-trapped ink 

on the rubber blanket acting on the now thinner ink layer on the paper 

surface creates a failure between the coating and the ink, rather than the 

wished-for cohesive failure in the ink film. 

 

5.3.4 Impact of excess dispersant and Ink Adhesion Failure on print 

quality 

Paper F primarily focuses on how the overall print quality is affected by 

the impact of excess dispersant. The print quality was evaluated with 

regards to print density, print gloss, uncovered areas (UCA) and print 

mottle.  
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The evaluated prints were printed only once and with cyan at three 

different units (C2, C5 and C6). The only difference in coating 

formulation was the amount of additional dispersant (0-0.8 pph). Also 

the effect on print quality due to the choice of which counter ions (sodium 

and calcium) were used to neutralize the dispersant was evaluated. The 

papers were evaluated uncalendered and calendered in order to include 

effects of coating structure.  

 

5.3.4.1 Print density and print gloss 

The impact of excess dispersant on the print density was seen to be rather 

insignificant, as the average print density did not vary much between the 

various papers within each print unit, see Figure 5.17.  

Calendering, however, decreased the print density on prints from C5, 

compared with prints from the two other cyan printing units. 

  

 

Figure 5.17. The average cyan print densities of all pilot coated samples either calendered 

or uncalendered at print unit C2, C5 and C6.  

 

The print gloss results (measured at an angle of 75°) returned, as 

expected, higher values on the calendered (77 ± 1 %) papers compared to 

the uncalendered (60 ± 1 %) papers. The impact of coating formulation 

and print unit on print gloss was, however, small. This was also 

anticipated, since it was reported in Paper B and Paper F that excess 

polyacrylate had no effect on the measured coating topography.  
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5.3.4.2 Print mottle 

Print mottle was evaluated on full-tone prints and it is quantified as the 

print density variation in different wavelength bands. The printing trial 

was designed so that mottle observed on prints from C2 and C5 could be 

caused by both back-trap mottle (BTM) and water interference mottle 

(WIM), whereas mottle seen on prints from C6 may only be caused from 

WIM.  

A good correlation between BTM characterised in the wavelength 

range 1-8 mm and perceived unevenness in print density has previously 

been reported (Johansson, 1993; Lindberg, et al., 2008) Therefore, this 

well-known wavelength band is most often used for the quantification of 

print mottle. However, regarding WIM, there are no reports in the open 

literature about correlations between perceived and measured WIM.  

A visual examination of the prints from the full scale printing trial 

revealed that prints from C5 and C6 suffered not only white spots but also 

a fine-scale variation in print density. This “blurry” pattern may be a 

result of water being emulsified into the ink, which dilutes the ink locally 

and gives a non-uniform distribution of ink pigment on the paper. 

Consequently, WIM may originate either from UCA, i.e. UCA-induced 

mottle, or from emulsified water into the ink inducing mottle.  

Since the UCA detected was due to rather small white spots and the 

blurriness also appeared to be of small scale, the print mottle was 

measured not only in the already recognized 1-8 mm wavelength band but 

also in a more comprehensive 0.25-8 mm band, in order to capture the 

irregularities of smaller sizes.  
 

Figure 5.18. The print mottle COV (0.25-8 mm) [%] as a function of UCA [%] on full-tone 

prints printed at C2, C5 and C6 on uncalendered and calendered papers coated with 

coatings containing different amounts of additional NaPA and CaPA. 
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The broader (0.25-8 mm) band showed much higher values than the 

narrow (1-0.8 mm) wavelength band. These results support that a 

significant amount of the mottle detected is due to small size non-

uniformity in print density. When the print mottle values from the 

broader wavelength band were plotted as a function of UCA (Figure 5.18) 

a good correlation was obtained when all trial points were included. This 

concurs with the fact that the majority of the UCA detected in this work 

was made up of small white spots, which can cause a mottled print.  

When the data seen in Figure 5.18 was broken up instead according to 

print unit, high correlation coefficients were obtained for calendered 

papers printed in C5 (R2 = 0.95) and C6 (R2 = 0.91). Prints from the 

second unit and prints on uncalendered papers, however, did not show 

the same high correlations (R2 between 0.01-0.51). Therefore, for these 

prints other factors, besides UCA, must have caused the identified print 

mottle.  

For prints in C2, BTM is regarded to be the dominant mechanism, 

while for uncalendered papers in C5 and C6 the “blurry” pattern from the 

water emulsion induced mottle may be a dominant contribution to the 

mottling in the print. This seems reasonable since uncalendered papers 

have a more non-uniform surface topography than calendered papers. 

This surface non-uniformity may contribute to an uneven transfer of the 

wet ink film. Also local variations in emulsified fount may intensify the 

variation in ink film thickness after ink setting and drying. This will be 

extra detrimental to the print quality if the content of emulsified fount is 

high on areas were a thin wet film will be transferred.  

Conclusively, the print mottle on prints from the two latter cyan units 

was dominated by WIM, which showed a more fine-scale pattern 

compared to BTM. WIM was strongly influenced by UCA in the print, i.e. 

white spots where the ink adhesion had failed. Besides UCA, WIM 

showed a small-scale blurry pattern of variation in print density, which is 

concluded to be caused by fount emulsified into the ink. 

 

5.3.4.3 Impact of dispersant on print mottle 

The impact of excess dispersant on print mottle was seen to differ at each 

printing unit, see Figure 5.19a-c. Excess dosage of dispersant resulted in a 

small effect on the mottle value on prints from C2, whereas a rather 

limited addition of dispersant had a significant impact on mottle in prints 

from both C5 and C6. The highest mottle values were, however, found on 

prints from C5.  
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Figure 5.19a-c. The print mottle COV (0.25-8 mm) [%] as a function of PA dosage [pph] on 

full-tone prints printed at C2 a), C5 b) and C6 c) on uncalendered and calendered papers 

coated with coatings containing different amounts of additional NaPA and CaPA. 

 

The use of CaPA resulted in a more negative impact on the mottle values 

than when NaPA was used. This was the case regardless of whether the 

papers were calendered or not. For calendered papers, the print mottle 

decreased at the highest addition of polyacrylate, but this was not so 

apparent for the uncalendered papers.  

 

5.3.4.4 Impact on fountain feed on print mottle  

To investigate the impact of fountain feed on the print quality, two 

different fountain feed rates were used for two trial points during the full 

scale printing trial. The trial points chosen were uncalendered papers 

coated with the reference coating, and papers coated with the coating 

containing 0.8 pph of additional calcium polyacrylate. During the 

printing of these papers the level of fountain feed was reduced from 70 %, 

which was the standard feed (SF) in this study, to 30 %, referred to as 

reduced feed (RF).  
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Figure 5.20. UCA [%] on full-tone prints 

printed at C2, C5 and C6, respectively, 

when two (SF (filled bars) and RF (unfilled 

bars)) fountain feed levels were used. 

Figure 5.21. Print mottle COV (0.25-8 mm) 

[%] on full-tone prints printed at C2, C5 

and C6, respectively, when two (SF (filled 

bars) and RF (unfilled bars)) fountain feed 

levels were used. 

 

Figure 5.20 shows that UCA is significantly reduced upon reducing the 

fountain feed. However, also at the lower feed, the dosage of 0.8 pph 

calcium polyacrylate still had a significant impact on UCA in prints from 

C5 and C6. The print mottle values seen in Figure 5.21 were also reduced 

when the fountain feed was reduced. The mottle values were low also for 

the paper coated with the modified coating with excess polyacrylate. The 

print quality deteriorating effect of excess dispersant was, therefore, more 

evident for the standard (high) fountain level used during these trials. 

 

6. Conclusions 
 

Offset inks are very tacky and adhere to almost every dry surface. The 

mechanism of ink adhesion failure during offset printing always involves 

liquid water or moisture. Thus, parameters that affect surface hygroscopy 

and transport of liquid water from the surface, like polar groups and 

coating pore structure have been in focus. Polyacrylate is a polar 

dispersant displaying a strong impact on these properties, and has, 

therefore, in combination with moisture/water, become a key factor for 

the studies.  
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This work, thus, focused on the impact of additional dispersant in the 

coating colour on coating structure, surface chemistry and ink-paper 

coating adhesion, and, therefore, correspondingly on the quality of offset 

prints. Four additional dosages (0, 0.2, 0.4 and 0.8 pph) of the 

polyacrylate dispersant were studied. Studies were performed on both lab 

scale and full scale, and the results clearly conclude the diminishing effect 

of additional dispersant on ink adhesion and print quality.  

The impact of dispersant dosage on the coating surface properties, and 

finally on the ink-paper coating adhesion and the resulting print quality 

will be specified below.  

 

Impact of additional dispersant on coating surface properties 

Increasing the dispersant amount in a coating also rendered a more polar 

coating surface, which interacts more strongly with water. This increased 

interaction is caused by the highly polar nature of the polyacrylate 

molecule. However, this water interaction alone is not paramount due to 

the fact that NaPA, being more hygroscopic, has less of an effect than 

CaPA which is less hygroscopic. The mobility of NaPA is maintained due 

to its solubility in water, whereas the less soluble CaPA is possibly 

immobilized locally in the form of a scum precipitate together with water, 

and this localized effect is considered, therefore, to be a key factor.  

The water absorption rate in the dried coated surface increased upon 

addition of excess dispersant during coating formulation. However, the 

calcium neutralized dispersant (CaPA) rendered a reduced hygroscopy 

and significantly slower absorption rates compared to the sodium 

neutralized dispersant (NaPA). This result supports the previous 

conclusion, and is attributed to the increased network entanglement and 

reduced mobility caused by the divalent calcium cation compared to the 

more linear and flexible sodium polyacrylate. 

 

Impact of additional dispersant on ink-paper coating adhesion 

Ink-paper coating adhesion was evaluated with regards to the parameter 

UCA, which is used to quantify areas in the print where the ink-paper 

coating adhesion has failed. Consequently, a high amount of UCA relates 

to poor ink-paper coating adhesion.  

Additional excess dispersant reduced the ink-paper coating adhesion, 

the effect being most pronounced for calendered papers and under the 

condition of high fount feed. This is explained by the increased surface 

hydrophilicity induced by the dispersant, which increases the 
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susceptibility of water molecules to become retained at the outermost 

surface layer. Also, the existence of low porosity (closed) areas on the 

surface, primarily induced by calendering, together with the disruption of 

the coating structure and inhomogeneity caused by flocculation (which is 

strongly dependent on the [Ca2+]/[A-] ratio) results in a reduction of 

transport of free water from the surface to the interior of the coating. 

The ink-paper coating adhesion failure detected in this work was most 

detrimental at the additional dosages of 0.2 and 0.4 pph, and is suggested 

to originate from two types of failure mechanisms: 

 

 ink-transfer failure (traditional ink refusal mechanism) 

 ink-lift-off failure (a novel failure mechanism identified 

experimentally within this work, occurs when ink is firstly transferred 

successfully onto the paper and then, secondly, becomes lifted-off by 

the rubber blanket in a following print unit) 

 

Impact of additional dispersant on print mottle 

A good correlation was found between UCA and print mottle. Mottle in 

absence of UCA was concluded to originate from back-trapping, whereas 

mottle in the presence of UCA was concluded to be induced by water 

interference caused not by the traditional ink refusal, but primarily by 

ink-lift-off adhesion failure. 

The work showed that for prints from the second to last unit, where the 

paper had been exposed to fount numerous times from preceding 

printing units, the print mottle was dominated by water-induced-mottle 

(WIM). WIM was strongly influenced by white spots in the print, where 

the ink adhesion had failed. Beside the white spots, the print showed a 

small-scale blurry pattern of variation in print density, which was 

concluded to originate from fount emulsified into the ink. These two 

features made up the character of the water-induced mottled print. When 

the fount feed was reduced, the WIM character of the mottled prints 

(from these print units) became considerably reduced. 

 

Consequently, in the light of these findings, it can be concluded that the 

practice of post-addition of anionic dispersant, ostensibly to reduce 

runnability problems during the coating process, is generally highly 

contra-productive in respect to subsequent print quality. To avoid print 

quality problems caused by ink-paper coating adhesion failure, based on 
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this work, an implementation of a minimum excess dispersant policy is 

advised. 

 

An aside 

To meet the requirement for reduced dispersant demand in coating 

colours, extreme care needs to be taken during colour make down to 

avoid acidic pH shock arising from lower pH additives, which should be 

corrected prior to addition, or contamination, for example, from poor 

microbiological housekeeping leading to anaerobic metabolites in storage.  
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