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Abstract 

The rheological behaviour and dewatering properties of different additives were 

investigated for three main groups of coating colour additives; cross-linkers, rheology 

modifiers and lubricants. These additives were added to a coating colour consisting of 

Calcium Carbonate, latex and diluted with water to a solids content of 66 %. The 

coating colour was pH adjusted to pH 9. All coating colours were evaluated using 

Brookfield rheometer, rotational rheometer and capillary rheometer. The water retention 

was measured by means of the ÅA-GWR method.  

The results showed that when the Brookfield viscosity was high, the water retention 

also was high and vice versa, but there is no linear correlation between viscosity and 

water retention. 

In the rotational rheometer tests all cross-linkers increased the viscosity and there was a 

tendency to shear thickening behaviour at high shear rates. This shear thickening 

behaviour was also observed for rheology modifiers and for the lubricants. Rheology 

modifier A was the only additive that lowered the viscosity at semi high shear rates.  

For the capillary measurements there were larger variations in the results. The Bagley 

corrected curves were shear thickening while the Hagenbach-Couette curves were shear 

thinning. According to the Bagley correction the coating colour with or without 

additives did not show large extensional viscosity, while Hagenbach-Couette 

corrections suggested higher extensional viscosity for some of the additives. 

  



 
 

Övergripande sammanfattning 

Syftet med examensarbetet var att undersöka hur olika tillsatskemikalier påverkar de 

reologiska egenskaperna och avvattningsegenskaperna hos en bestrykningssmet. De 

viktigaste frågorna som skulle besvaras var: kan de reologiska egenskaperna hos en 

bestrykningssmet förutspås vid bestrykning med blad eller stav med hjälp av 

viskositetsmätningar med Brookfieldviskosimeter och rotationsreometer? Finns det 

någon korrelation mellan viskositet och avvattning av en bestrykningssmet? 

En laboratoriestudie med 3 olika grupper av bestrykningstillsatser: 3 st tvärbindare, 3 st 

reologimodifierare och 1 smörjmedeltillsats testades. En masterbatch tillverkades. Den 

bestod av GCC och latex och denna späddes med vatten till en torrhalt på 66%. Smeten 

pH justerades till pH 9. Tillsatskemikalierna till bestrykningssmeten tillsattes enligt 

Figur 13. 

Bestrykningssmetens reologiska egenskaper utvärderades med hjälp av Brookfield-, 

rotations- och kapillärviskometrar. Vid mätning med Brookfield användes spindel nr.3 

som roterades med 60 varv per minut. En Anton Paar Physica MCR302 reometer med 

en koncentrisk cylinder, CC27/T200/SS med en diameter av 28,903 mm användes för 

de roterande mätningarna. Flödesegenskaperna på smeten undersöktes genom en 

skjuvhastighetsramp från 0,0001 s
-1

 till 4000 s
-1

 vid 20 °C. Mätningar vid riktigt höga 

skjuvhastigheter utfördes i en kapillärviskometer, ACAV A2 Ultra High Shear 

Viscometer från ACA Systems Oy. För att kunna bestämma den sanna viskositeten och 

ändeffekterna hos bestrykningssmeten användes en 50 mm och en 90 mm lång kapillär, 

båda med en diameter på 0,5 mm. Smeternas vattenretention utvärderades med hjälp av 

en Åbo Akademi Gravimetric Water Retention mätare, ÅA-GWR, vilken mäter den 

statiska vattenretentionen. Det ger en indikation på den mängd av vattenfasen som 

lämnar bestrykningssmeten och penetrerar in i pappret. 

Resultaten från Brookfield-mätningarna påvisar att det sker en viskositetsökning vid 

tillsats av tvärbindare. Det finns dock ingen linjär korrelation mellan tillsatsmängd och 

viskositetsökning. Den största påverkan på Brookfield-viskositeten hade tvärbindare C 

(CL C), vilken är baserad på zirkonium. Vid en tillsatsmängd på 3% ökade viskositeten 

från 675 mPas (bestrykningssmet) till 1700 mPas (CL C låg dosering). Högre dosering 

av CL C fick exkluderas från den experimentella delen då viskositeten var över 10 000 

mPas, vilket är för högt för att vara användbart. Reologimodifierare A resulterade i en 

försumbar ökning av Brookfield-viskositeten jämfört med den rena bestrykningssmeten 

medan reologimodifierare B hade en mer uttalad effekt. Smörjmedel L gav endast en 

liten ökning i Brookfield-viskositet jämfört med bestrykningssmeten utan tillsatser. 

För alla mätningarna på bestrykningssmeten med rotationsreometern påvisades 

pseudoplastiskt beteende vid låga skjuvhastigheter. Vid skjuvhastigheter över 3000 s
-1

 

visade bestrykningssmeten en tendens att vara dilatant. Enligt litteratur kan hög 

koncentration av partiklar ge upphov till högre viskositet. Inter-partikelväxelverkan har 



 
 

en stor betydelse för de reologiska egenskaperna hos en bestrykningssmet, eftersom 

volympackningsfraktionen av beläggningen är oftast över 0,4. Det finns möjlighet att 

smeten närmar sig den maximala volympackningsfraktionen. Med ökande 

skjuvhastigheter uppvisar suspensionen pseudoplastiskt beteende, eftersom partiklarna 

börjar orientera sig i skikt som med lätthet kan röra sig mot varandra, vilket orsakar att 

bestrykningssmeten är skjuvförtunnande. När skjuvhastigheten ökar blir skiktet av 

partiklar oordnat och orsakar en ökning av viskositeten (dilatant beteende). CL B 

uppvisade den högsta viskositetsökningen och påverkades inte av ökade 

skjuvhastigheter. Vid låga skjuvhastigheter gav ökning av dosering av 

reologimodifierare även en ökning i viskositet.  

Effekten är mest uttalad för RM B, alltså enligt de trender som observerats i Brookfield-

mätningarna. Noterbart är dock att Brookfield resultaten inte indikerade några 

viskositetssänkningar vid tillsats av RM A, som är i motsats till data från 

rotationsmätningarna. Tillsats av smörjmedlet L ökar också viskositeten vid låg 

skjuvning men punkten där suspensionen blir tjockare med ökande skjuvhastigheter 

inträffar vid högre skjuvningshastigheter (3500 s
-1

) jämfört med bestrykningssmeten där 

denna punkt är vid 3000 s
-1

. Mest sannolikt är det på grund av de mycket små partiklar 

av smörjmedel L som fungerar som "kullager" och smörjer pigmentpartiklarna. 

 

Alla mätningar korrigerades enligt Rabinowitsch korrigering för icke-newtonskt flöde. 

Ändeffekter bestämdes genom användning av Hagenbach-Couette och Bagley 

korrigering. Bestrykningssmeten utan några tillsatser visar ingen tendens till 

töjviskositet. Vi tillsats av additiverna till bestrykningssmeten visar den ett mer elastisk 

flödesbeteende. Smörjmedel L (Låg tillsats) gav den högsta viskositeten och ett tydligt 

elastiskt beteende. Reologi-modifierare tenderar i allmänhet att sänka viskositeten vid 

höga skjuvhastigheter. Undantag är för RM B (Låg tillsats) och RM C (Låg tillsats) där 

viskositeten är högre jämfört med smeten utan några tillsatser. Den lägsta viskositeten 

uppnås med RM A (Low tillsats). Jämförelse med Brookfield och rotationsviskositet för 

tvärbindarna så är viskositeten vid högre skjuvkrafter lägre eller i samma nivå som för 

bestrykningssmeten utan några tillsatser. 

Alla Bagley-korrigerade viskositetskurvor påvisar ett skjuvförtjockande beteende vilket 

är i motsats till vad Hagenbach-Couette korrigeringarna visar. Det kan vara att Bagley 

korrigeringen inte är anpassad för kalciumkarbonatsmetar. Detta gjorde det svårt att 

tolka resultaten då dessa skiljde sig mycket mellan Hagenbach-Couette och Bagley. 

Hagenbach-Couette visade även en tendens att överkompensera för den kinetiska 

energin vid mycket höga skjuvhastigheter för vätskor som är skjuvförtunnande.   

Bestrykningssmeten med tillsats av RM B, RM C och smörjmedel L gav den lägsta 

vattenretentionen. RM A som gav den lägsta viskositeten vid rotationsmätningarna 

påverkade även vattenretentionen som förväntat. Vid lägre viskositet försämras 



 
 

vattenretentionen, dock gäller detta inte för alla tillsatskemikalierna. Vattenretentionen 

förbättrades vid tillsats av RM B, RM C och även för smörjmedel L. Tillsats av 

tvärbindare försämrade vattenretentionen. Den högsta vattenretentionen gav tillsats av 

RM B. Vid jämförelse mellan Brookfield-viskositet och vattenretention är det uppenbart 

att det finns en korrelation. Med ökande viskositet ökar även vattenretentionen, men det 

finns inget linjärt förhållande. Det finns andra viktiga faktorer som påverkar 

vattenretentionen så som förmågan hos pigmenten att packa sig och 

tillsatskemikaliernas förmåga att binda vatten.    



 
 

Executive summary 

The aim of this thesis was to investigate how different coating additives affect the 

rheological behaviour and dewatering behaviour of a coating colour. The main 

questions to be answered where: can the rheological behaviour during blade and rod 

coating be predicted by only using Brookfield and rotational rheometers? Do the 

additives affect the dewatering of the coating colour? Is there any correlation between 

dewatering and viscosity?  

A laboratory study with 3 different groups of coating additives: 3 cross-linkers, 3 

rheology modifiers and 1 lubricant, were tested. A master batch of coating colour was 

produced. The mater batch consisted of GCC and latex and was diluted with water to a 

solids content of 66 %. The coating colour was pH adjusted to pH 9. The different 

additives were added to the coating colour according to Figure 13.  

The rheological properties of the different coating colours were evaluated with 

Brookfield-, rotational- and capillary rheometers. To measure the Brookfield viscosity 

spindle number 3 was used and the device was operated at 60 rpm. For the rotational 

measurement an Anton Paar Physica MCR302 rheometer with a single concentric 

cylinder, CC27/T200/SS with a diameter of 28.903 mm was used. The flow behaviour 

of the coating colours at 20°C were investigated by a shear rate ramp from 0.0001 s
-1

 to 

4000 s
-1

. All high shear rate measurements were performed on an ACAV A2 Ultra High 

Shear Viscometer from ACA Systems Oy.  To determine the true viscosity and the end 

effects of the coating colour a 50 mm long and a 90 mm long capillary, both with a 

diameter of 0.5mm were used. The water retention was evaluated using an Åbo 

Akademi Gravimetric Water Retention tester, ÅA- GWR. This method gives an 

indication of the quantity of the aqueous phase leaving the coating colour and 

penetrating into the paper.  

The result from the Brookfield measurements showed that the viscosity increased for all 

coating additives. There is though no linear correlation between addition level and 

viscosity increase. The strongest impact on the Brookfield viscosity had cross-linker C 

which was zirconium based where a 3% addition gave an increase from 675 mPas 

(coating colour) to 1700 mPas (CL C low addition). CL C with high level of additive 

had to be excluded from this experimental work because the viscosity of the coating 

colour was above 10 000 mPas and with that high level of viscosity it would not be 

possible to use the coating colour. Rheology modifier A resulted in a negligible increase 

in Brookfield viscosity compared to the pure coating colour whereas RM B had a more 

pronounced impact. The lubricant only resulted in a slight increase in Brookfield 

viscosity compared to the coating colour without additives.  

The rotational rheometer measurements for the coating colour additives all showed 

pseudoplastic behaviour at low shear rate. At shear rates above 3000 s
-1

 the coating 

colour showed a tendency to be dilatant. According to literature high concentration of 



 
 

particles can give rise to yield behaviour. Inter-particle interactions play a major role for 

the rheology of coating because the volume packing fraction of the paper coatings is 

usually in excess of 0.4. It is possible that the coating colour approaches the maximum 

volume packing fraction. With increasing shear rates the suspension exhibits 

pseudoplastic behaviour because the particles start to orient themselves into layers that 

can move easily, which causes the coating colour to be shear thinning. When the shear 

rate becomes higher the layers of particles can become disordered and causing an 

increase of the viscosity (dilatant behaviour).  CL B showed the highest viscosity but 

was not affected by increasing shear rates. The RM A lowers the viscosity of the 

coating colour and this could be beneficial when preparing the coating colour and 

pumping the colour, since it would require less energy. At low shear rates the increased 

addition levels of all three rheology modifiers resulted in increased viscosities. The 

effect is most pronounced for RM B, thus following the trends observed in the 

Brookfield measurements. Notably, however, is that the Brookfield results did not 

indicate any viscosity reduction upon addition of RM A, which is in contrast to the data 

from rotational rheometer measurements. The addition of the lubricant L also increased 

the low shear viscosity but the point where the suspension becomes thicker with 

increasing shear rate occurs  at higher shear rates (3500 s
-1

) compared to the coating 

colour where the point is at 3000 s
-1

. Most probably it is due to the very small particles 

of lubricant L where it acts as “ball bearing” and lubricates the pigment particles.  

All measurements were corrected according to Rabinowitsch correction for non-

Newtonian flow. The end effects were determined by using Hagenbach-Couette and 

Bagley correction.  The coating colour without any additives shows no tendency for 

extensional viscosity. When adding the additives to the system the coating colour shows 

more elastic flow behaviour. Lubricant L (Low addition) gave the highest viscosity and 

a large elastic behaviour. For the rheology modifiers they in general lower the high 

shear viscosity. Exceptions are for RM B (Low addition) and RM C (Low addition) 

where the viscosity is higher than compared to the coating colour without any additives. 

The lowest viscosity is achieved with RM A (Low addition). Comparing to Brookfield 

and rotational viscosity for the cross-linkers the viscosity at high shear is lower or in the 

same level as for the coating colour without any additives.    

All Bagley corrected viscosities in this laboratory evaluation are shear thickening which 

is opposite to what is shown in Hagenbach-Couette correction. This could be that the 

Bagley correction for calcium carbonate coating is not a suitable correction to use. This 

made it also difficult to interpret the end effect of the coating colours since there were 

quite large differences between the results of the Hagenbach-Couette and Bagley 

corrections. The results for Hagenbach-Couette showed a tendency to over-compensate 

for the kinetic energy at very high shear rates when the measured fluid had a shear 

thinning behaviour.  



 
 

The coating colour with the highest water release are RM B, RMC and Lubricant L. RM 

A which lowered the low shear viscosity in the rotational rheometer affected the water 

retention of coating colour, as expected. It was expected that the water retention would 

drop according to the drop in viscosity. The water retention was improved by RM B, 

RM C and Lubricant L. Addition of cross-linkers made the water retention of the 

coating colour worse. The lowest overall release of water was observed for the coating 

colour with high addition of RM B. When comparing the water release and Brookfield 

viscosity it is apparent that the viscosity and water retention of the coating colour is 

correlated. With high viscosity the water retention is high and vice versa. However there 

is no linear correlation between viscosity and water retention. Other important factors 

that influence the water retention like the packing ability of the pigment particles and 

the water binding power of the additives also play a role. 

   



 
 

Abbreviations  

A  Area [m
2
]  

Acell Area of the measuring cell [m
2
] 

e Bagley correction factor 

F Force [N] 

L  Length of capillary [m] 

n´ Coefficient (power law) 

P Measured (uncorrected) pressure [Pa] 

PHC Pressure corrected Hagenbach-Couette [Pa] 

Q  Volumetric flow rate [m
3
/s] 

R Radius of capillary [m] 

Tg Glass transition temperature [°C] 

U Velocity gradient  

V  Volume [m
3
] 

vs Slip velocity [m/s] 

WR Water release [g/m
2
] 

wdry Weight dry [g] 

wwet Weight wet [g] 

ρ  Density [kg/m
3
] 

σ Standard deviation    

�̇� Shear rate [s
-1

] 

�̇�𝑎 Apparent shear rate [s
-1

] 

�̇�𝑐 Corrected shear rate at slip velocity vs [s
-1

] 

�̇�𝑅 Corrected shear rate [s
-1

] 

η Viscosity [Pas] 

𝜂𝑒 Extensional viscosity [Pas] 



 
 

ηm Viscosity of suspending medium [Pas] 

ηr Relative viscosity [Pas] 

ηs Viscosity of suspension [Pas] 

𝜏  Shear stress [Pa] 

𝜏𝑒 Extensional shear stress [Pa] 

Φ Volume fraction  

Φm Maximum packing volume fraction 
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1. Introduction 

1.1 Background 
BIM Kemi AB is a medium-sized entrepreneurial company located in Stenkullen that 

develops, manufactures, and applies and supplies functionality concepts, technology 

and service for the pulp, paper, board and cellulose fiber based industries’ products and 

processes.  

Paper coating is an important step of paper manufacturing, where a wet coating colour 

is applied on the surface of the paper to achieve a smoother surface. The coating layer 

that is formed after drying improves the printability of the surface but it can also give a 

glossy or a satin look of the paper. Coating colours are mixtures of dispersed colloidal 

particles such as fillers of different kinds, latexes, water based polymers and synthetic 

associative thickeners. In the aqueous suspension, a network between pigment particles 

and some of the other components can form. This affects the rheology of the coating 

colour which in turn controls the runnability of coating processes like blade coating. 

Underneath the blade the colour is exposed to very high shear rates and it is desirable 

that the colour is shear thinning; meaning that when the colour is exposed to shear, the 

viscosity of the colour should decrease. If the viscosity is too high it can be difficult to 

keep the blade down at a constant level, leading to variations in coat weight, with 

variations in coated paper quality. The blade pressure is then needed to be increased and 

this can cause web break.  

One of BIM’s fields of expertise is Coating colour additives, which are used in coating 

formulations to improve the runnability of the coating colour but also to add additional 

value to the finished product. 

1.2 Problem formulation 

The aim of this thesis was to investigate how different coating additives affect the 

rheological behaviour and dewatering behaviour of a coating colour. Can the 

rheological behaviour during blade and rod coating be predicted by only using 

Brookfield and rotational rheometers? It was also investigated how the different 

additives affect the dewatering of the coating colour. Is there any correlation between 

dewatering and viscosity? A review of literature concerning high shear viscosity and 

additives was completed.  

The experimental part of this thesis was limited to only one type of pigment and only 

one type of binder to be able to study the effects of the additives in a simple coating 

system.  
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1.3 Methods  
The rheological behaviour of the coating colour after addition of additives was 

evaluated by different rheological measurements. Brookfield viscosity was used to 

measure the viscosity at very low shear rates (10
1 

s
-1

). The Brookfield viscometer is 

used for standard quality control measurements.  For more advanced rheological tests a 

rotational rheometer is used where time-dependent/relaxation tests and oscillatory tests 

can be done. Shear rates up to 10
4
 s

-1
 is possible to achieve in a rotational rheometer.  

For very high shear rates (up to 10
7
 s

-1
) a capillary rheometer has to be used.  

An ÅA-GWR device was used in this thesis to study the water release of the coating 

colour. The measurements showed clear impact of the different additives on the water 

retention properties of the coating colour.  
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2. Theory 
Paper coating is an important step of paper manufacturing, where a wet coating colour 

is applied on the surface of the paper to achieve a smoother surface. The coating 

improves the printability of the surface but it can also give a glossy or a satin look of the 

paper. Coating colours are a mixture of dispersed colloidal particles such as fillers of 

different kinds, latexes, water based polymers and synthetic associative thickeners. In 

the aqueous suspension, a network between pigment particles and some of the other 

components can form. This affects the rheology of the coating colour and finding the 

optimum rheology behaviour of the colour is very important for both machine 

runnability and final coating properties.  

The application of colour can be done on-line or off-line and in one or multiple steps. 

Two common principles for application are blade coating and premetered film presses. 

Blade coaters operate at high speed, up to 2000 m/min, and with shear forces up to 10
7 

s
-1

[1]. Coating colours for blade coating usually have higher solids content than the 

coating colours for low pressure rod coaters and the rheology of the colours strongly 

affect the runnability of various coaters. Underneath the blade the colour is exposed to 

very high shear rates and it is desirable that the colour is shear thinning to be able to 

control the coat weight. If the viscosity is too high it can be difficult to keep the blade 

down at a constant level leading to variation in coating weight. The blade pressure is 

then needed to be increased which can cause expensive and time-consuming web 

breaks.  

For premetered film presses the pressure is lower at the nip compared to blade coating. 

Roll metering give high fiber coverage but the disadvantage is the limited speed. At 

higher speed it can be difficult to hinder misting of the colour which can lead to streaks 

in the coating and also cause breaks.  

2.1 Coating Colour 
Coating colours are concentrated suspensions, normally prepared at solids content of 

over 50 wt%, which contain pigment, binder and additives dispersed in water. The 

coating colour is applied to the paper and board surface by different application 

methods as mentioned above. After forming the coating layer the water is evaporated 

through hot air- and infrared drying systems.    

2.1.1 Pigments 

Pigments are the main component in coating colours and form a pore system which 

contributes to enhance the print properties, brightness and gloss of the final product. 

There are organic and inorganic pigments, but the most commonly used are the 

inorganic pigments such as Ground Calcium Carbonate (GCC), Precipitated Calcium 

Carbonate (PCC) and Kaolin clay.  

The aspect ratio influences the rheological properties of the coating colour. The aspect 

ratio is calculated by dividing the diameter of the particle with the thickness, Figure 1. 



4 
 

Particles with a broad particle size distribution are able to pack the particles more 

closely and this is associated with low viscosity. Small particle size distribution 

decreases the distance between particles resulting in higher viscosity at low shear rates 

[2]. 

 

Figure 1. Definition of aspect ratio [3] 

 

Kaolin clay, hydrated aluminum silicate, is one of the most commonly occurring 

minerals and is plate-like, with a higher aspect ratio than calcium carbonate. The aspect 

ratio is usually around 20 for clay particles. The edge surface charge is sensitive to pH 

and has a zero point of charge at pH 7.3 [1] although the face of the clay particle is 

always negatively charged. At pH ≤ 4 the clay particles become positively charged and 

at pH ≥ 7.3 they are negatively charged on both the edges and on the surface of the 

particle [1]. Clay disperses well in water. The viscosity of clay slurries is moderate and 

allows therefore higher solids content of the coating colour. Clay gives very good 

surface coverage and gives higher gloss than calcium carbonate based coatings.  

Calcium carbonate is the most commonly used pigment in paper coating due to it being 

the cheapest pigment available. It gives a higher brightness but poorer coverage than 

clay. Calcium carbonate is produced from chalk, limestone and marble. There are two 

different carbonates available, Ground Calcium Carbonate, GCC and Precipitated 

Calcium Carbonate, PCC. GCC has an irregular shape of low aspect ratio, while PCC is 

engineered to specific morphologies and shapes such as spherical or needle like, having 

a higher aspect ratio [1]. GCC is divided in broad and narrow particle size distribution 

products. Due to the round shape of the particles the viscosity of calcium carbonate 

slurries are low even at high solids content. GCC has significantly lower surface area 

than clay and therefore the demand for binder is less for GCC containing coating 

colours. 

Talc is a strongly hydrophobic and extremely platy mineral, with an aspect ratio of 

roughly 30. Due to the hydrophobic character of this pigment, a specially designed 

make down procedure and dispersant system are needed to be able to produce talc 

slurry.  
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Titanium dioxide exists in two crystal forms: Rultile and Anatase both having high 

refractive index [3]. TiO2 is used to impart whiteness, brightness and opacity to a wide 

range of products. The TiO2 needs to be properly dispersed in the coating colour 

because undispersed agglomerates diminish the optical properties that TiO2 provides.  

In this master thesis is a GCC with finely ground particles where 90% of the particles 

are below 2 µm was used.   

2.1.2 Binders 

Pigments and binders are the key components of a coating colour and besides the 

function of a binder to bind the pigment particles to each other and to the base sheet, it 

also has a significant influence on the rheology, coater runnability and the drying 

behaviour of the coating formulation and the optical, viscoelastic and printing properties 

[1, 4]. The binder system in a coating colour consists of two types of binders: Latex and 

water soluble binder.  

The latexes are water insoluble synthetic polymer dispersions. They are mono-disperse 

and are spherical with a diameter usually within the range of 0.15-0.20 µm.  The latex is 

produced by emulsion polymerization and the particles are stabilized through the use of 

various surfactants, sometimes in combination with carboxylation that introduces 

functional groups allowing for both steric and electrostatic stabilization. Latexes are 

categorized into co-polymers, the most common of which are styrene and butadiene 

(SB), styrene and acrylate (SA) and polyvinyl acetate (PVAc). Typical latexes used in 

paper coating have a solids content of 50 wt% and they have a wide range of glass 

transition temperatures, Tg[5]. The Tg of the polymer is an important parameter of the 

latex and in production of SB-latex. Tg is controlled by the ratio styrene-to-butadiene in 

the polymer. [5] Styrene makes the polymer stiff while the butadiene makes it soft. The 

same goes for acrylic latexes. Tg affects the porosity and stiffness of the coating layer 

[3]. Since only one binder was used in this study, it is beyond the scope of this mater 

thesis to discuss in detail how different latex types affect the coating and final coated 

paper properties. Table 1 illustrates some properties of various latexes. The latex used in 

this thesis is a styrene-butadiene latex with a Tg of 19°C. 
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Table 1. Properties of various latexes [6].

 

 

There are two water soluble binders, starch and carboxymethylcellulose (CMC), which 

are commonly used in coating formulations. Polyvinyl alcohol (PVA) and protein are 

also used but not to the same extent as the other ones. The starch and CMC are supplied 

as dry powder and are dissolved in water at the mill. The molecular weight of the native 

starch is too high to be able to prepare it in water solution with a solid content that is 

suitable for coating. Therefore the native starch must be broken down before it can be 

used in coating formulations [5]. 

2.1.3 Additives 

The final performance and quality of the end product can be achieved with various 

additives. Dispersing agents are added to ensure that the pigments do not agglomerate.  

Optical brightener, OBA is added to increase the brightness of the coated paper.  

Lubricants like stearate or other dispersions are added to reduce scratches in the coating 

and cracking on the super calender.  

Crosslinkers like glyoxal and ammonium zirconium carbonate (AZC) are added to 

improve the surface strength of the coated surface especially for printing applications. 

The main purpose of synthetic thickeners is to adjust the viscosity and water retention 

of the coating colour to a desired optimum level for ensuring the runnability of the 

coating process and in order to achieve a good surface quality of the paper and board. 

The viscosity and water retention have several effects on the coating colour and for the 

end result of the coated substrate. Thickeners interact with the water molecules in order 

to increase the water retention and with the pigments to increase the viscosity of the 

coating colour. 
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2.2 Rheology 
Rheology is defined as the study of the flow of liquids and the deformation of solids 

that are exposed to stress. There are two types of deformation: elastic deformation 

where the structure of the material remains intact and irreversible deformation or flow 

where the structure of the material is broken. A coating colour contains both solid and 

liquid material and experiences both elastic and viscous properties. It is therefore called 

a viscoelastic material [7]. Coating colours are subjected to a wide range of shear 

stresses during the coating process. When a force is applied on a material, it deforms. 

The size of the area where the force is applied on is of great importance. A large force 

on a small area will induce more deformation than the same force applied on a larger 

area. The force, F, applied on an area, A, is called shear stress, τ [7]. 

𝜏 =
𝐹

𝐴
           (2.1) 

The shear stress can be applied in different ways but it is always defined as the force per 

area (Figure 2). 

Strain, γ, is the deformation caused by the applied stress, the change of the material’s 

dimensions. The strain is illustrated in Figure 2 case (d) where Δx and Y represents the 

change in dimension. Figure 2(d) illustrates a material exposed to shear stress.  

 

   

Figure 2. Examples of different kinds of stress that can be applied to a material: (a) confining 

stress (equal stress from all directions), (b) tensional stress, (c) compressional stress and (d) 

shear stress [8]. 
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For simplicity, the flow can be illustrated with a two plate model (Figure 3).  

 

Figure 3. Illustration of the two plate model [4]. 

 

The velocity (U) between the plates is measured and the shear rate �̇� is defined as the 

change in velocity and is given in the unit s
-1

 (reciprocal seconds), Equation 2.2. The 

viscosity is defined as the material’s resistance to movement and is related to the 

internal friction when the layers of the material are moving in relation to each other at a 

velocity gradient. Viscosity is given as shear stress divided by shear rate (Equation 2.3) 

in the unit Pa s.  

�̇�  =
𝑑𝑈

𝑑𝑥
       (2.2) 

𝜂 =
𝜏

�̇�
      (2.3) 

A Newtonian liquid is one for which the viscosity does do not vary with deformation 

rate or time [5]. For a Newtonian liquid the stress is directly proportional to the strain 

rate. When the stress is removed, no energy is stored.  

Since most materials are viscoelastic, and therefore exhibit both elastic and viscous 

properties, some energy will be stored and some will be lost when the material is 

exposed to stress.  This means that when the stress is released, the material will regain 

some of its original shape but not all [7]. Since studies on elastic properties is beyond 

the scope of this master thesis,  the theory about elastic components is not discussed in 

further detail.  

There are two basic kinds of flow; shear and extensional flows. In shear flow liquid 

elements flow over or past each other, while in extensional flow, elements which are 

close to each other flow towards or away from each other. This extensional flow can be 

found in the flow in and out of a short tube. The extensional stress,𝜏𝑒, divided by the 

ratio of extension, �̇�, gives the uniaxial extensional viscosity, 𝜂𝑒 [7]. 
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A flow curve is a graphical representation of the behaviour of flowing materials 

whereby a sample is subjected to ascending or descending shear rates, with the 

corresponding shear stress and viscosity. When the logarithm of the shear rate is plotted 

against the logarithm of the shear stress a straight line in many cases is obtained. These 

liquids are called power law liquids. The flow curve can be written [7]:  

log 𝜏 = 𝑘 + 𝑛𝑙𝑜𝑔�̇�     (2.4) 

where k is the consistency factor and n is the flow index. For Newtonian liquids n=0, for 

shear thinning liquids n<1 and for shear thickening liquids n>1. 

The shape of the flow curves indicates the type of flow behaviour exhibited by the 

sample and is generally of one of the types indicated in Figure 4. The type of flow will 

have great impact on the application. A shear thickening material will not be able to be 

pumped as well as a shear thinning one.  

 

 

Figure. 4.   (a) Flow curves showing shear stress vs. shear rate. (b) Flow curves showing 

viscosity vs. shear stress. Newtonian: Viscosity is constant over the entire shear rate range. 

Shear-thinning: Viscosity decreases as shear rate is increased Dilatant: Viscosity increases as 

shear rate is increased [4]. 

 

Coating colours are suspensions, i.e. particles dispersed in an aqueous phase. The 

presence of particles causes an increase in viscosity. The relative viscosity (ηr) of a 

suspension is defined as the ratio of the viscosity of the suspension (ηs) to the viscosity 

of the suspending medium (ηm ) [4]. 

𝜂𝑟 =
𝜂𝑠

𝜂𝑚
      (2.5) 

and  

𝜂𝑟 = 1 + 2.5Φ     (2.6) 
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where Φ is the volume fraction of solids. This equation is valid up to a volume fraction 

of about 0.1 [4]. For volume fractions above 0.1 the inter-particle interactions cause a 

further increase in the viscosity of the coating colour. When more particles are added to 

the suspension it finally reaches a rigid state. There is no longer any room for the 

particles to move. When the suspension approaches the maximum packing volume 

fraction, Φm, the viscosity increases exponentially as shown in Figure 5. The viscosity 

of concentrated suspensions is described using the Mooney equation:  

𝜂𝑟 = 𝑒𝑥𝑝[2.5Φ/(1 − Φ Φ𝑚⁄ )]     (2.7) 

or the Krieger-Dougherty Equation: 

𝜂𝑟 = [1 − Φ Φ𝑚⁄ ]−2.5Φ𝑚     (2.8) 

The viscosity is depending on the volume fraction solids and the maximum packaging 

volume. The Krieger-Dougherty equation predicts the hydrodynamic viscosity and do 

not consider chemical interactions between the components and their effect on the 

viscosity [3]. The particle shape will influence the maximum packing fraction. Platy 

particles with high aspect ratio will have a lower maximum packing fraction. Platy 

kaolin pigments show higher viscosity versus solids response compared to blocky 

calcium carbonate pigments (Figure 5). 

 

Figure 5. Relative viscosity of suspensions: Volume and shape effect [4]. 
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There are different ways to determine the rheology of the coating colour depending on 

the shear rate that the slurry exhibits during processing (Figure 6). These methods 

include rotational deformation, squeezing deformation, extrusion flow and free surface 

stretching. With instruments for rotational and capillary measurements there are two 

modes of operation that can be used: controlled stress or controlled strain.  

 

 
Figure 6. Typical shear rates that the coating colours exhibits during processing [4]. 

 

The coating colour is exposed to a wide shear rate range. During pumping of the coating 

colour it is exposed to shear rates of approximately 10
2 

s
-1

, during the forming of the 

coating layer beneath the blade tip 10
6 

s
-1

 and during leveling after the blade 10
-2 

s
-1

 [3]. 

To be able to evaluate and predict the behaviour of the coating colour during different 

processing that the coating colour is exposed to, several different rheometers must be 

used for a complete characterization of the rheology of pigment slurries and coating 

colours.  

2.2.1 Brookfield Rheometer 

The Brookfield viscometer is used to do routine measurements at low shear rates. It 

consists of a spindle which is immersed into the coating colour. The Brookfield 

rheometer measure shear rates around 30 s
-1

.   
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2.2.2 Rotational Rheometer 

For shear rates up to 10
5 

s
-1

 a Hercules High shear Viscometer or a high tech and 

temperature controlled rheometer like an Anton Paar Rheometer can be used. Figure 7 

illustrates different geometries that is commonly used to measure higher shear rates. All 

rotational measurements assume that the flow is laminar. Parallel plates produce a 

linearly varying shear rate from zero at the center to a maximum at the edge. For non-

Newtonian fluids this variation will depend on the specific rheology of the fluid. As a 

result the stress corresponding to a specific shear rate cannot be directly calculated from 

a single measurement. Normally it is assumed that the stress is originating from the rim 

of the plate. 

The parallel-plate is although very versatile and can be used for a number of different 

materials, ranging from dispersions to rubbers.  

The geometry of a single gap concentric cylinder provides a large surface area and 

improves the sensibility when measuring low viscosity and especially the double-gap 

concentric cylinder is used when measuring fluids with very low viscosity. The system 

consists of a rotating cylinder and a stationary cylinder (cup) holding the sample.   

 

 

Figure 7.  Illustration of different geometries that is commonly used in rheology measurements: 

(a) parallel-plates, (b) single gap concentric cylinder and (c) double-gap concentric 

cylinder[8]. 

  



13 
 

2.2.3 Capillary Rheometer 

For really high shear rates up to 10
7 

s
-1

 capillary viscometers are usually used (Figure 8). 

In a capillary rheometer the fluid is forced through a narrow capillary. There are two 

different ways of measuring high shear viscosity. One is with a fixed pressure 

(controlled stress) where the resulting flow through the capillary is measured. The other 

one is when the flow rate (controlled strain) is fixed through the capillary and measures 

the resulting pressure. Based on the flow rate and capillary radius, a shear rate and 

viscosity can be calculated from the measured pressure versus flow rate data. These 

high shear rates that are obtained resemble more the metering step in the industrial 

coating process than those obtained from the rotational rheometers. One disadvantage 

with the use of a capillary rheometer is that a non-uniform shear is applied to the 

sample. In the center of the capillary is a region with very low (almost zero) shear 

meanwhile the highest shear occurs near the walls. The measured viscosity has to be 

corrected before the data can be interpreted. The data must be corrected for entrance and 

exit end effects, inertial effects, wall slip, and non-Newtonian rheology [4]. 

   
Figure 8. Schematic picture of a piston-driven capillary rheometer. This is an ACAV A2 ultra 

high shear capillary viscometer from ACA System Oy [9].  
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2.2.3.1 Rabinowitsch correction 

For fluids like coating colours which are non-Newtonian, the values from the capillary 

rheometer have to be corrected according to the Rabinowitsch equation. For the 

Rabinowitsch the flow is assumed to be laminar (the Reynolds number is in this case 

smaller than 2000)[4], steady state, fully developed unidirectional flow, no slip at the 

capillary walls and that the viscosity is a unique function of the shear rate or shear stress 

[10]. From the analysis a corrected shear rate (𝛾�̇�) expressed as a function of the shear 

stress (𝜏𝑅) can be calculated: 

 �̇�𝑅 =
1

4𝜏𝑅
2

𝑑

𝑑𝜏𝑅
(𝜏𝑅

3 4𝑄

𝜋𝑅3)     (2.9) 

where Q is the volumetric flow rate and R is the radius of the capillary. This can be 

rewritten to 

 �̇�𝑅 =
3

4
(

4𝑄

𝜋𝑅3) +
1

4
(

4𝑄

𝜋𝑅3) (
𝑑 ln(

4𝑄

𝜋𝑅3)

𝑑 ln(𝜏𝑅)
)    (2.10) 

where the term (4𝑄 𝜋𝑅3⁄ ) is the apparent shear rate (𝛾�̇�) which is the correct expression 

for the wall shear rate of a Newtonian fluid. 

Defining 

 𝑛′ =
𝑑 ln 𝜏𝑅

𝑑 ln(
4𝑄

𝜋𝑅3)
     (2.11) 

And when use of the term ( 𝛾�̇�) Equation 2.10 can be rewritten to 

 𝛾�̇� = 𝛾�̇�(
3𝑛′+1

4𝑛′ )     (2.12) 

where the term inside the parenthesis is the Rabinowitsch correction.  

2.2.3.2 Bagley correction 

The flow profile of a fluid through a capillary is different near the ends of the capillary. 

At the entrance of the capillary, it takes time for the fluid to accelerate and reach its 

equilibrium flow; at the exit, the fluid experiences a deceleration. Two or more 

capillaries of the same radius but different length are used to do the Bagley correction. 

The end effects should be the same for all the capillaries so that a plot of the pressure 

versus the length over radius (L/R) ratio of the capillaries for a fixed shear rate gives a 

straight line with an interception at the pressure drop due to the end effects (Pe). This 

entrance and exit pressure (Pe) varies with shear rate. The entrance pressure drop 

represents a combination of inertial effects, viscoelastic properties and extensional 

viscosity. By determining the entrance pressure drop the extensional viscosity of a 

coating colour at high shear can be estimated [7].  

 



15 
 

 

Figure 9. Bagley correction of capillary data for end effects 

Figure 9 shows the Bagley correction factor (e), which is determined by the interception 

with the L/R axis of the pressure drop versus L/R plot. The value (e) represents a 

correction to the capillary length to give an effective capillary length that is greater than 

the true capillary length. A more thorough explanation how the Bagley correction 

factor, e, is determined is found in the Appendix.  

The shear stress at the wall, w, can be corrected by Equation 2.13  

 

𝜏𝑤 =
∆𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑅

2(𝐿+𝑒𝑅)
     (2.13) 

 

P is the measured pressure difference, R is the capillary radius and L is the length of 

the capillary. e is the Bagley correction factor.  The Bagley correction factor should be 

independent on the shear rate and length of the capillary. The viscosity determined by 

using the Bagley correction should be compared with the viscosity determined by using 

the Hagenbach-Couette correction. A significant difference in the value would suggest 

that there is a large extensional viscosity component to the entrance pressure drop. 

2.2.3.3 Hagenbach-Couette correction 

Inertial and kinetic energy correction is the energy required to accelerate the fluid into 

the capillary and reach a parabolic flow profile. Inertial and non-Newtonian corrections 

to the capillary measurement are usually calculated by using the Hagenbach-Couette 

equation (Equation 2.14) which is based on calculating the pressure needed to accelerate 

the fluid using Newton’s law. 

 

𝑃𝐻𝐶 =
1.12𝜌𝑅2𝛾2

16
       (2.14) 
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ρ is the density of the coating colour, R is the radius of the capillary and γ is the shear 

rate at the wall of the capillary. The calculated pressure 𝑃𝐻𝐶  is subtracted from the 

measured pressure. For the case of shear thinning fluids, this equation overcorrects for 

the kinetic energy because the velocity profile in the capillary is not as great. For the 

case of viscoelastic materials and materials with high extensional viscosity, this 

equation does not fully correct the entrance pressure drop. For this reason, it is 

advisable to directly measure the entrance pressure losses and compare Hagenbach-

Couette correction with Bagley correction [4]. 

2.2.3.4 Correction for wall-slip effects  

Wall-slip effects can occur with suspension like coating colours because of geometrical 

packing restrictions near the wall of the capillary. The large particles in the suspension 

cannot get as close to the capillary wall as the smaller particles. This can lead to a shear-

induced migration of particles away from the capillary walls. There will be a difference 

in particle concentration close to the wall and this region has much lower viscosity than 

the bulk phase. Figure 10 illustrates what happens at high shear rates where a slip plane 

forms near the wall so that the flow through the capillary is a combination of plug flow 

and shearing flow. 

 

 
Figure 10. Illustration of wall-slip in a capillary[11]. 

 

The presence of wall slip is experimentally determined using two or more capillaries of 

different radius but the same L/R ratio. The behaviour can be expressed as: 

 �̇�𝑎 = �̇�𝑐
4𝑣𝑠

𝑅
      (2.15) 
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where �̇�𝑎 is the apparent shear rate and �̇�𝑐 is the corrected shear rate at the slip velocity 

𝑣𝑠. If wall slip is present, the data from the different capillaries will not superimpose. 

From the data the wall-slip velocity can be calculated by plotting apparent wall shear 

rates at constant pressure for constant L/R ratio versus 4/R. This plot is called a Mooney 

plot and should give a straight line with �̇�𝑐 as the intercept and 𝑣𝑠 as the slope [4]. The 

slip velocity of paper coating has been suggested as a measure of dynamic dewatering 

which happens under the blade. The effect occurs at high shear as water is released from 

the coating colour. Coating colours with high slip velocity are more prone to release 

water and dewater under the high-shear conditions of the blade coating.  

2.3 Water retention 
The runnability of coating colours and the quality of the final product is strongly 

dependent of the dewatering of the coating colour into the base of the paper during 

application. The dewatering and water retention is a result of the pressure applied. The 

water retention is based on the mechanism of the ability of the coating colours to bind 

water, which in turn is related to the presence of functional groups capable to interact 

with water molecules. The water starts to move immediately after the coating colour and 

base paper comes into contact (Figure 11).  

 

Figure 11. Influence of water retention on coating colour application [12]. 

 

The dewatering increases the solids content of the colour until the immobilized coating 

structure is formed. Water retention can be measured either dynamically or statically 

which is also the most common method. Both too high and too low water retention have 
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negative influence on the application process. So if the solids content increases too 

rapidly, the water retention is too low and can result in scratches and too high coat 

weight. But if the water retention is too high the binder can start to migrate in the water 

phase and contribute to poor printing results of the coated surface. 

Åbo Akademi Gravimetric Water Retention tester, ÅA- GWR, measures the static water 

retention. It gives an indication of the quantity of the aqueous phase leaving the coating 

colour and penetrating into the paper. The measuring procedure is based on a membrane 

filtration under a defined pressure (Figure 12). There is a possibility that small particles 

are able to migrate together with the water through the membrane making the 

interpretation of the results difficult.  

 

Figure 12. ÅA-GWR device [13].   
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3 Experimental 

3.1 Raw material 
A master batch of coating colour was made at Bim Kemi in Stenkullen, Sweden. All 

measurements were done after two days of storage at room temperature after 

preparation of the coating colours.  

 

Figure 13. Overview over the different additives which were added to the coating colour. The 

addition of cross-linkers is based on the binder system, while the rheology modifiers and lubricant 

additions are based on the amount of pigments in the coating formulation. 

 

Ground calcium carbonate, Carbital 90 from IMERYS, with 90±3% of particles below 2 

µm in particle size and solids content of 76±1% in slurry form was used as pigment. 

The binder system was only consisting of latex, Litex PX 9292, from Synthomer with a 

solids content of 50±1% and particle size around 0.15 µm. The Tg of this latex was 

19°C. The coating colour was pH adjusted to pH 9.0 and diluted with tap water to a 

final solids content of 65.5±0.5%. Solids content and pH for all coating formulations are 

given in Appendix 1, Table A2. Because of the low amounts of additives used, the 

solids content of the coating colour was not changed upon addition of additives. 

Different additives manufactured by BIM Kemi AB, Stenkullen, Sweden were added to 

the coating colour according to Figure 13 and Table A1 in Appendix 1. The additives 

are grouped into cross-linkers (denoted CL), rheology modifiers (RM) and lubricants 

(L). The general characteristics of each additive are given below. The exact composition 

of each component is protected by trade secrets of the manufacturer BIM Kemi AB and 

can thus not be presented in this thesis. 

CL A (BIM SU 6002) is a glyoxal resin based cross-linker and was added to the coating 

formulation in 3% and 5% based on the amount of binder. The solids content of this 

product is 40%.  
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CL B (BIM SU 6040) is a cross-linker with reactive end groups which gives (by BIM 

Kemi experience) a more flexible coating than CL A. Addition amount was 3 and 5% 

based on the amount of binder. The solids content of this product is 60%. 

CL C (BIM CA 8734) is zirconium based cross-linker with functional groups which 

gives a more flexible coating than a standard zirconium carbonate cross-linker. Addition 

amount was 3 and 5% based on the amount of binder. The solids content of this product 

is 46%. 

RM A (BIM SU 6045) is a salt based product and reduces the viscosity of pigment and 

binder systems. Addition levels were 0.3 and 0.5% based on the amount of pigment. 

Solids content of this product is 50%. 

RM B (BIM CA 3000) is a polymer. Addition amounts were 0.6 and 1.2% based on the 

amount of pigments. The solids content of this product is assumed to be 100%.  

RM C (BIM CA 8751) is a polymer solution. Addition amounts were 0.3 and 0.6% 

based on the amount of pigments. The solids content of this solution is 50%. 

L (BIM CA 8775) is a dispersion with a particle size of 45 nm. Addition amounts were 

0.05 and 0.3 part calculated on dry pigments. The solids content of this solution is 30%.  

 

3.2 Rheology measurements 

3.2.1 Rotational Rheology, Brookfield 

200 ml of each coating colour was poured into a high 250 ml glass beaker and spindle 

no. 3 was used for all measurements. The viscometer was operated at 60 rpm.  

3.2.2 Rotational Rheology, Anton Paar 

All measurements were performed on an Anton Paar Physica MCR302 rheometer. A 

single concentric cylinder, CC27/T200/SS with a diameter of 28.903 mm was used. The 

coating colour was carefully poured into the sample holder to minimize the risk of air 

entrapment. The flow behaviour of the coating colours at 20°C were investigated by a 

shear rate ramp from 0.0001 s
-1

 to 4000 s
-1

. Five measurements were done on each test 

point and no significant differences between the measurements were noticed.     

3.2.3 Capillary Rheometer 

All high shear rate measurements were performed on an ACAV A2 Ultra High Shear 

Viscometer from ACA Systems Oy. To determine the true viscosity and the end effects 

of the coating colour a 50 mm long and a 90 mm long capillary, both with a diameter of 

0.5 mm were used.   
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3.3 Dewatering 
The water retention of the coating colour was measured with an ÅA-GWR from Åbo 

Akademi Finland, according to Tappi 701 pm-01. A membrane, non-hygroscopic 

polycarbonate filter with a 5 µm mean pore size was used. An absorbing ash-free base 

paper was used. The absorbing base paper was weighed on an analytical balance. 10 ml 

of coating colour was added to the sample cylinder. The chamber was closed with a 

plug. After 15 s the system was pressurized to 50 kPa pressure. After 90 s the pressure 

was removed by removal of test cell plug. After 15 s the base paper was detached from 

the filter membrane and bottom plate. The paper was reweighed [13]. The water release 

(WR) of the coating colour was calculated by Equation 3.1. 

𝑊𝑅 = (𝑊𝑤𝑒𝑡 − 𝑊𝑑𝑟𝑦)/𝐴𝑐𝑒𝑙𝑙    (3.1) 

where Wwet is the weight of the base paper after the test and Wdry is the weight of the dry 

base paper and Acell is the area of cell. The cell area was 6.7x10
-4 

m
2
. 
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4 Results and Discussion 

4.1 Rheology 
The results from the different rheology measurements are presented below. The data is 

divided into the functionality of the coating additives that were added to the coating 

colour. They are divided into cross-linkers, rheology modifiers and lubricant according 

to Figure 13.  

4.1.1 Brookfield viscosity 

 

Figure 14. Brookfield viscosity of the different coating colour formulations. Average from 4 

measurements. The error bars show the standard deviation of 4 measurements. 

 

Figure 14 shows the Brookfield viscosity for the different coating colours with 

additives. The Brookfield viscosity was increased for all coating colours additives. The 

coating colour with CL A which is a glyoxal based product resulted in a strong increase 

in viscosity already at the lowest addition level. Increasing the addition of CL A from 

3% to 5% did however not lead to any further viscosity increase, in contrast to CL B 

where a significant increase in viscosity (from 1300 to 1500 mPas) when going from 

3% to 5% addition was observed. Addition of rheology modifier A resulted in a 

negligible increase in Brookfield viscosity compared to the pure coating colour whereas 

RM B had a more pronounced impact. A low addition level of RM B resulted in a 
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viscosity increase from 680 to 1070 mPas, which further increased to 1200 mPas when 

the amount of additive was increased. Addition of RM C resulted in a Brookfield 

viscosity of about 800 mPas (low addition level) and 900 mPas (high addition level).  

What was surprising was that cross-linker C, which is based on zirconium with 

functional groups, also increased the viscosity a lot. Addition of 3% CL C resulted in 

the highest Brookfield viscosity (>1700 mPas) of all investigated additives. Zirconium 

based cross-linkers are not pH dependent and should not affect the viscosity as much as 

the glyoxal based ones [14]. CL C with high level of additive had to be excluded from 

this experimental work due to that the viscosity of the coating colour was above 10 000 

mPas and with that high level of viscosity it would not be possible to use the coating 

colour. Raw data for the Brookfield measurements are given in Appendix 1, Table A3.    

4.1.2 Rotational rheometer measurements 

When plotting the shear stress versus shear rate, all flow curves for colours containing 

cross-linkers showed pseudoplastic behaviour at low shear rates which is visible in 

Figure 15. At shear rates above 3000 s
-1

 the coating colours showed a tendency to be 

dilatant. Such an effect can be due to turbulent flow and the formation of a vortex at 

high shear rates. Secondary flow effects such as Taylor swirls or turbulent flow may 

occur when measuring low-viscosity liquids at high shear rates. This can lead to 

turbulent flow behavior and, as a consequence, an increasing flow resistance. Taylor 

swirls occur when the bob is rotating and the cup is stationary. For liquids flowing in 

the annular gap of a concentric cylinder, there is a critical upper limit between laminar 

and turbulent flow behaviour at which flow instabilities is occurring. This is due to 

centrifugal forces and inertial effects caused by the mass of the fluid. To evaluate the 

potential existence of such effects in the present study, the Reynolds number and the 

Taylor number were calculated for all rotational measurements (example given in Table 

A4). Turbulent flow behaviour occurs if the critical Reynolds number of 2000 is 

reached [4]. The Reynolds number characterizes the ratio of the forces due to mass 

inertia of the fluid and flow resistance of the fluid [18].  However, in all cases, the 

calculated Reynolds number was low (below 200), thus indicating a laminar flow even 

at the highest shear rates, since Reynolds number was well below 2000. Furthermore, 

all calculated Taylors number were below the critical limit of 41.2 [18], indicating that 

no Taylor swirls occurred at higher shear rates.   

The coating colour without any additives shows larger dilatancy than the coating 

colours with additives. According to literature [4] a high concentration of particles can 

give rise to yield behaviour. Inter-particle interactions play a major role for the rheology 

of coating because the volume packing fraction of the paper coatings is usually in 

excess of 0.4. It is possible that the coating colour approaches the maximum volume 

packing fraction. With increasing shear rates the suspension exhibits pseudoplastic 

behaviour because the particles start to orient themselves into layers that can move 

easily, which causes the coating colour to be shear thinning. When the shear rate 
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becomes higher the layers of particles can become disordered causing an increase of the 

viscosity (dilatant behaviour). For the coating colours that were used in this thesis the 

phenomenon occurs at shear rate around 3000 s
-1

. 

 

Figure 15. Flow curve for a 65% coating colour with different cross-linkers and at different 

addition levels. 
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Figure 16. Viscosity versus shear rate for a 65% coating colour with different addition of cross-

linkers and at different addition levels 

From Figure 16 it is obvious that the amount of CL A added to the coating colour does 

not influence the viscosity. When the amount of CL B was increased the viscosity also 

increased, which is in line with the results from measurement of Brookfield viscosity 

(Figure 14). For CL B_low at a shear rate of 2000 s
-1

 the viscosity was 63.5 mPas and 

for CL B_high the viscosity was 67.8 mPas at the same shear rate. The increase in 

viscosity could be due to particle interaction between the polymer in CL B and the 

pigment particles in the coating colour. The polymer is also hydrophilic and it can bind 

to water molecules and this can also result in higher viscosity of the coating colour.  

The coating colour is at low shear rates shear thinning, but with shear rates above 3000-

3500 s
-1

 they start to become shear thickening. 

CL C showed the highest overall viscosity at low shear rates, which is also in line with 

the recorded Brookfield viscosity. With increased shear rate, the viscosity curve of CL 

followed the same profile as the other coating formulations. 
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Figure 17. Flow curve for a 65% coating colour with different rheology modifiers and at 

different addition levels 

Figure 18. Viscosity versus shear rate for a 65 % coating colour with different additions of 

rheology modifiers.  
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The RM A lowers the viscosity of the coating colour and this could be beneficial when 

preparing the coating colour and pumping the colour, since it would require less energy. 

However, it was observed that the product also lowered the shear rate point of the 

coating colour where the suspension turns to be shear thickening. In Figures 17 and 18 

it can be seen that the point at which the suspension becomes thicker occurs already at 

2500 s
-1

.  

The low shear viscosity was increased when RM B and RM C were added to the coating 

colour. This can be because both products contain polymers of different molecular 

weight where RM B consists of shorter polymer chains and RM C have longer chains. 

The polymers can be adsorbed to the surface of the pigment, thus affecting the colloidal 

stability with increased viscosity as a result. 

From Figure 18 it is also obvious, especially at low shear rates, that increased addition 

levels of all three rheology modifiers resulted in increased viscosities. The effect is most 

pronounced for RM B, thus following the trends observed in the Brookfield 

measurements. Notably, however, is that the Brookfield results did not indicate any 

viscosity reduction upon addition of RM A, which is in contrast to the data from 

rotational rheometer measurements in Figure 18. This result is a bit strange, since 

colloidal effects are strongest at low shear rates. This shows that a rheometer is much 

more sensitive and accurate instrument to measure the rheology of a coating colour.  

Figure 19. Flow curve for a 65 % coating colour with addition of lubricant at different addition 

level 
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Figure 20. Viscosity versus shear rate for a 65 % coating colour with addition of lubricant. 

  

Addition of lubricant to the coating colour also increased the low shear viscosity. 

Probably this is caused by the increased number of particles and increased surface area 

that is available in the suspension thus allowing for stronger interaction between the 

coating components. The very small particles in L increase the particle packing 

structure which is likely to increase the viscosity of the suspension. Adding lubricant to 

the suspension changes the point where the suspension becomes shear thickening. With 

L this occurs at shear rates of 3500 s
-1

. Probably the small particles of L are fitting 

between the larger pigment particles. The small particle acts as a “ball bearing” 

lubricating the flow of the particles. Increasing the addition from 0.05 to 0.3 parts 

lubricant per parts of pigment did however not lead to any further viscosity increase, 

which is seen as a complete overlap of the viscosity curves for both addition levels. This 

is also in line with the Brookfield measurements, where only marginal differences 

related to addition level were found. 
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4.1.3 Capillary Rheology 

All measurements were corrected according to Rabinowitsch correction for non-

Newtonian flow. Both Bagley and Hagenbach-Couette corrections were calculated to 

determine the end effects of the coating colour. Viscosity curves from these calculations 

for all investigated coating colours are shown in Appendix 1, Figures A1-A12 for 

capillaries with diameter 50 mm and 90 mm respectively. Detailed information is given 

in Appendix 1 for one selected example (coating colour without additives): raw data 

from the ACAV measurement (Tables A6-A7), Rabinowitsch analysis (Tables A8-A9; 

Figure A13), Hagenbach-Couette corrections (Tables A10-A12) and Bagley corrections 

(Tables A13-A15; Figures A14-A15). 

The results showed that Hagenbach-Couette over-corrects the viscosity at high shear 

rates. This is especially noticeable for the capillary with diameter 50 mm.  

In Figure 22 the coating colour did not show any tendency for extensional viscosity 

because the curve for 90 mm and 50 mm are in line with each other. In Figure 21 there 

is a difference between measured and Bagley corrected values for 50 mm capillary. This 

can be that the coating colour experiences an end effect which is not noticeable for the 

longer capillary.  

 

Figure 21. Bagley corrections for coating 

colour without any additives.  

 

Figure 22. Hagenbach-Couette corrections for 

coating colour without any additives. 
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Figure 23. Bagley correction for coating colour 

with low amount of CL A added.   

 

Figure 24. Hagenbach-Couette corrections for 

low addition of CL A added to coating colour. 

 

Comparing Figure 24 and 26 which show the Hagenbach-Couette corrected viscosity 

for low and high addition of CL A the extensional viscosity increases with increasing 

amount of cross-linker. The coating colour with high amount of CL A also showed 

lower viscosity compared to the coating colour without any additives and the coating 

colour with low amount of CL A. The Bagley correction in Figure 23 showed very low 

tendency for extensional viscosity [15]. In Figure 23 and 25 graphs there is a large 

difference in viscosity between low and high addition of CL A. The addition of CL A 

influences the rheological behaviour of the coating colour towards more elastic flow 

behaviour due to the larger pressure drop between the two different capillaries [7, 15].  

 

Figure 25. Bagley correction for coating colour 

with high amount of CL A added Figure 26. Hagenbach-Couette correction for 

high addition of CL A added to the coating 

colour. 
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Figure 27. Bagley correction for coating colour 

with low amount of CL B added.   

Figure 28. Hagenbach-Couette corrections for 

low addition of CL B added to coating colour. 

 

Figure 29. Bagley correction for coating colour 

with high amount of CL B added.   
Figure 30. Hagenbach-Couette correction for 

high addition of CL B added to coating colour. 

 

For figure 27 to 30, with addition of CL B, the viscosity behaviour is similar to CL A. 

CL B influence the high shear viscosity more than CL A. CL B contains polymer which 

affects the flow behaviour of the coating colour by lubricating the pigment particles and 

making it more easy to flow which reduce the high shear viscosity. High addition of CL 

B shows higher extensional viscosity compared to the coating colour with low addition. 

This could be because CL B contains molecules which are water-soluble and have an 

affinity to bind the water in the coating colour. There is also an improvement in the 

water retention of the coating colour with low amount of CL B added to the coating 

colour (Figure 49).  
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Figure 31. Bagley corrections for coating 

colour with low amount of CL C 

Figure 32. Hagenbach-Couette correction for 

low amount of CL C added to the coating colour 

 

It was not possible to evaluate high additions of this cross-linker due to the fact that its 

Brookfield viscosity was above 10 000 mPas thus meaning that there will be a risk that 

the capillary could get broken. The increase in viscosity at the low addition level could 

be because the AZC forms covalent bonds with the carboxyl groups of the SB latex 

which is present in the coating colour. Even if the Brookfield viscosity was very high 

the high shear viscosity was not influenced as much as expected.   

 

Figure 33. Bagley corrections for coating 

colour with low amount of RM A  
Figure 34. Hagenbach-Couette correction for 

low amount of RM A added to the coating 

colour.  

 

Figure 35. Bagley corrections for coating 

colour with high amount of RM A 

Figure 36. Hagenbach-Couette correction for 
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high amount of RM A added to the coating colour.  

 

At low addition level the coating colour showed very small extensional viscosity 

according to the Hagenbach-Couette curve in Figure 34, but when the addition of RM A 

is increased the coating colour showed a small increase of extensional behaviour. This 

small decrease in high shear viscosity could be useful when the coating colour has high 

solids content, which can make it difficult to maintain the desired coat weight during 

blade coating. By addition of RM A a reduction in coat weight of the coating can be 

possible without increasing the blade pressure.   

 

Figure 37. Bagley corrections for coating 

colour with low amount of RM B  
Figure 38. Hagenbach-Couette correction for 

low amount of RM B added to the coating 

colour.  

 

Addition of RM B increases the high shear viscosity of the coating formulation which is 

seen in the figures and also the extensional viscosity is higher compared to high amount 

of RM B in Figure 40 where the coating colour did not show any extensional viscosity 

behaviour. There can be an electrostatic interaction between the polymer in RM B and 

the pigment particles where a small amount of the polymer is adsorbed on to the 

pigment and thereby increases the shear plane for colloidal stability, lowering the zeta 

potential of the coating colour and increasing the viscosity of the coting colour. In 

Figure 37 and 39 where the Bagley corrected curves is plotted there is a large 

extensional viscosity especially for the coating colour with high amount of RM B. 
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Figure 39. Bagley corrections for coating 

colour with high amount of RM B  

Figure 40. Hagenbach-Couette correction for 

high amount of RM B added to the coating 

colour.  

 

In Figure 39 and 40 where the amount of RM B is increased the viscosity decreases 

compared to the coating colour without any additives. In this case the amount of 

polymer in the coating colour is high enough to break the electrostatic interaction and a 

sliding effect is created between the polymer, becoming the dominant effect and this 

results in a lower viscosity. 

 

Figure 41. Bagley corrections for coating 

colour with low amount of RM C 

 

Figure 42. Hagenbach-Couette correction for 

low amount of RM C added to the coating 

colour. 

 

Figure 43. Bagley corrections for coating 

colour with high amount of RM C 

Figure 44. Hagenbach-Couette correction for 

high amount of RM C added to the coating 

colour. 
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The flow behaviour for RM C is the same as for RM B where low addition of RM C 

increases the viscosity of the coating colour while high addition of RM C and RM B 

lowers the high shear viscosity. At low concentration of RM C the electrostatic 

interaction is predominant and when the concentration of RM C is increased the 

predominant interaction turns into a sliding effect between the polymers.   

 

Figure 45. Bagley corrections for coating 

colour with low amount of L 
Figure 46. Hagenbach-Couette correction for 

low amount of L added to the coating colour. 

 

Figure 47. Bagley corrections for coating 

colour with high amount of L 

Figure 48. Hagenbach-Couette correction for 

high amount of L added to the coating colour. 

 

The increase in viscosity that is seen in Figure 46 could be due to the nano-scale particle 

size and high specific surface area of the added lubricant particles, which would be 

favorable for the strong interaction between the nanoparticles and the other coating 

components. In Figure 48 where higher amount of small particles are added to the 

coating colour the viscosity decreases instead. This could be due to improved flow of 

the particles as the packing fraction increases, thus leading to a decrease in viscosity. 

The coating colour shows extensional viscosity both for low amount as well as for high 

amount of lubricant.  
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In general all curves show a small increase in viscosity in the beginning of each 

measurement creating a small bump. This can be caused by that the pressure applied 

with the rheometer chock the particles before the particles start to move. There is a 

small shear thickening behaviour in the beginning which quickly changes to shear 

thinning behaviour. 

All Bagley corrected viscosities in this laboratory evaluation are shear thickening which 

is opposite to what is shown in Hagenbach-Couette correction. This could be that the 

Bagley correction for calcium carbonate coating is not a suitable correction to use. This 

made it also difficult to interpret the end effect of the coating colours since there were 

quite large differences between the results of the Hagenbach-Couette and Bagley 

corrections. All of the Bagley correction factors were approximately zero and the 

interception of x-axis was at 0 and this indicates that there was no pressure drop and no 

end effects.  

When having shear-thinning behaviour of the measured fluid, the Hagenbach-Couette 

has a tendency to over-compensate for the kinetic energy at very high shear rates which 

is also seen in all of the Hagenbach-Couette curves.  

It is however important to point out here that even if only two capillaries with different 

lengths were used, all five repeated measurements and subsequent calculations resulted 

in the same differences between Bagley and Hagenbach-Couette corrections. This 

implies that the results are reliable and that additional measurements with other 

capillary geometries are not required. 
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4.2 Water retention 
Raw data for the water retention measurements are given in Appendix 1, Table A5.  

The results from the water release testing were found to be in the same region as 

reported in literature. For example, Kokko [15] reported values in the range 50-200 

g/m
2
 for a wide variety of coating colours and Jäder and Engström [16] showed values 

of 70-100 g/m
2
. A lower value of water retention could be caused by the absence of co-

binder in the coating colour in the present study; however the variations in water 

retention due to the presence of different additives are clear (Figure 49). Just prior to the 

start of the experiments in this study, the ÅA-GWR apparatus at Karlstad University 

had been thoroughly tested and the results were compared to data recorded on an 

identical device at another laboratory. The results for a number of coating colour 

formulations tested at both laboratories showed high similarity.  

 

Figure 49. Water release for the different coating additives. The error bars shows the standard 

deviation for three measurements. 

 

Figure 49 shows that the water release is highest for CL A, CL B and for RM A. Low 

addition levels of CL B and CL C did not affect the water retention compared to the 

pure coating colour. It was quite surprising that CL B gave this high water release at 

high addition level due to the presence of a water soluble polymer, which should have a 

tendency to retain the water in the coating colour. RM A gives the highest water release 
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of the rheology modifiers. RM A lowered the low shear viscosity in the rotational 

rheometer, as expected, which also affect the water retention of coating colour.  

RM B and RM C improve the water retention of the coating colour. The polymers are 

hydrophilic and have a tendency to keep the water in the coating colour. For RM B the 

effect was strongest at the high addition level. 

An addition of lubricant showed a small improvement of the water retention.  

 

Figure 50. Water release and Brookfield viscosity 

 

In Figure 50 where the water release and Brookfield viscosity is plotted in the same 

diagram and it is apparent that the viscosity and water retention of the coating colour is 

correlated. According to literature [15] when the viscosity is high the water retention is 

high and vice versa. In this thesis no linear correlation between viscosity and water 

retention could be seen. Other important factors that influence the water retention like 

the packing ability of the pigment particles and the water binding power of the additives 

also play a role. 
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5 Conclusions 

5.1 Principal findings 
The main scope of this work was to compare different additives for coating colours and 

how they affected the rheology behaviour of the coating colour. Could the behaviour of 

the coating colour at high shear be predicted by using standard rotational rheology? 

From the laboratory trial the following conclusions could be drawn. 

 In general the Brookfield viscosity of the coating colour increases for all 

additives. For rotational and capillary viscosity there are larger variations in the 

observed effects of the additives on the rheological properties of the coating 

colour.  

 The cross-linkers increase the Brookfield viscosity of the coating colour. Also 

the rotational viscosity is increased. At higher shear rates the viscosity is 

dependent on the addition of the different cross-linkers. Initially CL C increased 

the viscosity but with increasing shear rate the viscosity decreases. At low 

addition level of CL A and CL B the high shear viscosity is the same as for the 

coating colour without any additives.  

 RM A decreases the viscosity of the coating colour for both rotational and 

capillary viscosity. This could be beneficial if there is a need to increase the 

solids content of a coating colour and still being able to keep the same coat 

weight and same blade pressure. By increasing the solids content, the required 

drying energy for the coated surface would be smaller due to the less amount of 

water to evaporate from the coating layer. 

 RM B and RM C increase the viscosity in the rotational rheometer but at higher 

shear rates and at high addition level of RM B and RM C the viscosity is lower 

than compared to the coating colour without any additives. 

 The lubricant increases the viscosity at low shear rates in the Brookfield and 

rotational rheometer measurements. The capillary measurements for low 

addition of L also increases the viscosity but when the addition of L is increased, 

the viscosity reduces and gets lower compared to the coating colour without any 

additives. The amount of small particles (45 nm) of L becomes high enough and 

they are able to lubricate the pigment particles and acts like “ball bearing”. 

 Repeated measurements and subsequent calculations resulted in the same 

differences between Bagley and Hagenbach-Couette corrections, implying that 

the results are reliable. 

 Through only measuring the viscosity with Brookfield and/or rotational 

viscosity the behaviour at high shear rates are not possible to predict. 

 Addition of RM B and lubricant improves the water retention of the coating 

colour. This effect is more noticeable at low addition level of lubricant.  
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 Water retention is related to the viscosity but there is no linear correlation 

between the viscosity and water retention. There are additional factors which 

influences the water retention of the coating colour.   
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5.2 Future work 

Future work could be to expand the investigation by including different pigments and 

also co-binders to the system. It would be interesting to study the water retention in 

more detail, e.g. by performing water retention tests at different pressure and time to see 

the time and pressure dependence of the coating colour. It would also be very 

interesting to examine these findings in full scale tests at a pilot plant with a blade 

coater or with a rod coater. Would it be possible to lower the blade pressure and still 

keep the same coat weight? Is it possible to increase the solids content of the coating 

colour without any runnability problems at the coater? 

Another point of view would be to examine surface properties of these coating 

formulations. How is the surface strength? Print quality of the surface? 

Comparing the results from the ÅA-GWR measurements with an alternative method for 

determining the water retention of a coating colour would give more information about 

the relationship between water retention and viscosity. For example Dunn’s method 

consisting of a bench coater with web tension [17].  
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7 Appendix  
Table A1. Coating formulation and additives.

 

 

Table A2. pH and solids content of the coating colours

 

 

Table A3. Brookfield viscosity of prepared coating colours with additives. Standard deviation for 4 

repeats. 

 

Reynold’s numbers were calculated by Equation A1.1:  

 

𝑅𝑒 =  
(𝑎2

2−𝑎2
1)𝜔𝜌

2𝜂
    (A1.1) 

 

Where a2 is the inner radius of the outer cylinder and a1 is the radius of the inner cylinder in m. 

ω is the rotational speed of the inner cylinder in rad/s, ρ is the density of the liquid in kg/m
3
 and 

η is the viscosity of the liquid in Pas. 

 

Taylor numbers were calculated by Equation A1.2: 

𝑇𝑎 = [
𝜔×𝜌×𝑅2×(𝛿−1)3/2

𝜂
]    (A1.2) 

Where R is the radius of the bob.  

Raw material

[g]

Coating 

colour 

SU 6002 

low

SU 6002 

high

SU 6040 

low

SU 6040 

high

CA 8734 

low

SU 6045

low

SU 6045

high

CA 3000

low

CA 3000

high

CA 8751

low

CA 8751

high

CA 8775

low

CA 8775

high

CA 8775

high

CaCO3 Carbital 90 4150 4150 4150 4150 4150 4150 4150 4150 4150 4150 4150 4150 4150 4150 4150

Litex  9292 597,6 597,6 597,6 597,6 597,6 597,6 597,6 597,6 597,6 597,6 597,6 597,6 597,6 597,6 597,6

Water 180 180 180 180 180 180 180 180 180 180 180 180 180 180 180

BIM SU 6002 22,41 37,35

BIM SU 6040 14,94 24,9

BIM CA 8734 19,5 65,0

BIM SU 6045 17,928 29,88

BIM CA 3000 17,928 29,88

BIM CA 8751 17,928 29,88

BIM CA 8775 4,98 29,88

Parameter
Coating 

colour 

SU 6002 

low

SU 6002 

high

SU 6040 

low

SU 6040 

high

CA 8734 

low

SU 6045

low

SU 6045

high

CA 3000

low

CA 3000

high

CA 8751

low

CA 8751

high

CA 8775

low

CA 8775

high

Solid content [%] 65,03 64,73 64,53 64,83 64,70 64,78 63,81 64,79 64,63 64,79 64,63 64,79 64,63 64,97

pH 9,05 7,84 7,68 8,21 7,95 8,73 8,5 8,91 8,93 8,9 9,28 9,23 9,17 9,06

Measurement no. Coating colour 
SU 6002 

low

SU 6002 

high

SU 6040 

low

SU 6040 

high

CA 8734 

low

SU 6045

high

CA 3000

low

CA 3000

high

CA 8751

low

CA 8751

high

CA 8775

low

CA 8775

high

CA 8775

high

1 675 1500 1500 1300 1500 1700 690 690 1100 1200 800 900 740 750

2 678 1580 1510 1300 1500 1660 691 690 1100 1200 820 900 741 750

3 674 1512 1490 1310 1490 1800 700 691 980 1200 810 890 739 759

4 686 1498 1500 1290 1510 1690 689 690 1100 1210 800 910 740 741

Average 678 1523 1500 1300 1500 1713 693 690 1070 1203 808 900 740 750

standard deviation  (σ) 5,44 38,83 8,16 8,16 8,16 60,76 5,07 0,50 60,00 5,00 9,57 8,16 0,82 7,35
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Table A4. Raw data from a rotational rheometer measurement for coating colour without additives, with 

calculated values of Reynold´s number and Taylor number. 

 

 

Table A5. Water release for coating colour with additives. Standard deviation for 3 repeats. 

 

 

 
Figure A1. Viscosity vs. shear rate for cross-linkers 

Shear Rate Shear Stress Viscosity Speed Reynolds number Taylor number

[1/s] [Pa] [Pa·s] [rad/s]

0,0000713 0,0597 0,0837 0,0000 0,0000 0,0000

505 45,1 0,0894 40,6313 11,9796 0,8365

1010 67 0,0664 81,3672 32,3000 2,2555

1520 88,6 0,0585 122,5221 55,2051 3,8549

2020 111 0,0548 162,3156 78,0729 5,4518

2530 134 0,0529 203,1563 101,2267 7,0686

3030 157 0,0519 243,9970 123,9189 8,6531

3540 193 0,0545 284,8377 137,7595 9,6196

4040 244 0,0603 325,6784 142,3614 9,9409

4060 244 0,0601 326,7256 143,2944 10,0061

Weight Coating 

colour 

SU 6002 

low

SU 6002 

high

SU 6040 

low

SU 6040 

high

CA 8734 

low

SU 6045

low

SU 6045

high

CA 3000

low

CA 3000

high

CA 8751

low

CA 8751

high

CA 8775

low

CA 8775

high

Wdry [g] 1,4804 1,505 1,5063 1,4778 1,4861 1,5058 1,4936 1,494 1,5051 1,5086 1,5113 1,5893 1,4913 1,5364

wwet [g] 1,5914 1,6228 1,6243 1,5895 1,6036 1,6176 1,6089 1,6095 1,6123 1,614 1,623 1,7027 1,5993 1,6457

Water release [g/m2] 166,5 176,7 177 167,55 176,25 167,7 172,95 173,25 160,8 158,1 167,55 170,1 162 163,95

Wdry [g] 1,4925 1,5044 1,4914 1,4953 1,4908 1,5389 1,5239 1,5103 1,5171 1,4801 1,4933 1,5115 1,5344 1,5176

wwet [g] 1,6061 1,6201 1,6071 1,6084 1,6037 1,652 1,6403 1,6243 1,6273 1,5822 1,604 1,6227 1,641 1,6269

Water release [g/m2] 170,4 173,55 173,55 169,65 169,35 169,65 174,6 171 165,3 153,15 166,05 166,8 159,9 163,95

Wdry [g] 1,4869 1,4764 1,5008 1,4644 1,5561 1,5094 1,482 1,5209 1,5059 1,4851 1,4994 1,5237 1,5159 1,5084

wwet [g] 1,5999 1,5948 1,6169 1,5776 1,6753 1,6224 1,6009 1,6387 1,6152 1,5869 1,6094 1,6312 1,6232 1,6193

Water release [g/m2] 169,5 177,6 174,15 169,8 178,8 169,5 178,35 176,7 163,95 152,7 165 161,25 160,95 166,35

Average 168,8 175,95 174,9 169 174,8 168,95 175,3 173,65 163,35 154,65 166,2 166,05 160,95 164,75

standard deviation 2,0421 2,1266 1,8432 1,2580 4,8890 1,0851 2,7672 2,8710 2,3092 2,9962 1,2816 4,4724 1,0500 1,3856
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Figure A2. Viscosity vs. shear rate for cross-linkers 

 

 

 
Figure A3. Viscosity vs. shear rate for cross-linkers 
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Figure A4. Viscosity vs. shear rate for cross-linkers 

 

 

 
Figure A5. Viscosity vs. shear rate for rheology modifiers 
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Figure A6. Viscosity vs. shear rate for rheology modifiers 

 

 

 
Figure A7. Viscosity vs. shear rate for rheology modifiers 
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Figure A8. Viscosity vs. shear rate for rheology modifiers 

 

 
Figure A9. Viscosity vs. shear rate for lubricant 
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Figure A10. Viscosity vs. shear rate for lubricant 

 

 
Figure A11. Viscosity vs. shear rate for lubricant 
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Figure A12. Viscosity vs. shear rate for lubricant 

Table A6. Raw data from capillary measurement, ACAV for coating colour without additives

 

 

 Coating Colour Average 90 
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Table A7. Raw data from capillary measurement, ACAV for coating colour without additives

 

  

Average 50

70

1,51075 10,42375 182,385 123114,7 2605,882 21,238 35,56875 ProjectNbr 1

3,97275 38,69325 339,1695 323728,5 9673,303 29,9335 19,002 Name Smet_50_5

6,1085 67,05925 462,621 497771,2 16764,84 33,7345 13,924 Description Smet_50_5

8,01675 95,7465 558,1003 653259,7 23936,67 36,70525 11,54675 User

9,79775 124,1808 642,4675 798385,9 31045,19 38,9355 10,0135 Brookfield 680

11,44475 152,936 711,677 932615,8 38233,99 41,04175 9,03275 Kinetic val. 0

12,9325 181,413 766,2118 1053829 45353,27 43,09275 8,3965 Couette val. 0

14,492 209,9663 830,8433 1180922 52491,53 44,48175 7,7255 Constant3 0

15,8025 238,7508 868,6475 1287688 59687,68 46,38 7,38525 CorrType NONE

17,30325 267,3238 930,6048 1409994 66830,86 47,44675 6,90575 Density 1

DeviceDiameter 0,5

DeviceLength 50

DeviceWidth 0

ExternalTemp 23

MeasDate 20151007

PH 9

SolidContent 65

Temperature 28,967
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Table A8.  Rabinowitsch analysis for coating colour 90mm capillary for coating colour without 

additives 

  

Table A9.  Rabinowitsch analysis for coating colour 50mm capillary for coating colour without 

additives 

 

Flow

[m /s]

Pressure

[bar]

Reynolds ShearRate  

[s ]

ShearStres

s

[Pa ]

Viscosit

y 

[mPas]

ln γ ln τ  γ

0,9042 10,567 115,8894 73688,3906 1467,664 19,9682 11,2076 7,291427 70561,96

2,4568 38,913 232,1222 200195,6656 5404,5828 27,041 12,20705 8,595003 191701,8

3,9348 67,3258 344,0782 320649,6126 9350,8348 29,2018 12,6781 9,143221 307045,2

5,3326 96,0824 442,7524 434539,4316 13344,7852 30,7504 12,98204 9,498881 416102,9

6,7074 124,5554 540,2672 546565,7126 17299,3878 31,6882 13,21141 9,758426 523376,2

8,0048 153,3396 625,2092 652301,9252 21297,179 32,6944 13,38826 9,96633 624626,2

9,293 181,8448 710,4776 757258,9628 25256,2498 33,3968 13,53746 10,13683 725130,2

10,5506 210,4304 791,2654 859747,2502 29226,483 34,034 13,66439 10,28283 823270,1

11,7198 239,2568 858,5448 955023,2126 33230,1242 34,828 13,76949 10,41121 914503,7

12,8368 267,8708 919,7288 1046033,113 37204,2454 35,5922 13,86052 10,52418 1001652

R= 0,00025 m n' 1,2044

L= 0,09 m

Flow

[m /s]

Pressure

[bar]

Reynolds ShearRate  

[s ]

ShearStres

s

[Pa ]

Viscosit

y 

[mPas]

ln γ ln τ  γ

1,51075 10,42375 182,385 123114,6855 2605,88225 21,238 11,72087 7,865527 115540,7

3,97275 38,69325 339,1695 323728,5393 9673,303 29,9335 12,68766 9,177125 303812,8

6,1085 67,05925 462,621 497771,1565 16764,841 33,7345 13,1179 9,727039 467148,3

8,01675 95,7465 558,10025 653259,6878 23936,66725 36,70525 13,38973 10,08317 613071,2

9,79775 124,18075 642,4675 798385,9223 31045,1875 38,9355 13,59035 10,3432 749269,3

11,44475 152,936 711,677 932615,8128 38233,9945 41,04175 13,74575 10,55148 875241,4

12,9325 181,413 766,21175 1053829,235 45353,2665 43,09275 13,86794 10,72224 988997,8

14,492 209,96625 830,84325 1180922,063 52491,52725 44,48175 13,98181 10,86841 1108272

15,8025 238,75075 868,6475 1287688,125 59687,67575 46,38 14,06836 10,99688 1208470

17,30325 267,32375 930,60475 1409993,906 66830,86125 47,44675 14,1591 11,10992 1323251

R= 0,00025 m n' 1,3264

L= 0,05 m
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Figure A13. lnγ vs. lnτfor Rabinowitsch correction  for coating colour without additives 

Table A10. Hagenbach-Couette for coating colour without any additives, 90mm capillary 

 

Table A11. Hagenbach-Couette for coating colour without any additives, 50mm capillary 

 

Flow

[cm /s]

Pressure

[Pa]

Reynolds ShearRate  

[s ]

ShearStress

[Pa]

Viscosity 

[mPas]
Viscosity

[Pas]

Flow

[m3/s]
ΔP τ HC

[Pa ]

 γR

[s-1]

Corr Visc

[Pas]

0,9042 1056700 115,8894 73688,3906 1467,664 19,9682 0,019968 9,04E-07 39880,45 1412,249379 70561,96 0,020014

2,4568 3891300 232,1222 200195,6656 5404,5828 27,041 0,027041 2,46E-06 294354,9 4995,75713 191701,8 0,02606

3,9348 6732580 344,0782 320649,6126 9350,8348 29,2018 0,029202 3,93E-06 755132,8 8302,01004 307045,2 0,027038

5,3326 9608240 442,7524 434539,4316 13344,7852 30,7504 0,03075 5,33E-06 1386821 11418,63815 416102,9 0,027442

6,7074 12455540 540,2672 546565,7126 17299,3878 31,6882 0,031688 6,71E-06 2194051 14252,06856 523376,2 0,027231

8,0048 15333960 625,2092 652301,9252 21297,179 32,6944 0,032694 8E-06 3125066 16956,79716 624626,2 0,027147

9,293 18184480 710,4776 757258,9628 25256,2498 33,3968 0,033397 9,29E-06 4211635 19406,7292 725130,2 0,026763

10,5506 21043040 791,2654 859747,2502 29226,483 34,034 0,034034 1,06E-05 5428795 21686,45091 823270,1 0,026342

11,7198 23925680 858,5448 955023,2126 33230,1242 34,828 0,034828 1,17E-05 6698688 23926,37812 914503,7 0,026163

12,8368 26787080 919,7288 1046033,113 37204,2454 35,5922 0,035592 1,28E-05 8036237 26042,8373 1001652 0,026

Flow

[cm /s]

Pressure

[Pa]

Reynolds ShearRate  

[s ]

ShearStress

[Pa]

Viscosity 

[mPas]
Viscosity

[Pas]

Flow

[m3/s]
ΔP τ HC

[Pa ]

 γR

[s-1]

Corr Visc

[Pas]

1,51075 1042375 182,385 123114,6855 2605,88225 21,238 0,021238 1,51E-06 111322,2 2327,632116 115540,7 0,020146

3,97275 3869325 339,1695 323728,5393 9673,303 29,9335 0,029934 3,97E-06 769704,2 7749,052009 303812,8 0,025506

6,1085 6705925 462,621 497771,1565 16764,841 33,7345 0,033735 6,11E-06 1819790 12215,33687 467148,3 0,026149

8,01675 9574650 558,10025 653259,6878 23936,66725 36,70525 0,036705 8,02E-06 3134250 16101,00068 613071,2 0,026263

9,79775 12418075 642,4675 798385,9223 31045,1875 38,9355 0,038936 9,8E-06 4681528 19341,36764 749269,3 0,025814

11,44475 15293600 711,677 932615,8128 38233,9945 41,04175 0,041042 1,14E-05 6388037 22263,90729 875241,4 0,025437

12,9325 18141300 766,21175 1053829,235 45353,2665 43,09275 0,043093 1,29E-05 8156472 24962,06934 988997,8 0,02524

14,492 20996625 830,84325 1180922,063 52491,52725 44,48175 0,044482 1,45E-05 10242462 26885,40806 1108272 0,024259

15,8025 23875075 868,6475 1287688,125 59687,67575 46,38 0,04638 1,58E-05 12178204 29242,1764 1208470 0,024198

17,30325 26732375 930,60475 1409993,906 66830,86125 47,44675 0,047447 1,73E-05 14601462 30327,28183 1323251 0,022919
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Table A12. Calculation of the density of the coating colour without any additives

 

 

Table A13. Bagley calculation for coating colour without any additives, 90 mm capillary

 

 

Table A14.Bagley calculation for coating colour without any additives, 50 mm capillary 

 

 

The Bagley end correction can be calculated by first plotting the pressure vs. shear rate (Figure 

A14). This determines the experimental pressure at constant shear rate. The experimental 

pressure at constant shear rate is plotted on the y-axis against L/D on the axis for capillaries of 

different lengths (Figure A15). These curves will each produce an “end correction”, e, as a 

negative value of L/D at the point of intersection with ΔP (Table A15). The true wall stress can 

then be calculated according to Equation 2.13 [15]. 

pph fraction dens kg/m

Pigment 100 0,909090909 2700

Latex 10 0,090909091 1002

Density, dry coating color: 2545,636364 kg/m

Solid content: 0,667

66,7

Water 998

Density, coating color: 1678,741481 kg/m

Flow

[cm3/s]

Pressure  

[bar]

Pressure  

[Pa ]
Reynolds

ShearRate

[s-1]

ShearStress

[Pa]

Viscosity

[mPas]

τ Bagley(calc)

[Pa]

Viscosity

[Pas]
Flow[m3/s] Corr. Visc

 γR

[s-1]

0,9042 10,567 1056700 115,8894 73688,3906 1467,664 19,9682 1640,729693 0,019968 9,042E-07 0,023252327 70561,96

2,4568 38,913 3891300 232,1222 200195,6656 5404,5828 27,041 6041,990589 0,027041 2,4568E-06 0,03151765 191701,8

3,9348 67,3258 6732580 344,0782 320649,6126 9350,8348 29,2018 10453,62347 0,029202 3,9348E-06 0,034045882 307045,2

5,3326 96,0824 9608240 442,7524 434539,4316 13344,7852 30,7504 14918,6379 0,03075 5,3326E-06 0,035853242 416102,9

6,7074 124,5554 12455540 540,2672 546565,7126 17299,3878 31,6882 19339,61799 0,031688 6,7074E-06 0,036951661 523376,2

8,0048 153,3396 15333960 625,2092 652301,9252 21297,179 32,6944 23808,91785 0,032694 8,0048E-06 0,038117065 624626,2

9,293 181,8448 18184480 710,4776 757258,9628 25256,2498 33,3968 28234,8976 0,033397 0,000009293 0,038937696 725130,2

10,5506 210,4304 21043040 791,2654 859747,2502 29226,483 34,034 32673,361 0,034034 1,05506E-05 0,039687292 823270,1

11,7198 239,2568 23925680 858,5448 955023,2126 33230,1242 34,828 37149,21322 0,034828 1,17198E-05 0,040622266 914503,7

12,8368 267,8708 26787080 919,7288 1046033,113 37204,2454 35,5922 41592,08626 0,035592 1,28368E-05 0,041523478 1001652

Flow

[cm3/s]

Pressure  

[bar]

Pressure  

[Pa ]
Reynolds

ShearRate

[s-1]
ShearStress[Pa]

Viscosity

[mPas]
τ Ba gl e y ( c a l c )

[Pa ]

Viscosity

[Pas]

Flow

[m3/s]
Corr. Visc

 γR

[s-1]

1,51075 10,42375 1042375 182,385 123114,6855 2605,88225 21,238 3216,782739 0,021238 1,51075E-06 0,027841126 115540,7

3,97275 38,69325 3869325 339,1695 323728,5393 9673,303 29,9335 11940,78702 0,029934 3,97275E-06 0,039303108 303812,8

6,1085 67,05925 6705925 462,621 497771,1565 16764,841 33,7345 20694,57133 0,033735 6,1085E-06 0,044299787 467148,3

8,01675 95,7465 9574650 558,10025 653259,6878 23936,66725 36,70525 29547,4938 0,036705 8,01675E-06 0,048195859 613071,2

9,79775 124,18075 12418075 642,4675 798385,9223 31045,1875 38,9355 38322,34015 0,038936 9,79775E-06 0,051146284 749269,3

11,44475 152,936 15293600 711,677 932615,8128 38233,9945 41,04175 47196,24751 0,041042 1,14448E-05 0,053923693 875241,4

12,9325 181,413 18141300 766,21175 1053829,235 45353,2665 43,09275 55984,28656 0,043093 1,29325E-05 0,056607091 988997,8

14,492 209,96625 20996625 830,84325 1180922,063 52491,52725 44,48175 64795,85646 0,044482 0,000014492 0,05846567 1108272

15,8025 238,75075 23875075 868,6475 1287688,125 59687,67575 46,38 73678,79041 0,04638 1,58025E-05 0,060968671 1208470

17,30325 267,32375 26732375 930,60475 1409993,906 66830,86125 47,44675 82496,45519 0,047447 1,73033E-05 0,062343759 1323251
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Table A15. Calculation of e, Bagley correction, for coating colour without any additives 

  

 

 

 

 
Figure A14.  Pressure vs. Shear rate. Bagley correction 

 

 

Low shear rate 

[s ] 320000

High shear rate 

[s ] 1000000

90mm  Capillary50mm Capillary 

Pressure drop 

at low shear 

rate

 [bar] 67,59212 35,41448

Pressure drop 

at high shear 

rate

 [bar] 244,39212 171,41448

L/D 180 100

e (y=0) eR

At high shear rate -87,91054593

At low shear rate 11,95325709

Average -37,97864442 -0,009494661
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Figure A15. Pressure drop vs. Length over diameter. Bagley correction using two different 

capillaries at constant shear rate 


