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Abstract
Fouling in papermaking causes major economic drawbacks due to downtime of process and paper
quality defects. The surface fouling is a complex phenomenon in a paper making process, which
is affected by several interconnected factors such as process environment changes from wet to dry
with increasing temperature along with the variety of sticky materials present in paper raw
materials. These impurities, such as waxes, coating binders, hot melts and pressure-sensitive
adhesives have a tendency to attach to the surfaces of machinery during paper production and
cause surface fouling. The focus of this thesis was on the mechanisms of sticking and surface
fouling on a paper machine surfaces caused by problematic sticky organic materials.
The sticking potential of six styrene–butadiene latices varying in carboxylation degree,
crosslinking density and viscoelasticity and one polyacrylate pressure sensitive adhesive were
studied using a cylindrical probe tack method under dry and aqueous conditions. Sticking potential
was measured using low and high energy surfaces as an adherent. Also a new practical method for
the on-site evaluation of nonstick properties of cylinder coating materials was developed. This
method enables monitoring the condition of the coating during its life cycle and also provides the
opportunity to compare the performance of different drying cylinder coating materials.
The research performed clearly showed that low viscoelastic modulus of latex increases
sticking tendency. The results also showed that presence of water can either increase or decrease
adhesion depending on the moisture content ant the physic-chemical properties of sticky materials.
A low surface energy coating strongly decreases sticking compared to a high energy surface and
have a lower susceptibility to fouling in the dry environment. In aqueous conditions, the use of
high-energy surfaces decreases adhesion of latices due to their strong interaction with water. Also,
the results indicated that carboxylation decreases sticking potential of latex in both dry and
aqueous environments.

Keywords: adhesion, probe tack method, stickies, styrene-butadiene latex, surface
energy
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Tiivistelmä
Paperikoneiden likaantuminen aiheuttaa suuria tuotannollisia menetyksiä johtuen tuotantoprosessin katkoksista ja paperin laadun ongelmista. Paperikoneen pintojen likaantuminen on monimutkainen prosessi, johon vaikuttavat monet toisistaan riippuvat tekijät ja siten likaantumisilmiötä on vaikea hallita. Paperin raaka-aineet voivat sisältää epäpuhtauksia, kuten vahoja, kuumasulate- ja tarraliimoja, jotka tarttuvat paperikoneen pintoihin aiheuttaen niiden likaantumista.
Lisäksi paperin prosessiympäristö muuttuu märästä kuivaan valmistusprosessin edetessä ja lämpötilan kasvaa samanaikaisesti. Tässä väitöskirjassa on kuvattu paperikoneen pintojen likaantumisen mekanismeja ja erityisesti orgaanisten lika-aineiden tarttumista.
Tutkimuksessa selvitettiin probe tack -menetelmää käyttäen kuuden erilaisen styreeni-butadieenilateksin ja polyakrylaattitarraliiman tarttuvuutta matalan ja korkean pintaenergian pinnoilla
sekä kuivissa että märissä olosuhteissa. Työhön oli valittu latekseja, joiden karboksylointiaste,
ristisilloitustiheys ja viskoelastiset ominaisuuden olivat erilaisia. Lisäksi väitöskirjatyössä kehitettiin paikan päällä suoritettava mittausmenetelmä paperikoneen kuivaussylinterien pinnoitteen
puhtaana pysyvyyden määrittämiseksi. Tällä menetelmällä voidaan mitata pinnoitteiden kuntoa
niiden elinkaaren aikana ja myös vertailla erilaisia pinnoitteita keskenään.
Tutkimuksen tulokset osoittivat, että styreeni-butadieenilateksien matala kimmokerroin lisää
niiden tarttumista paperikoneen pinnoille. Veden läsnäolo voi joko lisätä tai vähentää tarttumista
riippuen veden määrästä ja lika-aineiden fysiokemiallisista ominaisuuksista. Myös paperikoneen pinnoitteen pintaenergia vaikuttaa tarttuvuuteen. Paperikoneen pinnoitteiden pieni pintaenergia vähentää tarttumista kuivissa olosuhteissa, kun taas korkean pintaenergian pinnoitteet
vähentävät lateksien tarttuvuutta vesiolosuhteissa. Lisäksi lateksien karboksylointi vähentää niiden tarttumista sekä kuivissa että märissä olosuhteissa.

Asiasanat: adheesio,
butadieenilateksi

pintaenergia.

lika-aineet,

probe

tack-metodi,

styreeni-

Acknowledgements
The research work reported in this thesis was carried out at the University of Oulu
in the Fibre and Particle Engineering Laboratory during period 2005–2012. I wish
to express my gratitude to all the people who have supported me during the work.
I especially wish to thank my supervisors Professor Jouko Niinimäki and Dr.
Tuomas Stoor most valuable guidance during the research and writing process.
I am most grateful to the reviewers of this thesis Dr. Timo Kallio from
National Board of Patents and Registration of Finland and Dr. Juha Lindfors from
Kemira Oyj for their comments on the thesis and Mr. Malcolm Hicks for revising
the English of the manuscript.
I would like to thank my all my colleagues and friends at the Fibre and
Particle Engineering laboratory. Finally, I thank my parents, relatives and friends,
who have encouraged and supported me during the time I have been working on
this thesis. Especially I want to thank my wife Dr. Susanna Piltonen for the
support during the writing process and for the most valuable discussions.
Oulu, October 2013

Petteri Piltonen

7

8

Abbreviations
DMA
E*
E’
E’’
Eadh

Dynamic mechanical analysis
Dynamic modulus
Elastic modulus
Loss modulus
Fracture energy, a measure of the total work, required to detach
sticky material from the surface
Fcontact
Contact force used in the probe tack test
FEP
Fluorinated ethylene propylene
G’
Shear elastic modulus
G’’
Shear loss modulus
Gc
Critical energy release rate
i
Imaginary unit
PDADMAC Poly (diallyldimethyl ammonium chloride)
PET
Polyethylene terephthalate
PSA
Pressure-sensitive adhesive
SB-latex
Styrene-butadiene latex
Tg
Glass transition temperature
Wa
Work of adhesion, a measure of the reversible work required to
separate an interface into two free surfaces
γ
θ
γSL
γSV
γLV
ε

Surface energy
Contact angle
Interfacial tension of a solid-liquid interface
Interfacial tension of a solid-vapour interface
Interfacial tension of a liquid-vapour interface
Strain

9

10

List of original articles
This thesis is based on the following publications, which are referred to
throughout the text by their Roman numerals:
I

Piltonen P, Stoor T & Niinimäki J (2012) Adhesion of pressure sensitive adhesives
and latex films on cast iron and low-energy surfaces. International Journal of
Adhesion and Adhesives 36: 15–19.
II Piltonen P, Stoor T & Niinimäki J (2013) The effect of rewetting on the adhesion
tendency of styrene–butadiene latices on steel surfaces. International Journal of
Adhesion and Adhesives 40: 108–111.
III Piltonen P, Stoor T & Niinimäki J (2013) On-site evaluation method for the nonstick
properties of paper machine drying cylinder coating materials - A description of the
methodology and two case studies. Measurement 46(3): 1061–1064.
IV Piltonen P, Karinkanta P & Niinimäki J (2013) The effect of Styrene-Butadiene latex
carboxylation on sticking. (Manuscript).

All the above publications were written by the author of this thesis, whose main
responsibilities were the experimental design, data analysis and reporting of the
results.

11

12

Contents
Abstract
Tiivistelmä
Acknowledgements
7
Abbreviations
9
List of original articles
11
Contents
13
1 Introduction
15
1.1 Background ............................................................................................. 15
1.2 The problem to be examined ................................................................... 17
1.3 Aim and hypotheses ................................................................................ 17
1.4 Outline of the thesis ................................................................................ 18
2 State of the art
19
2.1 Adhesion ................................................................................................. 19
2.1.1 Adhesion measurement with the probe tack test .......................... 21
2.1.2 Deposition tests in paper science .................................................. 22
2.2 Adhesion in process environments.......................................................... 23
2.2.1 Surfaces at the wet end of a paper machine .................................. 23
2.2.2 Surfaces at the dry end of a paper machine .................................. 24
2.3 Viscoelasticity of sticky materials ........................................................... 24
2.3.1 Measurement of viscoelastic properties ....................................... 26
2.3.2 Effect of viscoelasticity on the probe tack test ............................. 27
2.3.3 Roughness .................................................................................... 28
2.3.4 Superhydrophobic surfaces .......................................................... 29
2.4 Paper coating binders .............................................................................. 30
2.4.1 Styrene-butadiene latex ................................................................ 30
2.5 Summary ................................................................................................. 31
3 Materials and methods
33
3.1 Model sticky materials in sticking mechanism tests ............................... 33
3.1.1 SB-latices...................................................................................... 33
3.1.2 Cross-linking density of latices .................................................... 34
3.1.3 Charge quantity of SB-latex ......................................................... 34
3.2 Dynamic mechanical analysis ................................................................. 34
3.3 Probe tack test ......................................................................................... 35
3.3.1 Adhesion under dry conditions ..................................................... 36
3.3.2 Adhesion under wet conditions .................................................... 37
13

3.3.3 Adhesion of drying latex films ..................................................... 37
4 Results and discussion
39
4.1 Properties of the latices ........................................................................... 39
4.2 Effect of a low-energy surface on sticking .............................................. 39
4.3 Effect of the viscoelastic properties of SB-latex on sticking................... 47
4.3.1 Adhesion under dry conditions ..................................................... 49
4.3.2 Adhesion in an aqueous environment ........................................... 50
4.3.3 Effect of drying of a latex film on adhesion ................................. 51
4.4 The effect of carboxylation on sticking ................................................... 52
4.4.1 Adhesion under dry conditions ..................................................... 52
4.4.2 Adhesion under aqueous conditions ............................................. 54
4.5 On-site peel adhesion measurement ........................................................ 55
5 Conclusions
57
References
59
Original publication
63

14

1

Introduction

1.1

Background

Paper is a versatile material and an essential for daily life in most parts of the
world. The world consumption of papermaking fibre was 395 million tons in
2010 (CEPI 2012) and it is expected to increase, mainly because of the growing
Asian markets. This will mean a further increase in the need for the raw materials
required for papermaking, which will mainly be met by increasing the use of
recycled fibre. The latter has many environmental and economic advantages as a
raw material. About 55% of the raw material used in worldwide paper production
in 2010 consisted of recycled fibre (CEPI 2011) and the proportion is likely to
increase in the near future. This will be achieved through further developments in
the papermaking process, and mainly by increasing the paper recovery rate,
although this will also lead to the use of poorer-quality fibres. At the same time as
the use of recycled fibres has increased, the use of fresh water in paper mills has
decreased significantly, resulting in higher concentrations of impurities in the
process water. These two trends together can be expected to lead to severe
problems in papermaking, since the amounts of difficult contaminant materials in
the process water will increase markedly (Karthik et al. 2011).
Recycled fibres contain sticky impurities such as wood pitch, waxes, coating
binders, hot melts and pressure-sensitive adhesives, substances that have a
tendency to attach to the surfaces of the machinery during paper production
(Doshi 2002, Miranda et al. 2008). This fouling of paper machine surfaces causes
difficult problems and adds to the costs of paper production (Wenig & Odermatt
2010) on account of web breaks, downgrades in paper quality and the downtime
periods required for cleaning (Monte et al. 2010). It has been estimated by
Friberg (1996) that sticky impurities cost the paper industry in the United States
alone about $700 million annually.
The fouling problem is not limited to mills which use recycled fibre as a raw
material, however, as fine paper mills can have similar problems. Fine paper is
coated to achieve a smooth surface and good printability and is mostly used for
magazines and high-quality graphical products. During coating process, a
proportion of the coated product becomes waste, which is called broke and is
further recycled in house and mixed back into the raw material. Since the material
used for fine paper coating is mainly a mixture comprising mainly of a pigments
15

and a binder. Therefore, in fine paper mills, the broke contains sticky binder
particles, which cause the problem called white pitch deposition, particularly at
the press and dryer section of paper machine (Vähäsalo & Holmbom 2005). The
most common binder in the coating mixtures is styrene-butadiene latex (SBlatex), which account for 75% of all lattices used in paper and paperboard coating
(Lucchini & Haettich 2003).
White pitch deposition and surface fouling are in general complex and
unwanted features of the papermaking process. They are brought about by the low
colloidal stability of sticky particles, which causes aggregation and the formation
of larger sticky particles in the process water. Along with increased particle size,
the chemical nature of the sticky material and the tackiness of a latex film are also
factors contributing to white pitch formation (Lee et al. 2012, Vähäsalo &
Holmbom 2005).
The properties of the surfaces and coatings of the various parts of a paper
machine similarly have a significant effect on the deposit problem (Kallio &
Kekkonen 2005). The adhesion of sticky materials can by reduced by means of
deposit-repelling surfaces, e.g. the surfaces of the drying cylinders, which are
usually treated with low surface energy coatings to increase dirt repellence and
the runnability of the paper machine (Urbanski 1990).
The fouling and white pitch problems can also be alleviated by including
additives in the paper furnish, chiefly adsorbent materials, polyelectrolytes,
surfactants and solvents, although their use tends to increase the cost of
production. Alternatively, sticky materials can be removed from the pulp by
screening, cleaning, washing or flotation at an early stage in the process. These
cleaning procedures are often accompanied by mechanical methods for cleaning
the surfaces, such as the use of doctor blades to remove sticky materials from the
surfaces of dryer cylinders and rolls (Hubbe et al. 2006).
It is important to know the relation between the physico-chemical
characteristics of a contaminant and its adhesion to paper machine surfaces, as
this will enable the control of surface fouling and white pitch problems to be
taken into account when choosing the proper raw materials, e.g. coating binders.
The aim of this thesis was to improve our knowledge and understanding of
the continuously increasing problem of surface fouling in paper machines. The
focus is on the physico-chemical properties of the sticky material films, although
the role of surface energies in connection with surface fouling in different process
environments is also examined.
16

1.2

The problem to be examined

During paper production the process environment changes from wet to dry with
increasing temperature, which along with the variety of sticky materials present
makes the fouling process complex and difficult to control. It is nevertheless
important to understand the factors lying behind surface fouling in order to
minimise sticking in paper mills.
There is not much information available on factors affecting the adhesion
properties of typical sticky materials such as pressure-sensitive adhesives and
coating latices, with respect to particular paper machine surfaces. Furthermore,
there is lack of knowledge on how wet or dry process environments affect the
sticking behaviour of these problematic materials.
1.3

Aim and hypotheses

The aim was to obtain new information on the mechanisms by which sticking and
surface fouling take place on paper machine surfaces.
The general hypothesis to be tested was that sticking to paper machine
surfaces can be measured by the methods used in pressure-sensitive adhesive
testing and that water plays a significant role in the sticking behaviour of various
substances in a paper machine.
In formal terms, the following hypotheses were set out as tentative solutions
to the above problems:
1.

2.

3.

Physico-chemical properties of the sticky material. Plasticity, i.e.
viscoelastic properties in a sticky material, will increase the adhesion of that
material to paper machine surfaces (Papers I and II).
Process environment. The temperature, presence of water and surface
energies involved in a process will have an effect on the fouling problem.
2.1. High-energy surfaces in a paper machine will be affected less by
adhesion under aqueous conditions and more under dry conditions
(Paper I).
2.2. Sticky materials are more plastic in water than in a dry environment and
their temperature behaviour is different (Paper II)
Measurement of dirt repellency. The non-stick properties of drying cylinder
coatings can be measured on-site using a simple measurement method (Paper
III)
17

4.

1.4

Carboxylation degree of paper coating binder. A high degree of
carboxylation of SB-latex increases adhesion to polar surfaces in a dry
environment and reduces adhesion under wet conditions (Paper IV).
Outline of the thesis

This thesis is organized into five chapters. Chapter 1 briefly traces the
background and presents the problem to be examined, the aim of the thesis and
the hypotheses put forward. Our present understanding of the problems associated
with sticky materials in paper machine processes is presented in Chapter 2, the
materials and methods used are presented in Chapter 3, and the results are
summarised and discussed in Chapter 4. Finally, the conclusions to be reached are
given in Chapter 5.

18

2

State of the art

In general, surface fouling is brought about by adhesion forces between a
contaminant and a paper machine surface, being chiefly dependent on the
viscoelastic properties of the contaminant and the surface roughness.
2.1

Adhesion

Adhesion as a phenomenon is closely related to the sticking problem that affects
paper machines. Adhesion is fundamentally an interatomic and intermolecular
interaction at the interface between two surfaces. The work done by the attractive
forces at the interface is the work of adhesion Wa (energy per unit area), which is
reversible in the form of the work required to pull a unit area of the interface
apart. After separation, if the surfaces are of the same material, each surface has a
surface energy γ, half of Wa, which can pull the surfaces back into contact. For
different surfaces, following the Dupré equation (1) applies (Kendall 1994,
Packham 1996):
Wa= γSV + γLV – γSL,

(1)

where γSV and γLV are the surface tensions of a vapour with a surface and a liquid,
respectively, and γSL is the interfacial tension shared between surface and liquid 1
and 2. The surface energy is a quantification of the disruption of intermolecular
bonds that occurs at the surface of a material. In general, surfaces must be
intrinsically less energetically favourable than the bulk of a material, otherwise
there would be a driving force for surfaces to be created. Interfacial tension is a
measurement of the excess energy arising from the imbalance of forces between
molecules at an interface (Szymczyk et al. 2012).
Sticky materials have an ability to wet the surfaces of the substrates and
spread over them, fill gaps between them and subsequently form a relatively
permanent, coherent bond (Packham 1992). The sticky materials on a paper
machine surface are viscoelastic materials which can spread onto an adherent
surface during bond formation without any additional pressure. They are "wet",
i.e. soft enough to flow onto an adherent surface, and this wetting phenomenon
helps bond formation. The wetting of a surface describes the ability of the
material to make intimate contact with it, whereupon short-range intermolecular
forces become involved in the bond. Wetting depends on the surface energies of

19

the sticky material and the surface and on the fouling environment (Zisman
1964).
Surface energy can be measured by means of contact angle tests using a
series of liquid drops with different surface energies. Adhesive forces, mainly Van
der Waals forces, between the sticky material and the solid surface define how the
liquid drop spreads over the surface. Also, cohesive forces within the liquid can
cause the drop to ball up and minimise its contact with the surface. If the adhesive
forces are higher than the cohesive forces, the drop contact angle is small and the
drop spreads over the surface so that wetting becomes more effective (Zisman
1964).
Interfacial tension is a measurement of the energy present at an interface
between molecules in different phases, this being related to the surface energies of
the phases. When two different phases are in contact, the interface experiences an
imbalance of forces describable using Young’s equation (2). This is the most
commonly used equation in surface research and it describes the relations
between the interfacial tensions of all three phases: solid, liquid and vapour,
taking into account the contact angle of a liquid droplet on a solid surface. This
equation also applies when the liquid droplet at the surface is in a different,
immiscible liquid phase.
Young’s equation (2) shows that the contact angle (θ) is influenced by the
surface tensions of the liquid-vapour γLV, solid-vapour γSV, and solid-liquid
interfaces γSL, which all cancel each other out.
=

−

,

(2)

.

(3)

or
=

−

The thermodynamic equilibrium of a sessile liquid drop on a solid substrate is
shown in Fig. 1.
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Fig. 1. Thermodynamic equilibrium of a sessile liquid drop on a solid substrate.

The work of adhesion is the interactive force between the liquid and solid phases,
which can be derived by inserting γSL from Young’s equation (3) into the Dupré
equation (1).
=
=
=

−
−
(1

−

,

,
cos ).

(4)

Equation (4) is known as the Young-Dupré equation (Dupré 1869), in which γLV is
the surface tension between a liquid and vapour and a droplet and θ is the contact
angle. Since γLV is mainly affected by the surface energy of a solid, the YoungDupré equation is expressed in many cases as follows (Asthana et al. 2006):
=

(1

cos ),

(5)

where γS is the surface energy of the solid. Thus, if the sticky material (surface
energy 30 mN/m) has a 90° contact angle at the surface, the thermodynamic work
of adhesion will be 30 mN/m, whereas when the surface is completely wet the
contact angle will be 0° and Wa will be 60 mN/m.
2.1.1 Adhesion measurement with the probe tack test
The probe tack test is a good way of studying the properties of pressure-sensitive
adhesives (Fig. 2). This test is conducted by bringing a cylindrical probe into
contact with the sticky material at a certain contact pressure, maintaining the
contact for a pre-determined time and then pulling the probe off at a pre-defined
constant separation speed. This enables the maximum force and debonding energy
to be measured while separating the surfaces of the probe and the adhesive.
Debonding energy increases with contact pressure and time until a certain critical
21

pressure and time are reached. Any increase in energy may be due to substrate
wetting and an increase in the actual contact area (Zosel 1985). The probe tack
test was used in the present work to analyse adhesion between a given sticky
material and various surfaces.

Fig. 2. Probe tack test procedure.

2.1.2 Deposition tests in paper science
The dirt repellence of coatings is usually measured by indirect methods such as
surface energy measurement by optical tensiometer, but direct methods also exist.
One method has been reported that involves measuring the adhesion between the
paper web and a drying cylinder surface. A paper sheet containing sticky
materials is dried on the metal cylinder surface and the adhesion between them is
measured (Ahrens et al. 2005, Fike et al. 2006). Lindfors et al. (2007) have
developed a deposition tester which is designed to mimic paper machine
conditions. Here the sample surfaces are mounted on a rotating cylinder which
can be in contact with a press roll and doctor blades. The cylinder can be washed
with a shower system and the degrees of fouling achieved by different coatings
attached to the cylinder surface can be measured.
The stickiness of various styrene-butadiene latices has been studied using the
probe tack method (Vähäsalo & Holmbom 2005). This deposition method has
only been used to investigate the properties of the sticky materials themselves,
however, and not the surface properties of the adherent surfaces nor the effect of
the environment.

22

2.2

Adhesion in process environments

It is known that the adhesion of a non-polar sticky material to a solid surface can
be entirely different under water from that observed in air. In the same way,
contact formation and wetting differ between the wet and dry ends of a paper
machine (Clint & Wicks 2001, Kallio et al. 2009).
2.2.1 Surfaces at the wet end of a paper machine
High surface energy materials such as steel are traditionally used to minimise
fouling in an aqueous environment. Water, as a polar liquid, has stronger
interactions with steel surfaces than with sticky materials, which are commonly
relatively non-polar. In other words, high surface energy materials maximise their
interfacial surface area with water. A sticky material will not spread on a surface
because water has a tendency to form a layer between a high-energy surface and a
sticky material. The contact angle of a sticky material is high and the work of
adhesion with respect to hydrophilic surfaces is low. If low surface energy
coatings (e.g. fluoropolymer) are used at the wet end of a paper machine, the
hydrophobic sticky materials will wet the surface and the work of adhesion will
be higher than under dry conditions. Water and low surface energy coatings have
a high interfacial tension with each other compared with the interfacial tension of
a sticky material with a coating. This causes efficient wetting of a sticky material
on low surface energy coatings at the wet end of a paper machine. Reports have
been published that support this interpretation (Kallio et al. 2009, Lee et al.
2011).
Measurements of adhesion have shown that wood resin, being a sticky
material, has a tendency to detach itself from wet paper web surfaces and to
accumulate on hydrophobic surface materials in a wet environment (Kallio et al.
2008). This can be attributed to the lower interfacial tension of a sticky material
relative to cellulose fibres, which have hydrophobic surfaces. Lee et al. (2011),
studying the deposition rate of fatty acid, as a model sticky material, on different
surfaces, found the rate to be up to 2.5 times greater for a hydrophobic surface
than for a hydrophilic one in an aqueous environment.
Water does not influence surface fouling only via surface energies, as water
in the molecular structure of a sticky material has been found to drastically reduce
the Tg (Fadda et al. 2010), leading to sticking problems (Thomas & Griffin 2002).
The adhesion of sticky materials under aqueous conditions nevertheless mainly
23

depends on the surface energies and the interfacial tension between the adherent
and the sticky material (Clint & Wicks 2001).
2.2.2 Surfaces at the dry end of a paper machine
The fouling characteristics at the dry end of a paper machine are different from
those at the wet end. The wetting of sticky materials under dry conditions is
affected more by the interfacial tension between the sticky material and the
surfaces, because the interfacial tension γSV is low. The cylinders in the drying
section are made of cast iron, and particularly those in the first dryers are treated
with low surface energy fluorocarbon coatings to increase the interfacial tension
γSL, which reduces wetting and fouling problems (Urbanski 1990). Most liquids,
including sticky materials, achieve complete wetting with high-energy surfaces
such as cast iron (De Gennes 1985).
According to Zosel (1985), when the surface energy of an adherent surface is
lower than that of a sticky material, the adhesion will decrease as that of the
adherent surface decreases, but when the surface energy of the adherent surface is
higher than that of the sticky material there is no relation between surface energy
and adhesion. This can also be seen from the Dupré equation (4): when the
contact angle is zero, indicating perfect wetting, increasing the surface energy of
the liquid or the sticky material has no effect on the work of adhesion.
Hydrophobic sticky materials in a paper machine usually have relatively low
surface energy, because they are organic substances, which implies that the
surface coating should have a really low surface energy in order to reduce fouling
and adhesion at the dry end of a paper machine, as shown by the poor adhesion of
wood resin to dry, low-energy surfaces (Kallio et al. 2009).
2.3

Viscoelasticity of sticky materials

In addition to adhesion forces (Wa) the viscoelasticity of sticky materials can also
give rise to surface fouling. Viscoelasticity is the physical property of materials
that exhibit both viscous and elastic characteristics when undergoing deformation.
These viscoelastic materials are slowly moving liquids that have the ability to
adhere to a surface under low contact pressure and within a short contact time
without any chemical reaction or change in temperature. This is analogous to the
sticking behaviour of pressure-sensitive adhesives (Peykova et al. 2010). A
pressure sensitive adhesive (PSA) is expected to behave like a liquid on a time24

scale of some seconds or longer and like a solid on time-scales of 1/10 of a
second or less (Pocius 1997). Its stickiness is related to the large amount of
energy dissipated during debonding and is attributable to an adhesion force. The
tackiness of materials can be measured by the probe tack method, for example, in
which fracture energy (Eadh) serves as a measure of the total work required to
detach the sticky material from the surface. This includes the work of adhesion
and the energy used in deforming the sticky material layer during debonding. This
latter can be very high, over 100 times as large as the work of adhesion.
Qualitatively, this high fracture energy has been associated with high energy
dissipation due to viscoelastic deformations in the polymer film during debonding
(Gay 1999).
The glass transition temperature (Tg) indicates the temperature at which
viscoelastic materials become soft and flexible. Above Tg the fracture energy
increases with temperature, mainly due to better bond formation, which in turn
may be attributed to more effective deformation of the sticky material during
contact, which leads to a larger actual contact area between the material and the
surface. Adhesion reaches its maximum at about 50–70 °C above the Tg, after
which the tackiness decreases with increasing temperature (Zosel 1985). Fig. 3
presents the effect of temperature on the fracture energy (tackiness) of a sticky
polymer with a Tg of -62 °C and a maximum tackiness at about 0 °C.
The low glass transition temperature and low elastic modulus of viscoelastic
materials have been found to increase their sticking to paper machine surfaces
(Lucchini & Haettich 2003, Thomas & Griffin 2002, Vähäsalo & Holmbom
2005). The elastic modulus of a polymer can be increased by choosing a binder
latex, for example, that has a high cross-linking density, to minimize sticking.
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Fig. 3. Effect of temperature on the tack energy of a sticky polymer (Zosel 1998,
published by permission of Elsevier).

2.3.1 Measurement of viscoelastic properties
The viscoelastic properties of polymer films can be measured by dynamic
mechanical analysis (DMA), in which a sample is slightly pre-tensioned and then
subjected to low-amplitude, low-frequency sinusoidal deformation. As the
measurement is performed below the material’s elastic limit, the stress follows the
strain in a sinusoidal manner. The dynamic elastic modulus E* can be calculated
from the amplitude ratio and the phase difference between the stress and strain
oscillations enable the as follows:
E* = E′ + iE′′,

(6)

where E′ is the elastic modulus, E′′ is the loss modulus, E′ is a measure of the
energy stored in the film during deformation and E′′ is the energy dissipated in the
film, mainly as heat. Tan delta is a curve, which achieves its maximum at Tg and
can be calculated by dividing E’’ by E’. The shear elastic and shear loss moduli
G’ and G’’, which are also often used to describe the viscoelastic properties of a
polymer, can be measured applying a shear loading to the sample. A typical DMA
measurement carried out on a non-cross-linked polymer film is shown in Figure 4
(Wiese 2002).
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Fig. 4. Results of the dynamic mechanical analysis (Wiese 2002, published by
permission of Wiley).

Dahlquist (1969) has described the requirement for good bonding of a viscoelastic
material to an adherent surface. The material needs to have a storage modulus E’
at 1Hz lower than 105Pa in order to bond properly to the surfaces. This is known
as the Dahlquist criterion for tackiness.
2.3.2 Effect of viscoelasticity on the probe tack test
The two basic types of failure in sticky materials are adhesive failure and
cohesive failure. Adhesive failure occurs at the interface between the adhesive
and the substrate, and cohesive failure occurs in the centre of the adhesive layer.
The two failure modes depend on the viscoelastic properties of the sticky material
involved (Sun et al. 2013). Crosby (2000) et al. introduced a more advanced
theory in which three bulk deformation modes are used to categorize the
debonding of a sticky layer from a rigid substrate in the probe tack test: a simple
interfacial failure, in which cracks propagate at the interface, cavitation, and bulk
fingering followed by fibrillation, in which larger deformations of the sticky layer
are achieved.
In order to have high fracture energy, a polymer must be able to dissipate a
large amount of energy during debonding. If the tensile stress at which the
interface between the probe and the sticky layer fails is higher than the stress at
which only elastic deformations occur in the sticky layer, cavitation and
fibrillation will take place, causing energy dissipation. High tensile stress values
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are due to high adhesion forces, while energy dissipation is connected with the
formation and growth of cavities and fibrils in the sticky material during
debonding. The existence of fibrillation can be deduced from the shape of the
stress-strain curve for the debonding process when, after a sharp stress maximum,
there is a lower tail in the curve at longer strain rates. Fibrillation decreases as a
function of the cross-linking density of the polymer due to the increased elastic
modulus. High stress values in the probe tack test are related to the existence of a
large actual contact area between the sticky layer and the surface, i.e. they are the
results of good wetting. (Tordjeman 2000, Zosel 1998). Increasing the adhesive
interactions or the dissipative properties of the adhesive will result in an increase
in the fracture energy (Léger & Creton 2008).
Although the energy dissipation during debonding occurs in the adhesive
layer, the surface properties of the adherent have a strong impact on the
mechanism of debonding., Thus the soft adhesive debonding mechanisms
involving low-energy surfaces are different from those involving high-energy
surfaces, as rapid propagation of interfacial cracks between the probe and the
adhesive has been observed only in the former. In fact, the propagation velocity
of the cracks has been found to be inversely proportional to the surface energy of
the adherent. Debonding from a high-energy surface such as stainless steel is
slow, and a large amount of energy dissipation takes place in the adhesive layer
(Brown 2002, Glassmaker 2008, Nase 2010). Although the behaviour of sticky
materials is well known and understood, the information on the stickiness of
materials present in the feedstock of a paper machine has not been adequately
studied.
2.3.3 Roughness
Adhesion and fouling are also related to surface roughness. In many cases
roughness interferes with sticking and reduces adhesion. This is due to the soft
bonding of materials to hard substrates via van der Waals forces, which require an
intimate contact between the two surfaces to be effective. When the hard surface
is rough, the soft sticky material has to deform elastically to adapt to the topology
of the substrate while competing with the thermodynamic energy of adhesion
gained when bringing the two surfaces into contact. This interferes with the
contact and results in a smaller actual contact area (Fig. 5) (Persson 2002).
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Fig. 5. Adhesive contact of a soft material with a hard, rough surface (dashed area).
The soft material has partial contact with the surface on many different scales
(Persson 2002, published by permission of Springer)

Adhesion can nevertheless also be increased or decreased as a function of the
surface roughness (Martina et al. 2012). It can be increased on rough surfaces in
the case of soft materials, as long as the elastic modulus is small enough and the
roughness is at a low level. Then the soft material can wet the surface and
increase the adhesion due to greater contact area provided by a rough surface as
compared with a smooth one (Guduru & Bull 2007). This increase in debonding
energy is lost in the case of stiffer materials or larger scales of surface roughness,
however. An increase in adhesion can also be considered to be due to increased
surface energy when expressed per unit of projected area (Persson 2002). Also, a
mechanical coupling or interlocking mechanism can increase adhesion to rough
surfaces. This causes the sticky material to lock into the rough irregularities on
the surface. The requirements for this are that the sticky material must wet the
surface and must also have the right rheological properties to penetrate the pores
and openings of the surface in a reasonable time (Awaja et al. 2009, Kinloch
1980).
2.3.4 Superhydrophobic surfaces
Superhydrophobic surfaces are an interesting example in which low surface
energy and an optimal type of roughness combine to reduce wetting and adhesion
forces. In general, surfaces with a static contact angle with water higher than 150°
are defined as superhydrophobic surfaces, having self-cleaning properties. The
introduction of a certain kind of surface roughness is necessary in order to obtain
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superhydrophobic surfaces. Lotus leaves are common examples this, as they
exhibit a high contact angle with water and very low contact angle hysteresis,
both properties which are needed for the self-cleaning effect (Dupuis & Yeomans
2005). It is well known that micro-scale and nano-scale hierarchical surface
topographies such as those found on lotus leaves are critically important for this
effect (Wang & Jiang 2007). In general, the contact angle of a sticky material with
such surfaces is extremely high, which leads to a really low level of work of
adhesion.
Roach and co-workers (2008) showed that the main barrier preventing such
conditions at superhydrophobic surfaces in industrial processes is physical
weakness, because the surfaces would be easily damaged and further
contaminated during normal use as a consequence of abrasive wear, washing
cycles and oil contamination. This has recently been observed in a paper machine
environment by Zhang et al. (2012), who tested superhydrophobic coatings in a
paper machine and found that their easy-to-clean property was quite clear in
comparison with the uncoated reference stainless steel at the beginning of the test
and survived fairly well for two weeks in a field test but eventually disappeared
due to mechanical wear of the coating surface.
2.4

Paper coating binders

Fine papers are coated in order to increase the homogeneity of their surface and
improve their optical characteristics such as gloss, smoothness, brightness and
opacity. The main constituents of a paper coating formulation are inorganic
pigments, which cover the surface of the base paper and thus improve its optical
properties. Synthetic binders, which are often called latices, are widely used,
primarily because of their good ability to bind pigments to fibres. The most
commonly used types of latex dispersion are based on either styrene-butadiene or
styrene-acrylate/methacrylate copolymers (Schmidt-Thümmes et al. 2003).
2.4.1 Styrene-butadiene latex
The most common binder in the coating mixtures used in the paper and board
industry is styrene-butadiene latex (SB-latex). There are three main parameters of
SB-latex production, which can be adjusted by means of the ratio of the raw
materials: the degree of cross-linking, the glass transition temperature (Tg) and the
degree of carboxylation. All three have an effect on the viscoelastic properties of
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the latex. The degree of cross-linking is adjusted by controlling the amount of
cross-linking agent added to the raw material, the glass transition temperature is
adjusted through the ratio of styrene to butadiene, and surface carboxylation of
the latex particles is carried out through copolymerization of the latex, usually
with acrylic monomers in order to introduce carboxylic functionality into the
dispersion. The carboxylation of latex forms hard shells on the surfaces of its
particles, and is performed because it has a positive effect on the rheological
properties and mechanical stability of the dispersion (Blackley 1997, Lucchini &
Haettich 2003, Schuman et al. 2004). It tends to increase the stiffness of the latex
and improves its adhesion to high-energy surfaces such as cellulose fibres. At the
same time, the elastic modulus and the cohesion of the film are increased (Kan &
Blackson 1996, Zosel 1995) on account of the increased polarity, hydrophilicity
and hydrogen bonding ability of the latex (Blackley 1997, Kan & Blackson 1996).
The carboxylation of latices has an effect on film formation. They develop a
barrier against polymer chain interdiffusion and more heating is necessary to
force the hard acrylic acid shell of the latex particle to break up (Andersson &
Järnström 2002). Finally, although basic information is available on
carboxylation, there is no information to be found in the literature concerning the
effect of carboxylation on sticking.
2.5

Summary

The fouling of paper machine surfaces is a mounting problem due to the increased
use of recycled fibre in paper production. Surface fouling is brought about by
adhesion forces between contaminants and the paper machine surface, the
viscoelastic properties of contaminants, and surface roughness. It is these factors
together that determine the rate of surface fouling.
The adhesion forces related to sticking can be controlled via the surface
energies of paper machine surfaces, which affect the interfacial tension between
contaminants and these surfaces. The goal is to maximise surface tension in order
to reduce wetting and fouling. This can be difficult, however, because the process
environment changes from wet to dry during paper production and the fouling
process is known to be entirely different under wet and dry conditions.
The sticky materials present in the paper feedstock are usually soft
viscoelastic materials, slowly moving liquids that have a tendency to wet the
surfaces. These materials undergo energy-dissipative processes during debonding,
which increases the fracture energy and makes cleaning difficult. The
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viscoelasticity of polymers such as coating binders can be controlled through the
choice of raw materials.
Adhesion can also be increased or reduced as a function of surface roughness,
depending on the elastic modulus of the sticky material and level of roughness. A
high elastic modulus of the sticky material and a high roughness of the surface
will result in a low fouling tendency.
The most common binder used in coating mixtures in the paper and board
industry is SB-latex, the viscoelastic properties of which can be adjusted through
the choice of raw materials. Carboxylation of SB-latex is performed because it
has a positive effect on the rheological properties and mechanical stability of the
dispersion, but its effect on surface fouling has not been adequately studied.
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3

Materials and methods

3.1

Model sticky materials in sticking mechanism tests

Two model sticky layers were used in the present work: the polyacrylate PSA
with a layer thickness of 210 µm was chosen to represent sticky layers in a paper
machine using recycled fibre as a raw material, and styrene-butadiene latex,
which is used as a binder in paper coating, was taken to represent the stickies that
cause problems in fine paper mills. The SB-latex concerned (Dow Europe GmbH)
has a glass transition temperature of 10 °C and a low cross-link density and was
used in the form of a film of thickness 103 µm. The chemical structures of
polyacrylate and SB-latex is presented in figure 6. The pressure-sensitive
adhesive is soft and sticky at room temperature, whereas the latex film is solid
and elastic. The latex film was fixed to the probe tip (Fig. 2) using Loctite Super
Glue, while the pressure-sensitive adhesive was attached using only slight
pressure.

Fig. 6. Chemical structures of polyacrylate and styrene-butadiene latex, respectively.

3.1.1 SB-latices
Three styrene-butadiene latices supplied by Dow Europe GmbH, Switzerland, and
designated here with the letters A, B and C, were used to study the effect of
viscoelasticity on sticking. The latex films used in the measurements were made
from an aqueous dispersion obtained with a film applicator having a gap size of
400 µm. The resulting latex film thicknesses were 150±5 µm.
The effect of carboxylation on sticking was analysed using three further SBlatices, designated D, E and F (provided by Eka Synthomer Oy, Finland) and
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having different degrees of carboxylation whereas their other properties were as
near identical as possible. Their glass transition temperatures were 10±2 °C. The
latex films used in the measurements were made on PET film from an aqueous
dispersion obtained using a spiral bar coater.
3.1.2 Cross-linking density of latices
The gel fractions of the latex films were measured by immersing the dried film
samples in toluene at room temperature for 48 hours. The insoluble polymer was
recovered by filtration and dried at 70 °C until it reached a constant weight. The
gel fraction was then calculated using the following equation:
(%) =

× 100,

(7)

where W1 is the initial weight of the polymer and W2 is the weight of its insoluble
portion. The results reported here are averages of three samples. In general, a high
gel fraction indicates a high degree of crosslinking.
3.1.3 Charge quantity of SB-latex
The charge quantity of SB-latex dispersion was analysed with a Mütek PCD-03
particle charge detector and an automatic Mütek PCD-T3 titrator in order to
measure the degrees of carboxylation of the latices (Bhattacharjee et al. 2005).
Latex samples were diluted in distilled water to a ratio of 1:500 before the
analysis. A 5 ml sample of diluted latex was then poured into the detection cell
and titrated to its isoelectric point with 0.001N poly(diallyldimethyl ammonium
chloride) (PDADMAC). The results are presented as the specific charge quantity
Q (C/g), which can be calculated from PDADMAC consumption using the
equation:
=( ∙ )∙ / ,

(8)

where V is the volume of titrant consumed (in litres), c is the titrant concentration
(eq/litre), w is the weight of the sample (g) and F is Faraday’s constant.
3.2

Dynamic mechanical analysis

The viscoelastic properties of the latex films were determined as a function of
temperature using the parallel plate geometry on a Rheometrics RDS-II dynamic
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mechanical analyser (Rheometrics, UK). The heating rate was 10 °C/min, the
frequency 1 Hz and the strain 0.05%. The elastic modulus (G’), loss modulus
(G’’) and tan delta of the latex films were determined over a temperature range
between -20° and 120 °C.
3.3

Probe tack test

The probe tack test was used for measuring the adhesion of sticky materials to
different surfaces. The experimental set-up used in this work was developed and
built at the Microelectronics and Materials Physics Laboratory at the University
of Oulu (Paper I). The tester (Fig. 7) was designed to simulate the attachment of
sticky layers from the paper sheet to the surface of the dryer cylinder in the paper
manufacturing process and was originally built for developing dryer cylinder
coatings.
The coated or uncoated test panel to be investigated was fixed onto the
laboratory heating plate (IKA). A flat, cylindrical probe of diameter 9 mm was
attached to the force sensor, which had a resolution of 0.1 mN, and the probe and
force sensor were mounted on a sliding block motored by a linear actuator. The
movements of the probe were monitored with a laser distance sensor, which had a
resolution of 1 µm. The sliding block was mounted in a XYZ robot (Solectro
AB), making it possible to measure point changes without moving the test panel.
The tester was controlled by computer software that record4ed data from the
displacement and force sensors at a frequency of 100 Hz. The recorded data was
analysed further with MATLAB software (MathWorks).

Fig. 7. The probe tack tester.

35

The probe tack test procedure is illustrated in Fig. 8. The test panel was heated to
a predefined temperature and this was checked with a digital IR surface
thermometer (SKF TMTL 260) before measurement. The sticky material to be
investigated (1) was attached at the tip of the probe (2) and was brought into
contact with the surface to be tested (3) at a constant speed. Alongside this the
opposite arrangement was also used, in which a sticky layer was attached to the
heating plate and the surface to be investigated was at the tip of the probe. The
contact pressure was increased to a pre-defined level and kept constant for a predefined time before detaching the sticky material from the surface. Data on the
detachment force and probe position were recorded. The maximum detachment
force in Newtons and the debonding energy in Joules were obtained from a forcedisplacement curve calculated by integrating the area between the stresselongation curve and the x-axis. Strain is a dimensionless quantity defined as the
length of the movement of the probe divided by the thickness of the film.

Fig. 8. The probe tack measurement procedure. Paper I, published by permission of
Elsevier.

3.3.1 Adhesion under dry conditions
In the dry adhesion test the latex films were fixed to the flat surface and a
cylindrical probe was brought into contact with them at a constant speed. The
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contact force (Fcontact) in the case of latices A, B and C was 1 N, which was kept
constant between the contact times for one second before detaching the probe
from the latex film. The contact force used with latices D, E and F was 1.5N, to
ensure better contact with these hard latices. The maximum detachment force was
recorded during debonding. The dry adhesion tests were conducted over a
temperature range of 35–100 °C. The tests were performed heating sticky layer at
heating plate while measuring detachment force simultaneously. Over 100
measurements were done with each sticky material and surface combination.
3.3.2 Adhesion under wet conditions
The latex films used in this test were wetted in a water bath for 24 hours at room
temperature before the measurements. Each film was then fixed mechanically to
the bottom of a petri dish filled with water. The test procedure, including its
parameters, was similar to the test performed under dry conditions, but the contact
between the latex film and the probe was made in an aqueous environment. The
adhesion tests were performed over a temperature range of 35–70 °C with three
duplicate measurements for each sample using the same parameters as in the dry
adhesion tests.
3.3.3 Adhesion of drying latex films
The adhesion of latex films A, B and C was also measured during the drying
process. The latices were wetted in a water bath for 24 hours at room temperature
and the wet latex film was fixed mechanically onto a heating plate with the
temperature set to 60 °C to simulate the early stage conditions in the drying
section of the paper machine, which is where deposition problems primarily
occur. Adhesion was measured using the probe tack test over 20-second intervals
for several minutes while the latex film was drying. The measurement sequence
was concluded when the film was dry.

37

38

4

Results and discussion

4.1

Properties of the latices

The cross-linking densities of all the latices studied, in the form of their gel
fractions, and the specific charge quantities of latices D-F are presented in Table
1.
Table 1. Properties of latices A-F.
Latex

Gel fraction (%)

Q (C/g)*

A

78

N/A

Tg
8

B

85

N/A

10

C

47

N/A

20

D

89

185

N/A

E

86

276

N/A

F

83

313

N/A

* specific charge quantity

4.2

Effect of a low-energy surface on sticking

The effect of drying cylinder coatings with low surface energy on sticking was
studied using PSA and SB-latex as models for sticky materials. Adhesion of the
sticky layers to two surfaces was measured by means of the probe tack test, cast
iron being used to demonstrate the performance of an uncoated dryer cylinder and
FEP (Dupont Teflon®FEP 532-8110), which can be considered a highperformance anti-stick coating for dryer cylinders, to represent a low-energy
surface.
Stress-strain curves for PSA debonding from the cast iron surface at
temperatures of 25, 50, 75 and 100 °C are depicted in Fig. 9. The curve measured
at 25 °C shows a fast linear increase in force at first, followed by a plateau.
Elongation at the break was over 1.5 mm, and the work of detachment was quite
high. The maximum stress and elongation decreased with increasing temperature.
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Fig. 9. Stress-strain curves for PSA debonding from a cast iron surface at four
temperatures. Paper I, published by permission of Elsevier.

Stress-strain curves for PSA detaching from the FEP surface are shown in Fig. 10.
The maximum force and shape of the curve are similar to detachment from the
cast iron surface, but the strain is significantly smaller at all temperatures, and the
work of detachment is thus also considerably lower.

Fig. 10. Stress-strain curves for PSA debonding from an FEP surface at four
temperatures. Paper I, published by permission of Elsevier.
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Stress-strain curves for SB-latex detaching from the cast iron surface at
temperatures of 50, 75 and 100 °C are shown in Fig. 11. There was no measurable
adhesion between the latex and the surface at 25 °C, and the force increased
linearly as a function of strain. The fracture energy attained its maximum force at
75 °C.

Fig. 11. Stress-strain curves for SB-latex debonding from a cast iron surface at four
temperatures. Paper I, published by permission of Elsevier.

Stress-strain curves for SB-latex detaching from the FEP surface are shown in
Fig. 12. Again the strain is much lower than with the cast iron surface. The
highest fracture energy was recorded at 75 °C, but it was much lower than with
cast iron. The detachment of SB-latex occurs at a lower force and elongation from
the FEP surface than from cast iron.
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Fig. 12. Stress-strain curves for SB-latex debonding from an FEP surface at four
temperatures. Paper I, published by permission of Elsevier.

A maximum stress-temperature curve for PSA from cast iron and FEP surfaces, at
a 95% level of confidence, are shown in Fig. 13. The maximum stress is the same
for both surfaces over the whole temperature range. Fig. 14, however, shows a
large difference in debonding energy, which means the same thing as fracture
energy. At 25 °C this energy is over 2.5 times larger with cast iron than with FEP,
while at higher temperatures the energy required with cast iron was close to that
required with FEP, because the PSA was losing its cohesive strength.

42

Fig. 13. Maximum stress of PSA debonding from the cast iron and FEP surfaces.
Paper I, published by permission of Elsevier.

Fig. 14. Debonding energy of PSA from the cast iron and FEP surfaces. Paper I,
published by permission of Elsevier.

The maximum stress-temperature curves for SB-latex show a different behaviour
pattern (Fig. 15): there was no adhesion between the latex and the surfaces at
temperatures below 50 °C, and when the latex became softer at higher
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temperatures its tackiness increased to reach a maximum at 80 °C with cast iron.
Also, in contrast to the PSA case, there was a significant difference in maximum
stress between the cast iron and FEP surfaces, the maximum stress for the FEP
surface remaining below 8 kPa, whereas the maximum stress for the cast iron
surface was 24 kPa. The debonding energy showed similar behaviour to the
maximum stress (Fig. 16), in that the work started to increase above the threshold
temperature of 50 °C and reached its maximum at 80 °C. The magnitude of the
work was significantly lower than with PSA.

Fig. 15. Maximum stress of SB-latex debonding from the cast iron and FEP surfaces.
Paper I, published by permission of Elsevier.
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Fig. 16. Debonding energy of SB-latex from the cast iron and FEP surfaces. Paper I,
published by permission of Elsevier.

The ratio between the debonding energies of the cast iron and FEP surfaces
(Eadh(Cast iron)/Eadh(FEP) ) is shown in Fig. 17. This value gives an estimate of
how much an FEP coating on the dryer cylinder will reduce adhesion relative to
an uncoated cast iron surface. The debonding energy of PSA was approximately
2–6 times higher with the uncoated cylinder over the temperature range studied
here, and increased with temperature, but the results for SB-latex were different,
with no adhesion detected below 45 °C but an increase in the ratio Eadh(Cast
iron)/Eadh(FEP) increased immediately above this point to come close to its
maximum. The debonding energy of SB-latex was approximately 10–14 times
higher for the uncoated surface than for the FEP surface in the temperature range
60–80 °C.
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Fig. 17. Variation in the ratio Eadh(Cast iron)/Eadh(FEP) with temperature. Paper I,
published by permission of Elsevier.

PSA is much softer than latex and is sticky at room temperature. Thus the stressstrain curves show first a rapid increase in stress, followed by a plateau region
before debonding, which indicates that cavity formation and fingering occurred at
the interface during debonding. The maximum stress is independent of the type of
surface tested in the case of PSA, because the initial deformation occurs by bulk
cavitation with both surface types. This means that stress values cannot be used
when measuring the dirt repellency of surfaces in combination with soft
adhesives. The interaction between PSA and an FEP surface is weak, resulting in
lower strain rates, as reflected in a low debonding energy (Fig. 10), whereas the
high surface energy of cast iron has a strong interaction with PSA which can be
detected in the form of high strain values in the stress-strain curves and high
debonding energy.
Interfacial crack propagation occurs before the stress level has reached the
critical value necessary for cavitation within the SB-latex itself. This can be
deduced from the linear increase in stress observable in the stress-strain curves.
Homogenous elastic deformation took place at all temperatures, and the SB-latex
acted as a pressure-sensitive adhesive, so that it was not sticky at temperatures
below 50 °C. The actual area of contact and adhesion between the latex and the
surface increased with any decrease in the elastic modulus and with increasing
temperature up to 80 °C. The ability of the latex to wet the surface increased with
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temperature, as did the strain over the whole temperature range. The strain
continued to increase at temperatures higher than 80 °C with the FEP surface, but
the maximum stress and the debonding energy decreased. When the temperature
reached 100 °C the strain decreased and the shape of the stress-strain curve
remained the same as with the debonding of SB-latex from a cast iron surface.
Both the debonding energy and the maximum stress were much higher with the
cast iron surface than with the FEP one.
The ratio Eadh(Cast iron)/Eadh(FEP) can be taken as an indication of how
much the level of fouling on dryer cylinder surfaces can be reduced with an FEP
coating relative to an uncoated cylinder. The present results suggest that reduced
fouling can be expected on a dryer cylinder with an FEP-coated surface when the
paper raw material contains polyacrylate PSA sticky layers, which are typical of
recycled pulp, and much less fouling if the raw material contains SB-latex, as is
typical in mills that use coated broke.
4.3

Effect of the viscoelastic properties of SB-latex on sticking

The results of the dynamic mechanical analysis of SB-latices A, B and C in terms
of the elastic modulus, G′, the loss modulus, G″, and tan delta are shown in
Figures 18, 19 and 20, respectively. Figure 18 presents the storage modulus as a
function of temperature., The G′ values of A, B and C are very similar at a
temperature of -20 °C, but the fall in G′ in the case of latex B starts at this
temperature and it continues slowly through the glass transition temperature
region. The storage modulus of latex B is higher at temperatures above 30 °C than
that of latex A or latex C. In the case of latex C there is a sharp fall in G′, and its
storage modulus is lower than that of latex A or latex B at temperatures above
50 °C. Figure 19 shows the loss modulus as a function of temperature, and gives
results that are of the same order of magnitude as in the storage modulus curves at
the temperatures used in the adhesion measurements.
In Figure 20, which displays the variation in tan delta with temperature, the curve
for latex B is the lowest and that for latex C the highest. The sharp peak for latex
A indicates the homogenous structure of this latex.
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Fig. 18. Storage moduli of latices A, B and C. Paper II, published by permission of
Elsevier.

Fig. 19. Loss moduli of latices A, B and C. Paper II, published by permission of
Elsevier.
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Fig. 20. Tan delta of latices A, B and C. Paper II, published by permission of Elsevier.

4.3.1 Adhesion under dry conditions
The results of the adhesion measurements made under dry conditions are shown
in Figure 21. The latices are similar in their behaviour but differ in their adhesion
strength. As the temperature increases, the adhesion of the latex first increases to
its maximum level and then starts to decrease. The adhesion curve for latex C is
clearly the highest, while latex B has the lowest maximum stress. The temperature
at which the latex reaches the maximum stress value is highest with latex C
(70 °C), while latices A and B reach a maximum at 55 °C.
Latex C has the lowest cross-linking density and the lowest storage modulus
at temperatures above 50°C. The softness of that latex allows high deformation
during contact with the steel probe, which facilitates good adhesion at the
molecular level, so that adhesion under dry conditions is high. Being a
viscoelastic material, latex displays more liquid-like properties at high
temperatures and its adhesion.
The storage modulus of latex B begins to decrease at -20 °C (Fig. 18),
possibly due to the high butadiene content of the SB-latex structure compared
with other latices. In general, the glass transition temperature of SB-latices
decreases with increasing butadiene content. At high temperatures, the storage
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modulus of latices A and B remains at a high level compared with that of latex C,
which indicates a harder structure and a high gel fraction percentage. Latex B is
hard, due to its high cross-linking density which reduces deformation during
contact, and the actual area in contact with the adherent remains small, causing
low adhesion under dry conditions. The behaviour of a latex in the dry adhesion
test can be deduced from its storage modulus curve (Fig.18), which implies that
the adhesion of latex B is higher than that of latex C at low temperatures. The
storage modulus curves and the adhesion curves of latices A and C both intersect
at approximately 45 °C.

Fig. 21. Adhesion of latices A, B and C to the steel surface as a function of
temperature. Paper II, published by permission of Elsevier.

4.3.2 Adhesion in an aqueous environment
The results with regard to adhesion under wet conditions are shown in Fig 22. In
general, adhesion to steel surface is lower under wet than under dry conditions, in
addition to which the adhesion of latices A and B decreased with increasing
temperature, which latex C showed decreasing adhesion up to 65 ºC, at which
point its adhesion began to increase. Adhesion under wet conditions did not
correlate with the storage modulus as measured for the drying films. The surface
energy of latex had a major effect on adhesion in an aqueous environment.
Since swollen latex films are present at the contact interface under aqueous
conditions, the adhesion forces are much lower than under dry conditions. Latex
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A showed a higher adhesion than the other two latices at low temperatures, as in
the dry adhesion test.

Fig. 22. Adhesion measurements performed in an aqueous environment on steel
surface. Paper II, published by permission of Elsevier.

4.3.3 Effect of drying of a latex film on adhesion
The results concerning the adhesion of drying latex films are shown in Figure 23.
Adhesion was low at the beginning of the test, when the latex films were wet, but
as the solid content increased, the films became tackier. Latex A showed the same
maximum stress as in the dry adhesion test when the film was still partly wet,
whereas the adhesion of latex B increased linearly until the film was completely
dry. Latex B clearly showed the largest increase in adhesion during the drying
process. Adhesion increases with the increasing solid content of the latex during
drying, but while the adhesion of the least cross-linked latex, latex C, increased
linearly as a function of the drying time throughout, that of the highly crosslinked latices A and B reached a maximum at a certain drying time, followed by a
decrease in adhesion. The maximum adhesion of latex A was at a similar level to
that observed under dry conditions, whereas the adhesion of the most markedly
cross-linked and hardest latex, latex B, was significantly more pronounced under
wet than under dry conditions. This can be explained by the plasticising effect of
water on the SB-latex structure. The presence of water reduces the storage
modulus of latex B, allowing marked deformation to take place at the contact with
the steel surface. On the other hand, water does not disturb the contact with steel
at the interface when the surface of the latex dries to the moisture level which
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increases adhesion. Under the same conditions latex A, and especially latex C, are
too soft and possess liquid-like properties, so that they cannot effectively resist
detachment.

Fig. 23. Adhesion of drying latex films. Paper II, published by permission of Elsevier.

4.4

The effect of carboxylation on sticking

4.4.1 Adhesion under dry conditions
The adhesion of latices D, E and F to a steel surface is presented as a function of
temperature in Fig 24, where the measurement points indicate that carboxylation
has a considerable effect on sticking behaviour. The adhesion forces of the least
carboxylated latex D are the strongest, and latex F, with the highest
carboxylation, has the weakest adhesion to steel.
In theory, carboxylation increases the polarity of latices, resulting in
increased molecular interactions with polar substrates such as stainless steel. The
results in Figure 24 do not support this theory, however, as latex D, with the
lowest degree of carboxylation, has the strongest adhesion to steel. The results
suggest that contact formation by latices with high carboxylation may be hindered
by the increased stiffness of the film. The actual contact size and contact
formation are reduced by the inability to undergo deformation upon contact at the
pressures used here, even though the wetting should be stronger.
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Fig. 24. Adhesion of latex D, E and F to the steel surface in dry conditions

The adhesion of latices D, E and F to a low energy FEP surface is shown in
Figure 25. Latex D showed clear adhesion, whereas the adhesion force for latices
E and F was negligible throughout the temperature range studied. The maximum
force was reached at a temperature of 70 °C, and the forces were generally
considerably smaller than with a steel surface. The weakness of the adhesion was
due to the stiffness of the latices and the decrease in the wetting phenomena. The
wetting of latex D was strongest, as this showed the lowest surface energy and the
highest deformability at the contact.

Fig. 25. Adhesion of latices D, E and F to the FEP surface under dry conditions.
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4.4.2 Adhesion under aqueous conditions
The adhesion of latices D, E and F to stainless steel in an aqueous environment is
illustrated in Fig. 26. All the latices show the same kind of behaviour, in which
the adhesion forces are low and decrease with temperature, but their adhesion to
steel is weak under aqueous conditions and the forces decrease throughout the
measured temperature range. Due to the high surface energy of steel, water is
present at the contact interface, and thus the adhesion forces are much lower than
under dry conditions. As a polar liquid, water has stronger interactions and a more
pronounced interface with steel surfaces than latex, which is relatively non-polar.
Due to the high surface energy of steel, water is present at the contact interface,
and therefore the adhesion forces are much lower than under dry conditions.

Fig. 26. Adhesion of latices D, E and F to a steel surface under aqueous conditions as
a function of temperature. Modified from Paper IV, published by permission of
Elsevier.

The results of the adhesion measurements performed in an aqueous environment
using FEP as an adherent are shown in Fig. 27. The adhesion of latices E and F
decreased with increasing temperature, while latex D showed an increase in
adhesion. Latex F had the lowest adhesion to the steel surface. In general, the
forces were higher than those recorded with a steel adherent.

54

Fig. 27. Adhesion of latices D, E and F to the FEP surface under aqueous conditions
as a function of temperature. Modified from Paper IV, published by permission of
Elsevier.

The low-energy FEP surface has high interfacial tension with water, so that water
is not present at the contact to the same extent as with steel. The adhesion forces
are also related to the carboxylation degree of the latices, in that the least
carboxylated latex, and therefore the most hydrophobic, latex D, had the strongest
adhesion with FEP and the most carboxylated latex, F, had the lowest adhesion,
due to its high interaction with water. The adhesion forces of latex D increased
with temperature, while the forces of latices E and F decreased. This may have
been due to interaction with water. Water can flow effectively into the film
structure and cause it to swell in the case of highly carboxylated latices, resulting
in a weakening of their mechanical properties.
4.5

On-site peel adhesion measurement

The on-site peel adhesion measurement method was developed in order to
measure the dirt repellence of drying cylinder coatings in paper mills. The test
procedure starts with cleaning of the measurement area, the coating on the drying
cylinder. The temperature of the drying cylinder is measured with an infrared
thermometer before the test and the roughness is measured with a roughness
gauge. A force meter is placed at the side of the drying cylinder, parallel to the
coating surface, enabling the tape to be peeled off at an angle of 180°. The
adhesive tape is fixed to the line at one end, while the opposite end is fixed to the
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force meter in parallel with the test area. The contact time before the
measurements begin is kept constant, because adhesion increases with time. The
force required to peel off the adhesive tape from the surface is monitored with the
force meter.
The adhesion of the selected adhesive tape decreases linearly as a function of
temperature in the range between 20 °C and 60 °C. This information was made
use of when drawing temperature calibration lines for the cast iron and FEP
surfaces. The results were then interpolated to room temperature using these
calibration lines, which enabled cylinders at different temperatures to be
compared. This measurement method was used to test the dirt repellency of the
drying cylinders at two paper mills, the main finding being the substantial
magnitude of the effect of surface roughness on adhesion. There was markedly
high adhesion to the FEP surface when its roughness was high (Ra= 4.1 μm). It
was possible to reduce the adhesion by abrading the cylinder surface and lowering
the roughness.
Detailed descriptions of the method used in the mill tests and the results
obtained are presented in Paper III.
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5

Conclusions

When the dirt repellency of FEP and cast iron surfaces was measured using the
probe tack technique the results clearly showed that coating a dryer cylinder with
FEP greatly increased its dirt repellency relative to an uncoated cast iron surface
and gave it a lower susceptibility to fouling. Tests also showed a clear difference
in the debonding energy of PSA and SB-latex, which could be attributed to
viscose deformations of the PSA during debonding, which dissipates energy
efficiently. The SB-latices deformed elastically in the adhesion tests.
Since the tackiness of SB-latices is inversely proportional to the storage
modulus under dry conditions, dynamic mechanical analysis can be used to
estimate the sticking potential of SB-latex at the end of the dryer section in a
paper machine. The adhesion of SB-latices to metal surface is significantly lower
under aqueous conditions, and the sticking potential at the wet end of the paper
machine dryer is low compared with the dry end.
The adhesion of highly cross-linked SB-latex can be considerably higher at
certain moisture content levels than in a dry state, a situation that can be
explained by the decreased elastic modulus of wet SB-latex, which increases the
mobility of the polymer chains, allowing better contact with surfaces. The
adhesion of SB-latices of low cross-linking density decreases with increasing
moisture content, and the results indicate that highly cross-linked latices can have
larger sticking potentials in paper machine processes than do soft latices.
The carboxylation of SB-latices has a significant effect on their adhesion
under aqueous and dry conditions. The use of high-energy surfaces and low
degrees of carboxylation leads to strong adhesion under dry conditions, while
high carboxylation and low-energy surfaces have a much weaker sticking
tendency. On the other hand, the use of high-energy surfaces under aqueous
conditions will reduce adhesion due to strong interaction with water, which
allows the formation of a water film in the contact area. A low degree of
carboxylation combined with low surface energy will lead to increased adhesion
in an aqueous environment. In addition to molecular interaction, the ability to
deform in order to adapt to the microstructure of the surface is critical. This is an
important reason why the carboxylation of latices reduces sticking under both dry
and aqueous conditions.
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