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A B S T R A C T

This thesis have investigated a few materials that exhibits non-stick
properties for applications in tissue machines. In the process of mak-
ing tissue there is problems with build up of fibres and glue. To
overcome these problems Valmet AB are looking to find coatings that
will facilitate cleaning.
The main problem area is the drying section where glue is used to
help the sheet to stick to the steam filled Yankee cylinder which is
performing the final drying of the sheet.
A basic discussion of the theory behind surface properties is made
before the materials are chosen, experiments are conducted and results
presented. The materials are ranked in order of performance based on
the experimental data. To ensure that the top performing materials
can be applied to usage in a real tissue machines a few possible future
studies is suggested.
The top performing materials were fluoropolymers. These materials
are very expensive which making their usage limited to critical parts.
Two silicon based materials performed at a surprisingly high level
making them highly attractive for wider usage in less critical areas in
a tissue machine.
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S A M M A N FAT T N I N G

Det här examensarbetet har undersökt material med non-stick ege-
nenskaper för användning i mjukpappersmaskiner. Då man tillverkar
mjukpapper uppstår problem med uppbyggnad av fibrer och lim.
Valmet AB letar efter material som stävjar dessa problem och därmed
underlättar rengöring.
Det största problemområdet är torksektionen. Där används lim för att
hjälpa pappersarket att vidhäfta vid den ångfyllda Yankeecylindern
som utför den sista torkningen.
En grundläggande genomgång av teorin för ämnens ytegenskaper
görs innan materalgrupper väljs, experiment utförs och resultat pre-
senteras. Materialen är rangordnade efter prestanda baserat på den
experimentella datan. För att säkerställa att de högst presterande mate-
rialen klarar av användning i en verklig mjukpappersmaskin föreslås
framtida studier.
De högst presterande materialen var fluorplaster. Dessa material är
dyra, vilket begränsar deras användning till högst kritiska områden.
Två silikonbaserade material presterade på en överraskande nivå. Det
gör dem högst attraktiva till att användas på fler mindre kritiska
maskinkoncept.
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Part I

I N T R O D U C T I O N

As a beginning of this thesis there will be an introduction
to how tissue machines works and a description of the
problem specification. The following sections will describe
Valmets three main machine concepts DCT, NTT, and TAD.
Of these three concepts the NTT and TAD could be con-
sidered as the worst concepts regarding parts in need of
Non-Stick material. These two concepts will be the basis
for the problem specification, where all the critical sections
will be further explained in detail.
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I N T R O D U C T I O N

A tissue machine runs 24 hours a day in a tough environment where
water, heat, oils, glue, dust, fibres etc. are present. This tough envi-
ronment makes it hard to keep the machine clean, and it is difficult
to reach all the places that is in need of cleaning when the machine
is running which also puts the operators in possible danger. If the
machine is not properly cleaned and the build up of fibres, glue, and
dust becomes too high it could lead to a standstill. Most of the build
up that occurs is due to paper fibres and the build up is different in
the various parts of the machine. If the environment is dry, the fibres
will just form a dust-like layer in the machine parts, however they
could also form lumps if they are wet and soaked in water. In the
parts of the machine where chemicals, adhesives, and oils are present
the build ups mainly consist of lumps of fibres suspended in these
materials. Over time the build up could lead to that these lumps
falls of and end up in places sensitive to external particles and could
cause a standstill or production loss. These build ups could also cause
corrosion and moving parts to lose their ability to move. Therefore it
is a great demand after that materials and parts used in these critical
environments are easy to clean. The object of this project is to find, for
Valmet AB, new methods and materials to coat machine parts where
the surfaces must exhibit non-stick properties so that the build up
does not occur and the surfaces are easily cleaned.

1.0.1 Concepts

1.0.1.1 DCT (Dry Crepe Tissue Machine)

DCT is Valmet AB’s most common tissue machine. This machine
produces most types of conventional tissue with the highest quality in
a cost-effective way. This section will further explain this concept.

The material for producing paper is wood fibres. These fibres are
mixed with water and this mixture entering the machine is called
fibre suspension. The fibre suspension consists of about 99 % water
and only one percent fibres. The fibre suspension enters the machine
through the head box. The head box sprays the fibre suspension
evenly between two rollers, one wrapped with a wire and the other
with a felt belt. The wire works like a strainer, letting most of the water
through, while the fibres stick to the felt belt creating the sheet that
later will become paper. The felt is made by a thick fabric that absorbs
some water. The felt transports the sheet further down the machine to
the drying process. The sheet is pressed between a press roll and the
Yankee cylinder. The press roll is perforated and will remove some
water from the sheet. During this process the sheet it transferred from
the felt onto the Yankee cylinder for final drying. The Yankee cylinder
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4 introduction

is heated internally by steam under pressure. Surrounding the Yankee
is the Yankee hood in which hot air blows onto the sheet to dry it from
two sides at the same time. To remove the dried sheet from the Yankee
cylinder doctor blades are used. These blades are made from steel and
will crep the sheet giving it its final structure. Then the sheet is rolled
onto jumbo rolls and delivered for further processing to become toilet
paper, tissues, and paper towels.

1.0.1.2 NTT

The NTT tissue machine has two operational modes, one that produces
textured products with high bulk, and the other one being the more
conventional mode producing product similar to the dry crepe DCT.
The process is ideal for making bath tissue, facial and hand tissues,
and kitchen towels.

The process itself is similar to DCT, where the drying of the sheet
is mainly done by the Yankee cylinder. The main difference between
NTT and DCT is that the sheet is pressed before the Yankee cylinder
by a shoe press and transferred to a belt that is either textured or
not. The textured belt exhibits either fine, medium or coarse pattern
to give the product the desired texture. Then the sheet runs to the
Yankee cylinder and a press roll is used only to transfer the sheet
to the Yankee cylinder. In the Yankee section there are three Yankee
Doctors designed to withstand the higher linear loads in the NTT
due to the special type of coating and chemicals that is used to make
the sheet stick to the Yankee cylinder. The coating system consists
of a coating shower enclosed in the so called Glue-Box. This box is
designed to capture excessive glue and any glue mist. This box is
treated with a non-stick material that allows easier cleaning of any
build up of coating and fibres. After the Yankee section, the finished
product is winded up on rolls and delivered for further processing.

1.0.1.3 TAD (Through Air Drying)

TAD tissue machines produce a product with a distinct appearance,
softness, strength, bulk and absorption. The TAD produces products
that are softer and more absorbent than the other concepts. The ad-
vantageous drying rates in the TAD allows manufacturers to produce
a wide range of basis weight at high speeds. This leads to the ability
to produce multi-ply products or reduce the number of plies while
increasing production rate and capital efficiency.

The TAD process eliminates the destructive effect of wet pressing
on bulk by removing water by vacuum and then letting hot air pass
through the sheet. This leads to a high bulk fully structured sheet.
Then a distinct pattern is given to the sheet as it passes through the
dry press by the TAD fabric to produce a soft, flexible, and bulky
product. The TAD section itself allows excellent control of the drying
process and gives longer fabric life and a higher drying capacity. To
be able to release the sheet from the TAD fabric, release oil is applied
in the release section. As for NTT a coating has to be applied to the
Yankee cylinder to make the sheet stick to the surface of the cylinder
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due to the dryness of the sheet. The coating system is similar to the
one in NTT. After the Yankee section the sheet is winded on rolls and
is ready for further processing.

1.1 specification

1.1.1 Problem areas

In these tissue machines there are a few places where the build up is
more critical than elsewhere. These areas are listed below.

1.1.1.1 NTT

1. Steam box: On the sheet side and outside:

• Fibres build up on the sheet side (diffusor plate) and the
front side (outside). On the diffusor plate there already
exists a surface coating, but build up (seems to) occur
anyway.

2. WE Yankee hood toe:

• Here there is a problem with build up of fibres and coating
on all mechanical parts. A non-stick surface treatment on
the outside from the bottom and a meter up on the hood
is requested. There is also build up on the two blow boxes
that overlook the Yankee cylinder. The environment is hot
and dry with air temperatures inside the housing up to
500°C.

3. Head Bolt Covers for Yankee cylinder:

• A severe build up of fibres and coating takes place near the
so-called “glue box” where the Yankee cylinder is coated
with adhesives. The build up between the bolt protectors
and the Yankee cylinder creates friction that could cause
fire. Mechanical wear takes place when there has been too
much build up. The environment is dry with temperatures
around 120°C.

4. Yankee Doctors:

• Cleaning would be facilitated if the body of the doctors
and arms/linkage were surface treated. The environment
is dry with temperatures up to 100°C.

5. Yankee Head and Head Bolts:

• The Yankee head and head bolts have the same problem
as the head bolt covers. Some sort of surface treatment is
requested on the outer most part of the head and the head
bolts for easier cleaning and less build up.

6. Sheet Supports:
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• Fibres mixed with coating builds up on the sheet supports
closest to the Yankee cylinder. Cleaning would be facili-
tated with some sort of surface treatment. Here mechanical
wear appears as the track is in contact with the support.
These sheet supports are today made of polished stainless
steel to prevent build up and to provide and a low friction
surface for the sheet to slide over. In these sheet supports
there is a slot that sucks the paper to the support, in these
slots (0.1mm) build up may take place and so losing contact
with the sheet. Main problems occur when using recycled
paper with so called "stickies" (glue strip on envelopes), or
eucalyptus as source for the paper. The environment is dry
with temperatures around 100°C.

7. Glue-box blades:

• Build up of fibres and coating could start to scrape the
Yankee cylinder. The same surface treatment, or one with
similar properties, that covers the glue box is requested.
The environment is dry with temperatures around 100°C.

8. Dry end in general:

• In the dry end of the machine, lots of fibre dust is present
and comes mainly from creping the sheet (80 %) and split-
ting of the sheet. The amount of fibre dust varies with
different source of materials, eucalyptus being one of the
worse. There is a general problem with build up of these
fibres, especially when mixed with fumes of glue from
either the Yankee section or the rolling process. If the
dryness exceeds 96 % the dust has a tendency to become
static and will stick to almost everything. Lots of areas are
hard to reach when the machine is working, making the
cleaning process limited to the operational stops, allowing
the fibre dust to settle, stick and accumulate in the whole
area. A universal surface treatment that facilitates cleaning
and reduces build up is requested. The environment is dry
with temperatures ranging from 100°C to 60-70°C.

9. Wet end in general:

• In the wet end of the machine, build up may occur if fibres
suspended in water are set to dry. This build up is not
as big problem as in the Yankee section, but nevertheless
a non-stick coating that facilitates cleaning and prohibits
that fibres are set to stick to the surfaces are requested for
better maintenance.

1.1.1.2 TAD

1. Cross beam and steam deck above the inner wire:

• Here there is a problem with fibres burn that on to the
steam deck. This is illustrated in Figure 1a. The environ-
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ment is both wet and dry with temperatures at the steam
deck around 100°C.

(a) (b)

Figure 1: a) Build up on the cross beam and steam deck above the inner wire.
b) Build up on the steam box.

2. Steam box:

• As point number one for NTT, illustrated in Figure 1b.

3. Steam deck before the Press Roll:

• Fibres and coating build up on the steam deck (Figure 2)
that is located above the wire with the paper track. Here
the access is limited and a surface treatment that limits the
build up is requested. The environment is both humid and
dry with temperatures around 100°C.

Figure 2: Build up on the steam deck before the press roll

4. Press Roll, bearing house, arms, and framing:

• Fibres and coating build up in the whole area are shown in
Figure 3a and 3b. Surface treatment that facilitates cleaning
is requested in this area. The environment is both humid
and dry.

5. Head Bolt Covers Yankee cylinder:

• The same as for NTT (3). The build up is shown in Figure
6.

6. Yankee Head and Head Bolts:

• The same as for NTT (5).
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(a) (b)

Figure 3: a) Build up on the press roll bearing house. b) Build up around the
inside press roll arms and framing.

(a) (b)

(c)

Figure 4: a)-c) Build up on the head bolt covers. a) shows the cover from
inside of the machine.

7. Glue-box blades:

• The same as for NTT (7). In 5 the build up on the glue box
and the glue-box blades. On the glue box, which is already
surface treated, the fibres and coating are easily removed,
while the untreated blades are not easy to clean.

8. Yankee Doctors:
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Figure 5: Build up on the glue box and the blades

• The same as for NTT (4). The problems in this area are
shown in Figure 6a.

9. Toe Yankee WE Hood:

• The same as for NTT (2).

10. Bearing Houses, Lead Roll Journals, Framing:

• In these sections there are a problem with paint failure
( Figure 6c,6b) caused by the release oil that is used to
release the sheet from the TAD fabric. This paint is used
all over the machine where any painted surface may come
in contact with the release oil. These sections are mainly
bearing houses, lead roll journals and framing. The prob-
lem is caused by pressing and rolling the TAD fabric which
turns the oil in to a mist that ends up almost everywhere.
Surface treatments in these applications must exhibit high
chemical resistance.

11. Sheet Support:

• The same as for NTT (8).

12. Dry end in general:

• The same as for NTT (9).

13. Wet end in general:

• The same as fot NTT (10).

1.1.1.3 Problem area requirements

Summarizing these problem areas leads to that the surface treatment
has to be able to withstand:
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(a) (b)

(c)

Figure 6: a) Build up on the yankee doctor. b) failure of paint on a lead
journal, c) failure of paint on a bearing house.

• Temperatures ranging from 100-150°C.

• Dry, damp, and wet conditions.

• Chemicals (Coating, release oils, etc.).

• Mechanical wear (from the process itself but also some mild
wear from cleaning)

1.1.2 General requirements

At the moment there are two parts of the machines that already exhibit
some sort of surface treatment that facilitates cleaning of the machine.
One part is the steam box that have some sort of surface treatment
to prevent build up. This treatment is not investigated further in this
study. The other part is the glue box. This part get some sort of
flouropolymer coating to prevent the build up. This surface treatment
seems to work well. The only drawback with this treatment is the way
that it is made. The polymer has to be baked at a high temperature to
be able to stick to the substrate, putting high demands on the thermal
properties of the box itself to withstand these temperatures without
any shape shifting. At the moment Valmet AB is doing this treatment
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in a local shop in Karlstad, Sweden. This is due to the fact that they
have bought the concept from the local shop and not the product
itself. Valmet AB has requested to find alternatives to this surface
treatment in which the application is easier and could be made world
wide. Another requirement regarding the glue box is the fact that the
coating is difficult to repair, not just only from a process aspect but
also because of the fact that the only place this could be done is in
Karlstad, Sweden. When it comes to coating new surfaces Valmet AB
is requesting easy applicable and highly durable surface treatments in
general.

These tissue machines have to be cleaned even if they have parts
that have been coated with non-stick or some easy-clean product. This
leads to that the coatings has to be able to withstand this kind of mild
wear. The cleaning process looks a bit different depending on where
it takes place in the machine. In the wet area, the use of high pressure
industrial washers with high temperature water and sometimes with
chemicals mixed into it are used, in the Yankee section mechanical
cleaning is the dominating procedure, and in the dry section they
use air. If this cleaning is not done properly there will be build up
of fibres, coating, and so forth could lead to fire if a spark appears.
With proper surface treatments the cleaning will be much easier and
less aggressive, but nevertheless the treatments have to be able to
withstand some mild wear caused by cleaning.

General requirements regarding the surface treatments:

• Robust application methods.

• Highly durable.

• Repairable.

• Low cost

• Be able to withstand mild wear caused by cleaning.

1.2 summary specifications

A summary of the problem areas is presented in Table 1 and with that,
four surface-treatment specifications is presented below. The priority
are based on the information collected from workers at Valmet, it
states that high priority parts are the most in need of some kind
of non stick-coating. All of these specifications are supplemented
with the general requirements stated in Section 1.1.2 that the the
surface treatments should be robust in their application method, highly
durable, repairable, low cost.

• Thermally stable <150°C.

• Non-Stick properties towards coating.

• Chemically resistant

• Durable
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Table 1: Summary of the problem areas from 1.1.1

Temperature Environment Chemicals Wear Priority

NTT/TAD

Steam Box 100°C Wet/Dry No Cleaning Medium

Toe Yankee
Head

<500°C Hot/Dry Coating Cleaning High

Head Bolt
Covers

120°C Dry Coating Mechanical
wear due to
build up

High

Yankee Doc-
tors

100°C Dry Coating Cleaning Medium

Yankee
Head/Head
Bolts

120°C Dry Coating Cleaning High

Sheet
Supports

>100°C Dry Coating Mechanical
wear

Medium

Glue-Box
Blades

100°C Dry Coating Cleaning High

Dry End
(general)

100-60°C Dry Coating &
Adhesives

Mechanical
and Clean-
ing

Medium

Wet End
(general)

N/A Wet/Humid No Cleaning Medium/Low

TAD-
Specific

Cross Beam Steam Deck 100°C Wet/Dry No Cleaning

Medium

Steam Deck
before Press
Roll

100°C Dry/Humid Coating Cleaning Medium

Press Roll,
Bearing
House,
Arms,
Framing

N/A Humid/Dry Coating Cleaning Medium

Bearing
Houses,
Lead Roll
Journals,
Framing

N/A Humid Release-Oil
mist

Cleaning Medium/High



Part II

L I T E R AT U R E R E V I E W

As the main problem with maintenance in the tissue ma-
chines arises from things sticking to surfaces, the focus
in this thesis will be on non-stick materials. In the lit-
erature review, multiple possible coatings were selected
and the main theory behind non-stick properties anal-
ysed. In the research phase two main coating systems
were chosen to be tested for the applications of non-stick
nature, fluoropolymer- and silicone-coating systems. The
fluoropolymer systems were provided by two companies,
Impreglon and Whitford. Impreglon provided two types
of coatings, traditional fluoropolymer coatings (TempCoat)
and fluoropolymer combined with thermal spray (Plasma-
Coat). The PlasmaCoat combines a hard metal layer that
has been sprayed onto the substrate with the fluropoly-
mer/silicone on top and mainly in the valleys of the struc-
ture obtained by the thermal spray. These systems have
higher abrasive resistance as the peaks of the thermally
sprayed layer will protect the softer polymer in between.
Sample plates provided by Whitford were from their Xylan
series, one was their highest cure system and the other one
of their lowest cure system. The two silicone coatings were
provided by Wearlon Plastic Maritime Corporation. These
two coatings were silicone epoxy systems that had the abil-
ity to be cured at room temperature. The chosen coatings
are presented in Table 2 along with their type, application,
application temperature and working temperature. In the
following chapters the theory of surface interaction will be
presented along with information about fluoropolymers
and silicones.

Table 2: Coatings chosen

Brand Type Application Application
temp °C

Working temp

Whitford Fluor Spray 220°C 200

Whitford Fluor Spray 400°C 260

Wearlon 2020.98 Silicon Spray Rumstemp 135

Wearlon 4545.76 Silicon Spray Rumstemp 135

TempCoat Fluor Spray N/A 260

PlasmaCoat (2009F) Fluor Plasma N/A 220

PlasmaCoat (4001F-11) Silicon Plasma N/A 220

Valmet Fluor Spray 340 N/A
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T H E O RY

2.1 introduction

Wetting of a liquid on a solid surface depends not only on the chemical
nature of the surface but also on the structure of the surface [2].
Wetting is a measurement of how much a water droplet will spread
out on a surface when they are in contact. The more the droplet
spreads out over the surface the higher wettability the surface has.
In this case non-wetting surfaces are sought after, e.g. the ability to
keep the contact area between the droplet and the surface as small as
possible.

Ideally the shape of a water droplet is determined by the surface
tension of the liquid. In a pure liquid, each molecule in the bulk is
pulled equally in every direction by their neighboring molecules. This
results in a net force of zero. However, the molecules at the surface
do not have neighboring molecules in every direction (Figure 7), and
will not provide a balanced net force. The outer molecules are pulled
inwards by the bulk-molecules to create a pressure. This pressure
forces the drop to contract its surface area to maintain the lowest free
surface energy. When a drop of liquid is placed on a solid surface
in an environment of gas, the equilibrium shape is obtained when
the total free energy of the surfaces of the liquid in contact with the
solid and gas is at its minimum value. The outer environment helps
to shape the droplets by external forces. gSG is the free surface energy
of the interface between the solid and the gas, gSL is the free surface
energy (tension) between the solid and the liquid, and gLG is the free
surface energy (tension) between the liquid and the gas [13].

To measure the wetting of a surface Young’s equation (and variants
of Young’s equation) is used which uses the contact angle as a measure
of wettability. This equation uses the free surface energies to calculate
a contact angle qC. The following section will derive this equation for
ideal surfaces.

Figure 7: A droplet on a solid surface illustrating the molecular forces con-
tributing to the surface tension of the liquid,
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Figure 8: The energy components for the three interfaces-; SL: Solid-Liquid,
SG: Solid-Gas, LG: Liquid-Gas. qC is the contact angle.

2.2 young’s equation (ideal surface)

A droplet will only adhere to a solid surface and form a finite contact
area if and only if the total energy of the system reduces the total
energy of the system by the amount of the work of adhesion of the
liquid to the solid.

wa,SL = gSG + gLG � gSL per unit area
) gSL = gSG + gLG � wa,SL per unit area

(1)

The work of adhesion per unit area, wa,SL, is the amount of energy
per unit area required to separate the liquid from the surface. If wa,SL
is positive then there is an attractive force between the solid and the
liquid, and hence the surface will wet. If the work, wa,SL is negative
then there is a repulsive force between the solid and the liquid and
this repulsive force leads to a non-wetting state [2].

Imagining a single droplet of liquid suspended in gas has the total
free energy

wtot, liq = gLG Asphere (2)

where Asphere is the surface area of the droplet. When the drop
comes in contact with a solid surface one could state that the total area
would be ASL + ALG. Substituting this into Equation (2) with addition
of the adhesive work gives

wtot, liq = gLG(ASL + ALG)� wa,SL ASL (3)

By minimizing the contact area, the free surface energy decreases to
equilibrium. Differentiating Equation (3) with respect to the contact
area gives

gLG(dASL + dALG)� wa,SLdASL = 0 (4)

The derivatives of the area between solid-liquid and solid-gas are
shown in Figure 9.

Basic trigonometry from Figure 9 gives:

dALG
dASL

= cos qg (5)

Using Equation (5) in (4) gives
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Figure 9: Derivates of the area between solid-liquid and liquid-gas.

gLG(
dALG
cos qg

+ dALG) = wa,SL
dALG
cos qg

gLG + cos qg = wa,SL

(6)

Putting in Equation (1) into (6) finally gives Young’s equation:

cos qg =
(gSG � gSL)

gSG
(7)

If qg < 90

� the surface is said to be hydrophilic (water liking), and if
qg > 90

� the surface is said to be hydrophobic (water hating) [2].

2.2.1 Contact angle Hysteresis (non-ideal surfaces)

As the phenomenon of wetting is more than just a static state, Young’s
equation usually does not give the same contact angle as the observed
contact angle. In most cases the drop moves around on the surface
trying to wet parts that have not already been wet. To assume static
states for characterisation of wetting is therefor no longer adequate
[13].

If the droplet is in actual motion (dynamic wetting), the contact angle
is referred to as dynamic contact angle. In this state there are two contact
angles of interest. The advancing contact angle, qa, and the receeding
contact angle, qr, are shown in Figure 10. For this case, the advancing
contact angle is always greater than the receeding contact angle. The
difference between the two is called contact angle hysteresis [5]:

H = qa � qr (8)

If the speed of the droplet is very low, then the contact angle should
be close to the one for the static state. When calculating this hysteresis
the roll of angle, qt is determined as well. This is the angle at which the
droplet starts to roll off the surface. Contact angle hysteresis arises from
the roughness and/or by the heterogeneity of the surface. To calculate
contact angles for non-ideal surfaces with Young’s modulus is therefore
misleading as it does not consider the topography or heterogeneity
of the surface. To calculate contact angles for non-ideal surfaces one
should utilize the theory of the Wenzel (Figure 11)- and Cassie-Baxter
(Figure 12) state [13].
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Figure 10: Contact angle hysteresis.

When evaluating self-cleaning properties of a hydrophobic surface,
the roll off angle and contact angle hysteresis become important measures.
The roll off angle is dependent on how strong the interaction between
the liquid and the surface is, and can be described by the Furmidge
equation [3]

mg sin qt = gLw(cos qr � cosqa)

gL = Surface tension of the liquid.
qt = Roll off angle

(9)

where m and w are, weight and width of the contact circle of
the liquid droplet. (cos qr � cosqa) is a measure of the interaction
strength between the liquid and the solid surface. mg sin qt is the
gravitational force while gLw(cos qr � cosqa) is the capillary force. If a
liquid interacts in the Cassie-Baxter state, the area fraction of contact is
very small and thus the interaction strength is very low, which results
in a small roll off angle. If the liquid interacts in the Wenzel state, the
contact area becomes much larger than the apparent contact area, and
so the interaction strength at the interface will be much higher than
the interaction strength in the Cassie-Baxter state. If the contact angle
is the same for the Cassie-Baxter and Wenzel states, the Wenzel state
will have a larger roll off angle [3]

2.3 wenzel

If the surface of the material exhibits microstructured or nanostruc-
tured features, the way the surface wets changes. For these cases the
Wenzel regime acts as one of the mechanisms. The Wenzel regime
considers a rough surface and characterizes this by introducing a
roughness ratio factor "r" defined as the ratio of the true area of the solid
surface to its projection [2].

r = Arough/Aflat , r > 1. (10)

Wenzel put this factor into the Young’s equation which gives:

cos qW = r(gSG � gSL)/gLG = r cos qg (11)

where qg is the contact angle for a flat surface and qW is for the
Wenzel state. Wenzel states that if qg < ° then qW < qg. This has the
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consequence that if a material with a flat surface exhibits a contact
angle below 90° then an introduction of roughness will enhance the
wetting of the surface. So introduction of roughness to a hydrophilic
surface will enhance the hydrophilicy. On the other hand if qg > ° then
qW > qg, and so in this case introduction of roughness will enhance
the hydrophobicy of the surface [2].

Figure 11: Wenzel state.

2.4 cassie-baxter

In the Cassie-Baxter regime the surface is considered to be flat but
consisting of randomly distributed "n" different types of materials
on the surface. Each of these materials is characterised by their own
surface energies (tensions), gi,SL and gi,SG, each with respect to a
material fraction fi on the surface[2].

f1 + f2 + ... + fn = 1 (12)

gSG =
n

Â
i

fi(gi,SG)

gSL =
n

Â
i

fi(gi,SL)

(13)

Substituting these two equations into Young’s Equation (7) gives:

cos qCB =
n

Â
i

fi(gi,SG � gi,SL/gSL) =
n

Â
i

fi cos qg (14)

In some surface structures the morphology can trap air in between
asperities just like the "Lotus Effect" as shown in Figure 12. Then
the droplet sits on a surface consisting of distributed solid asperities
and air-pockets. These types of surfaces are called two-component
surfaces with the two material fractions, fS + fG = 1, cos q1g = cos qg

and f1 = fS for the liquid, cos q2g = �1 (-1 because the gas fraction is
completely dry and non-wetting) and f2 = fG for the gas. Putting this
into Young’s equation with "r" gives:

cos qCB = r fS cos qg � fG = r fS cos qg + fS � 1 (15)

With this equation one can see that if the solid fraction goes towards
zero, then qCB ! 180�. One can reduce the solid fraction and make it
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go towards zero by the introduction of asperities. At 180� the surface
is said to be completely non-wetting [2].

Figure 12: Cassie-Baxter state.

2.5 determine surface tension

The most common method to determine the Surface Free Energy (SFE)
is to first determine the Water Contact Angle (WCA). The method used
in this work is based on Young’s equation, Equation (16), and the
work of adhesion, Equation (17).

cos qggLG + gSL = gSG (16)

wa,SL = gSG + gLG � gSL (17)

Substituting gSG � gSL from Equation (17) into Equation (16) gives
us the work of adhesion in terms of gLG.

wa,SL = gLG(1 + cos qg) (18)

wa,SL can further be divided into components that represents differ-
ent surface interactions. Assuming that the SFE also can be divided
into these components [6] gives

g = gd + gp (19)

Here d stands for the dispersive component while p stands for
the polar component. Using this approach, the expression of the
adhesion of work by Owens and Wendt [6] gives the geometric mean
method. Further on the LG indexing will be shortened to L for cleaner
equations.

(1 + cos qi)gLi = 2
✓q

gd
Lig

d
S +

q
g

p
Lig

p
S

◆
(20)

Using data for two liquids (i = 1, 2) gives a system of equations. By

dividing Equation (20) by 2
q

gd
Li gives the final linear equation.

(1 + cos qi)gLi

2
q

gd
Li

=
q

gd
S +

s
g

p
Li

gd
Li

q
g

p
S (21)
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This equation is written in the same form as y = kx + m. Using
this method with two liquids, one polar and one non-polar, one can
determine the dispersive and polar component of the surface tension
for the solid surface by solving the linear system of equations[6].

To determine the critical surface tension the Zisman method is used.
This method uses a variety of liquids and their contact angle, cos(q),
plotted against the liquids surface tension gL. These values are then
extrapolated to the value of cos q = 1. This is the surface tension of
a liquid where complete wetting of the surface occurs, which is the
definition of the critical surface tension [6].

2.5.1 Drop Size

When doing these measurements with the Sessile drop microscope
for the static contact angle, one has to take the size of the drop into
account. To be able to neglect the gravitational forces the "capillary
scale", k�1, is used to determine the maximum drop size under which
the gravitational forces can be neglected and the forces present is said
to be pure capillary [7].

k�1 =
q

gL/(rg) (22)

For example this will give water a k�1 value of about 2.7 mm [7].
Below a radius of 2.7 mm the forces are mainly capillary and the
gravity can be neglected.
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F L U O R O P O LY M E R S

Fluoroplastics are defined as a family of thermoplastic resins analo-
gous to polyethylene (PE), in which some or all of the hydrogen atoms
attached to the carbon chain are replaced by fluorine or fluorinated
alkyl groups. Other halogens as chlorine may be present as well. The
best known fluorcarbon is polytetrafluoroethylene or PTFE, better known
as Teflon. PTFE is a tough, flexible, and crystalline polymer that retain
its properties over a wide range of temperatures. PTFE is the most slip-
pery solid known to man and the most solvent and chemical resistant
among the fluoroplastic family. These properties makes it widely used
in many industries such as petrochemical, chemical, off-shore, packing
industry and many more. The main drawback with the use of PTFE as
a coating is its process-ability. PTFE requires a technique that differs
from all other thermoplastic resins. The rest of the fluoroplastics can
be processed by melt processing.

3.1 chemistry

Fluoropolymers have quickly risen to become one of the most widely
used coating systems in the world. This is due to their unique proper-
ties not achievable by any other polymeric material. The main unique
properties of fluoropolymers are:

• Chemical inertness.

• Non-Stick or Non-Wetting surface (hydrophobic).

• Low coefficient of friction.

• Resistant to elevated temperatures.

The main thing causing these unique properties is the strong C-F-
bond. The bonding strength for a few bonds are shown in Table 3, in
which you can see that the C-F bond has the highest energy with 485

kJ/mol.

Table 3: Carbon bond energies [4]

Bond Bond Energy [kJ/mol]

C-F 485

C-H 403

C-C 338

C-Cl 312

The main monomers that make up most of the large volume commer-
cial fluoroplastics are shown in Table 4 below, and the most common

23
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commercial fluoroplastics and what they consists of are shown in Table
5. Fluoropolymers non-stick nature comes from their low surface free
energy. Table 6 shows the critical surface energy (the surface tension
of a liquid that completely wets the surface)for the most common
groups used in manufacturing of fluoropolymers.

Table 4: Monomers used in commercial fluoroplastics [4]

Compound Formula

Tetrafluorethylene (TFE) CF2=CF2

Chlorotrifluoroethylene (CTFE) CF2=CC1F2

Vinylidene fluoride (VDF) CH2=CF2

Vinyl fluoride (VF) CH2=CHF
Ethylene (E) CH2=CH2

Hexafluoropropene (HFP) CF3CF=CF2

Perfluoromethylvinylether (PMVE) CF3OCF=CF2

Perfluoropropylvinylether (PPVE) CF3CF2CF2OCF=CF2

Table 5: Commercial fluoroplastics [4]

Chemical name Monomer(s) Used Abbrevation

Polytertafluorethylene TFE PTFE
Polychlorotrifluoroethylene CTFE PCTFE
Polyvinylidene fluoride VDF PVDF
Polyvinyl fluoride VF PVF
Fluorinated ethylene propylene TFE+HFP FEP
Copolymer of tetrafluoroethy-
lene and perfluoromethylvinyl
ether

TFE+PMVE FEP

Copolymer of tetrafluoroethy-
lene and perfluoropropylvinyl
ether

TFE+PPVE MFA

Copolymer of ethylene and
tetrafluoroethylene

E+TFE PFA

Copolymer of ethylene and
chlorotrifluoroethylene

E+CTFE ECTFE

Terpolymer of tetrafluoroethy-
lene, hexafluoropropylene, and
vinylidene fluoride

TFE+HFP+VDF THV

Terpolymer of hexafluoropropy-
lene, tetrafluororethylene, and
ethylene

TFE+HFP+E HTE
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Table 6: Critical surface tension of fluorocarbons[10]

Surface constitution gc [Dynes/Cm. at 20

�]

-CF3 6

-CF2H 15

-CF3 and -CF2- 17

-CF2 18

3.2 structure

As mentioned in previous the section, the fluoropolymers get their
properties from the strong C-C, and C-F bonds. The molecule itself,
in its purest form (PTFE), is rod-like with the small fluorine atoms
winded closely around the carbon backbone. This close coverage of the
carbon backbone leads to the chemical resistance and overall stability
of the molecule. The fluorine atoms themselves give the molecule
its low surface energy and low coefficient of friction. The rod-like
structure of PTFE allows it to align well and create a high order of
crystallinity. The high order of crystallinity leads to the high melting
point. If one fluorine atom on the TFE group is replaced by a triflu-
ormethyl group (CF

3

) the monomer becomes a hexafluoropropylene
(HFP). When this monomer is polymerized the molecule becomes a
fluorinated ethylene propylene copolymer (FEP). The added trifluo-
rmethyl group creates a little bump on the structure (Figure 13). This
bump in the structure will lower the crystallinity of the polymer to 70

%, compared to 98 % for PTFE. This lowers the melting temperature
of the polymer but the same properties as PTFE remains.
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Figure 13: Tetrafluorethylene and hexafluoropropylene.

Depending on how much fluorine there is in the main chain and
the degree of crystallisation the fluoroplastics can be classified into
several groups as shown in Table 7. As stated at the bottom of Table 7,
perfluorinated polymers contains only carbon and fluorine in the main
chain and these fluoroplastics are better known as fluorocarbons.

3.3 mechanical properties

As mentioned in the previous section the fluoroplastic family exhibits
excellent chemical and high temperature resistance. This has lead
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(a) (b)

Figure 14: a) Three-dimensional representation of PTFE and b) FEP (gray is
carbon and green is fluorine) [8]

.

Table 7: Categories of fluoroplastics[4]

Partially Fluorinated Perfluorinated

Crystalline ETFE PTFE
PVDF PFA

PVF FEP
EFEP -

Amorphous FEVE CYTOP
TEFLON AF

Perfluorinated polymers contain only carbon and fluorine in the main
chain

Copolymer of fluoroethylene and alkylvinyl ether (fluorinated ethylene-
vinyl ether)

to the wide spread use of this class of polymers where most of the
hydrocarbon-based materials would fail. However, the fluoroplastics have
their limitations regarding their mechanical properties when compared
to other thermoplastics. Except for these limitations regarding the
mechanical properties the main drawback with fluoroplastics is that
they are very expensive as well.

The mechanical properties of fluoroplastics depends on if they are flu-
orinated (Table 7) or contain hydrogen atoms in their chain. Generally
the fluoroplastics with hydrogen in their structure have about 1.5 times
the strength of fully fluorinated fluoroplastics. The fully fluorinated
fluoroplastics on the other hand exhibit greater elongation and higher
maximum service temperature.

3.4 additives

Pigments and fillers are fine-sized solid particles added to coatings
for different reasons. Pigments are mainly added to coatings for ap-
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pearance, and fillers are typically added to reduce cost, or to enhance
performance. The main reasons for adding pigments and filers are

• Appearance - Not just the obvious change of color, but also in
terms of hiding, roughness and gloss.

• Economical - Adding inexpensive particles to reduce cost.

• Carrier of active materials - Anticorrosive, antibacterial, fire-
proofing, electrical conductivity, UV-protection.

• Reduce permeability.

• Reinforcement - Adding particles that improves the physical
properties.

3.4.1 Pigments

Pigments added for high temperature applications are generally in-
organic. Organic pigments have the tendency to decompose during
processing at high temperatures [8]. The most common inorganic
pigments are red iron oxide, chromium oxide, titanium dioxide, ultra-
marine blue, cobalt blue, and different types of micas. These pigments
and some common fillers are listed in Table 8 showing color and some
comments.

Table 8: Common Inorganic Pigments Used in Fluoropolymer [8]

Color Pigment Comment

White Titanium dioxide
Red Red iron oxide
Black Carbon black
Yellow Yellow iron oxide
Blue Ultramarine blue Al

2

Na
2

O
6

Si
Blue Cobalt blue
Green Chromium oxide
Metallic Aluminium paste
Fillers Aluminium oxide Used for abrasion resistance

Aluminium silicate
Silicon carbide Used for abrasion resistance
Barium sulfate, barytes
Graphite Used for dry lubrication and

conductivity
Molebdynum disulfide Used for lubrication
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3.4.1.1 Micas

The mica pigments consist of small flakes that are used in fluorinated
coatings to provide a glitter effect. Depending on the size of the flakes
the glitter effect will be altered. In many mica pigments, the particles
are coated with a thin layer of aluminium oxide or titanium dioxide.
These two oxides can be highly transparent when coated thin enough
and have a high index of refraction. Any light impinging on these
flakes will refract and reflect, causing a shift in color and a glittering
effect. The mica pigment will also improve the permeation resistance
of the coating by creating a longer path for the permeating molecules
to reach the substrate [8].

3.4.2 Physical Property Improvement

As mentioned earlier in this section about additives, pigments and
fillers are sometimes added to alter other properties than visual effect
and reducing cost. Sometimes they are added to improve the physical
properties of the coating. The most common property to improve is
the abrasion or scratch resistance. If particles are added to act as an
reinforcement the random distributed acicular particles works as the
reinforcing media, compared to reinforcement of concrete with steel
bars or mesh. Adding a harder material to the, in general, soft, coating
can improve the abrasion resistance. The most commonly used hard
fillers are aluminium oxide, silicon oxide, and metal flake. When
adding these harder phases to the coating there is a limit of how much
can be added until the non-stick properties are affected[8].

3.4.3 Adhesive Promoters

When coating materials with low energy coatings as fluoropolymers
there can be problems to get the polymer to stick to the substrate.
One way to solve this problem or to help with the adhesion is to
add materials that promote the chemicaly adhesion to the substrate.
Adhesion promoters are molecules that have reactive groups in both
ends of the molecule. One of the reactive groups is designed to interact
with he substrate or pigments, the other group should then react with
the binder in the coating. Most commonly used adhesive promoters
in fluorocoatings are silanes and titanates. When it comes to silanes,
if one of the reactive groups is in the form of -Si-(O-CH

3

)
3

, or -Si-(O-
CHcCH

3

)
3

, that side will bond with inorganic compounds, such as
the pigment in the coating or the substrate. The other side should be
organic (vinyl, amino, epoxy, etc.) and it should react with the resin
in the coating. The way silane is structured, with two reactive groups,
allows it to be a coupling agent to form chemical bonding between an
organic and inorganic compound [8].
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S I L I C O N C O AT I N G S

"Silicones" is a more common name for compounds with the empirical
formula R

2

SiO. Just like the carbon atom the silicon atom has the
possibility to bond with four different atoms (tetravalent). But contrary
to the carbon atom the silicon atom will not form any double bonds.
These four bonds is the major advantage with silicones, it gives the
compound a highly flexible chemistry that allows a wide selection
of possible substituents to be attached to the flexible backbone. The
flexible backbone allows the low energy radicals to be presented at
the surface and so on change surface properties. The backbone of the
silicone consists of silicon and oxygen that alternates throughout the
chain with organic radicals, R, attached to each silicon [12].
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Figure 15: General structure of silicone or siloxane polymer backbone with
radicals R

1

and R
2

As the backbone of the silicone is inorganic and the radicals are of
organic nature the silicones becomes an important bridge between
inorganic and organic polymers.
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Figure 16: Examples of two hydrophobic substituents: a) Dimethylsiloxane
and b) 3.3.3-Trifluoropropylmethylsiloxane.

4.1 surface interaction

Most of the commercially available and widely used organic silanes
have a structure consisting of one organic substituents and three
hydrolyzable substituents. In almost every application when surface
modification takes place the alkoxy groups of the trialkoxysilanes are
hydrolyzed to form silanol-containing compounds [1]. The reaction
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of these silanes are shown in Figure 9 and consists of four steps. The
first step is the hydrolyzis of the three labile groups. Second step is
the condensation of oligomers, these oligomers later bond with the
hydrogen in the hydroxyl groups of the substrate. When the coating
is let to further dry and cure a covalent bond is made, simultaneously
release of water occur. The reactive groups are then free and available
to form covalent or mechanical interactions with other phases.
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Table 9: How a typical silicone interacts and bond with a substrate [1]
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4.2 hydrophobicy

The second law of thermodynamics states that a system will change
spontaneously in the direction of minimum total free energy. For a
polymer like PDMS-silicone that contains both polar (backbone) and
non-polar (radicals) parts will allow the low energy methyl-groups
to accumulate in the surface and to dominate the surface properties.
For the silicones this happens very easy due to the flexibility of the
backbone, and that the energy needed to rotate the molecule is vir-
tually zero. This allows the low energy radical groups to turn and
accumulate in the surface [9]. The order of surface energy of the
radical groups are

CF3 < CF2 < CH3 < CH2 (23)

where radicals containing fluorine has the lowest energy.

Table 10: Critical surface energies of selected silicones

Polymer gC (dynes/cm)

Polydimethylsiloxane 22.7
Polymethylnonafluorohexylsiloxane 16.3

For the silicones to become hydrophobic the substituents attached to
the silicon atom must be non polar and the most common families of
substituents to reach this hydrophobic nature is aliphatic hydrocarbons
and fluorinated hydrocarbons [1]. Aliphatic hydrocarbons are non-
aromatic hydrocarbons such as the methyl group shown in Figure
16. For a hydrophobic performing coating to be successful it must
eliminate or mitigate the hydrogen bonding sites that are present at
the polar substrate but also to shield the substrate from any interaction
with water by creating a non-polar interface. At the surface of the
polar substrate there are hydroxyl (-OH) groups present, these groups
are the most common sites for creation of the hydrogen bonding.
This hydrogen bond can be prevented by forming an oxane bond
between the hydrogen in the hydroxyl group with an organosilane.
By bonding the hydrogen with the organisilane the adsorption of
water is eliminated, but also, it works as an anchor point for the non-
polar organic substituents that protects the polar substrate from any
interaction with water as well. So, if all hydroxyl groups are bonded
to silanes, and the organic substituents shields the polar substrate, the
coating is said to be successfully hydrophobic [1].
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C H A R A C T E R I Z AT I O N

To evaluate the products chosen for this thesis, a few experiments
or analysis will be made. The parameters of interest is the structure
of the coating, its composition, surface energy and critical surface
tension, and release/clean-ability.

5.1 structure and composition

To analyze the structure and composition of these high performance
coatings a Scanning Electron Microscope (SEM) and its built in Energy-
Dispersive X-ray Spectroscopy-analysis (EDS) was used at Karlstad Uni-
versity. To be able to analyze these non-metallic coatings in the SEM a
thin layer of a conducting material was added. In this case gold was
used and put on to the substrates with the Physical Vapor Deposition-
method with a thickness of 200 Å (200 ⇤ 10�10m). This thin gold layer
made the coatings possible to analyse with both the SEM ans EDS.
The SEM was running at 20kV and the surfaces were analysed at 300x,
1000x, 5000x, and 1000x magnification.

5.2 surface energy & critical surface tension

The surface energy of the coatings combined with the critical surface
tension was used to compare the coatings performance theoretically
against each other. To do this the contact angle of a few liquids
with varying polarity was measured with the aid of a Sessile Drop
Microscope. The liquids used were water, diiodomethane, ethylene
glycol, ethanol, and glycerol and their data is shown in Table 11.

Table 11: Surface Tension Components of Selected Liquids

Liquid Total Dispersive Polar

Water 72.8 22.6 50.2
Diiodomethane 50.8 49.0 1.8
Glycerol 63.4 40.6 22.8
Ethylene Glycol 48.8 32.8 16.0
Ethanol 21.4 18.8 2.6

The Sessile Drop Method-measurements were made at the Depart-
ment of Chemical Engineering at Karlstad University. To ensure a
good result drop measurements were made five times per liquid on
each plate. To ensure that the drop size was less than k�1 and free
from gravitational forces Equation (22) was used for each test liquid.
These values were then compared to that in the test rig and adjusted
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if needed. For each of the drop measurements the contact angle was
analyzed up to 20 times over a period of 2-18 seconds. For ethanol
only the first recorded angles for the first second or two were used,
this due to the quick evaporation of ethanol. All the data obtained
from these measurements were collected and further analyzed in Excel
where the mean values and standard deviation were calculated.

The results of the Sessile drop measurements for water and di-
iodomethane were then used to calculate the polar and dispersive
components of the surface energy with the Owen Wendt Method by
using Equation (21). These calculations were made with the aid of
Matlab. The final step was to add these two components to obtain the
surface energy of the solids.

To evaluate the critical surface tension a Zisman plot was made
for each of the coatings. As explained earlier in the chapter with
theory the cos q was plotted against its corresponding surface tension
of the liquid. These data points were then extrapolated to the value of
cos q = 1, which is the point of complete wetting of the surface. These
graphs was made with the aid of Matlab.

5.3 release and cleanability

To simulate the buildup that occurs in the tissue machines a mixture
of the "coating" (adhesive) used in the TAD concept was mixed to-
gether accordingly. The TAD-adhesive was used because it’s the most
aggressive coating that Valmet is using in any of their concepts. To
further simulate the environment in the machines the "coating" was
preheated to about 60

�C and then spread on the sample plates with a
brush (Figure 17).

Figure 17: The eight plates coated with adhesive before going into the oven.
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Then the plates with the sticky "coating" were placed in an oven at
110

�C and after 30 minutes a small amount of adhesive was reapplied
to create a thick enough layer. The plates were then left in the oven
for 24 hours, letting the adhesive harden completely. After 24 h the
adhesive had completely hardened, and each plate was analyzed by
eye and touch as the layer of hardened adhesive was removed. At first
removing of the adhesives was tried with very little force with a soft
touch of a finger. If the adhesive did not come of in the first attempt
with a soft touch the adhesive was scraped gently at its border to the
plate with a fingernail. Further on the force increased if the adhesive
would not release by the touch of a fingernail, the tip of a knife was
used to get hold of the adhesive and then peeled of. At last, if the
adhesive had completely stuck it was scraped off with the knife.
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R E S U LT S

In the following subsections the results of the experiments will be
presented. Further on the coatings will be named as number for easier
presentation. The coatings was numbered in the following fashion:

1. Whitford Low Temp (Fluor)

2. Whitford High Temp (Fluor)

3. Wearlon 4545.76 (Silicon)

4. Wearlon 2020.98 (Silicon)

5. Impreglon TempCoat 1501F (Fluor)

6. Impreglon PlasmaCoat 30301/2009F (Fluor)

7. Impreglon PlasmaCoat 30301/4001F-11 (Silicon)

8. Valmet (Fluor)

The results in this section will be presented by images, graphs, and
tables.

6.0.1 SEM

The SEM-analyze were conducted to evaluate if there were any signs of
that the structure of the surface could influence the performance of the
coatings. Figure 18 shows the images obtained from the SEM-analysis
at 300x magnification. Starting from the top the images follows the
order from the first coating to the eighth.

6.0.2 EDS

This analysis was made to be able to draw some conclusions linking
elemental composition and performance. The main information of
interest was the fraction of fluorine and silicon present in the coatings.
In Table 12 the results of the EDS-analysis is presented. The concen-
trations of the present elements are presented as weight fractions.

6.0.3 Contact Angle

The contact angle measurements were made using the Sessile Drop
method at the Department of Chemical Engineering at Karlstad Uni-
veristy. The result from these measurements are presented in Table 13.
These results are the mean values of five measurements for each coat-
ing to ensure a result as correct as possible. Each drop measurements

39
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 18: SEM-images of the coatings. In order from 1st-8th coating.

consists of 5-20 registered values as the computer analyzed the drop
for about 2-18 seconds. The total mean value of the contact angle thus
consist of 25-100 registered values. The measurements for the rapidly
evaporating ethanol consists of the lowest amount of data with five
measurements per drop.

From the results obtained by the Sessile Drop Method, Table 13, a
Zisman plot was created for each coating. These plots are presented
in Figure 19. In Figure 19 the data for the test liquids, surface tension
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Table 12: Results in weight percentage from EDS analysis. Blank spaces are
concentrations below what could be registered by the EDS

Elements 1 2 3 4 5 6 7 8

C 60.89 13.88 39.40 51.42 16.19 14.88 24.55 18.31

O 19.85 18.11 14.74 19.70 1.95

F 2.88 67.05 77.10 76.13 84.95

Na 3.58

Al 4.01 0.28 0.56 0.28 0.19 0.23

Si 5.80 0.34 11.78 6.70 0.17 33.50

S 4.1
K 0.40 0.36

Fe 0.82 0.25 0.77

Au 2.71 7.38 3.16 4.02 2.92 4.44 8.90 3.28

Cl 0.23 0.35

Ti 0.36 0.09

Cr 0.28

Ni 1.51

W 4.47

Ca 0.20

Table 13: Sessile drop results, showing contact angles for the test liquids
(standard deviation)

1 2 3 4 5 6 7 8

Water 78 (0.6) 99 (0.9) 101 (0.9) 95 (0.7) 91 (0.7) 101 (0.9) 99 (0.8) 100 (1.8)

Diiodomethane 49 (5.4) 76 (1.6) 78 (4.2) 72 (2.7) 68 (1.4) 80 (1.9) 69 (5.9) 82 (1)

Glycerol 96 (2.1) 96 (0.6) 103 (1.8) 101 (1.3) 93 (2) 98 (1.1) 100 (2.5) 98 (1.4)

Ethylene Gly-
col

79 (1.7) 85 (2) 88 (1) 90 (0.5) 75 (0.6) 87 (0.3) 87 (2.4) 87 (0.5)

Ethanol 28 (1.8) 35 (1.6) 35 (2.5) 34 (2.6) 36 (1.9) 46 (1.6) 30 (0.9) 44 (2.5)

and cosinus for the contact angle, are plotted against each other. The
red line is the extrapolated line for these data points. The blue line
is the value of cos q = 1. Where these two lines meet is where the
Critical Surface Tension lies. The CST for each coating is presented in
Table 14, ranked in order from lowest to highest tension.

6.0.3.1 Owen Wendt

Determination of the surface energy of the coatings was made by
using Equation 21 from the Owen Wendt method by calculating the
polar and dispersive components using water and diiodomethane as
selected liquids. These results are presented in order from lowest to
highest in Table 15.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 19: Zisman-plots for each of the coatings.

Table 14: Critical surface tension calculated from Zisman plots

Sample Critical Surface Tension

6 1.71

8 2.45

3 9.52

4 10.53

2 10.53

5 11.76

1 12.5
7 14.29

6.0.4 Release Test

The coatings ability to withstand the adhesives used in the process
of making tissue was in this work simulated by baking the adhesive
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Table 15: Solid Surface Energy Components

Sample g gd gp

8 17.59 14.68 2.91

6 18.18 15.92 2.26

3 18.89 16.78 2.1
2 19.81 17.54 2.27

4 22.51 19.53 2.98

7 23.60 22.12 1.48

5 25.25 21.48 3.77

1 36.61 30.44 6.16

coated plates, Figure 17, for 24h at 110 °C to ensure complete harden-
ing of the adhesive. Figure 20 shows the cooled down plates after 24h
in 110°C.

Figure 20: The selected plates after 24h in 110°C

Then the adhesives was removed. The results of this test is presented
with comments in Table 16, going from the top performing coatings
to the least performing.

A few of the plates showed some marks left by the adhesives. These
marks are presented in Figure 21. These marks are the same for Figure
21a and Figure 21b where the adhesives has just stained the coating.
For 21c this imageclearly shows the residues left of the adhesives itself
and that it could not be completely removed.
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Table 16: Release Test after 24h in 110

Sample F % Si % Comments

8 84.95 Both coatings gave release to the glue
with ease.

6 76.13

5 77.10 0.17 Almost the same performance as number
six and eight, stuck just a little harder.

2 67.05 0.34

These three coatings performed equally,
by holding on to the coating just a little
more than the fifth coating. When a grip
was formed on the glue it came off easily
leaving no residues behind.

3 11.78

7 33.50

1 2.88 5.80 The glue came off after lifted with a knife,
leaving small amount of residues left.

4 6.70 The glue completely stuck to the coating
and made it very hard to remove. It did
not come off in one piece as for the other
coatings, but in small debris instead.

(a) (b) (c)

Figure 21: Shows the marks left by the adhesive on the coatings. a) being the
first coating, b) the third, and c) the fourth
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C O N C L U D I N G R E M A R K S

The final part of this thesis is where I draw conclusions and state
remarks regarding the experimental work made in this thesis, and
also propositions on what could be the next step in this investigation
and how that work might be executed. The problem definition in this
work was limited to the choice of coating systems that might solve
the existing problem with build up of the aggressive adhesives used
in the Yankee section of a tissue machine. There still might be other
possible solutions when it comes to design of spaces and the machine
concepts themselves to constrict the adhesives to a limited space.

7.1 sem

From the SEM-analysis one could not see directly if the coatings
followed the Wenzel or Cassie-Baxter state. What could be seen
was the overall structure of the samples. In Figure 18e,18h one can
see similarities in the structure. These two are of the traditional
fluoropolymeric coating system as are the fifth coating (Figure 18b).
But Figure 18e,18h shows a dimple like structure and by eye seem
significantly rougher than Figure 18b. This could be an indication of
the Wenzel state as coating five and eight had a higher performance
than coating number two, as stated in the chapter about theory that
when introduction of roughness to a hydrophobic coating increases
the hydrophobicity. Also this could be a indication of better wetting
of the substrate by the polymeric coating in Figure 18b as a result of
the high curing temperature (400°C). The tho plasma treated coatings
from Impreglon, Figure 18f,18, show a different structure than the
other. As expected, Figure 18g shows that the structure is clearly
irregular and rough. Other than that the only concluding remarks
from these SEM images is some pores present in Figure 18b,18d.

7.2 eds

The EDS analysis was made only to recognize the amount of fluorine
and silicon in the coating system to compare them to their perfor-
mance. This comparison will be made below in this chapter. The other
including elements could be linked to what has said in Section 3.4.1
about additives. The reason for the shimmering effect in coating two
and five could be made from the levels of O, Al, and Ti displayed in Ta-
ble 12. These corresponds to the effect and composition of some Micas,
Section 3.4.1.1 (aluminiumoxide and titaniumoxide). Almost every
coating had some amount of silicon in it, this could be as a adhesive
promoter in the fluorine systems or as an surface active component in
the silicon based systems (coating three, four, and seven). The gold
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present in the analysis comes from the 200Å layer that was put on the
coatings to make them conductive so they could be analysed with the
SEM and EDS method.

7.3 contact angle

From this experiment the theoretical performance of the coatings was
the main goal to achieve by calculating critical surface tension and
the surface free energy. Their performances is all presented in Figure
19 and Tables 13,14,15. The data presented in Table 13 for the Sessile
Drop-measurements depend on the precision with which the surface
tension of the liquids could be determined. In this case all data for
the liquids were gathered from [11]. To determine the liquids surface
tension specifically was not possible. This might be a source of errors
that might be present in the final results. Other possible sources of
errors could be the plates themselves and the drop microscope used
in this thesis. When analysing the drops in the microscope the plates
had to be completely level for the computer to be able to register a
sharp contact angle at the base of the drop. If the plates were skew
the baseline became blurry and the registration of contact angle was
made too high on the drop causing a lower registered angle. Most
of the plates were skew to some degree so all the measurements had
to be made at the edge of the plates to record a sharp angle between
drop and plate. This has the consequence that all the measurements
had to be made at the same area for all liquids. This could as well
be a source for misleading results as the previous liquid could have
altered the performance of the surface.

In Table 14 where the critical surface tension is presented one can
see that the two with the lowest values are the ones with the highest
fluorine content in Table 12. Remarkably the fifth coating resulted in
a much higher CST even though it has the second highest fluorine
content. It could be due to errors, but this will be sorted out in the
release test. The most interesting results are the ones for the silicon
based systems, coating three and four. Comparing Table 14 to Table
15 one can see that the order of performance is almost the same.

7.4 release test

This test is most interesting for Valmet. Does it really work? There
were some expected results and some not so expected ones. Table 16

showcase the results of performance going from best to worst. The
top three performers are quite expected ones, as they are the coatings
with highest amount of fluorine. Once again, the fluorine coated
plates perform at an other level than the others. This corresponds
well with the theoretical results for critical surface tension and surface
free energy (Tables 14,15). Interestingly the third coating performs at
almost the same level as the top three fluorine coatings. One thing
that is quite interesting as well is that how poorly the fourth coating
performed in this test compared to its results in Tables 14,15. A
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possible explanation for this is the lower amount of silicon, Table
12, compared to the third coating. As one can see in Figure 21c
the adhesive could not be completely removed, making it an unfit
candidate for applications in the tissue machine. Aside from coating
eight and six the other coatings did vary some in release performance
from their theoretical results (Table 14,15). An answer to this could be
errors that might have occurred during the drop measurements or by
local surface defects that affected the small drops but not the larger
area covered by adhesives.

In this simulation there are several aspect that might differ from
the actual process in the tissue machine. The build up for once. This
simulation might work for the glue box where the concentration of
adhesives are very high and coats the inside and outside of the glue
box with a similar layer of adhesives as in this experiment. For other
machine concepts the build up occurs less symmetrical and will not
coat the surfaces as evenly as in this test. This would have to be tested
further as the main thing that affected the release was how easy it was
to get hold of the adhesive. Thicker layers will be easier to remove
than thin ones.

7.5 future work

This thesis focused mainly on the release properties of the possible
coatings, but there are some future work to be made for Valmet to be
able to consider them as a possible solution.

7.5.1 Abrasive Wear

I propose that the top performing coatings should be tested for their
abrasive resistance and how the performance is affected over time by
this abrasive wear. This should be done by continuing the release test
made in this thesis and simulating the cleaning procedure on larger
sample plates by using proper equipment used on site when cleaning
these machines. Equipment might be high pressure industrial washers,
brushes, spatulas etc.

7.5.2 Long Term

To evaluate long term performance of the coatings I would recommend
the coatings to undergo the same release test made in this thesis
multiple times, to see if the adhesive itself affect the performance of
the coating. As seen in Figure 21a,21b the adhesives could have some
affect on the performance of the coatings by leaving some residues or
by chemical reaction.

7.5.3 Real Test

The final test would be to evaluate the coatings after being used in
Valmets own pilot machine that is stationed in Karlstad Sweden. This
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could be made by coating some of the existing parts in the machine
that is exposed to build up of adhesives and fibres. An other way to
do this is to manufacture larger plates that is hung in the machine
at appropriate locations where build up occurs. This testing will not
only apply the adhesives in a realistic way but also put the coatings
through a realistic test of the environment.

7.5.4 Manufacturer Relations

As mentioned in Section 1.1.2, one of Valmets requirements was for the
solutions to be easy applicable and for it to be applicable world wide.
To ensure this, the manufacturers have to be contacted, and asked of
how a solution of this might look like. As of today the coating used on
the glue box is applied at a local shop in Karlstad restraining Valmets
possibilities regarding manufacturing of some machine concepts.

The cost of these coatings will affect the overall desire to use them as
well. When being in contact with manufacturers during the research
phase, I quickly learned that they need a lot of information regarding
the specific machine concepts to be able to evaluate the possibilities
and costs of possible solutions. There might be a lot of custom options
available and for Valmet to be a part of a development for a custom
solution.

I think a lot of the work further on should be in contact with some
manufacturers to help with what’s possible and what’s not to be able
to come up with a solution together that favors both parts.

7.6 final words

There are possible solutions for Valmets problem with the build up
of strong adhesives and fibres, some of them mentioned in this thesis.
They do need further testing and evaluation to ensure long term
performance, but I can see future usage of these materials in Valmets
tissue machines.
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