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Coail coating is a widely used coating method where a coating is continuously applied onto
a steel strip. At SSAB the topcoat is applied using reverse three-roll coating. There are
various coating errors that are typical for this coating method that are difficult to eliminate.
The aim of this thesis was to reduce the formation of striping errors in polyester coatings
at SSAB’s continuous color coating lines by modifying the properties of the paint.

The focus of this thesis is on two specific common coating errors: the longitudinal ribbing
stripe and the transverse cascade stripe. Cascade occurs when the meniscus between the
rolls travels too far inside the nip due to a high roll speed ratio. This causes air to get
caught in the meniscus, which leads to a transverse stripe. Ribbing occurs when pressure
gradients in the meniscus cause small disturbances to widen instead of leveling.

The conditions where striping errors form are complicated and often difficult to control.
In practice, the surface quality in reverse roll coating is controlled by modifying the roll
speeds. Suitable roll speed ranges constitute a coating window, in which the produced
surface quality is considered to be acceptable. Based on literature, it was identified that
the coating window could be widened by increasing the surface tension of the paint.

To confirm the effect of surface tension on error formation, a series of trial runs with
modified polyester paints with increased and lowered surface tension was performed. The
line trials were designed to go through a trial cycle, where the striping of the paints was
comprehensively tested at various roll speed conditions. Viscosity and surface tension of
the paints were measured. In addition to the polyester paints, a particle structured paint
was also modified and a line trial was performed.

The results of the trial runs were positive with the high surface tension polyester paints
exhibiting superior surface quality compared to production paints in all trial runs. The
high surface tension particle structured paint also had significant improvement in striping



performance, which means that the improvements gained by increasing the surface tension
could potentially be extended to other coatings used at SSAB.
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SSAB:lla terdsnauhoja pinnoitetaan jatkuvatoimisella k&énteiselld kolmitelamaalauspro-
sessilla. Kolmitelamaalausprosessilla on kuitenkin tyypillisid pinnoitusvirheitd, joista on
vaikea paastd tdysin eroon. Taman diplomityon tarkoituksena on vahent&éd polyesteri-
maalien raitumisvirheitd SSAB:n jatkuvatoimisilla maalipaéllystyslinjoilla muokkaamalla
maalin ominaisuuksia.

Tama diplomityo keskittyy kahteen yleiseen maalausvirheeseen, pitkittaiseen ja poikittai-
seen raitaan. Poikittaista raitaa esiintyy kun meninski liikkuu liian syvalle telojen véliseen
nippiin. Talldin meninskiin jad ilmaa, joka johtaa poikittaiseen raitaan lopullisessa maa-
lipinnassa. Pitkittéisté raitaa esiintyy kun painegradientit meninskissa aiheuttavat pienien
virheiden levenemisen, tasoittumisen sijaan.

Olosuhteet, joissa raitaisuusvirheité esiintyy, ovat monimutkaisia ja vaikeita kontrolloida.
Kéytanndssa pinnanlaatua séadetdén pinnoituksen aikana muuttamalla telojen nopeuksia.
Telanopeudet, joilla saavutetaan hyvaa pinnanlaatua, muodostavat pinnoitusikkunan, jon-
ka sisalla kaytannon pinnoitus tapahtuu. Kirjallisuuselvityksen perusteella havaittiin, etti
raitojen muodostumista voidaan vahentaa ja pinnoitusikkunaa leventédé nostamalla maalin
pintajannitysta.

Pintajannityksen raitoja vahentavén vaikutuksen varmistamiseksi suoritettiin sarja koea-
joja modifioiduilla maaleilla, joilla oli joko alennettu tai korotettu pintajannitys. Koeajot
suunniteltiin siten, ettd niissé kaytiin l&pi laaja kirjo erilaisia telanopeuksia, joissa tes-
timaalien raitaisuusalttiutta voitiin testata kokonaisvaltaisesti. Maaleista mitattiin my6s
viskositeetti ja pintajannitys. Polyesterimaalien lisdksi myds yhta partikkelistrukturoitua
maalia modifioitiin ja testattiin samoin kuin muita maaleja.

Koeajojen tulokset olivat positiivisia. Korkean pintajannityksen polyesterimaaleilla esiin-



v

tyi huomattavasti vahemman raitoja ja pinnanlaatu oli parempi kuin alhaisen pintajanni-
tyksen maaleilla. Partikkelistrukturoidun maalin tulokset olivat vastaavia: korkean pinta-
jannityksen maali oli huomattavasti parempi pinnanlaadultaan kuin alhaisen pintajanni-
tyksen maali. On siis todenndkdistd, ettd korkealla pintajannitykselld saadut hyddyt voi-
daan laajentaa myds muihin SSAB:I14 kaytettaviin pinnotteisiin.
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1. INTRODUCTION

SSAB is a global steel company that is based in the Nordic countries and the US. The cur-
rent SSAB was created in 2014 when SSAB bought the Finnish steel company Rautaruukki.
SSAB employs around 16000 people in over 50 countries. SSAB has has steel production
facilities in Finland, Sweden and Northern-America with an annual production capacity
of around 8.8 million metric tons of steel. SSAB is structured across five divisions: SSAB
Special Steels, SSAB Europe, SSAB Americas, Tibnor and Ruukki Construction and is
listed on the Nasdag OMX Stockholm and secondary listing on Nasdaq OMX Helsinki.
SSAB is a leading producer of Advanced High Strength Steels (AHSS) and Quenched &
Tempered steels (Q&T), standard strip, plate and tubular products as well as construction
solutions. [1]

Colour coated steels are a part of SSAB Europe’s product portfolio and they are manu-
factured in Hameenlinna, Kankaanpéaa and Finspang. The Hameenlinna factory employs
around 900 people. The colour coating line at Hdmeenlinna was founded in 1977 and it
produces polyester-, PVdF- and polyurethane-based coatings as well as laminate coatings.
The coil coating line is presented in figure [L.1. [2]

L/

=y W A A A
b ,

s Saill

200000 0

5 2 "3!.0 - ¥ sissss "‘EV" > | o |
&F ST i’ P e

Figure 1. IThecoil coatinglineat Hineenl i rija

Coail coating is widely used coating method where a coating is continuously applied onto
a moving steel strip. The process consists of cleaning, chemical pretreatment and the
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application of a wet paint layer onto the strip. After the the wet paint has been applied,
the strip moves into oven, where the paint dries and forms the final coating layer. At
H&meenlinna, both sides of the steel strip can be coated. A primer coating is usually
applied before the final coating layer. [3]

The paint is applied on the steel strip using a process called roll coating. Roll coating is
a relatively simple and versatile method where multiple rolls are used to raise and meter
a thin film of paint onto a steel strip. While the principle of the coating method itself is
simple, the quality of the finished coating is a combination of multiple different factors
and various coating instabilities can form during the coating stage without seemingly any
changes in the process. [3]

The most common roll coating errors are longitudinal and transverse stripes, called rib-
bing and cascade, on the final coating surface. They are the largest singular causes for
the rejection of color coated products at the SSAB Hameenlinna coil coating factory and
eliminating them would result in significant financial gain. The rheological and surface
chemistry properties of the paint play a major role in the formation of these errors.

If striping of sufficient severity is present, the roll speeds and pressures will be changed
until no striping is present. The boundaries between ribbing and cascade define the oper-
ability limits of the coating process. This is called the coating window. The aim of this
thesis was to optimize paint properties to reduce the onset of ribbing and cascade errors
in coated products and in doing so widen the coating window. This thesis is limited to
studying polyester paints, but the solutions discovered could potentially also be applied to
other paint types. This thesis is based on a previous Master’s thesis conducted at SSAB
by Antti Eerikdinen where the coil coating line at SSAB was discussed at length. The
aim of Eerikdinen’s thesis was to improve the understanding of roll coating at SSABs
Hameenlinna coating line. [4]

In the theoretical part of this thesis the roll coating process is introduced and the related
theory behind paint rheology and surface chemistry is discussed. The forming mechanism
and possible solutions for the cascade and ribbing errors are discussed. Inthe experimental
part trial runs with modified paints were performed based on the findings of the theoret-
ical part. The paint properties were modified according to the solutions proposed in the
theoretical part of this thesis. The purpose of the trial runs was to determine if the onset
of ribbing and cascade could be reduced by modifying the paint properties and to validate
the proposed theoretical solution.



2. REVERSE ROLL COATING

The final coating layer or top coating determines the visual look and the surface properties
of painted steel. The quality of the coating layer is largely determined by the success of
the actual painting process and the subsequent leveling process where the initial roughness
turns into a smooth surface. The coating is applied to the steel strip using a process called
roll coating. More specifically, SSAB uses reverse deformable three-roll coating to apply
the final coating, for primer coatings a two-roll process is used. As this thesis focuses
on the striping errors present in coated steels which are formed during the roll coating
process, the operation of the whole coating line is not of importance and therefore only
actual reverse roll coating process is discussed in-depth.

There are many different variants of the roll coating process but they all operate on the the
same principle. The process uses two or more rotating rolls to create a nip flow” between
two rolls to apply thin coating films on top of a substrate. First, a liquid coating is applied
onto a roll by either dipping the roll itself into a liquid bath, extruding liquid from a die
or by a separate pick-up roll that raises the coating liquid up to the application roll. This
relatively thick film on the pick-up/application roll is then made thinner by a metering
roll, which forces the liquid through a small gap between the rolls. Subsequently, the thin
metered film left on the application roll is transferred onto the steel strip. [5, 6]

The roll coating type used at the coil coating line in Hameenlinna is reverse roll coating,
where the different rolls all rotate in opposite directions at the nip between the rolls. In
forward roll coating the rolls would rotate in the same direction at the nip. The process
can be further classified by the type of rolls used in the process. At Hdmeenlinna the
application and metering rolls are so called deformable rolls, this means that the rolls are
capable of deforming when pressed against another roll. The pick-up roll onthe other hand
is a hard (rigid) roll, which does not deform under pressure. At SSAB Hameenlinna, the
rolls are made of steel which is encased in a polyurethane-polymer shell. The difference
between various roll coating arrangements is shown in figure 2.1. [6]

Before the top coating is applied, a primer coating is applied on both sides of the the steel
strip utilizing a reverse roll coater with two rolls (pick-up and application roll). The primer
is then cured in an oven and cooled before moving to the top coater. The top coat is applied
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using a similar reverse roll coating system with the difference that it uses an additional roll.
The exact configuration of the top coat coating process is shown in figure R.2. [3]

1. Support roll 4. Metering roll
2. Pick-up roll 5. Steel strip
3. Applicator roll 6. Paint tray

FH gure 2. 20 agramof thereverserol | coater usedat SSABHineenl i nnacoi |l coatimline[

In the top coating process the pick-up roll raises the paint up and the metering roll is used
to let a set amount of wet paint onto the next roll. This controls the thickness of the paint
film and the subsequent thickness of the final coating layer. The thickness of the metered
paint film can be adjusted by controlling the metering roll pressure on the pick-up roll.
The amount of paint raised up is directly related to the pick-up roll rotation speed and the
position of the pick-up roll in the paint tray. The paint is then transferred from the pick-up
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roll to the application roll in the nip between the rolls. Transfer from the application roll to
the steel strip happens in a similar fashion. After the paint has been applied onto the steel
strip the strip moves into a convection oven where the coating is dried and cured, which
forms the final coating film. [5, 6]

Meniscus formation and liquid flow through the meniscus are the most important factors of
the roll coating process. A meniscus is a wet paint -filled area between two rolls that forms
as a result of the capillary flow of the liquid coating. Figure 2.3 illustrates the meniscus.
There are three meniscus regions in the system used at SSAB: between the pick-up roll
and the metering roll, between the pick-up roll and the application roll and between the
application roll and the steel strip. The first meniscus is a meniscus where the wet paint
flows through the meniscus while the latter two menisci are for film-transfer that ideally
have no flow-through. [5, 6]

(a) Inlet flooded

h1

hi

F gure 2. 3henati c of aneniscusinreverseroll coatingfor ari@ldroll [

The shape of the meniscus is determined by the speed of the rolls contributing to the menis-
cus and the types of the rolls, deformable and rigid rolls have different shaped menisci.
The meniscus is also dependent on the amount of paint supplied to the meniscus, which,
in the case of the meniscus between the metering roll and pick-up roll, is directly related
to the pick-up roll speed. When the pick-up roll is fast, the meniscus operates in an inlet
flooded regime and when the roll is slow the inlet is starved. The meniscus in figure 2.3
shows this effect for a rigid roll. In reverse roll coating the balance of the meniscus is
towards the inlet side. The size of the gap between rolls also affects meniscus formations.
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[5, 6, 8]

Aside from affecting the meniscus, the gap size between the metering roll and the pick-up
roll also determines the thickness of the coating film. Withrigidrolls the gap has to always
be of a certain length or the rolls will clash. This makes it difficult to create thin films. A
gap with a deformed roll where the rolls are in contact with each other is called a negative
gap, determined by how large the deformation is. The size of the negative gap is directly
related to the pressure between the rolls with a higher pressure resulting in a thinner film.
An exaggerated version illustration of a deformable roll and a negative gap is shown in
figure 2.4. Aside from easier thin film production, deformable rolls have been shown to
produce less coating errors than rigid rolls. [5, 6]

w Applied Load

F gure 2.45 npl e schenati c of adefornabl erol | coder [

There are dozens of different paints and coatings that are applied using the coater at
Hé&meenlinna. Process parameters such as line speed, roll rotation speeds, pressure be-
tween rolls and oven temperature can be adjusted depending on the paint to achieve good
quality coating results. There are no specific instructions for roll coating using polyester
paints at SSAB Hameenlinna, the painters use parameters that previously produced ac-
ceptable quality during the last paint run. During the painting process, the thickness of
the wet paint is controlled by the painters, who adjust roll speeds and pressures to achieve
coating of the desired thickness in good quality. [5, 6]

The flow behavior and meniscus formation processes are complicated and there are various
errors that can form during the coating process. The key points of interest for the formation
of coating instabilities and errors are the various menisci and the leveling. The paint has
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time to level in the timeframe that exists after it has been applied to the steel strip, but
before it has dried in the convection oven. Good leveling is important as it smooths over
the natural unevenness of the wet paint film after roll coating process and reduces the effect
of the various coating instabilities that form during the coating. Coating error formation
is discussed more in depth in chapter 4. [E, €]



3. RHEOLOGY AND SURFACE CHEMISTRY OF
PAINTS

Paint is the liquid version of the final coating before it undergoes a curing process, where
the solvents evaporate and the polymer is crosslinked. The properties of the final coating
are determined by the coating process as well as the properties and composition of the used
paint. Paint composition affects both the roll coating stage, where the applicability of the
paint is of the utmost importance, and the final coating stage where the properties of the
final coating are determined by the paint. Roll coating requires the paint to have a suitable
rheological properties, good leveling, good wetting behavior and suitable surface chemical
properties. Inroll coating, the flow properties and the surface chemical properties also play
a major role in error formation. [9]

3.1 Structure of paint

The rheological properties of paints are a complex combination of properties of the com-
ponents that make up the paint. Paint components can be roughly divided into four dif-
ferent elements: the solvent (i.e. carrier media), binder (i.e. resin), pigments and other
additives. From the perspective of this thesis, the exact composition of the paint is not
important but there are some practical concerns regarding the modification of paints that
need to be taken into account when modifying paints. Large changes that require major
changes in the composition of paints are out of the scope of this thesis.

The binder is the main component of the paint and it determines most of the properties of
the final coating. The binder forms the matrix which holds the other components of the
paint like pigments and additives. Binder also determines the adhesion properties of the
paint and the curing mechanism. All of the paints involved in this thesis are polyester-
melamine based chemically cross-linked systems. [9, 10]

The curing mechanisms of paints can be divided into physical and chemical curing. Phys-
ically cured paints have no chemical reaction that takes place during the drying process
and the formation of the binder matrix is due to evaporation of solvents. In chemically
cured paints the matrix forms as a result of chemical reaction, usually polycondensation
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or polyaddition, between the components. This thesis is focused on polyesters paints,
which are chemically cured. Polyester paints are manufactured by polycondensation re-
actions between dialcohols and dicarboxylic acids and the formulated resin is cross-linked
by melamine. [10, 11]

Liquid paints, such as the ones used in roll coating, include at least one component that is
in ligquid form, which are used to adjust the rheological properties of the paints. These are
called solvents and diluents. A single paint consists of multiple different solvents, that can
be adjusted to fine-tune the properties of the wet paint. The solvents control the viscosity
and are also a major factor in the surface tension of the paint. Solvents evaporate as a part
of the curing process and are therefore usually not present in the final coating. Having a
lower solvent content is generally financially favorable as the there is less paint going to
"waste’. [10, 11]

Pigments are fine powders that do not dissolve in the binder component. The pigments’
main purpose is to control the color of the paint. Pigments can also be used to reduce
corrosion or to acts a filler in a paint to give it more volume or to reduce the price of the
paint. [10, 11]

Additives are a wide array of various substances that can be used to control paint properties
in different fashions that is not feasible using solvents. Additives are usually substances
that are added in a small amount, but still provide a significant benefit. Additives are often
used to control, for example, surface tension, flow properties, hydrophobicity/philicity and
dispersion of pigments into the binder and solvent. [10, 11]

3.2 Viscosity of paints

The viscosity of a fluid characterizes its resistance to flow and it is the ratio between shear
stress and shear rate _. A fluid can be thought of as being comprised of multiple layers
that are capable of moving in relation to each other. Shear stress is the ratio of force
affecting a surface over the surface area:

> T

(3.1)

where F is the force and A is the area. Shear rate represents the velocity difference be-
tween the fluid layers caused by the shearing force. If the shearing force results in a
velocity difference of dv between the liquid layers, assuming the layers move past each
other without friction, shear rate can be calculated
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(3.2)

<<

1
Q_|Q_
< | <

where dy is the distance of the plates from each other caused by the velocity difference.
The schematic for a layered liquid structure and is shown in figure B.1. [12]

v
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F = force (N)
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H gure 3. 10 agramfor si npl e shear (nodi fi ed frbgj]) .

When the shear stress and shear rate are known, the viscosity of a fluid can be calculated

= - (33

When a liquid is flowing through a capillary or a hole, a part of the energy involved is
turned into kinetic energy. In this case the resistance to shear flow is called kinematic
viscosity . When the acceleration is the result of gravity, kinematic viscosity can be
calculated using liquid density ,

= - (34)

Kinematic viscosity is applicable in reverse roll coating when studying the flow behavior
through the nip. [10, 12]

Viscosity is one of the most important paint properties in roll coating processes since it is
the primary factor in the flowability of paint. A badly set viscosity value can result in a
large number problems in the coating process. If the viscosity is too low, errors such as
uneven color, stripes, changes of color, cracks, spots, gauge variations of the paint film,
visible edges of the paint, sagging and stratification of the pigments can occur. If the
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viscosity is too high, the leveling of the paint will be poor, pinholes might appear in the
coating, imprints of the rolls could be visible or the surface of the coating can remain
wrinkled.

Viscosity of paints is heavily dependent on temperature and increasing the temperature
lowers viscosity. For the polyester paints used in this thesis, viscosity is also dependent
onthe shear rate. The shear behavior of paints is discussed further in the next chapter. The
roll coating process for polyesters is performed at an elevated temperature (around 33 C),
but the temperature can rise a few degrees (0-4 C) during long runs. Paint temperature
can also vary depending on the outside temperature and how long the paint has been stored
ina controlled temperature. As shear rates during the roll coating process are not uniform
and can also change depending on process parameters, the viscosity of the paint during
coating can vary considerably. The viscosity of individual batches of the same paint can
also vary but the extent of the variation has not been tested.

3.3 Shear behavior of paints

In a Newtonian fluid, viscosity is proportional to the shear rate with the viscosity coeffi-
cient staying the same, regardless of the shear rate. The viscosity of a Newtonian fluid
is essentially a material constant (assuming thermodynamic variables such as tempera-
ture and pressure stay the same). The paints discussed in this thesis do not behave in a
Newtonian fashion, instead, their viscosity is dependent on the shear rate, time or both.

If a material has increased viscosity when the shear rate increases it is called shear-thickening
(or a dilatant). If a material has lowered viscosity instead, it is called shear-thinning or
pseudoplastic. The behavior of a shear rate dependent fluid is illustrated in figure 3.2. [12]

High Viscosity Newtonian Liquid

Dilatant

Newtonian

Shear Stress

Viscosity (poise)

Pseudoplastic

Yield Low Viscosity Newtonian Liquid

Point

Rate (sec.™) Shear Rate (sec.™)

(a) Shear stress — shear rate curve (b) Viscosity—shear-rate curve

F gure 3. Zurves denonst rati ng shear t hi nni ng 1 ui d behaw]or [
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Shear thinning is a desirable property for paints as the lowered viscosity improves level-
ing during the coating process and the flow during the coating process is improved. At
high shear rates, most shear thinning materials start behaving like Newtonian fluids and
viscosity becomes more or less a constant. [12]

All of the paints used in this thesis exhibit shear thinning behavior, but as the coating
speeds used at SSAB are high, it is possible that the paints behave in a Newtonian fashion
during the roll coating process. Viscosity tests in Eerikdinen’s Master thesis indicate that
this is indeed the case. [4, 12]

3.4 Thixotropy of paints

Aside from shear rate dependent flow, paints used at SSAB also exhibit time-dependent
flow behavior. Time-depended shear thinning is called thixotropy. Under a constant shear
rate, the viscosity of a thixotropic fluid will fall until it reaches an equilibrium. If the shear
rate is then changed or removed, the viscosity will again move towards a new equilibrium.
The rate of the viscosity change depends on the fluid. Thixotropic behavior is illustrated
in figure 3.3. [12]
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Thixotropy is usually a beneficial characteristic for paints as low viscosity is beneficial
during the coating process and subsequent leveling. Higher viscosity is beneficial during
the drying process where paint flow is not desirable. The rate of the thixotropic viscosity
recovery in paints used at SSAB has not been measured. [15]

The simplest way of measuring thixotropic behavior is the step change test. In the step
change test, a high constant shear rate is applied to a liquid until it reaches the equilibrium.
After this the shear rate is quickly reduced to a very low value and the viscosity is again
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allowed to reach equilibrium state. The recovery rate of viscosity is then measured. The
step change test is illustrated in figure B.4. [12, 16]

Hgure 3.4 epchangetest for studyi ngthi xottdpy [

3.5 Surface tension

All liquids are composed of molecules (or atoms) that are attracted to each other. Unlike
the molecules in the bulk of the material where each molecule has the same amount of
force exerted onto it by its surrounding molecules, the molecules at the surface do not
have molecules of the same material exerting force onto them from all sides. This causes
an inward pull for the surface molecules. Inreality, the molecules/atoms inthe atmosphere
(usually air) interact with the surface molecules, but this force is usually much smaller than
the force produced by the liquid molecules. This is illustrated in figure B.5. [12, 18]
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The unbalanced forces between the surface molecules of a material compared to the bulk
materials cause it to have excess free energy and therefore a higher energy density at its
surface. These surface forces work to minimize the surface energy and cause the tendency
of a system to assume minimum surface area possible. This is also the reason the surface
tension drives an uneven liquid surface into a smooth surface: a smooth surface covers a
smaller area and therefore has a smaller surface energy than an uneven one.[12, 18]

In other words, surface tension is the force per unit length needed to break the surface of
the liquid. The commonly used units for surface tension are dynes/cm, J/m? or N/m. Sur-
face tension is dependent on temperature with increasing temperature leading to lowered
surface tension. [12, 18]

Surface tension of a paint is determined by the composition of the paint with solvents and
additives being most important. Modifying the surface tension is most easily done by
adjusting the solvent composition of the paint. In coating, surface tension plays a major
role in the wetting and leveling of coating liquids. [12, 18]

3.6 Wetting

Surface tension of a liquid, along with the surface free energy of the substrate, determines
its ability to adhere to a surface. Surface free energy is the excess energy at the surface of
a material compared to the bulk and is analogous to the surface tension of a liquid. The
ability of a liquid to wet a surface is closely related to its surface tension. If a liquid does
not spontaneously spread over a surface the interaction between the surfaces is limited and
hence contribution to adhesion is small. [10]
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When a liquid comes into contact with a solid substrate, a three-phase contact develops
between the liquid, solid and the vapor. As with all thermodynamic systems, there exists
and equilibrium where the excess energy of the solid-liquid, solid-vapor and liquid-solid
interfaces is minimized. This means that the liquid-vapor interface forms a characteristic
angle tangent with the solid surface. The angle of a liquid drop on a surface can be used
to determine surface excess energy or surface tension of the solid-vapor interface using
Young’s equilibrium equation

sv = s1t 1y COS (3.5)

where g, s and |, represent the solid-liquid, solid-vapor and liquid-vapor interfacial
tensions. The contact angle describes the wetting behavior of a liquid for a given solid.
Young’s equation assumes that the surface is homogenous and topographically smooth.
[14]

In general, contact angles higher than 90 mean that the liquid and solid repel each other
and good wetting is not possible to obtain. A contact angle needs to be at least <90 to
achieve proper wetting but much lower ( « 90 ) are ideal for wetting. In general, a coating
will spread evenly on a surface if the surface tension of the coating liquid is lower than
the surface free energy of the substrate. [12]
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The wetting rate Vieting, assuming an even surface, can be estimated as

k cos
Vietting = 5 (3.6)

where K is a constant, is the surface tension, is the wetting angle and is the viscosity.
Surface tension is the driving force behind the wetting process while viscosity slows it
down. Increasing the surface tension makes wetting faster but can result in improper
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wetting. [20]

In Young’s equation ¢, and |, are easily measured. The interfacial tension between
the liquid and solid, or wet paint and primer coating, is more complicated to determine
as it includes complex interactions between the two phases. Most models calculate the
interfacial tension between the phases as

s = s+ | (interactions between phases) (3.7)

where ¢ and | are the surface energy and surface tension of the solid and liquid, re-
spectively. The various interactions phases include interactions such as dispersive, polar,
induction, acid-base components and various other forces. There are multiple different
models for wetting which include different interactions. The dispersive and polar compo-
nents are especially influential in the wetting process. [21, 22, 23]

Dispersive interactions are interactions caused by temporary fluctuations in the charge
distribution of molecules. This results in temporary dipoles (that also induce dipoles in
adjacent molecules). The weak interactions caused by the fluctuation are called Lon-
don dispersive forces. Polar interactions are Coulomb interactions between two polar
molecules. [21, ?]

Comparing the ratio of dispersive and polar part of the surface energy/tension between
the liquid and solid phases can be used to predict wetting between the phases. When the
ratios match each other, there are more possible interactions between them, leading to
better wetting. The compatibility of two surfaces is illustrated in figure B.7. [21, 22, 23]
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In general, the surface energies of SSAB primer coatings are fairly low. The surface ener-
gies of some of the current primer coatings have been measured for various projects, but
there is no comprehensive summary of the results. The polar and dispersive components
of the primer coatings have not been measured either. The surface tensions of the paints
used at SSAB have not beed measured and the wetting of the paints on various primers
has not been evaluated.

3.7 Capillary number

The capillary number is a dimensionless unit that shows the relative contribution of the
viscous and surface tension forces in a liquid. The equation for the capillary number Ca
is

Ca= -V (3.8)

where s the surface tension, is the viscosity and V is the characteristic velocity. In
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roll coating V can be approximated to be the roll speed. It has been shown (see chapter
4) that the capillary number is useful for predicting and evaluating different coating errors
present in reverse roll coating.

As the capillary number is a function of surface tension and viscosity, it is dependent on
temperature. As the paints used in this thesis are thixotropic paints, the capillary number
is also shear rate and time dependent. Even though the capillary number changes during
the coating process when the viscosity and roll speeds change, it is usually regarded as a
constant during trial runs to make the interpretation of results easier.

3.8 Leveling

When liquid coating is first applied onto a surface, the surface is generally rough and
consequently of varying thickness. The process where the initial roughness turns into
a smooth surface is called leveling. Leveling of paint is a complex phenomenon that
involves both rheology and surface chemistry.

The mechanism for leveling is driven by the surface tension, illustrated in figure 3.8. The
curvature of the rough liquid surface creates capillary overpressures and underpressures.
The sum of the surface tension vectors at the peaks and valleys of liquid surface produce
a net force towards the middle. These forces result in pressure gradients on the liquid
surface. For sufficiently thin films, like the coatings produced at SSAB, the impact of
gravity is negligible compared to the surface tension driven leveling. [12]
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Assuming that proper wetting has been achieved and that the liquid surface has a single
sinusoidal wavelength. If surface tension and viscosity are constants, the leveling of
a system can be evaluated with the Orchard equation

ar _ 16 “h3 t

In— =
dp 34

(39

The equation shows that the ratio of the surface wave amplitude a at time t to its initial
ap decays exponentially over time and the rate of the decay depends on the coating layer
thickness h to the third power and inversely on the wavelength of the surface roughness to
the fourth power. The constantterm (16 4/3) changes if the surface geometry is something
other than sinusoidal. An illustrative figure of an ideal sinusoidal coating surface can be

seenin B.9. [12]



3.8. Leveling 21

— .

Substrate

F gure 3.9deal sinusoidal coatingsurfhtie[

The leveling rate can be derived from the Orchard equation

16 *h%t = &

Vi= ———In— 3.10

=gy (310

where v; is the leveling rate. The equation shows shows that leveling speed can be im-

proved by increasing the surface tension of the coating, lowering its viscosity, increasing
coating thickness or decreasing the wavelength between the coating ridges. [14]

The Orchard equation conveys the important influence of film geometry and physical
properties on the leveling rate and allows the estimation of the order magnitude of the
effect of the changes in these variables. It is, however, only an approximation since it
assumes Newtonian fluid behavior and ignores time dependent effects such as shear thin-
ning and loss of solvent from the drying process. It also ignores other phenomena like
surface tension not being a constant over a liquid surface. [12]

The Orchard equation rederived to take shear thinning (assuming power-law behavior)
and solvent evaporation into accord is much more complex

Z

(Bn+1)/

am D/ — agn 1)/n n 1 1/n 2_ " nh(2n+1)/nt ' i dt (3_11)
2n+1 0 ®

where (t) is a time function of viscosity caused by thixotropy, drying and other viscosity
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affecting phenomena. [12]

Local surface tension gradients, which can form as a consequence of, for example, solvent
evaporation and temperature gradients can have slowing effect on leveling. The surface
tension gradients can result in a surface flow from regions of low surface tension towards
regions of high surface tension, causing deleveling in an already level surface. This is
called the Marangoni effect. The Marangoni effect is illustrated in figure 3.10. [12]
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In the reverse roll coating process used at SSAB, the leveling of the paint begins imme-
diately after the paint has been transferred from the application roll to the steel strip. The
time for leveling is limited as the strip quickly moves into the oven where the solvent starts
evaporating, hindering the leveling until it stops completely. The paint coatings made by
SSAB are also fairly thin, which augments the effect of surface tension to the leveling in
comparison to viscosity, as the time for paint to flow is limited.

Overall, the leveling of paint can be improved by slowing the line speed to increase lev-
eling, increasing coating thickness and reducing the amplitude of ridges on the wet paint
surface. Slowing the line speed and increasing coating thickness are not feasible for pro-
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ductivity and economical reason. The amplitude of ridges should in theory (see eq. B.10)
have a large effect on on leveling, but the amplitude is difficult to measure. The capillary
number has however been shown to have a strong inverse correlation on the ridge am-
plitude, meaning that the amplitude can be lowered by increasing the surface tension or
lowering the viscosity of the wet paint. Various coating defects, that occur when lowering
viscosity or increasing surface tension, place limits on improving the leveling.
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4. COATING INSTABILITIES IN REVERSE ROLL
COATING

The phenomena involved in the reverse roll coating process are complicated and there
are numerous parameters that affect for formation of coating instabilities in the coating
process. These coating instabilities result in coating errors, which are flaws in the surface
of the finished coating. The coating errors that this thesis studies are transverse striping
usually called cascade and longitudinal striping is usually called ribbing. The striping
errors are also the most common errors present in the color coated steels made at SSAB.

The ribbing error or simply ribbing is characterized by straight stripes in the longitudi-
nal direction. An exaggerated version of ribbing can be seen in figure 4.1. The cascade
error is characterized by finished coating film that is noticeably uneven in the transverse
direction with stripes that form a wavelike pattern. Visually cascade is similar to ribbing,
but the stripes are further away from each other and they are not straight like in ribbing.
Cascade and ribbing are separate phenomena with different forming mechanisms and both
can occur at the same time. [5, 4]
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Because of the complicated nature of the error formation, formation of coating errors can
not be accurately predicted. Evenif process parameters are seemingly identical to previous
runs, where coating instabilities did not appear, cascade and ribbing can occur because
of undocumented or unnoticed changes in in the environment/process. Many of these
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changes are difficult to detect using the means available at the SSAB Hameenlinna coating
line.

There are however multiple controllable parameters that are known to reduce error for-
mation, such as paint properties and line speed. Mind maps of various parameters that are
known to affect error formation are presented in appendices 1-4. The parameters that this
thesis can affect are highlighted in red. Many of these are not viable for modification as
the cost would be prohibitive or the modification would make the coating process worse
in some other fashion.

Inpractice, the coating results are modified by roll speeds and pressures, which the painters
at the coating line can control at will. If ribbing or cascade (of sufficient severity) is
present, the painters will try to change roll speeds and pressures until no striping is present.
The boundaries between ribbing and cascade define the main operability limits in the coat-
ing process. The area within these limits is called the coating window. [25] This thesis
focuses on modifying properties of the paint to increase the coating window.

Aside from the difficulty of determining and controlling all the parameters that affect error
formation, the observation of striping errors also poses a problem. As the striping errors
are visual in nature and the severity of the stripes is subjective, there are difference in the
evaluation of stripes between inspector at the coating line. The coating inspectors work in
shifts and have slightly different standards for the intensity of striping errors and the quality
of the coating. This means that error data gained from the process line is only comparable
to each other if the coating inspectors were same. Using a camera to observe coating errors
has been tried but the errors can not be seen on the footage. Using a camera to observe
error formation at the menisci is also not feasible as the painting room is classified as an
ATEX (ATmospheres EXplosibles) area.

Widening the coating window requires information about the forming mechanisms behind
the ribbing and cascade errors. Chapters 4.1 and 4.2 review the mechanisms of ribbing and
cascade. The key areas for error formation in reverse roll coating are the menisci present
in the coating process. There are three nips and therefore meniscus flows present in the
roll coating configuration used at SSAB: between the pick-up roll and the metering roll,
between the pick-up roll and the application roll and between the application roll and the
steel strip. At present it is not known how much the different menisci contribute to the
formation of the different coating errors.
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4.1 Ribbing error

The ribbing error in roll coating is a widely researched phenomenon compared to the cas-
cade error. However, the research is focused on either forward roll coating or reverse
roll coating utilizing rigid rolls and there is little research available on reverse roll coating
utilizing deformable rolls, especially in the 3-roll configuration used at SSAB. Internal
research performed at SSAB suggests that reverse roll coating using deformable rolls be-
haves in a similar fashion as forward roll coating or roll coating with rigid rolls, in regards
to the formation of coating instabilities.

The formation mechanism for the ribbing instability is thought to be a situation where, as
a result of a disturbance of some kind, the coating meniscus moves slightly upstream. As
the meniscus moves slightly upstream, a sinusoidal perturbation is created. The sinusoidal
perturbationis illustrated in figure §.2. Because of the disturbance, the pressure gradient in
the meniscus changes and the curvature of the meniscus changes. If the pressure gradient
under the perturbation caused by the disturbance is higher than its surrounding, a lateral
flow will be created away from the perturbation, leveling the meniscus again. This is the
situation in a stable coating film with no ribbing. However, if the pressure gradient in the
disturbance is lower, coating liquid will laterally flow into the perturbation, causing it to
grow. This growth will eventually result in a ribbing error. [5, €]

L
’
i
]
\
\!
i 3
L2 3 2 T ,3
’
T
’l
I
Y ’—l ]
\
X LN

Hgure 4. 23 nusoi dal perturbationat theneni scusthat potentiallyleads Ep.ribbing [

The force balance at the perturbed meniscus can be approximated by comparing the bal-
ance between surface tension forces (capillary pressure) and viscous forces. The flow
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becomes vulnerable to ribbing if the pressure gradient in the liquid at the meniscus ex-
ceeds a certain value:

dP 1 1dr )
ds ~Ca rds *.0
where dP /ds is the pressure gradient, Ca is the capillary number, r is the radius of curva-
ture of the meniscus, N is the dimensionless wavenumber of the ribbing disturbance and
s is the streamwise coordinate in the direction from the gap to the free surface. The right
side of the equation is positive which means that surface tension stabilizes the flow with
respect to ribbing. In contrast, as the pressure gradient increases, the flow becomes more
vulnerable to ribbing. [5]

Figure 4.3 shows the relation of the (computed) pressure gradient to the speed ratio and
capillary number in forward rigid roll coating. At low Ca values the flow is first desta-
bilized and then becomes stabilized when the speed ratio increases. When the capillary
number is raised the flow stabilizes at lower speed ratios. [5, 6]
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Most of the reported research on reverse roll coating has been performed with rigid rolls
using positive gaps. Shibata studied rigid and deformable reverse roll coating and the
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systems behaved in a similar fashion but with the deformable rolls having a wider coat-
ing window [6]. Since the advantages of deformable rolls include lower pressure at the
roll contact point, this supports the theory of ribbing being caused by large pressures and
pressure gradients at the meniscus. Carvalho et al. studied forward roll coating with de-
formable and rigid rolls and came to similar conclusion that a reduction in pressure should
lower the formation of ribbing instabilities [26].

In practice ribbing can be controlled by modifying the surface properties of the coating
liquid. The literature regarding the ribbing error focuses on modifying the speed ratios
between rolls and raising/lowering the capillary number of the wet paint. Coyle et al.
studied rigid reverse roll coating using FEM-analysis with a machine that used two steel
rolls which functioned as a pick-up roll and a metering roll. By varying the speed ratio of
the rolls and the capillary number Coyle et al. managed to find suitable combinations that
resulted in a uniform coating, a typical result is presented in figure 4.4. [5]
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According to Coyle et al. ribbing occurs when the roll speed ratio is too small and the
capillary number increases to a critical value. Cascade on the other hand occurs when
the roll speed ratio is too high and the capillary number is at a critical value. Coyle et al.
also observed that all roll coated surfaces are ribbed to a certain extent, acceptable coating
will be achieved when the ribs are small enough in amplitude that the leveling process
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will smoothen the ribs to an acceptable surface. It should be noted that the roll coater
configuration used by Coyle et al. is very different from the one used at SSAB.[5]

There have been multiple different studies ([27, 28, 29, 30]), withroll coater configurations
more similar to the SSAB coating process, that expand on the research by Coyle et al. and
come to similar conclusions: Ribbing occurs at a critical capillary number when the roll
speed ratio is too low.

Varela Lépez et al. studied the formation of ribs in the meniscus and discovered that
the capillary number is a significant factor in the formation of the sin-wave (as shown in
figure 4.2) andthe amplitude of the wave. As the capillary number increases the amplitude
increases which means the coating needs a longer time to level properly, making ribbing
more prominent in the end product. The effect of the capillary number on the amplitude
can be seen in figure 4.5. [30]
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Kobayashi studied formation of ribbing in reverse 3-roll coating with deformable rolls us-
ing a gravure (ribbed) pick-up roll. Ribbing occurred between the application roll and the
pick-up roll and between application roll and the strip. The speed ratio between the meter-
ing roll and the pick-up roll did not affect the rib formation. These results are illustrated
in figure 4.6
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Kobayashi observed that the onset of ribbing was delayed when using a higher pick-up roll
speed. Kobayashi received similar results it Coyle et al. and other similar studies with a
lower capillary number reducing ribbing. [29]

4.2 Cascade error

The cascade error has gotten noticeably less attention from researchers compared to the
ribbing error. The transverse stripe error can form through two separate mechanisms.
Many studies attribute the cascade error to the vibration of the steel strip or the rolls or to
mismatched rolls, which cause an unevenness in the coating leading to striping. This type
of transverse stripe is called chatter.

The other type of transverse stripe is called cascade (or seashore pattern). According
to Balzarotti et al., Coyle et al. and Shibata [31, 5, 6], the cascade error is caused by
air entrainment in the meniscus caused by a failure of the dynamic wetting line. Inter-
nal SSAB/Ruukki reports by Judin, Pynndnen and Sipilé [32, 33, 13] concluded that the
transverse stripe present at the coating line at SSAB Hameenlinna is of the cascade variety
rather than chatter.

Air entrainment which leads to the cascade error starts appearing at critical line/roll speeds
and speed ratios. The formation of a cascade error is presented in figure 4.7. Ata low roll
speed ratio, the meniscus behaves ina ’normal’ fashion, as the speed ratio is increased the
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Vmetering << Vpickup = Vpaint VIine (4-2)

where Vimetering 1S the metering roll speed, Vpickup is the pick-up roll speed, Vpaine is the
painting roll speed and Vjine is the line or steel strip speed.

According to Judin, if the metering roll speed is kept very low compared to the pick-up roll
speed, cascade does not occur at the meniscus between the metering roll and the pick-up
roll. As the speed ratio between the pick-up roll and the metering roll is generally kept
very low, it is probable that the cascade error forms in one or both of the other two menisci
present in the coating process. [32]

The formation of cascade is very dependent on the surface chemistry and rheological prop-
erties of the coating liquid. As with ribbing, lowering the viscosity is shown to be bene-
ficial in reducing the onset of cascade. High surface tension also has a beneficial effect
as it stabilizes the wetting line, resulting in less air entrainment. Tiu et al. however notes
that if excessive amount of surfactants is used to achieve the high surface tension, it could
cause more air entrainment. Internal reports by Judin and Sipil& agree that cascade forma-
tion can be prevented by lowering the viscosity of the paint. The preliminary trial run by
Eerikainen using surface tension modified paints also produced positive results. [6, 34]
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6. LABORATORY MEASUREMENTS FOR
MODIFIED PAINTS & RESULTS

As a part of this thesis, a series of trial runs were performed at the H&meenlinna coil coat-
ing facility. The intent was to widen the coating window of polyester paints in reverse roll
coating by modifying the surface chemistry and the rheological properties of the paints.
Based on literature and preliminary trial runs by Eerikéinen, viscosity and surface tension
were identified as the most potential properties to modify to reduce ribbing and cascade
present in polyester coated steels at SSAB. As surface tension modification has less po-
tential issues associated with its paintability, the trial runs were performed using paints
with modified surface tension. Both low and high surface tension trial paints were made.

[4]

The surface tension modification of the paints was done in collaboration with the paint
manufacturer. The surface tension modifications were achieved by changing the solvent
composition with the intent of preserving the original properties of the paints as much as
possible. The desire to keep the paints similar to the production paints resulted surface
tension changes that were relatively modest. As a side effect of the modification, the low
surface tension paints had a lower solid content than the high surface tension paints.

The polyesters paints used in the line trial were chosen from colors that often exhibit
striping errors. Low and high surface tension versions of the paints were made from each
chosen color. Reference samples from production paints of each color were also collected
for testing. A single black polyester paint batch from an alternate paint manufacturer is
also included in these results as it exhibited significant striping. Information about the
paints and reference samples is presented in table 6.1 The grey polyester does not have a
reference sample from production available since the sample was not received in time for
the surface tension tests.

Aside from the polyester paints, a single hybrid (Purex) paint was also included in the
trials. Purex is a paint that has additional polyamide- and/or acrylic-particles. The aim was
to determine whether the surface tension modifications have similar effects with particle-
based paints as with smooth polyester paints.
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The viscosity of the paint samples was studied as a function of shear rate and as a func-
tion of temperature. A simple step-test measurement was also performed to evaluate
the thixotropic properties of the samples, but the CAP2000+ viscometer was too slow
to change the rotation speed to allow for thixotropy measurement. Parameters for the
program measuring shear rate dependence can be seen in table 6.2. Parameters for the
program measuring temperature dependence can be seen in table 6.3.

Tabl e 6. Paranet ers for t he programneasuri ng vi scosity as afunction of shear rate.

Number | Rotation speed (RPM) | Shear Rate (s 1) | Hold Time (s) | Temperature ()
1 5 66.66 2 30
2 116 1547 2 30
3 226 3013 2 30
4 337 4493 2 30
5 447 5960 2 30
6 558 7440 2 30
7 668 8907 2 30
8 779 10387 2 30
9 889 11853 2 30
10 1000 13333 2 30
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All of the paints exhibit shear thinning behavior between 4000-9000s . After that, shear
thinning stops and the viscosities stabilize to their individual values. The standard de-
viation of samples is also lower at higher shear rates after the viscosity has stabilized.
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The temperature dependence measurements had much less variation in the results com-
pared to the shear rate dependence measurements. Comparing the equivalent measure-
ment points in the temperature and shear rate dependence tests, the viscosity of the paints
is higher in the temperature dependence test. This might be caused by the actual tem-
perature of the paint lagging behind the value on the heating instrument as the rise in
temperature is fairly fast. As the temperature dependence test was considerably longer
than the shear rate test, it is possible that gradual solvent evaporation also affected the
viscosity.

6.2 Surface Tension

The shape of a drop hanging from a syringe is determined by the balance of forces acting
on the drop, including surface tension. The shape of the drop can be related to the surface
tension using the following equation

GR2

(6.1)

where is the difference in density between fluids at the interface, G is the gravitational
constant, Ry is the radius of drop curvature at apex and is the drop shape factor. The
drop shape factor can be defined through the Young-Laplace equation expressed as three
first order equations. The equations and a schematic of a liquid drop in a syringe can be
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Tabl e 6. 4Paranet ers f or t he programneasuri ng vi scosity as afunction of shear rate.

Paint description Density (g/cm?®) | Surface Tension (MN/m) | Standard Deviation (mN/m)
Black production paint 1.07 29.42 0.22
Black from alternate supplier 1.07 28.51 0.03
Black low 1.06 27.82 0.03
Black high 1.07 30.91 0.13
Low gloss black production paint 1.07 29.48 0.06
Low gloss black low 1.07 28.85 0.06
Low gloss black high 1.08 32.00 0.02
Grey low 1.09 29.54 0.15
Grey high 1.10 3134 0.10
Purex production paint 1.08 29.07 0.14
Purex low 1.08 28.26 0.07
Purex high 1,09 30.84 0.03
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Figure 6. 13urfacetensionandsolidcontent for thebl ack pol yester pai nts.
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7. LINE TRIALS FOR MODIFIED PAINTS

The line trials related to this thesis were performed at the SSAB Hameenlinna color coating
line at 18.1.2017, 15.2.2017 and 16.2.2017. All trials and the production paint samples
were run at a line speed of 95 m/min. Target dry film thickness for was 20 m for all of
the trials. The aim of the trial runs was to verify the effect of surface tension on striping
in reverse roll coating by testing the performance of modified paints at various roll speed
combinations. To keep the wet film thickness as a constant during the trials, roll pressures
were also adjusted by the painters when the speed of the rolls were changed.

Various roll pressures presented in the subsequent chapters are not exact values but ap-
proximate values taken from a high number of values present in the process data. Roll
pressures are named after single rolls even though the pressure is a result of the nip be-
tween two rolls. Metering roll pressure is the pressure in the nip between the metering roll
and the pick-up roll. Pick-up roll pressure is the pressure between the pick-up roll and the
application roll. Application roll pressure is the pressure between the application roll and
the moving steel strip.

A shortened notation for roll speeds is also used when discussing the roll speeds in the line
trials. The roll speeds are presented in the following chapter as pick-up roll speed/applica-
tion roll speed, i.e 140/110 notates 140 m/min pick roll speed and 110 m/min application
roll speed. Metering roll speed was a constant 5 m/min during all trial runs.

All other process parameters such as paint mixing were kept constant. All trial runs also
used the same painting machine so the roll pressures should in theory be comparable to
each other. The inspectors at the line were not informed which of the paint batches was
supposed to be "better” with the aim preventing potential confirmation bias. The opinion
of the inspector on the severity of the stripes was asked at every trial point.

The first two line trials were performed using the black polyester paints. The second set of
line trials was done with the grey polyester paint and the Purex paint. Information about
the steel coils used in the trial runs is presented in table 7.1. The specific coils and paint
batches used are presented in table 7.2.
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Based on previous experience, the hypothesis was that during the trial the coating would
start with heavy cascade striping that gradually weakens until the middle, where nostriping
would be present. After the middle, gradually worsening ribbing error would start to occur.

7.1.1 Black polyester line trial results

The temperature of the low surface surface tension paint gradually increased from 28.5

Ct030.5 C during the run. The temperature of the high surface tension paint gradually
increased from 30 C to 31 C during first six test points of the run. At the last point
there was a sharp increase in temperature from 31 Cto 32 C. At this temperature range,
according to the performed viscosity tests, the viscosity of the black polyester trial paints
changes approximately 13-15 mPas when the temperature of the paint changes by one C.

Target wet film thickness for the low surface tension paint was 41 m. Target wet film
thickness for the high surface tension paint was 44 m as the solid content in the paint
was slightly lower. The dry film thickness as a function of coil length for both trial runs is
shown in figure 7.2. The target dry film thickness was kept reasonably well during both
trial runs. According to the painters, the roll pressures at trial point 1 (80/140) were so
low that target wet film thickness could not be achieved.
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The roll pressures for the low and high surface tension paints during the trial runs are
presented in figures 7.4, 7.5 and 7.6. Pressure data was available for each of the three
menisci.
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The temperature of the low surface surface tension paint increased from 29.5 C to 31.0
C during the run. The temperature of the high surface tension paint increased from 30
Cto 31 C during first six test points of the run. At the last point there was, similarly to

the black polyester high surface tension paint, a sharp increase in paint temperature from

31 Cto 325 C. According to the performed temperature dependence viscosity tests, the

viscosity of the low gloss black polyester trial paints changes approximately 14-17 mPas

when the temperature of the paint changes by one C.

Striping results for the low surface tension paint are presented in table 7.7. The cascade
striping for low gloss black polyester follows a similar trend as the black polyester trial run
with strong cascade at the beginning that then gives way to ribbing. The cascade was very
strong between trial points 1-3 and disappeared completely after that. The ribbing was very
slight with only the ribbing at trial point 5 being noticeable without strict examination. As
with the black polyester trial point 7 exhibited painting failure in the form of cratering.
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7.2 Grey polyester line trial

Based on the results of the black polyester trials, the trial program for the grey polyester
paint was modified. The new trial program is shown in in table 7.9 and figure 7.12. The
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Tabl e 7. 11Rol | pressures, stripingintensity and m scel | aneous conment s about thetrial for high
surface tensi on grey pol yester.

Roll pressures Error Intensity
Metering | Pick-up | Application | Cascade | Ribbing | Comments
1 120 160 265 0 0
2 255 170 260 1 0
3 330 185 260 0 3
4 340 370 300 0 0
5 340 380 300 1 0
6 335 385 315 1 0
7 335 390 310 0 2
8 390 400 300 0 2

The striping in the grey polyester did not follow the pattern that the black polyesters fol-
lowed with early cascade giving way to ribbing. Ribbing and cascade both appear and
disappear suddenly with slight changes to rolls speeds. As with the black polyester trial
run, there is severe ribbing present when the application and pick-up rolls speeds are the
same (trial point 4). Unlike the high surface tension black polyester, the high surface
tension grey polyester exhibits no ribbing at these conditions. Overall, the high surface
tension paint had slightly improved cascade performance compared to the low surface ten-
sion paint but the high surface tension paint had much improved ribbing performance in
trial points 4 and 7. A striping comparison between the paints is shown in figure 7.14.

i = Hi i - . .
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Hgure 7. 145 ror severityresultsfor thegrey pol yester trial runs.

The roll pressures for the low and high surface tension paints during the trial runs are
presented in figures 7.15, 7.16 and 7.17. There is a very large pressure difference between
the high surface tension and low surface tension paints during trial points 4 (115/115) and
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to the polyester trials with the middle trial points being common roll speed combinations
used ineveryday production while the end points are extreme combinations, where striping
should occur. The roll speeds were chosen using data from production runs of Purex. The
line trial design is shown in table 7.12 and visualized in figure 7.18.

Table 7. 1370l | speedvariationinthePurexlinetrial.

Roll speeds (m/min)
Trial point | Pick-up roll | Application roll
1 140 97
2 105 97
3 113 97
4 115 100
5 117 105
6 120 140
7 130 140
8 135 140
—o—Pick-up roll —m— Application roll
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Fgure 7. 180l | speedvariationinthePurexlinetrial.

It should be noted that Purex is usually painted with opposite roll speeds compared to
polyester paints with the pick-up roll speed higher than the application roll speed. Because
of this the trial run also starts with the pick-up roll speed being higher than the application
roll speed, unlike the polyester trial runs. In theory, this means that trial should start with
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The roll pressures for the low and high surface tension paints during the trial runs are
presented in figures 7.21, 7.22 and 7.23.
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8. DISCUSSION

The trial runs seem to strongly indicate that increasing surface tension reduces both cas-
cade and ribbing in all tested tested paints, including the particle structured Purex paint.
There were no problems regarding wetting or other any other runnability issues with the
modified paints.

There is however the gquestion whether the improvements gained in the trial runs are a
result of the increased surface tension or caused by some other factor or combination of
factors. The most significant other recognized sources of changed striping performance
are the thickness of the coating, the viscosity of the paint and the solid content of the paint.
There is also some uncertainty whether the stripes were evaluated objectively.

Other studies regarding striping in reverse roll coating usually take viscosity into account
by looking at the results as a function of the capillary number instead of surface tension.
There is some doubt whether the capillary number is a suitable indicator for striping as
the viscosity of the paint during the roll coating process is not known.

8.1 Evaluation of striping

As the evaluation of striping in coated steels is subjective in nature, the reliability of the
trial results is in question. To reduce confirmation bias, inspectors at the coating line were
not told which version of each paint was supposed to be better and their opinion on the
error severity was asked at every trial point.

To further evaluate and confirm the findings of the trial runs, the coils from the black
polyester and Purex trial runs were taken to the slitting line for sampling. At the slitting
line, the surface quality was inspected and evaluated again. The results at the slitting line
were similar in nature to the results from the inspection point at the line trials. The lighting
at the slitting line was however much worse than during the actual trial runs, which made
evaluation difficult. Sample sheets were taken from each trial point for further analysis.

Cascade was not visible in the sample sheets due to the small size of the samples. Ribbing
on the other hand was clearly visible and the severity of the ribbing was the same as ob-
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performance.

The roll pressures in the high surface tension Purex trial run were consistently slightly
lower than in the low surface tension trial run. It is possible that the improvement in
striping performance in the high surface tension trial was caused by the lower pressure,
at least partially. As there is evidence behind roll pressure being a contributing factor in
the formation of stripes, the pressure difference makes it difficult to evaluate whether the
striping performance improvement in the high surface tension trial run is because of the
lower pressure, high surface tension or both. The roll pressure difference between the
trials was fairly small, which makes it unlikely that the improvement was caused only
by the roll pressure. The lower pressure could also be a result of the high surface tension
paint behaving differently from the low surface tension paint, allowing for lower pressure.
There was no shift change between the trial runs so both trial runs were performed by the
same painters.

Overall, all high surface tension paints had superior striping performance compared to the
low surface tension paints and it strongly implies that increased surface tension reduces
both cascade and ribbing by a significant amount. As the surface tension changes in the
trial paints were relatively small, even small surface tension adjustments can potentially
offer significant improvement.

8.4 Coating thickness

The low gloss black polyester and grey polyester trial runs had issues with the topcoat
thickness being different between the trials. As thinner films are generally more vulner-
able to striping, this could affect the results of the trial runs. However, in both cases the
thinner film was on the coil painted with the high surface tension paint. Therefore, the low
thickness should not skew the results by a significant amount, except by possibly result-
ing in slightly worse performance by the high surface tension paints. It should be noted
that even with a thinner coating film, the high surface tension paints had superior surface
guality compared to the low surface tension paints.

8.5 Trial run design

Overall, the trial runs were successful and differences between the striping performance
of the trial paints was clear. There are however some practical issues that should be taken
into consideration if similar trials are run in the future.

As there was some variation in the thickness of the coating during some of the trial runs,
the importance keeping film thickness as close as possible to the target thickness should









9.1. ntinuationof research 80

change in surface tension changes gained my paint modification were fairly modest with
all surface tensions being in the range of 27.5-32 mN/m.

The trial runs were designed to go from conditions where ribbing is likely to occur to
conditions where striping isn not likely to occur and finally to conditions where cascade is
likely to occur. The Purex paint trial was in reverse order, but the principle was the same.
Conditions were changed by varying the pick-up and application roll speeds with all other
variables kept the same between trial runs when possible.

The trial runs were successful and differences between the striping performance of the
trial paints were clear. There were no problems regarding the runnability of the modified
paints during the trials. The high surface tension paints had superior striping performance
compared to the low surface tension paints inall trial runs, including the particle structured
Purex paint. Both cascade and ribbing performance were improved.

The results are very promising and indicate that surface tension increases can be used
to improve surface quality in coil coating. As the improvement in surface quality was
very significant even with fairly small surface tension differences in the trial paints, even
minor surface tension adjustments could potentially offer significant improvement during
production runs. With the surface tension increase also affecting the Purex paint, similar
canmodifications canalso potentially be used to reduce striping in other particle structured
products used at SSAB.

9.1 Continuation of research

Based on the line trials where paints with increased surface tension performed exception-
ally well, continuing the research on the subject is advisable. Further research should
continue by collecting samples from suitable production paints and measuring the viscos-
ity and surface tension from these samples. The sampling should be done from a wide
variety of paints to gain a comprehensive view of current situation. As the trial run re-
sults for the Purex paint also showed significant improvement, the sampling should not be
limited to polyester paints.

With comprehensive sampling, the current level and variation in viscosity and surface
tension can be mapped. After suitable mapping has been done, if the positive effects of
increased surface tension have been confirmed further, acceptable surface tension limits
can be enforced on the paint manufacturers. If the variation between paint batches is
large, the data can be used to evaluate whether the paint batches with low surface tension
(or possibly high viscosity) are more prone to striping.
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APPENDIX 2. PAINT PARAMETERS THAT

AFFECT STRIPING IN REVERSE ROLL COATING
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