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Preface

 

The coatings world is continually changing by adding new material to the treasury of the old material.
However, the fundamentals of coatings and inks are the beginning of the experience. Included in the
fundamentals are the concepts of testing (what to test and how to test it), design of experiments to
maximize investigation and physical and chemical properties. Once these aspects have been determined,
the next step is processing techniques.

Each industry has its own use for coatings and inks. Based on the substrate, each industry has a
different approach or method of applying the materials to the substrate. The application method dictates
the physical and chemical properties used. Variations are even seen in one industry between applying
equipment. 

The direction of this book is to acquaint the reader with some of the many aspects of the coating and
inks industries. When you know the fundamentals of testing and processing techniques, you can adapt
to most situations.

 

Arthur A. Tracton
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1.1 Introduction

 

A basic understanding of rheology and surface chemistry, two primary sciences of liquid flow and
solid–liquid interaction, is necessary for understanding coating and printing processes and materials. A
generally qualitative treatment of these subjects will suffice to provide the insight needed to use and apply
coatings and inks and to help solve the problems associated with their use.

Rheology, in the broadest sense, is the study of the physical behavior of all materials when placed under
stress. Four general categories are recognized: elasticity, plasticity, rigidity, and viscosity. Our concern here
is with liquids and pastes. The scope of rheology of fluids encompasses the changes in the shape of a
liquid as physical force is applied and removed. Viscosity is a key rheological property of coatings and
inks. Viscosity is simply the resistance of the ink to flow — the ratio of shear stress to shear rate.

Throughout coating and printing processes, mechanical forces of various types and quantities are
exerted. The amount of shear force directly affects the viscosity value for non-Newtonian fluids. Most
coatings undergo some degree of “shear thinning” phenomenon when worked by mixing or running on
a coater. Heavy inks are especially prone to shear thinning. As shear rate is increased, the viscosity drops,
in some cases, dramatically.

This seems simple enough except for two other effects. One is called the yield point. This is the shear
rate required to cause flow. Ketchup often refuses to flow until a little extra shear force is applied. Then
it often flows too freely. Once the yield point has been exceeded the solidlike behavior vanishes. The
loose network structure is broken up. Inks also display this yield point property, but to a lesser degree.
Yield point is one of the most important ink properties.

Yield value, an important, but often ignored attribute of liquids, will also be discussed. We must
examine rheology as a dynamic variable and explore how it changes throughout the coating process. The
mutual interaction, in which the coating process alters viscosity and rheology affects the process, will be
a key concept in our discussions of coating technology.
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The second factor is time dependency. Some inks change viscosity over time even though a constant
shear rate is being applied. This means that viscosity can be dependent on the amount of mechanical
force applied and on the length of time. When shearing forces are removed, the ink will return to the
initial viscosity. That rate of return is another important ink property. It can vary from seconds to hours.

Rheology goes far beyond the familiar snapshot view of viscosity at a single shear rate, which is often
reported by ink vendors. It deals with the changes in viscosity as different levels of force are applied, as
temperature is varied, and as solvents and additives come into play. Brookfield viscometer readings,
although valuable, do not show the full picture for non-Newtonian liquids.

 

Surface chemistry

 

 describes wetting (and dewetting) phenomena resulting from mutual attractions
between ink molecules, as well as intramolecular attractions between ink and the substrate surface. The
relative strengths of these molecular interactions determine a number of ink performance parameters.
Good print definition, adhesion, and a smooth ink surface all require the right surface chemistry. Bubble
formation and related film formation defects also have their basis in surface chemistry.

Surface chemistry, for our purposes, deals with the attractive forces liquid molecules exhibit for each
other and for the substrate. We will focus on the wetting phenomenon and relate it to coating processes
and problems. It will be seen that an understanding of wetting and dewetting will help elucidate many
of the anomalies seen in coating and printing.

The two sciences of rheology and surface tension, taken together, provide the tools required for
handling the increasingly complex technology of coating. It is necessary to combine rheology and surface
chemistry into a unified topic to better understand inks and the screen printing process. We will cover
this unification in a straightforward and semiqualitative manner. One benefit will be the discovery that
printing and coating problems often blamed on rheology have their basis in surface chemistry. We will
further find that coating leveling is influenced by both rheology and surface chemistry.

 

1.2 Rheology

 

Rheology, the science of flow and deformation, is critical to the understanding of coating use, application,
and quality control. Viscosity, the resistance to flow, is the most important rheological characteristic of
liquids and therefore of coatings and inks. Even more significant is the way in which viscosity changes
during coating and printing. Newtonian fluids, like solvents, have an absolute viscosity that is unaltered
by the application of mechanical shear. However, virtually all coatings show a significant change in viscosity
as different forces are applied. We will look at the apparent viscosity of coatings and inks and discover
how these force-induced changes during processing are a necessary part of the application process.

Viscosity, the resistance of a liquid to flow, is a key property describing the behavior of liquids subjected
to forces such as mixing. Other important forces are gravity, surface tension, and shear associated with
the method of applying the material. Viscosity is simply the ratio of shear stress to shear rate (Equation
1.3). A high viscosity liquid requires considerable force (work) to produce a change in shape. For example,
high viscosity coatings are not as easily pumped as are the low viscosity counterparts. High viscosity
coatings also take longer to flow out when applied.

(1.1)

(1.2)

(1.3)

Shear rate, D
velocity

thickness
= −(sec )1

Shear stress,
force

area
dynes/cmτ = ( )2

Viscosity,
shear stress

shear rate D
dyneη

τ
= = ( ss sec/cm⋅ 2 )
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As indicated above, shear stress, the force per unit area applied to a liquid, is typically in dynes per
square centimeter, the force per unit area. Shear rate is in reciprocal seconds (sec

 

–1

 

), the amount of
mechanical energy applied to the liquid. Applying Equation 1.3, the viscosity unit becomes dyne-seconds
per square centimeter or poise (P). For low viscosity fluids like water (

 

≈

 

0.01 P), the poise unit is rather
small, and the more common centipoise (0.01 P) is used. Since 100 centipoise 

 

=

 

 1 poise, water has a
viscosity of about 1 centipoise (cP). Screen inks are much more viscous and range from 1000 to 10,000
cP for graphics and as high as 50,000 cP for some highly loaded polymer thick film (PTF) inks and
adhesives. Viscosity is expressed in pascal-seconds (Pa

 

⋅

 

sec) in the international system of units (SI: 1
Pa

 

⋅

 

sec 

 

=

 

 1000 cP). Viscosity values of common industrial liquids are provided in Table 1.1.
Viscosity is rather a simple concept. Thin, or low viscosity liquids flow easily, while high viscosity ones

move with much resistance. The ideal, or Newtonian, case has been assumed. With Newtonian fluids,
viscosity is constant over any region of shear. Very few liquids are truly Newtonian. More typically, liquids
drop in viscosity as shear or work is applied. The phenomenon was identified above as shear thinning.
It is, therefore, necessary to specify exactly the conditions under which a viscosity value is measured. Time
must also be considered in addition to shear stress. A liquid can be affected by the amount of time that
force is applied. A shear-thinned liquid will tend to return to its initial viscosity over time. Therefore,
time under shearing action and time at rest are necessary quantifiers if viscosity is to be accurately reported.

It should be apparent that we are really dealing with a viscosity curve, not a fixed point. The necessity
of dealing with viscosity curves is even more pronounced in plastic decorating. A particular material will
experience a variety of different shear stresses. For example, a coating may be mixed at relatively low
shear stress of 10 to 20 cP, pumped through a spray gun line at 1000 cP, sprayed through an airless gun
orifice at extreme pressure exceeding 10

 

6

 

 cP, and finally allowed to flow out on the substrate under mild
forces of gravity (minor) and surface tension. It is very likely that the material will have a different
viscosity at each stage. In fact, a good product should change in viscosity under applications processing.

 

1.2.1 Types of Viscosity Behavior

 

1.2.1.1 Plasticity

 

Rheologically speaking, plastic fluids behave more like plastic solids until a specific minimum force is
applied to overcome the yield point. Gels, sols, and ketchup are extreme examples. Once the yield point
has been reached, the liquid begins to approach Newtonian behavior as shear rate is increased. Figure 1.1

 

TABLE 1.1

 

Viscosities of Common Industrial Liquids

 

Liquid Viscosity (cP)

 

Acetone 0.32
Chloroform 0.58
Toulene 0.59
Water, standard 2(20

 

°

 

C) 1.0000
Cyclohexane 1.0
Ethyl alcohol 1.2
Turpentine 1.5
Mercury, metal 1.6
Creosote 12.0
Sulfuric acid 25.4
Lindseed oil 33.1
Olive oil 84.0
Castor oil 986.0
Glycerine 1490.0
Venice turpentine 130,000.0

 

Values are for approximately 20

 

°

 

C.

 

Source: 

 

From 

 

Handbook of Chemistry and Physics

 

, 64th
ed., CRC Press, Boca Raton, FL, 1984.
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shows the shear stress–shear rate curve and the yield point. Although plastic behavior is of questionable
value to ketchup, it has some benefit in inks and paints. Actually, it is the yield point phenomenon that
is of practical value. No-drip paints are an excellent example of the usefulness of yield point. After the
brush stroke force has been removed, the paint’s viscosity builds quickly until flow stops. Dripping is
prevented because the yield point exceeds the force of gravity.

Ink bleed in a printing ink, the tendency to flow beyond the printed boundaries, is controlled by yield
point. Inks with a high yield point will not bleed, but their flow out may be poor. A very low yield point
will provide excellent flow out, but bleed may be excessive. Just the right yield point provides the needed
flow out and leveling without excessive bleed. Both polymer binders and fillers can account for the yield
point phenomenon. At rest, polymer chains are randomly oriented and offer more resistance to flow.
Application of shear force straightens the chains in the direction of flow, reducing resistance. Solid fillers
can form loose molecular attraction structures, which break down quickly under shear.

 

1.2.1.2 Pseudoplasticity

 

Like plastic-behaving materials, pseudoplastic liquids drop in viscosity as force is applied. There is no
yield point, however. The more energy applied, the greater the thinning. When shear rate is reduced, the
viscosity increases at the same rate by which the force is diminished. There is no hysteresis; the shear
stress–shear rate curve is the same in both directions as was seen in Figure 1.1. Figure 1.2 compares
pseudoplastic behavior using viscosity–shear rate curves.

Many coatings exhibit this kind of behavior, but with time dependency. There is a pronounced delay
in viscosity increase after force has been removed. This form of pseudoplasticity with a hysteresis loop
is called thixotropy. Pseudoplasticity is generally a useful property for coatings and inks. However,
thixotropy is even more useful.

 

1.2.1.2.1 Thixotropy

 

Thixotropy is a special case of pseudoplasticity. The material undergoes “shear thinning”; but as shear
forces are reduced, viscosity increases at a lesser rate to produce a hysteresis loop. Thixotropy is very
common and very useful. Dripless house paints owe their driplessness to thixotropy. The paint begins
as a moderately viscous material that stays on the brush. It quickly drops in viscosity under the shear
stress of brushing for easy, smooth application. A return to higher viscosity, when shearing action stops,
prevents dripping and sagging.

Screen printing inks also benefit from thixotropy. The relatively high viscosity screen ink drops abruptly
in viscosity under the high shear stress associated with being forced through a fine mesh screen. The

 

FIGURE 1.1  

 

Shear stress–shear rate curves.
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momentary low viscosity permits the printed ink dots to merge together into a solid, continuous film.
Viscosity returns to a higher range before the ink can “bleed” beyond the intended boundaries.

Thixotropic materials yield individual hysteresis loops. Shear stress lowers viscosity to a point at which
higher force produces no further change. As energy input to the liquid is reduced, viscosity begins to
build again, but more slowly than it initially dropped. It is not necessary to know the shape of the viscosity
loop, but merely to realize that such a response is common in decorating inks, paints, and coatings.

The presence in decorating vehicles of pigments, flatting agents, and other solid fillers usually produces
or increases thixotropic behavior. More highly loaded materials, such as inks, are often highly thixotropic.
Thixotropic agents, consisting of flat, platelet structures, can be added to liquids to adjust thixotropy. A
loose, interconnecting network forms between the platelets to produce the viscosity increase. Shearing
breaks down the network, resulting in the viscosity drop.

Mixing and other high shear forces rapidly reduce viscosity. However, thixotropic inks continue to
thin down while undergoing shearing, even if the shear stress is constant. This can be seen with a
Brookfield viscometer, where measured viscosity continues to drop while the spindle turns at constant
rpms. When the ink is left motionless, viscosity builds back to the initial value. This can occur slowly or
rapidly. Curves of various shapes are possible, but they will all display a hysteresis loop. In fact, this
hysteresis curve is used to detect thixotropy (see Figure 1.3). The rate of viscosity change is an important
characteristic of an ink which is examined later as we take an ink step by step through screen printing.
Thixotropy is very important to proper ink behavior, and the changing viscosity attribute makes screen
printing possible.

 

1.2.1.2.2 Dilatancy

 

Liquids that show an increase in viscosity as shear is applied are called dilatants. Very few liquids possess
this property. Dilatant behavior should not be confused with the common viscosity build, which occurs
when inks and coatings lose solvent. For example, a solvent-borne coating applied by a roll coater will
show a viscosity increase as the run progresses. The rotating roller serves as a solvent evaporator, increasing
the coating’s solids content and, therefore, the viscosity. True dilatancy occurs independently of solvent loss.

 

1.2.1.2.3 Rheoplexy

 

Sounding more like a disease than a property, rheoplexy is the exact opposite of thixotropy. It is the time-
dependent form of dilatancy where mixing causes shear thickening. Figure 1.3 showed the hysteresis
loop. Rheoplexy is fortunately rare, because it is totally useless as a characteristic for screen print inks.

 

FIGURE 1.2  

 

Viscosity shear rate curves.
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1.2.2 Temperature Effects

 

Viscosity is strongly affected by temperature. Measurements should be taken at the same temperature
(typically 23

 

°

 

C). A viscosity value is incomplete without a temperature notation.
Although each liquid is affected differently by a temperature change, the change per degree is usually

a constant for a particular material. The subject of temperature effects has been covered thoroughly
elsewhere.

 

2

 

 It will suffice to say that a coating’s viscosity may be reduced by heating, a principle used in
many coating application systems.

Viscosity reduction by heating may also be used after a material has been applied. Preheating of
ultraviolet (UV)-curable coatings just prior to UV exposure is often advantageous for leveling out these
sometimes viscous materials.

 

1.2.3 Solvent Effects

 

Higher resin solids produce higher solution viscosity, while solvent addition reduces viscosity. It is
important to note that viscosity changes are much more pronounced in the case of soluble resins
(polymers) than for insoluble pigments or plastic particles. For example, although a coating may be
highly viscous at 50% solids, a plastisol suspension (plastic particles in liquid plasticizer) may have
medium viscosity at 80% solids. Different solvents will produce various degrees of viscosity reduction
depending on whether they are true solvents, latent solvents, or nonsolvents. This subject has been treated
extensively elsewhere.

 

2,3

 

1.2.4 Viscosity Measurement

 

Many instruments are available. A rheometer is capable of accurately measuring viscosities through a
wide range of shear stress. Much simpler equipment is typically used in the plastic decorating industry.
As indicated previously, perhaps the most common device is the Brookfield viscometer, in which an
electric motor is coupled to an immersion spindle through a tensiometer. The spindle is rotated in the
liquid to be measured. The higher the viscosity (resistance to flow), the larger is the reading on the
tensiometer. Several spindle diameters are available, and a number of rotational speeds may be selected.
Viscosity must be reported along with spindle size and rotational speed and temperature.

 

FIGURE 1.3  

 

Shear stress–shear rate curves: hysteresis loop.
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The Brookfield instrument is a good tool for incoming quality control. Although certainly not a
replacement for the rheometer, the viscometer may be used to estimate viscosity change with shear.
Viscosity readings are taken at different rpms and then compared. A highly thixotropic material will be
easily identified.

An even simpler viscosity device is the flow cup, a simple container with an opening at the bottom.
The Ford cup and the Zahn cup are very common in the plastic painting and coating field. The Ford
cup, the more accurate of the two, is supported on a stand. Once filled, the bottom orifice is unstoppered
and the time for the liquid to flow out is recorded. Unlike the Brookfield, which yields a value in centipoise,
the cup gives only a flow time. Relative flow times reflect different relative viscosities. Interconversion
charts permit Ford and other cup values to be converted to centipoise (Table 1.2).

The Zahn cup is dipped in a liquid sample by means of its handle and quickly withdrawn, whereupon
time to empty is recorded. The Zahn type of device is commonly used on line, primarily as a checking
device for familiar materials.

 

1.2.5 Yield Value

 

The yield value is the shear stress in a viscosity measurement, but one taken at very low shear. The
yield value is the minimum shear stress, applied to a liquid, that produces flow. As force is gradually
applied, a liquid undergoes deformation without flowing. In essence, the liquid is behaving as if it were
an elastic solid. Below the yield value, viscosity approaches infinity. At a critical force input (the yield
value) flow commences.

The yield value is important in understanding the behavior of decorating liquids after they have been
deposited onto the substrate. Shear stress, acting on a deposited coating or ink, is very low. Although
gravity exerts force on the liquid, surface tension is considerably more important.

If the yield value is greater than shear stress, flow will not occur. The liquid will behave as if it were a
solid. In this situation, what you deposit is what you get. Coatings that refuse to level, even though the
apparent viscosity is low, probably have a relatively high yield value. As we will see in the next section,
surface tension forces, although alterable, cannot be changed enough to overcome a high yield value.
Unfortunately, a high yield value may be an intrinsic property of the decorative material. Under these
circumstances, changing the material application method may be the only remedy.

Although a high yield value can make a coating unusable, the property can be desirable for printing
inks. Once an ink has been deposited, it should remain where placed. Too low a yield value can allow
an ink to flow out, producing poor, irregular edge definition. An ink with too high a value may flow out

 

TABLE 1.2

 

Viscosity Conversions

 

a

 

Consistency

 

Watery

 

Medium

 

Heavy

 

Poise: 0.1 0.5 1.0 2.5 5.0 10 50 100 150
Centipoise: 10 50 100 250 500 1,000 5,000 10,000 15,000
Viscosity device
Fisher #1 20
Fisher #2 24 50
Ford #4 cup 5 22 34 67
Parlin #10 11 17 25 55
Parlin #15 12 25 47 232 465 697
Saybolt 60 260 530 1,240 2,480 4,600 23,500 46,500 69,500
Zahn #1 30 60
Zahn #2 16 24 37 85
Zahn #3 12 29 57
Zahn #4 10 21 37

 

a

 

Liquids are at 25

 

°

 

C. Values are in seconds for liquids with specific gravity of approximately 1.0.

 

Source

 

: Binks Inc., ITW Industrial Finishing, 195 International Boulevard, Glendale Heights, IL 60134.
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poorly. As pigments tend to increase yield value, color inks are not a problem. Clear protective inks can
be a problem, especially when a thick film is deposited, as in screen printing. When it is not practical to
increase yield value, wettability can sometimes be favorably altered through surface tension modification.
Increasing surface tension will inhibit flow and therefore ink or coating bleed.

 

1.3 Surface Chemistry

 

Surface chemistry is the science that deals with the interface of two materials. The interface may exist
between any forms of matter, including a gas phase. For the purpose of understanding the interfacial
interaction of decorative liquid materials, we need only analyze the liquid–solid interaction. Although
there is a surface interaction between a liquid coating and the air surrounding it, the effect is small and
may be ignored.

 

1.3.1 Surface Tension

 

All liquids are made up of submicroscopic combinations of atoms called molecules (a very few liquids
are made up of uncombined atoms). All molecules that are close to one another exert attractive forces.
It is these mutual attractions that produce the universal property called surface tension. The units are
force per unit length: dynes per centimeter.

A drop of liquid suspended in space quickly assumes a spherical shape. As surface molecules are pulled
toward those directly beneath them, a minimum surface area (sphere) results. The spherical form is the
result of an uneven distribution of force; molecules within the droplet are attracted from all directions,
while those at the surface are pulled only toward molecules below them. All liquids attempt to form a
minimum surface sphere. A number of counterforces come into play, however. A liquid placed on a solid
provides a liquid–solid interface. This type of interface is critically important to the plastic decorator, as
liquid molecules are attracted not only to each other (intramolecular attraction) but also to any solid
surface (intermolecular attraction) with which they come in contact. We need only concern ourselves
with these two interactions; intra- and intermolecular. A fundamental understanding of this interfacial
interaction will permit the decorator to optimize materials and processes.

 

1.3.2 Measuring Surface Tension

 

Every liquid has a specific surface tension value. Liquids with high surface tensions, such as water (73
dynes/cm), demonstrate a high intramolecular attraction and a strong tendency to bead up (form
spheres). Liquids with low values have a weak tendency toward sphere formation that is easily overcome
by countering forces.

A variety of methods are available for measuring liquid surface tension. Table 1.3 gives values for
common solvents. Methods are also available for determining the surface tension of solids, which is usually
referred to as surface energy. Table 1.4 gives surface energy values for plastics. We need be concerned only
with ways of estimating surface tension and with techniques for determining relative differences.

 

1.3.3 Wetting

 

A liquid placed on a flat, horizontal solid surface either will wet and flow out, or it will dewet to form a
semispherical drop. An in-between state may also occur in which the liquid neither recedes nor advances
but remains stationary. The angle that the droplet or edge of the liquid makes with the solid plane is
called the 

 

contact angle

 

 (Figure 1.4).
A nonwetting condition exists when the contact angle exceeds 0

 

°

 

 — that is, when the angle is mea-
surable. The liquid’s intramolecular attraction is greater than its attraction for the solid surface. The
liquid surface tension value is higher than the solid’s surface energy. A wetting condition occurs when
the contact angle is 0

 

°

 

. The liquid’s edge continues to advance, even though the rate may be slow for
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high viscosity materials. The intermolecular (solid–liquid) attraction is greater in this case. The surface
energy of the solid is higher than the liquid’s surface tension.

Measuring the contact angle is a simple technique for determining the relative difference between the
two surface tensions. A high contact angle signifies a large departure, while a small angle suggests that
the two values are close, but not equal.

 

TABLE 1.3

 

Surface Tension of Liquids

 

Liquid
Surface Tension

(dynes/cm)

 

SF

 

6

 

5.6
Trifluoroacetic acid 15.6
Heptane 22.1
Methanol 24.0
Acetone 26.3
Dimethylformamide (DMF) 36.8
Dimethyl sulfoxide (DMSO) 43.5
Ethylene glycol 48.4
Formamide 59.1
Glycerol 63.1
Diiodomethane 70.2
Water 72.8
Mercury, metal 490.6

 

Source: 

 

From Dean, J., Ed., 

 

Lange’s Handbook
of Chemistry, 

 

13th ed., McGraw-Hill, New York,
1985

 

.

 

4

 

TABLE 1.4

 

Surface Tension of Polymers

 

Polymer
Surface Tension

(dynes/cm)

 

Polyperfluoropropylene 16
Polytetrafluoroethylene (Teflon) 18.5
Polydimethyliloxane 24
Polyethylene 31
Polystyrene 34
Polymethylmethacrylate (acrylic) 39
Polyvinyl chloride (PVC) 40
Polyethylene terephthalate (polyester) 43
Polyhexamethylene adipate (nylon) 46

 

Source

 

: From Bikales, N.M., 

 

Adhesion and 

 

Bonding,
Wiley-Interscience, New York, 1971

 

.

 

5

 

FIGURE 1.4  
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One can estimate liquid surface tension by applying drops of the liquid onto smooth surfaces of known
values until a wetting just occurs, signifying that the two surface tensions are equal. Conversely, the
surface energy of a solid may be estimated by applying drops of standard surface tension liquids until
wetting is achieved. A surface tension kit can be made up from simple mixtures for testing surfaces. Table
1.5 provides formulas.

Low energy surfaces are difficult to wet and can give poor results for coating, painting, and printing.
The standard surface tension kit may be used to estimate the surface energy of a plastic to be decorated.
If the particular plastic shows a much lower value than that reported in Table 1.4, contamination is
suspected. Mold release agents, unless specially made compatible for decorating materials, can greatly
lower surface energy of a plastic part, making it uncoatable.

 

1.3.4 Surfactants

 

Agents that alter interfacial interactions are called surfactants. The surfactant possesses two different
chemical groups, one compatible with the liquid to be modified, and the other having a lower surface
tension. For example, the surface tension of an epoxy may be reduced by adding a surfactant with an
alcohol group (epoxy-compatible) at one end and a fluorochemical group at the other. The alcohol group
will associate with the epoxy resin, presenting the incompatible fluorochemical “tail” to the surface. The
epoxy coating will behave as if it were a low surface tension fluorochemical. The addition of a small
amount of surfactant will permit the epoxy coating to wet difficult, low energy surfaces, even oil-
contaminated plastic.

Surfactants efficiently lower the surface tension of inks, coatings, and paints. Typically, 1% or less is
sufficient. When dewetting occurs because of intrinsically low surface energy of the substrate, use of
surfactants, also called wetting agents, is indicated. These materials are not a substitute for good house-
keeping and proper parts preparation. Contamination can cause adhesion failure later.

Fluorochemicals, silicones, and hydrocarbons are common categories of surfactants. Fluorochemicals
have the lowest surface tension of any material and are the most efficient wetting agents. Silicones are
next in efficacy and are lower in cost. Certain types of silicone, however, can become airborne, causing
contamination of the substrate.

Although it may be desirable to lower the surface tension of a coating, the opposite is true for the
substrate. The very agent that helps the decorating material renders the substrate useless. Silicone con-
tamination will produce the notorious dewetting defect called “fish-eyes.”

Coatings, paints, and inks, once modified with surfactants, are usually permanently changed, even
after curing. Their low surface energy will make them difficult to wet over if, for example, it is necessary
to apply a top coat. There are several options for overcoming this problem. The best practice is to use

 

TABLE 1.5

 

Surface Tension Test Kit

 

Surface
Tension Castor Oil Toluene Heptane FC48/FC77

 

15 dynes/cm 0/100
17 100/100
19 100/0
22 100
22.4 12.0 49.2 38.8
24.5 55.2 25.0 19.8
27 74.2 14.4 11.4
30 0 100.0 0
32.5 88.0 4.5 3.5
35 100.0
63 (100 glycerol)
72.8 (100 water)

 

Mixtures are in weight percent.

 

Source:

 

 Various sources and tests by author.
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the smallest amount of the least potent surfactant that will do the job. Start with the hydrocarbon class.
Also make sure that the substrate is clean to begin with.

Another possibility is to use reactive surfactants. Agents possessing a functional group that can react
with coating or binder are rendered less active after curing. Once the surfactant has completed the role
of wetting agent, it is no longer needed. One other approach is to add surfactant to the second material
to be applied. Often the same surfactant will work, especially at a slightly higher loading.

 

1.3.5 Leveling

 

Leveling depends on both rheology and surface chemistry. It is a more complex phenomenon and a more
difficult one to control. Coatings applied by spraying, dipping, roll coating, and most other methods are
often not smooth enough for aesthetic appeal. Splatters, runs, ridges, and other topological defects require
that the liquid material level out. It is therefore important to understand the dynamics of leveling.

We will first assume that proper wetting has been achieved, by wetting agents if necessary. Important
parameters affecting leveling are viscosity, surface tension, yield value, coating thickness, and the degree
of wet coating irregularity. Several workers have developed empirical relationships to describe leveling.
The leveling equation (Equation 1.4) is quite useful.

 

6

 

(1.4)

where

 

a

 

t

 

 

 

=

 

 amplitude (height) of coating ridge

 

σ

 

 

 

=

 

 the surface tension of the coating

 

η

 

 

 

=

 

 coating viscosity

 

h

 

 

 

=

 

 coating thickness or height

 

t

 

 

 

=

 

 the time for leveling

 

λ

 

 

 

=

 

 wavelength or distance between ridges

Equation 1.4 shows that leveling is improved by one or more of the following:

1. Longer time (

 

t

 

)
2. Higher surface tension of coating (σ)
3. Lower viscosity (η)
4. Greater coating thickness (h)
5. Small repeating distance between ridges (λ)

Note that h, the coating thickness, is raised to the third power. Doubling the thickness provides an
eightfold (23) improvement in leveling. Also note that λ, wavelength between ridges, is raised to the
fourth power. This means that ridges that are very far apart create a very difficult leveling situation.

Earlier, it was pointed out that a high yield value could prevent leveling. The shear stress on a wet
coating must be greater than the yield value for leveling to take place. Equation 1.5 shows the relationship
between various parameters and shear stress.7

 or (1.5)

where
σ = surface tension of coating
a = amplitude of coating ridge
h = coating height
λ = coating ridge wavelength
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Because Equation 1.5 deals with force, the time factor and the viscosity value drop out. It is seen that
increasing surface tension and coating thickness produce the maximum shear stress. Coating defect height
(a) increases shear, while wavelength (λ) strongly reduces it. If coating ridges cannot be avoided, higher,
more closely packed ones are preferable.

When the yield value is higher than the maximum shear (Tmax), leveling will not occur. Extending
leveling time and reducing viscosity will not help to overcome the yield value barrier, because these terms
are not in the shear equation. Increasing surface tension and coating thickness are options, but there are
practical limits.

As yield value is usually affected by shear (thixotropy), coating application rate and premixing con-
ditions may be important. Higher roller speed (for roll coaters) and higher spray pressure (for spray
guns) can drop the yield value temporarily. It should be apparent that best leveling is not achieved by
lowest surface tension. Although good wetting may require a reduction in surface tension, higher surface
tension promotes leveling. This is one more reason to use the minimum effective level of surfactant.

1.4 Summary

A comprehension of the basic principles that describe and predict liquid flow and interfacial interactions
is important for the effective formulation and the efficient application of coatings and related materials.
The theoretical tools for managing the technology of coatings are rheology, the science of flow and
deformation, considered with surface chemistry, and the science of wetting and dewetting phenomena.
Viewing such rheology properties as viscosity in terms of their time dependency adds the necessary
dimension for practical application of theory to practice. Such important coating attributes as leveling
are affected by both viscosity and surface tension. Knowing the interrelationships allows the coating
specialist to make adjustments and take corrective actions with confidence.
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2.1 Introduction

 

Depending on the nature of the starting material, coatings can be broadly classified into solvent-borne
and powder coatings. The solvent-borne coatings include both solutions (high and low solid contents)
and suspensions or dispersions. Methods of application and the markets for these coatings are listed in
Table 2.1.

 

2.2 Definitions and Measurement Techniques

 

2.2.1 Surface Tension 

 

Surface tension is defined as the excess force per unit length at the surface; it is reckoned as positive if it
acts in such a direction as to contract the surface.

 

1,6

 

 The tendency of a system to decrease its surface area
is the result of the excess surface energy, because the surface atoms are subjected to a different environment
as compared to those in the bulk. Surface tension of liquids and polymer melts can be measured by
methods such as capillary tube,

 

1

 

 Du Nuoy ring,

 

2,7

 

 Wilhelmy plate,

 

3,8

 

 and pendent drop.

 

4,5

 

 We shall focus
our discussion on two methods: the capillary-height and pendant-drop methods.

The capillary-height method is the most suitable for low viscosity liquids because the system takes a
long time to reach equilibrium for high viscosity liquids. It is reported that as many as 4 days are needed
to attain equilibrium for a polystyrene melt at 200

 

°

 

C.

 

5

 

 Figure 2.1 illustrates the capillary-height method.
At equilibrium, the force exerted on the meniscus periphery due to the surface tension must be balanced
by the weight of the liquid column. Neglecting the weight of the liquid above the meniscus, an approx-
imate equation can be written as follows:

(2.1)

where 

 

Δρ

 

 is the density difference between the liquid and air, 

 

g

 

 is the gravitational constant, 

 

h

 

 is the
height of the liquid column, 

 

γ

 

 is the surface tension, 

 

θ

 

 is the contact angle, and 

 

r

 

 is the radius of the

Δρ γ
θ
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r
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capillary. In practice, it is difficult to measure accurately a vertical contact angle and a known and uniform
radius. For a more accurate determination of the surface tension, various methods are available to
calculate the weight of the liquid above the meniscus.

The pendant-drop method is a very versatile technique to measure the surface tension of liquids and
also the interfacial tension between two liquids. Andreas et al.

 

9

 

 used this method to measure the surface
tension of various organic liquids. Wu

 

10

 

 and Roe

 

11

 

 have applied this method extensively to measure the
surface and interfacial tensions of many polymer liquids and melts.

The experimental setup shown in Figure 2.2 consists of a light source, a pendant-drop cell, and a
syringe assembly in a constant-temperature chamber, as well as a photomicrographic arrangement. A
typical shape of a pendant drop is shown in Figure 2.3. The surface tension of the liquid is given by

 

9

 

TABLE 2.1

 

Application Methods and Markets for Solvent-

 

Borne and Powder Coatings

 

Coating Type Method of Application Market

 

Solvent-borne Brushing, rolling Consumer paints
Spraying Automotive, industrial
Spin-coating Microelectronics
Electrodeposition Automotive, industrial

Powder Electrostatic Automotive, industrial

 

FIGURE 2.1  

 

The capillary method.

 

FIGURE 2.2  

 

Experimental setup for the pendant-drop method.
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(2.2)

where 

 

d

 

e

 

 is the maximum (equatorial) diameter of the pendant drop, and 

 

H

 

 is a correction factor that
depends on the shape of the drop; 

 

H

 

 is related to a measurable shape-dependent factor 

 

S

 

, which is
defined by

(2.3)

where 

 

d

 

s

 

 is the diameter of the pendant drop in a selected plant at a distance 

 

d

 

e

 

 from the apex of the
drop (see Figure 2.3). Tables showing the values of 1/

 

H

 

 as a function of 

 

S

 

 are available.

 

12–14

 

Recently there have been a number of significant improvements in both data acquisition and analysis
of the pendant-drop profiles.

 

15–17

 

 The photographic recording and measurement of the pendant drop are
replaced by direct digitization of a video image. The ability to measure the entire drop profile has led to
the development of new algorithms for the drop-profile analysis.

 

16,17

 

2.2.2 Viscosity

 

The shear viscosity is defined as the ratio of the shear to the shear strain rate, at the strain rate of interest.
Although the viscosity is usually quoted as a number without reference to the strain rate, it is really a
function of strain rate. The strain rate dependence and, in certain situations, the time dependence, of the
viscosity need to be determined if a meaningful correlation is to be made with coating phenomena. In the
case of coatings, the shear strain rate range of interest extends from about a few thousand reciprocal
seconds (during spraying, for instance) down to a hundredth of a reciprocal second (following application).

A variety of techniques is available to measure viscosity of coating formulations. Some of them are
listed in Table 2.2.

 

18

 

 Instruments with a single or undefined strain rate should be avoided in the study

 

FIGURE 2.3  

 

Typical pendant-drop profile.
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of coating rheology. If meaningful correlations are to be made with coating phenomena, the viscosity
must be measured over a wide range of strain rates.

The most acceptable technique for determining the strain-rate dependence of the viscosity is the use
of the constant rate-of-strain experiment in torsion. This can be done in either a cone-and-plate (for
low rates) or a concentric cylinder geometry (for higher rates). However, the oscillatory, or dynamic
measurement, is also commonly employed for the same purpose. It is assumed that the shear strain rate
and the frequency are equivalent quantities, and the complex viscosity is equal to the steady state constant
rate viscosity (i.e., the Cox–Merz rule is valid). The applicability of the Cox–Merz rule, however, is by
no means universal, and its validity must be demonstrated before the dynamic measurements can be
substituted for the steady-state ones. The capillary technique, as employed in several commercial instru-
ments, is not suitable for coating studies in general, because it is more suitable for measuring viscosity
at higher strain rates.

 

2.2.3 Thixotropy

 

Thixotropy is a much abused term in the coatings industry. In the review, we shall define the phenomenon
of thixotropy as the particular case of the time dependence of the viscosity, that is, its decrease during a
constant rate-of-strain experiment. This time dependence manifests itself in hysteresis in experiments
involving increasing and decreasing rates of strain. The area under the hysteresis loop has been used as
a quantitative estimate of thixotropy, although its validity is still a matter of debate.

 

18,19

 

 Another attempt
at quantifying thixotropy

 

20

 

 involves the measurement of a peak stress (

 

σ

 

p

 

) and a stress at a long time
(

 

σ

 

∞

 

) in a constant rate-of-strain experiment. In this instance, the thixotropy index 

 

β

 

 is defined as follows:

(2.4)

The utility of these different definitions is still unclear, and their correlation to coating phenomena is
even less certain.

In a purely phenomenological sense, thixotropy can be studied by monitoring the time-dependence
of the viscosity, at constant rates of strain. Quantification of the property is, however, rather arbitrary.
The coefficient of thixotropy, 

 

β

 

, appears to be the most reasonable, and is measurable in torsional

 

TABLE 2.2

 

Some Commercially Available Rheological Instrumentation

 

Name of Instrument Geometries Available Shear-Rate Range Modes Available

 

Weissenberg Rheogoniometer Couette, cone and plate, 
parallel plate

Broad Steady shear, oscillatory

Rheometrics Mechanical 
Spectrometer

Couette, plate and cone, 
parallel plate

Broad Steady shear, oscillatory

Carri-Med Controlled Stress 
Rheometer (CSR)

Couette, parallel plate Fixed stress Creep and recovery, oscillatory

Rheo-Tech Viscoelastic 
Rheometer (VER)

Cone and plate Fixed stress Oscillatory, creep and recovery

Contraves Rheomat 115 Cone and plate, couette Broad Steady shear
Rheometrics Stress Rheometer Cone and plate Fixed stress Oscillatory, creep and recovery
Haake Rotovisco Couette, cone and plate Broad Steady state
Shirley-Ferranti Cone and plate Broad Steady shear
ICI Rotothinner Couette Single high rate Steady shear
Brookfield Cone and Plate Cone and plate Medium to high Steady
Brookfield Spindle Undefined Undefined Steady shear
Gardner-Holdt Rising bubble Undefined
Cannon-Ubbelohde Poiseuille Limited range, high end Shear
Brushometer Couette High end only, single Steady shear

β σ σ
σ

= −
∞

p
p
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rheometers such as those mentioned in Table 2.2. It should be noted that this index, as defined above,
increases with increase in the rate of strain. In addition, the thixotropic behavior is influenced consid-
erably by the shear history of the material. In comparative measurements, care should be taken to ensure
a similar or identical history for all samples. The phenomenon of thixotropy is also responsible for the
increase in viscosity after the cessation of shear. If after a constant rate-of strain experiment, the material
viscosity is monitored using a sinusoidal technique, it will be found to increase to a value characteristic
of a low shear rate-of-strain measurement.

 

2.2.4 Dilatancy

 

The original definition of dilatancy,

 

21

 

 an increase in viscosity with increasing rate of strain, is still the
most widely accepted one today.

 

22–24

 

 The term has been used, however, to mean the opposite of thixot-
ropy.

 

25

 

 The constant rate-of-strain experiment, outlined above for viscosity measurements, can obviously
be employed to determine shear thickening, or dilatancy

 

2.2.5 Yield Stress

 

In the case of fluids, the yield stress is defined as the minimum shear stress required to initiate flow. It
is also commonly referred to as the “Bingham stress,” and a material that exhibits a yield stress is
commonly known as a “Bingham plastic” or viscoplastic.

 

26

 

 Though easily defined, this quantity is not as
easily measured. Its importance in coating phenomena is, however, quite widely accepted.

The most direct method of measuring this stress is by creep experiments in shear. This can be
accomplished in the so-called stress-controlled rheometers (see Table 2.2). The minimum stress that can
be imposed on a sample varies with the type of instrument, but by the judicious use of geometry, stress
(in shear) in the range of 1 to 5 dynes/cm

 

2

 

 can be applied. This is the range of yield stresses exhibited
by most paints with a low level of solids. However, the detection of flow is not straightforward. In the
conventional sense, the measured strain in the sample must attain linearity in time when permanent flow
occurs. This may necessitate the measurement over a long period of time.

An estimate of the yield stress may be obtained from constant rate-of-strain measurements of stress
and viscosity. When the viscosity is plotted against stress, its magnitude appears to approach infinity at
low stresses. The asymptote on the stress axis gives an estimate of the yield stress.

Another method used is the stress relaxation measurement after the imposition of a step strain. For
materials exhibiting viscoplasticity, the stress decays to a nonzero value that is taken as the estimate of
the yield stress.

 

2.2.6 Elasticity

 

Elasticity of coating materials is frequently mentioned in the literature

 

18,19

 

 as being very important in
determining the coating quality, particularly of leveling. However, most of the reported measurements
of elasticity are indirect, either through the first normal stress difference or through the stress relaxation
measurement. Correlations are shown to exist, in paints, between high values of the first normal stress
difference and the leveling ability.

 

18

 

 However, no satisfactory rationalization has been put forward for a
cause-and-effect relationship. Also, direct measurement of the elasticity of a coating through the creep-
and-recovery experiment is virtually nonexistent. We shall not discuss the role of elasticity in this chapter.

 

2.3 Rheological Phenomena in Coating

 

Coalescence, wetting, leveling, cratering, sagging, and slumping are the processes that are strongly
influenced by surface tension and viscoelasticity. These, in turn, are the two important parameters that
control the quality and appearance of coatings, and hence, their effects on the coating process are
discussed in detail.
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2.3.1 Wetting

 

Surface tension is an important factor that determines the ability of a coating to wet and adhere to a
substrate. The ability of a paint to wet a substrate has been shown to be improved by using solvents with
lower surface tensions.

 

27

 

 Wetting may be quantitatively defined by reference to a liquid drop resting in
equilibrium on a solid surface (Figure 2.4). The smaller the contact angle, the better the wetting. When

 

θ

 

 is greater than zero, the liquid wets the solid completely over the surface at a rate depending on a liquid
viscosity and the solid surface roughness. The equilibrium contact angle for a liquid drop sitting an
ideally smooth, homogeneous, flat, and nondeformable surface is related to various interfacial tensions
by Young’s equation:

(2.5)

where 

 

γ

 

lv

 

 is the surface tension of the liquid in equilibrium with its own saturated vapor, 

 

γ

 

sv

 

 is the surface
tension of the solid in equilibrium with the saturated vapor of the liquid, and 

 

γ

 

sl

 

 is the interfacial tension
between the solid and liquid. When 

 

θ

 

 is zero and assuming 

 

γ

 

sv

 

 to be approximately equal to 

 

γ

 

s

 

 (which is
usually a reasonable approximation), then from Equation 2.5, it can be concluded that for spontaneous
wetting to occur, the surface tension of the liquid must be greater than the surface tension of the solid.
It is also possible for the liquid to spread and wet a solid surface when 

 

θ

 

 is greater than zero, but this
requires the application of a force to the liquid.

 

2.3.2 Coalescence

 

Coalescence is the fusing of molten particles to form a continuous film. It is the first step in powder
coating. The factors that control coalescence are surface tension, radius of curvature, and viscosity of the
molten powder. Figure 2.5 shows a schematic diagram of the coalescence of molten powder. Nix and
Dodge

 

28

 

 related the time of coalescence to those factors by the equation,

(2.6)

where 

 

t

 

c

 

 is the coalescence time and 

 

R

 

c

 

 is the radius of the curvature (the mean particle radius). To
minimize the coalescence time such that more time is available for the leveling-out stage, low viscosity,
small particles, and low surface tension are desirable.

 

2.3.3 Sagging and Slumping

 

Sagging and slumping are phenomena that occur in coatings applied to inclined surfaces, in particular,
to vertical surfaces. Under the influence of gravity, downward flow occurs and leads to sagging or
slumping, depending on the nature of the coating fluid. In the case of purely Newtonian or shear thinning
fluids, sagging (shear flow) occurs; Figure 2.6 represents “gravity-induced” flow on a vertical surface. On
the other hand, a material with a yield stress exhibits slumping (plug flow and shear flow).

 

FIGURE 2.4  

 

Schematic illustration of good and poor wetting.
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For the case of Newtonian fluids, the physics of the phenomenon has been treated.

 

29,30

 

 The extension
to other types of fluid, including shear thinning and viscoplastic fluids, has been done as well.

 

31

 

 The
treatment that follows is based largely on these three sources (i.e., Refs. 29–31). The parameters of
interest in the analysis are the velocity 

 

V

 

0

 

 of the material in flow at the fluid–air interface and the
resulting sag or slump length, 

 

S

 

. For the general case of a power-law fluid of index 

 

n

 

,

 

31

 

 these above
quantities can be calculated:

(2.7)

and

(2.8)

where 

 

η

 

0

 

 is the zero-shear viscosity and 

 

h

 

 is the film thickness. The special case of Newtonian fluids is
obtained by putting 

 

n

 

 = 1 in Equation 2.8. The final sag or slump length 

 

S

 

 is determined by the velocity

FIGURE 2.5  Schematization of the coalescence of molten powders.

FIGURE 2.6  Gravity-induced flow on a vertical surface.
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as well as a time factor t, which is really a time interval for which the material remains fluid (or the time
the material takes to solidify). The velocity v0 depends inversely on the zero-shear viscosity. When all
other things are equal, a shear thinning fluid (n < 1) will exhibit lower sag and slump velocities. In
general, therefore, a Newtonian or a shear-thinning fluid will sag or slump under its own weight until
its viscosity increased to the point at which V0 is negligible. However, sagging might not occur at all,
provided certain conditions are met. One of these is the existence of the yield stress. No sagging occurs
if the yield stress (σy) is larger than the force due to gravity, pgh. However, if the coating is thick enough
(large h), this condition may no longer be satisfied, and both sagging and slumping can occur if the film
thickness is larger than hs, which is given by

(2.9)

Between h = 0 and h = hs, sagging occurs. The velocity can be obtained by substituting (h – hs) for h
in Equation 2.7:

(2.10)

For h > hs, plug flow occurs (see Figure 2.6).
Wu31 also found that the tendency to sag, in general, increases in the order: shear-thinning fluids <

viscoplastic fluids < Newtonian fluids < shear-thickening fluids, provided that all these materials have
the same zero-shear viscosity, η0. The significance of η0 for viscoplastic fluids is unclear, although it is
used in the equations derived by Wu.31

For the particular case of sprayable coatings, Wu found that a shear thinning fluid with n = 0.6, without
a yield stress, can exhibit good sag control while retaining adequate sprayability.

2.3.4 Leveling

Leveling is the critical step to achieve a smooth and uniform coating. During the application of coatings,
imperfections such as waves or furrows usually appear on the surface. For the coating to be acceptable,
these imperfections must disappear before the wet coating (fluid) solidifies.

Surface tension has been generally recognized as the major driving force for the flow-out in coating,
and the resistance to flow is the viscosity of the coating. The result of leveling is the reduction of the surface
tension of the film. Figure 2.7 illustrates the leveling out of a newly formed sinusoidal surface of a
continuous fused film. For a thin film with an idealized sinusoidal surface, as shown in Figure 2.7, an
equation that relates leveling speed tv with viscosity and surface tension was given by Rhodes and Orchard32:

(2.11)

where at and a0 are the final and initial amplitudes, γ is the wavelength, and h is the averaged thickness
of the film. This equation is valid only when γ is greater than h. From Equation 2.11 it is clear that
leveling is favored by large film thickness, small wavelength, high surface tension, and low melt viscosity.

However, the question of the relevant viscosity to be used in Equation 2.11 is not quite settled. Lin18

suggests computing the stress generated by surface tension with one of several available methods.33,34

Then, from a predetermined flow curve, obtain the viscosity at that shear stress; this may necessitate the
measurement of viscosity at a very low strain rate. On the other hand, Wu proposed31 using the
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zero-shear value for the viscosity in Equation 2.11. These two approaches will yield similar results, except
when the material is highly sensitive to strain rate (n < 1).

When the material possesses a yield stress, the surface tension force must overcome the yield stress to
initiate the flow or leveling. Thus, we replace λ in Equation 2.11 by λ′:

(2.12)

This equation implies that a coating fluid with low yield stress should level out quickly. This require-
ment for leveling is in conflict with that for low sag or slump (high yield stress). Wu35 claims that a shear
thinning fluid of index 0.6 exhibits the lowest sag, provided the viscosity is 50 poise at 1 reciprocal second.
Because such a fluid does not have a yield stress, it should level out well. This kind of rheological behavior
may be attainable in an oligomeric powder coating at temperatures close to its melting point, or in a
solution coating with a high solid content. It is difficult to see how this behavior could be realized in all
situations, in particular for latex dispersions that possess yield stresses.

2.3.5 Viscosity Changes after Application

After a wet or fluid coating has been applied to a substrate, its viscosity starts to increase. This increase
is due to several factors; some of the more important ones are depicted in Figure 2.8. The magnitudes
of the viscosity increases due to the different factors shown in Figure 2.8 are typical of a solution coating
with a low solid content. The relative magnitudes will, of course, differ for solution coatings with a high
solid level, as well as for powder coatings. In powder coatings, the principal increase will be due to
freezing, as the temperature approaches the melting point.

The measurement of the viscosity increase is important, because it gives us in idea of how much time
is available for the various phenomena to occur before solidification. The leveling and sagging phenomena
discussed above can occur only as long as the material remains fluid; as the viscosity increases, these
processes become less and less significant because of the decrease in the sagging velocity and leveling
speed in accordance with Equations 2.7 and 2.11. In fact, using the measured time dependence of the
viscosity, one can estimate the time t (time taken to solidify) to be used in Equation 2.8, as well as the
time of leveling, in Equation 2.11. In general, if the viscosity is higher than approximately 100,000 P,
then leveling and sagging phenomena occur to a negligible extent.

Experimentally, one can monitor the viscosity increase using an oscillatory technique (see Section
2.2.2). This method is preferred, because measurements can be made under the condition of low shear
amplitude, which approximates the condition after a coating application. Also, the solidification point
can be estimated from the measurement of the elastic modulus. To mimic the condition immediately

FIGURE 2.7  An ideal sinusoidal surface.
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after coating, the oscillatory measurement should be preceded by shearing at a fairly high rate, corre-
sponding to the method of application.36 In such an experiment, the average amplitude of the torque/
stress wave increases with time after the cessation of a ramp shear. Although it is not easy to compute
the viscosity change from the amplitude change, estimating is possible.37 Alternatively, one can use just
the amplitude of the stress for correlation purposes. Dodge36 finds a correlation between the viscosity
level after application and the extent of leveling as quantified by a special technique he developed. Another
method that has been used38 involves rolling a sphere down a coating applied to an inclined surface. The
speed of the sphere can be taken as an indicator of the viscosity, after suitable calibration with Newtonian
fluids. This method can be very misleading, because the flow is not viscometric, and it is not applicable
to non-Newtonian fluids. A more acceptable technique is to use a simple shear, with a plate being drawn
at constant velocity over a horizontal coating.19 

2.3.6 Edge and Corner Effects

When a film is applied around a corner, surface tension, which tends to minimize the surface area of the
film, may cause a decrease or increase in the film thickness at the corners as shown in Figure 2.9b and
Figure 2.9d, respectively. In the case of edges of coated objects, an increase in the thickness has been
observed. This phenomenon is related to surface tension variation with the solvent concentration.40 In
a newly formed film, a decrease in film thickness at the edge is caused by the surface tension of the film.
Consequently, the solvent evaporation is much faster at the edge of the film, because there is a larger
surface area per unit volume of fluid near the edge (Figure 2.10a). As more solvent (which usually has a
lower surface tension than the polymer) evaporates, a higher surface tension exists at the edge, hence
causing a material transport toward the edge from regions 2 to 1 (Figure 2.10b). The newly formed
surface in region 2 will have a lower surface tension due to the exposure of the underlying material,

FIGURE 2.8  Schematic plot of coating viscosity during application and film formation.
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which has a higher solvent concentration. Consequently, more materials are transported from region 2
to the surrounding areas (regions 1 and 3) because of the surface tension gradient across the regions
(Figure 2.10c).

2.3.7 Depressions: Bernard Cells and Craters

Local distortions (depressions) in a coating can be caused by a surface tension gradient (due to compo-
sition variation or temperature variation). This phenomenon is known as the Maragoni effect.41 The flow
of a liquid from a region of lower to higher surface tension caused by the surface tension gradient results
in the formation of depressions on the liquid surface. Such depressions come in two types: Bernard cells
and craters.

Bernard cells usually appear as hexagonal cells with raised edges and depressed centers.42–44 The increase
in the polymer concentration and the cooling due to solvent evaporation cause the surface tension and
surface density to exceed those of the bulk. This creates an unstable configuration, which tends to move

FIGURE 2.9  (a) Newly applied thick film at a corner. (b) Decrease in the film thickness at the corner due to surface
tension. (c) Newly applied thin film at a corner. (d) Increase in the film thickness at the corner due to surface tension.

FIGURE 2.10  (a) Newly formed film near an edge. (b) Flow of materials from regions 2 to 1. (c) Further flow of
materials from region 2 to the surroundings.
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into a more stable one in which the material at the surface has a lower surface tension and density.
Theoretical analysis45 has established two characteristic numbers: the Raleigh number Ra and the
Marangoni number Ma, given by

(2.13)

(2.14)

where ρ is the liquid density, g is the gravitational constant, α is the thermal expansion coefficient, τ is
the temperature gradient on the liquid surface, h is the film thickness, K is the thermal diffusivity, and
T is the temperature. If the critical Marangoni number is exceeded, the cellular convective flow is formed
by the surface tension gradient. As shown in Figure 2.11a, the flow is upward and downward beneath
the center depression and the raised edge, respectively. But if the critical Raleigh number is exceeded,
the cellular convective flow, which is caused by density gradient, is downward and upward beneath the
depression and the raised edge, respectively (Figure 2.11b). In general, the density-gradient-driven flow
predominates in thicker liquid layers (>4 mm), while the surface tension gradient is the controlling force
for thinner films.

Cratering is similar to the Bernard cell formation in many ways. Craters, which are circular depressions
on a liquid surface, can be caused by the presence of a low surface tension component at the film surface.
The spreading of this low surface tension component causes the bulk transfer of film materials, resulting
in the formation of a crater. The flow q of material during crater formation is given by46

(2.15)

where Δγ is the surface tension difference between the regions of high and low surface tension. The crater
depth dc is given by47

(2.16)

The relationship between the cratering tendency and the concentration of surfactant was investigated
by Satoh and Takano.48 Their results indicate that craters appear whenever paints contain silicon oils (a
surfactant) in an amount exceeding their solubility limits.

FIGURE 2.11  Schematic illustration of the formation of the Bernard cells due to (a) the surface tension gradient
and (b) the density gradient.
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In the discussion above, high surface tension and low viscosity are required for good flow-out and
leveling. But high surface tension can cause cratering, and excessively low viscosity would result in sagging
and poor edge coverage. To obtain an optimal coating, the balance between surface tension and viscosity
is important. Figure 2.12 illustrates coating performance as a function of surface tension and melt
viscosity. Coating is a fairly complex process; achieving an optimal result calls for the consideration of
many factors.
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