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Additives to Control the Rheology
of Paints and Coatings
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This article was originally published in the October 2021 issue
of CoatingsTech magazine, published by the American Coatings
Association. Reprinted with permission. All rights reserved.
Formulating paints and coatings to provide just the right
balance of properties is a complex undertaking. Getting the
rheology profile correct is just one important task on the
formulator's to-do list, but it is crucial to the ultimate success
of the coating. The rheology profile influences properties

of the coating throughout its lifetime, from manufacture,

storage, mixing, and application, to the resulting film
properties. To control and optimise the rheology of liquid
coatings, the formulator typically relies on additives, often
referred to as rheology modifiers, thickeners and thixotropes.
In this article, some of the basics of rheology and rheological
additives will be reviewed.

Basics of rheology

Rheology is defined as the science examining the flow and
deformation of materials. When considering fluids such as
liquid paints and coatings, the aspect of rheology discussed
most often is viscosity. The viscosity of a fluid is a measure of its
resistance to deformation under a given stress,and is a material
property which we associate with the coating as being either
"thick" or "thin".To understand viscosity and its importance for
coatings, a quick review of the principles is helpful.

As Isaac Newton did many years ago, consider a fluid
between two plates as in Figure 1, where the bottom plate
is static, and the top plate is moving at a certain velocity (v)
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Figure 1: Definition of some key rheological parameters for a liquid under shear
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Figure 2: Types of rheology profile displayed by liquids
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due to an applied force (F). When a force is applied to the
liquid, flow of the liquid will occur to relieve the strain from
the force. The shear stress (1) is defined as the shear force
(F) per unit area (A) that results in flow of the liquid, and has
units of Pascals (1 Pa = 1 N/m’) or dyne/cm”. The shear strain
(y) describes the deformation of the fluid and is defined as
the ratio of the horizontal displacement (AL) to the height
(h). The velocity of a fluid layer near the top plate will be
higher than the velocity of a fluid layer near the bottom
static plate. Shear rate (y) describes the velocity gradient, or
the change in liquid velocity per unit height between the
shear plates, and is defined as v/h, where v = AL/t, and t is
the time it takes the top plate to move over the distance
AL. Shear rate has units of reciprocal seconds (s). Viscosity,
which we already noted is a measure of the resistance of the
fluid to deformation, is the ratio of shear stress (1) to shear
rate (y), and is reported in units of Pas or dyne:s/cm’ (where
1 dyne-s/cm2 =1 Poise (P),and 1 Poise equals 0.1 Pa-s.

When the viscosity of a fluid is constant at varying
shear rates, it is said to exhibit ideal or Newtonian viscosity
(Figure 2a). Newtonian fluids include simple fluids like water,
solvents and oils. However, most liquid materials, including
paints and coatings, are non-Newtonian in nature,and have a
viscosity that changes with shear rate. The viscosity of paints
and coatings generally decreases with increasing shear rate,
also known as shear-thinning or pseudoplastic behaviour
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(Figure 2b). Shearing the coating will break down structure
within the liquid, and lead to a lower viscosity versus when
the coating is at rest and unperturbed. Some fluids, such as
high solids dispersions, can show an increase in viscosity
with increasing shear rate, also known as shear-thickening or
dilatant behaviour (Figure 2c). Generally, dilatant flow is not
desired, as it can cause problems during manufacture and in
processes such as mixing and pumping.

Shear rate and physical processes

Paints and coatings are subjected to physical processes that
are characterised by a wide variety of shear rates.The settling
of pigments due to the force of gravity, for example, is a very
low shear rate process. The sagging of an architectural paint
applied to a wall is another process that occurs under low
shear. Mixing a paint by hand or with a low-speed overhead
mixer is a medium shear process, while dispersing pigments
and mixing with a high-speed Cowles disperser is a high
shear rate process. Application methods span the range of
shear rate. Coatings applied by dip or flow coater application
experience a low to medium shear rate, while paints applied
by brush or airless spray are subjected to high shear.
Application of coil coatings by reverse roll coaters is another
example of a very high shear rate process. Figure 3 describes
the approximate ranges of shear rate that are involved in
various processes during the manufacture, storage, and
application of paints and coatings.
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Figure 3: Examples of shear rates for various processes used in the paint a& coatings industry, and for some common
methods of measuring viscosity.

MARCH 2022 ¢ CHINA COATINGS JOURNAL

29



30

B Fh & B Additives Update

1t A EANNTRNBEEF B & FURTEHN
RN SR EETRETEANME (BEUEER
cP RBMIRE) XN TFEETRETHME  ICl HERMEETT
R—MERIEE - BIYIEELH 10,000 s WFIRRMGLE
Tz ERNRLR  BRTBURN AR E R ST
IHRIZIEEBR o ICI $EEBELUR (P) NBMIRE o AR
& ITAIFRAE KM IURRIY ICI RELR 1.0-1.5 PotiE
KRS SEBRBERRTME MEASSSFURRIFE DK
KRERRNHERIREAJUEHAECLREIN=F
¥4 it —Brookfield  Krebs Stormer #0 ICI 4 Ak 11
USRI RIS BT R4 T HIREE o AXFT/EAD -
X LAY R AUR D BB S SEBEERE T AL E #E
AT ATESE THERENREIS M R AFRATLK
BTESR FEAHNREN BRERENWETSEE N#H

ﬁ/)“'Jg SR AR AR ERERNREREFRE
SEMLANRLRT  EE RIS FEFURRIR R I EZH N

E’JTJ.E%IUJE’J{M’%E’J/Nlﬁﬁiﬁﬁif’ﬁ*mﬁiﬁ—% R
TR SSERRR IR SR P w5k Mo

BB ARG Hh 28 0 B PR

A B RIHMER IR BIZ AT LR AV E A
Eﬁ\?EE:J:%%%@}EE{E’Z.E’I'_{/MZKE’J*EF[%EE'Jfﬂiifiﬁ'ﬁﬁﬂc'
BANEBEREEELRT - TR I RETEMNE
HERNTRHEFRITIREE: Ijﬂlf%ﬂ%é%lﬁi?%
YIEEE A 3 PR XK EB T @EXAE R iR
ORI B RIHPR AR SR AN 0F SR E B R4S
P BUE P X LSRR IR R AEMERE - fla0 - N TRELL#EF
TR AVTURMBURIEE - ERBIY) T A ESHRE N B AR
Eif - BEHNBRAE RPN ER ZEH ERIFEREBHER
RAVREIFIUE - EREIRZ T RSNHERES TR
H o XUMS R FHURAERIRF AR AR ﬁ“fﬂﬁzl ZH
FERTE BERENKESE TRIX—RERNE—
NMIF - AEBURRI AP SRR T B SRR 2
fER IR R M S A EREBREAEBURTAENS
BYIZ M TREEMIEE - 5 —5H RESATR
R NREEESH TEAESHMENTNE RN
FRRR o SN RAEE AR AT AORER - WA BE AR B MIE T =
ERP (BlanfErd) 45tk e

iRzl

FEAFIBUREIT TR AV 2SR E P R KA
ELRENEGRSET BeiiiED FENRSWBRNIE
SSHRBHBREE - REVITFFRE D R BT
HAFEREREE R MR EEA T RS UREN
FERBETFE o A BRZ A AR AL S RAE A AL MR £

(BHKEL) ~ REGREAERMOTEY °

KRB RHRETIARREWO R BE2
ARBURINFISKIZBIR A - BT IR R S Y= AR B
TRATK AUREY D FEMB RN E X E ARG -

(RESRAITUY —ZO=Z=ZF=A/7)

Also shown in Figure 3 is a description of the shear rate
ranges covered by some of the common instruments used
to measure the viscosity of paints and coatings. The Krebs
Stormer viscometer is a very common piece of equipment in
paint laboratories for measuring viscosity (reported in Krebs
units or KU) of coatings such as architectural and industrial
maintenance paints. It utilises a paddle-type rotor that is
rotated at a constant 200 rpm, with higher viscosity paints
requiring a higher force to rotate the paddle at the set speed.
Because it operates at a fixed shear rate of about 60 s,
the Stormer viscometer provides a consistent standard for
comparing different paints. However, based on Figure 3,
while it is a good instrument to use when optimising for
medium-shear processes like mixing and pouring, it is clearly
not the right one to use when trying to optimise low-shear
processes like sag resistance or high-shear processes like
spray application or brushing.

To correlate paint viscosity with low shear rate processes,
the Brookfield viscometer is a common instrument used in
paint labs. It is a rotational viscometer which can use several
different cylindrical and disc-shaped spindles and different
rotational speeds to measure viscosities (typically reported
in units of centipoise or cP) over a range of low to medium
shear rates. For viscosities at high shear rate, the ICl Cone and
Plate viscometer is a common piece of equipment. With a
shear rate of about 10,000 5™, it is useful to formulators trying
to optimise viscosity for brush, roller and spray applications
which fall in that high shear range. ICl viscosities are typically
reported in units of Poise (P). A standard waterborne
architectural paint designed for brush application will have
an ICl viscosity of approximately 1.0-1.5 P. Much lower
viscosities will lead to poor film build, and much higher
values will lead to excessive brush drag.

A well-equipped paint laboratory can evaluate viscosity
at low, medium and high shear conditions for a moderate
price with the three viscometers already mentioned -
Brookfield, Krebs Stormer and ICl Cone and Plate viscometers.
It is recognised that these instruments will only provide
viscosity data at a few values or small ranges of shear rate.
However, for a more complete picture of the rheology profile
of a coating, paint chemists can turn to a more expensive and
more advanced rheometer which can make measurements
across a wide shear range. Of course, evaluating a coating
in the real-world application is the final test of whether the
coating rheology has been optimised. There have also been
reports in the literature of test method development using
an instrument that records position and forces applied
during the roller application of architectural paints, in the
attempt to correlate standardised testing of rheology with
real-world application and end-user preferences. ™

Targeting a viscosity profile
when formulating

So, what viscosity should a formulator target when designing
a coating? This question is of course complicated by the
fact that for pseudoplastic fluids such as coatings, viscosity
changes with shear rate. Understanding the viscosity
response of a coating across the range of shear rates is
important for paint formulators because of the many
physical processes which coatings experience, as illustrated
in Figure 3, and will help in answering the question. When
designing a new coating, formulators will rely on rheological
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additives to target the optimal rheology profile to perform
best across all these processes. For example, to prevent
sedimentation and pigment setting during storage, targeting
a higher viscosity at low shear is better. Dense pigments
and extenders are more prone to settling in paints with low
Brookfield viscosities. Resistance to sagging is also aided by
a higher viscosity at low shear rate. This must be balanced
with the need for good flow and leveling, also a low shear
rate process, but which would be aided by a lower viscosity.
As another example, in spray applications, a stream of paint
is broken up into small droplets as the paint leaves the spray
gun, and this atomisation process is generally enhanced by
a lower viscosity at the high shear conditions that occur in
spraying. On the other hand, if formulating for a brushing
application, a higher viscosity at high shear will be desired to
allow for greater film build. If viscosity is too low and a thin
film results, properties such as hiding or substrate protection
(e.g., corrosion) might be sacrificed.

Additives for rheology control

In solventborne coatings, the dissolved resin can have a
strong influence on viscosity. At a given solids level, higher
resin molecular weight and polymer backbone stiffness leads
to higher solution viscosities. Polymer design and volume
solids are variables used to control viscosity in solventborne
coatings, and additives are often used to improve sag
resistance and pigment settling. Common thixotropic agents
used in solventborne systems include organically-modified
clays (organoclays), polyamides and castor oil derivatives.

Waterborne coatings, especially ones based on latex
polymers, will typically rely on additives to control rheology.
Because latex polymers are colloidal particles and insoluble
in water, the polymer molecular weight and backbone
stiffness have no effect on viscosity. Particle size, particle size
distribution and volume fraction (concentration) however
have a strong effect on viscosity of the latex. As the latex
concentration approaches the theoretical maximum volume
fraction, small changes can lead to large increases in viscosity.
For this reason, latex coatings are usually formulated at latex
concentrations low enough to avoid the issue and typically
use water-soluble thickeners to control rheology. There
are a variety of water-soluble, organic rheology modifiers
and thickeners used in waterborne systems, including
cellulosics, alkali-soluble (or swellable) emulsions (ASE),
hydrophobically-modified alkali-soluble emulsions (HASE)
and various types of associative rheology modifiers such as
hydrophobically-modified ethoxylated urethanes (HEUR)
and hydrophobically-modified polyethers (HMPE). Inorganic
rheology modifiers are also used in waterborne systems,
typically for anti-settling and anti-sag properties, and include
clays (e.g., attapulgite and bentonite clays) and fumed
silicas. Some of these rheology modifier chemistries will be
discussed in more detail below.

Organic rheology modifiers for waterborne coatings
can be classified according to how they thicken the
paint. There are two basic mechanisms of thickening
utilised by these rheology modifiers — associative and
non-associative. Non-associative thickening works via
a volume exclusion mechanism, where typically high
molecular weight water-soluble polymers swell with
water and take up hydrodynamic volume in the coating
(Figure 4). Examples include hydroxyethyl cellulose (HEC)
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and ASE thickeners, which create viscosity through chain
entanglements and particle flocculation (i.e., depletion
flocculation). Associative thickeners are water-soluble
polymers containing hydrophobic groups that interact (or
associate) with one another and with other components of
the coating formulation, particularly the latex particles, to
create a network structure (Figure 5). An increase in viscosity
results from the network restricting the motion of the latex
particles. Examples of associative thickeners include HEUR
and HMPE rheology modifiers. There are also rheology
modifiers which rely on a combination of associative and
non-associative mechanisms for thickening, including HASE
and hydrophobically modified HEC, or HMHEC thickeners.
Non-associative rheology modifiers are water-soluble
polymers that thicken the water phase of a coating. Higher
molecular weight polymers tend to have a higher viscosity
in a solution, and that holds for water-soluble rheology
modifiers such as cellulosic ethers and ASE thickeners.
Cellulosic thickeners are derived from a natural product,
cellulose. The most common cellulosic derivative used in
paints and coatings is hydroxyethyl cellulose (HEC), which
is available in various molecular weights. HEC thickeners
are non-ionic and yield good viscosity stability across a
wide pH range. As a derivative of a natural product, HEC is
susceptible to microbial attack. Cellulase enzyme produced
by microbes can break down cellulose thickeners and lead to
viscosity loss in an already formulated paint. Manufacturers
have developed grades which are modified to be more
resistant to such attack. HEC thickeners are particularly good
at creating viscosity at low shear rate, and thus offer good
resistance to pigment settling, sag and syneresis. They are
also not affected greatly by the presence of surfactants, and
therefore viscosity drop on addition of colourants is less of a
concern than with associative thickeners such as HEURs. HEC
thickeners can however have a negative impact on film gloss.
Higher molecular weight grades of HEC have greater
thickening efficiency compared to lower molecular
weight grades, but are also more shear thinning as chain
entanglements are broken down on shearing. To achieve
high viscosity at high shear rate, for example to improve
brush drag or film build, a formulator must add an adequate
amount of HEC. With high levels of a high molecular weight
HEC, the paint formulator risks having an excessive low shear
viscosity, which will lead to poor flow and leveling. With a low
molecular weight HEC, the risk is needing to use too much
water-soluble polymer and having poor water resistance
in the final film. The compromise is often to use a medium
molecular weight grade. Hydrophobically modified HEC or
HMHEC thickeners incorporate hydrophobe groups into the
polymer which also build viscosity through an associative
mechanism, and are also more effective at building high shear
viscosity. HMHEC grades also give improved spatter resistance
in roller application versus unmodified HEC, which has been
an historical problem for coatings thickened with HEC.
Alkali-soluble emulsion (ASE) thickeners were developed
to mimic the rheology of cellulosics but with greater ease of
use. While HEC thickeners are supplied as a dry powder, ASE
thickeners are supplied in liquid form. ASE thickeners are
typically copolymers of ethyl acrylate (EA) and methacrylic
acid (MAA) and made by an emulsion polymerisation
process. They are supplied as unneutralised, low pH, high
solids dispersions of insoluble polymer in an easy-to-use,
low viscosity liquid form.The weight percent of MAA in the
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polymer is fairly high, and upon neutralisation to a higher pH,
the polymer swells, becomes more water-soluble, and starts
to uncoil. Once uncoiled, the ASE polymer chains thicken
the coating through the volume exclusion mechanism.The
degree of thickening depends on the molecular weight
of the polymer. Because neutralisation is the trigger that
activates the thickening ability of ASE thickeners, formulators
can rely on ammonia or other neutralising bases in the
coating formulation to activate the thickening action.
Adjustments in the amount of neutraliser will be needed
to maintain a suitable pH. ASE thickeners are proficient at
building high viscosity at low shear for coatings with good
anti-settling and sag resistance properties, and give rheology
profiles that are steeply shear thinning. Due to the high level
of carboxylic acid functionality, ASE thickeners can impart
some water sensitivity to films and negatively influence
properties such as scrub resistance for architectural paints or
corrosion resistance for industrial coatings. Other limitations
can include flow and levelling that is not ideal.

As mentioned, HASE rheology modifiers create viscosity
by a dual mechanism involving both volume exclusion and
hydrophobe association. HASE thickeners are acrylic polymers
that make use of the ASE technology, i.e., they contain enough
acid functionality to impart solubility on neutralisation and
thicken through volume exclusion as in Figure 4. However,
they are typically lower molecular weight than ASE thickeners
and also incorporate hydrophobic groups into the backbone,
which are available for association with both each other and
latex particles as in Figure 5, once the HASE is solubilised.
HASE rheology modifiers allow for formulation of a wide
range of rheology profiles relative to ASE and HEC, with some
products being more effective at increasing viscosity at low
shear and others more effective at building viscosity at mid
and high shear rates. They generally provide better flow and
leveling than cellulosic thickeners, have better gloss capability,
and are suitable for flat through gloss formulations.

Relative to HASE, hydrophobically-modified ethoxylated
urethane (HEUR) rheology modifiers are non-ionic, lower
molecular weight and have a higher density of hydrophobe
groups. HEURs are water-soluble polymers based on a
polyurethane backbone formed by reacting polyethylene
glycols with isocyanate crosslinkers, and capped with
hydrophobic end-groups. HEURs and related associative
thickeners such as HMPEs, create viscosity through the
development of a three-dimensional associative network,
as in Figure 5. The hydrophobic end-groups are driven to
associate with one another and latex surfaces due to their
poor solubility and exclusion from the aqueous phase. The
degree of associative thickening with HEURs is higher than in
HASE and HMHEC. HEURs are known for their excellent flow
and leveling, excellent spatter resistance, and good water
resistance and gloss potential. Variables in their production
such as molecular weight, hydrophobe size and hydrophobe
density have allowed HEUR products to be tailored for
effectiveness across the range of shear rates.

One weakness of associative thickening is its
susceptibility to be interrupted by other hydrophobe-
containing species in the paint formulation, in particular by
surfactants and water-miscible coalescents and solvents.
Water-miscible solvents such as ethylene glycol butyl ether
(Butyl CELLOSOLVE) or diethylene glycol butyl ether (Butyl
CARBITOL) can increase the solubility of the hydrophobes
in the aqueous phase, and thus interrupt the driving force
for their association with each other and the latex surface.
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Industrial coating formulations that contain high levels of
solvents such as Butyl CELLOSOLVE are notoriously difficult
to thicken with associative rheology modifiers.

Surfactants compete with thickener for the latex surface,
as well as interrupt associations between hydrophobes
on thickener molecules. Disrupting the three-dimensional
network results in a lower viscosity. This effect is particularly
problematic in medium to ultra-deep tint bases, where high
levels of colourants containing surfactants are added to pre-
thickened tint bases. ™ Viscosity drops on colourant addition
can be significant, with a simultaneous negative effect on
coating properties such as sag resistance and brush loading.
Paint manufacturers can try to compensate for the viscosity
drop by over-thickening the tint base, but that leads to
higher cost, handling issues for the higher viscosity bases,
and differing viscosities in tinted coatings based on the type
and amount of colourant added. Another approach is to
use non-associative thickeners such as HEC, in the place of
associative thickeners, but this results in worse flow.

In the past several years, there have been some HEUR
products introduced which address the issue of viscosity
drop on colourant addition. One technology uses a
hydrophobe group that associates more strongly and is
less likely to be disrupted by surfactant. ™ This approach
relies on a novel solution using a pH trigger that prevents
the thickener hydrophobes from strongly associating with
themselves in the as-supplied neat thickener, which could
otherwise lead to unusable high viscosities. A hydrophobic
amine group is incorporated into the HEUR backbone. At
low pH, the amine is protonated and the resulting charge
repulsion prevents the hydrophobe association which would
otherwise create high viscosity. Once added to a formulated
paint at higher pH, the amine is deprotonated, and the
hydrophobe groups are then available for association.

Some other factors that affect the efficiency of HEUR
thickeners include the latex particle size and hydrophobicity
of the latex polymer surface. HEURs are more efficient with
smaller particle size latexes due to the higher surface area
available for association with the hydrophobes. When two
similar latex polymers are formulated at equal volume solids
and PVC, the latex with smaller particle size will require less
HEUR thickener to reach a target viscosity. However, latex
polymer composition can also have a large effect on HEUR
efficiency, with more hydrophobic backbone compositions
requiring less HEUR to reach viscosity targets. For example,
HEURs are generally more efficient at building viscosity with
styrene-acrylic latexes compared to all-acrylics, which in turn
are more efficient than vinyl acetate-acrylic copolymers.

Conclusions

This article only touches upon a brief introduction to some
of the important aspects of rheology and rheology modifiers,
and formulators would be well served by continuing to learn
more about this critical aspect of paint formulation. Rheology
influences many properties during the life of a coating,
including during its manufacture, storage, and application.
The rheology profile can also affect both the ultimate film
performance, as well as the end-user attitudes towards a
particular paint and brand. A large body of literature exists
to further that continued learning, and in the meantime
manufacturers of rheology modifiers continue their research
and development of new additive products to make the
formulator's task less complex.



