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ABSTRACT

The success of a wide range of commercial prodamtsindustrial processes
depends on meeting specific flow requirements. shdhl applied rheology attempts
to relate fundamental properties to fitness-for-ofsBuids of commerce. Architectural
and industrial coatings, molded plastics, adhesiygrsonal care products and
cosmetics, inks, cement, drilling muds, ceramipsslisolder pastes, foodstuffs and
medicines are examples of rheologically complexduvhose commercial viability
depends on having the “right” rheology. For suchtamals, the necessary rheological
properties must be defined with due regard to tte@agiling conditions of stress and
strain rate in processing and application. Unfaataty, the predominant practice in
industry with respect to rheological charactermatis to rely on rugged but simple
viscometers or “viscometry devices”. These typicatleasure within a limited range
of stress or strain rate, generally returning aabjtnumbers of uncertain value. On the
other hand, it is often very difficult to link fuadhental rheological properties with
“real-world” performance. The challenge to the &gl rheologist is to design
experiments having relevance to the process at aaddhen usefully apply the result
- in other words, to bridge rheology and technolofjyis article discusses the use of,
in particular, controlled-stress rheometry to clotedze complex fluids, with the main
thrust toward the coatings industry.

KEYWORDS: Coating rheology; flow curve; dispersion rheologgntrolled-stress
rheometry; experimental rheology; yield stresselig; sag

1. INTRODUCTION

Although the notions advanced in this treatise rmpgly to a broad range of
rheologically complex fluids of commerce, the sfiedocus will be on protective and
decorative coatings. The application, film formati@nd defect remediation of thin,
fluid layers are important issues affecting a wugrief industrial processes and
products. However, protective, decorative and fionet coatings are arguably the
commercial products that most depend on rheologytlieir success. Flow is a
common denominator of all coatings, which begimibulk state and must finish as a
thin, solid, conformal layer, ideally uniform initkness. Successful application and
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film formation necessitate a high degree of contwél flow, and therefore the
rheological properties must be tailored to the pagp Understanding and control of
rheology is a significant economic issue for paiatsl coatings. One reason is that,
according to experienced formulators, more tharf & cost of new product
development is consumed in “getting the rheologitfi For example, a new paint
formula must be optimized for leveling, sag resisig and pigment settling stability.
The paint formulator's dilemma, though he may beware, is that none of his
standard measures of rheology relate to thesetolgecFurthermore, the rheology of
existing products can go awry without warning, awalutions to such potentially
costly problems are always urgently required.

Paint rheology is typically characterized by methothat provide little
information relative to the critical processes ougg must undergo. This was stated,
unflinchingly, by Patton as long ago as 1968 [1]:

“Present paint viscometers serve only to providbi@ary control numbers of
questionable value.”

Unfortunately, the situation has improved littlacg then, as indicated by these
statements of Schoff [2]:

“Paint technologists measure viscosity and useosig data with little or no
understanding of rheology,™Ninety-nine percent of all paint viscosity measuments
are done using single-point measurement devices.”

The analysis of flow problems of materials is oftéendered by incomplete or
incorrect characterization of the rheological prtips, e.g., the use of single-point
methods, or multi-point data that are confined tagrow or irrelevant range of stress
or shear rate, or by inappropriate extrapolatidfiscosity test methods as practiced in
the formulation laboratory are often not pertineit coating processes and
consequently are unhelpful in understanding progectormance, especially for non-
Newtonian materials. The great majority of paint&l andustrial coatings are non-
Newtonian, and the simple viscometers commonly usé¢ke industrial laboratory are
generally not well suited for use with such flui8ow cannot be controlled without
proper measures of rheology. Therefore, the objedbr the applied rheologist is to
develop methods of rheological analysis that (Dvigle accurate data for complex
fluids, and (2) are related specifically to thetical flow processes that paints must
undergo. Meeting these goals requires absoluteacteization methods that cover a
wide range of stresses and time scales.

The current understanding of the relationship betwg¢he rheology of an
architectural coating system and its performanaguige lacking in detail. According
to Strivens, “Both the theory and the experimertdtence provided to understand
paint flow will appear sketchy... in many areas” [Bloreover, as Schoff points out
[2], there is a large gap between the availablevkedge about the role of rheology in
paint quality and the practice of most paint tedbgists. As a result, routine viscosity
measurements are often made with no thought teopeaince but merely to match
arbitrary quality control standards. This statafféirs is not by any means confined to
the coatings industryTo fully realize the hoped-for industry benefitrbEological
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analysis, a robust link must be established betwhenlogy and technologyt is the
author’s opinion that this link can only be forgeyl the union of rheology and fluid
mechanics, enabling the solution of complex fld@vk on arbitrary surfaces while at
the same time taking account of a host of procesises [4, 5]. Computational non-
Newtonian fluid dynamics can in principle take thederstanding of coating
performance from the realm of empirical correlatioith its associated scatter,
statistical uncertainty, and sparseness of deatatat of full understanding, including
the subtleties of flow of such fluids applied tamqaex substrates. Unfortunately, such
capability is not yet readily accessible to mostgitioners. Even so, there is certainly
much to be gained from the application of rheolabianalysis to the problems of
decorative and protective coatings, and that vélithe focus of this brief survey. No
attempt is made to be comprehensive in this prafent and some topics are
discussed at the expense of other deserving ormse Sime will be spent with
apparent yield behavior because of some interedtimings for a large series of
paints. Thixotropy is a subject large enough foseparate article, and will be
mentioned here in the context of issues where iansimportant consideration.
Extensional rheology will be neglected entirely,tlhs evidence is not clear whether
modern paints, at least, have significant exteradigmoperties, and little work has
appeared in the recent literature.

One thing that will be apparent in this review lig tscarcity of references to
actual research in the area of paint flow after thie-1980’s. There was much
excellent work published on the subject of painéalbgy from about the 1950's
through the 80’s, but it came to a rather suddep, stith the exception of the active
areas of associative polymers and latex partictdescence. Most of the latter activity
has been of a fundamental nature rather than leingerned with problems of paint
flow per se The reasons for this apparent “mass extinctidrngaint research will be
well known to anyone who has worked in industryotigh this period, and it is not
that all the problems have been solved. Indeedewbchnology has come far, many
of the same issues are still with us.

2. RHEOLOGY AND COATING FLOWS

Perhaps the single most desirable attribute ofatirap is that it be uniform in
thickness, since a uniform film provides optimumpearance, protection, and
function, together with maximum economy. A finabtiog layer of uniform thickness
implies successful leveling of initial irregulagd and the avoidance of undesired
flows as film formation progresses. However, thogginerally desired, this objective
is often unmet, nor is the path toward improvemesually readily apparent. While it
is understood that rheology and surface tensioremothe application and post-
application behavior of a coating layer, it hasrbéar from clear how to derive
detailed predictions of product performance fromaswuged rheological properties.
Certainly, one reason is that the outcome of aimggtrocess depends on the complex
interplay of rheology, surface tension, processabédes, and substrate geometry. The
understanding of rheology’s role is complicated djfficulties in linking the
fundamental properties of paints, which are typycalon-Newtonian, with their
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Figure 1: Representation of gravitational drainage of a unifdiquid
layer. r = liquid density,g = gravitational acceleration, artd =
uniform layer depth. The gravitational shear strearies linearly wit
layer depthh in (a), while the viscosity varies ndinearly through th
layer in (b).

performance. The viscosity of a non-Newtonian cgagan vary with both time and
position within the liquid layer, and in additioopmplexities of substrate geometry
and of the coating process (e.g., forces of varyypg, magnitude, and duration acting
on the fluid layer) conspire to make coating flaavgery complicated subject.

The non-Newtonian character of most paints andirngstmakes it difficult to
estimate the governing viscosity in coating proess€onsider, for example, gravity-
driven sagging or drainage flow on a smooth velrtitéostrate. The maximum shear
stress is at the coating-substrate interface, mrdidose sense is equal to the “weight”
of the paint layer from there to the free surfaCelculation of that shear stress allows
one to obtain, from a flow curve, a single visgpgiresumed to control sagging.
However, the gravitational shear stress variesaligewithin the coating layer from a
maximum at the substrate to zero at the free seyrfediile the viscosity does so
inversely (and nonlinearly) through the coatingelayfigure 1). The viscosity could
easily fall as much as two orders of magnitude orexfrom the free surface to the
substrate, as shear stress varies from zero td dbalyne/cri maximum for a typical
paint layer. For example, a power law extrapolatibthe Exterior Flat Latex curve in
figure 2 predicts a 460-foldecrease in viscosity from a shear stress of Eidyn to
40 dyne/cr Thus, a viscosity at a single shear stress doegepresent sagging flow
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Figure 2: Viscosity plotted as a function of shear stresstien flai
(low-gloss) latex paints. Vertical dashed lines locdte tange ¢
stresses involved in sagging and leveling procefsea typical pair
layer, as wellas a representative shear stress for brush orr
application.

with exactitude; a layer-averaged viscosity wouddrbore correct, but is difficult to
compute.

Following application, two of the principal requinents of coating layer flow
during what is called the “film formation procesafe that any surface irregularities
such as brush marks or roller tracks should flow fuproduce a smooth, level
surface, and that the liquid coating not flow esdesly under gravity on non-
horizontal surfaces. If these criteria are met qamar surface, chances of attaining a
uniform film thickness are good.

Numerous workers over many decades have studiegristdem of how to
understand coating flow in terms of the measuredldyical properties. These efforts
have met with varying degrees of success. Mucltbkas learned, by both theoretical
and empirical approaches. However, few quantitato@relations of coating
performance to fundamental rheological propertiagehappeared, and therefore the
predictive power of rheological data remains urarrtand a number of questions
remain unanswered.
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2.1 Correlations of Rheology to Performance

Among critical decorative paint application andfiformation requirements
are:

Acceptable flow and leveling

No visible sag or dripmarks

Spatter resistance

Ease of brushing with adequate film build

Good open time (“cutting in” and flow)

Hiding

Resistance to undesired surface tension-driven sflowading to
appearance or coverage defects, such as:

o] Withdrawal from outside radii (sharp edges)
0 Accumulation on inside radii (inside corners andengd joints)
0 Dripmarks on uneven or complex-curved substrates

It is interesting to note that coating rheologyaisontrolling factor in most of
the items of this list. Even hiding is determinedpart by the quality of leveling
achieved in the course of film formation. Much psbéd work has focused on the
first two—how to obtain acceptable leveling and himando so without unacceptable
sag. Workers have employed varied experimentattegfies in an effort to find
predictive correlations of some measure of rheoltgyeveling, in particular. The
focus has historicalljpeen on making measurements at an assumed chestacter
shear rate corresponding to leveling or sag, wiseitéa rather the shear stress that is
the appropriate variable to be considered.

To introduce this idea, figure 2 shows viscositgtigd as a function of shear
stress for two flat (low-gloss) latex paints. Tleason for graphing against shear stress
instead of shear rate (more common practice) iscbaing flows are solely the result
of the sum of all forces acting on the liquid lay&hus, the controlling variable is
always the stress. The shear rate is not an indepéparameter for coating flows, but
merely ensues from the viscous resistance at thmtipe shear stress. By comparing
flow curves as a function of the applied stresg oan conveniently evaluate paint
viscosities at the shear stress characteristic phrdicular process, which is often
readily calculable. For example, in figure 2 vatidashed lines locate the range of
stresses involved in sagging and leveling procefeses typical paint layer, as well as
a representative shear stress for brush or rgtiplication. Note that a range is given
for both sagging and leveling—this is because Iagedtresses change dynamically as
flow progresses, while sagging stress varies wiihlied wet film thickness, and can
also undergo dynamic change in the case of flowiroegular substrates. Also
indicated are approximate shear stress valueshiéoBtormed and ICI cone and plate
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single-speed viscometers, which are typically usedaboratory benchmarks of paint
rheology. It is apparent that both the Stormer Eldviscometers report the Interior
Flat is higher in viscosity than the Exterior Hatmula. Thus, the standard two-point
rheology measurement (as well as hand stirringl™fgaedicts better leveling and
worse sagging for the Exterior Flat. In fact, hoegwthe observed sag and leveling
performance of the two paints is just the oppogditete the viscosity crossover just
below the Stormer shear stress, often seen in flamtcurve comparisons. Below the
crossover the viscosities of the two paints are noversed in the stress regime where
sagging and leveling are determined, which accofortshe observed performance.
Further advantages of using shear stress as tiepdndent variable will be discussed
later. It is worth noting that, as a class, thevemtional simple viscometers used in the
formulation lab miss completely the rheological gamwhere essential film-forming
flows take place.

Efforts to link rheology to coating performance bdagken two main directions:
(1) seeking empirical correlations to measured Idgoal properties, and (2)
development of analytical models for coating preess Much work has been done
attempting to find relationships of rheology to someasure of coating flow, such as
sagging, leveling, or rollcoat ribbing behavior. éRlogical properties have been
measured by a variety of methods, e.g., rollindg-iatometry [6, 7], rotating spindle-
disc viscometry [8-10], by stress relaxation usiegsioned springs [10-14], and by
means of creep measurements [15], as well as hyatd steady-shear and oscillatory
rheometric techniques. Some have used simple mem@frshear thinning, e.g. a
“rheology index” [16], a ratio of high-shear andvishear viscosities at arbitrary shear
rates. Such a ratio index, because it is dimensssnllacks a reference to actual
viscosity magnitudes and hence will at some podilt to correlate coating flows.
Thixotropic effects, particularly post-applicatioecovery of viscosity, have been
studied by several workers [17-19] using a “stepash method of analysis, wherein
an initial high shear rate step to cause breakdafvatructure is followed immediately
by a low-shear step to allow structural rebuildifigne rate and extent of viscosity
recovery influence flow during subsequent film fation.

Other workers have used analytical models combimi¢d coefficients from
simple constitutive equations to describe the éfééecheology on film flows [11, 20].
Although the power law and similar models such tees lderschel-Bulkley equation
have been used with some success in coating flalysia [21], they are prone to
misrepresent the low-shear-stress regime whichoiscritical to film formation
processes. Wu [20, 22] developed analytical expmessfor sagging and leveling
based on the power law, Herschel-Bulkley, Binghamd &Newtonian constitutive
models. He then experimentally verified model pcadns of adequate leveling with
acceptable sagging for power law fluids, and alsewdconclusions regarding the
influence of yield stresses on the outcomes. A pdawe version of the Orchard
leveling equation, due to Murphy [23], has beendusg several workers [11, 24] to
deal analytically with the non-Newtonian charadigsical of most paints. In many
cases reasonable results have been obtained. Hovesveeveral plots in this paper
show, the shear-thinning behavior of paints isalatays a good fit to the power-law
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model, and moreover, critical flow processes o@tuow shear stresses that often fall
outside the power-law regime.

So-called “high-solids” thermosetting coatings téndsag on baking because
they consist of oligomeric solution resins whosecusity decreases much more
strongly with temperature than conventional lowigmlhigher molecular weight resin
systems. Bauer and Briggs [25] developed a comguhakysis that combined empirical
models for viscosity as a function of temperatwgelvent content, and thixotrope
level, together with kinetic models for solventdand molecular weight increase with
cure, all of which enabled the prediction of ovesg 0f high-solids automotive
coatings.
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Figure 3: (a) Comparison of two-term powetaw fit with the Cassc
equation for typical semiloss latex paint data measured with
Wells-Brookfield cone and plate viscometer. (b) Lack
correspondence of Casson yield stress to static appateld stres
measured by stress ramp experiment.
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Shortcomings of the simple analytical flow modelslude that the assumption
of simple flow behavior in the region of interest mot always appropriate, time
dependence is absent, and also changes in filmgepm@and coating properties over
time (e.g., due to drying) are neglected, as apitant effects such as viscoelasticity.

2.2 Data Analysis with Simple Constitutive Models

The Casson equation [26], especially as modifiedABpeck [27] has been
frequently employed as a tool to extract usefulstamts from flow curve data, and is
reputed to fit paint and pigment dispersion dati [8e9, 28, 29]:

/71/2 =/71/2 +s 1/?- 1/2 (1)
v 0 L e,
where/y = a high-shear limiting viscosity ars} = yield stress.

A number of published constitutive equations weral@ated by Lapasin and
Torriano for their ability to fit flow data for seval different paint types [21]. They
concluded the Herschel-Bulkley model overall repnesd paint rheology best:

S=Ss,+Kg" 2

Here, K is the “consistency”, or the viscosity gt=1 s, andn is the power-law
index. Most of Torriano’s data, however, extendegroonly about 1-2 decades of
shear rate.

The difficulty in the use of such models is thayttit well only over a limited
range of experimental data. In a study of 14 sdosgy paints using the Wells-
Brookfield cone-plate viscometer (shear rate rahegg90 &), 13 produced Casson
plots with obvious curvature, and for 13 of 14 tioerelation statistics improved very
significantly using a two-term power-law model mthhan the Casson equation (see
for example figure 3(a)) [30]. Figure 3(b) showsamnparison of static yield stresses
measured on the AR1000 stress rheometer to Casslohvalues obtained from the
Wells-Brookfield viscometer data for the semi-glpssnt series. Note that not only is
there little evidence of correspondence betweentwl®e but there is an order-of-
magnitude quantitative disagreement. In any cdee, behavior of real paints is in
general too complex to be described by simple éopst The broader the range of
shear rate or shear stress measured, the poonapttesentation of flow behavior that
results. This begs the question: How does one ehties limits of data that give the
“correct” result, i.e. “realistic” values of the el constants? One suspects there is no
answer to this question, and much of the rheoldgleta gathering and analysis as
practiced in industry is probably fairly crude aad hoc This is not to excessively
fault industrial practice, since the overriding cem here is to solve problems as
quickly as possible.

Rudin and Baas [28] proposed a standardized tegtintpcol consisting of
separate sets of moderately low and high sheammetsurements. Figure 4 employs
their data to illustrate the problems in using demmodels in the attempt to obtain
useful rheological constants. Figures 4(a)-(b) shdata for Rudin’'s Paint F, and
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Figure 4: Data of Rudin and Baas [28]— (&)) show flow data ar
corresponding Casson plot for Paint F, and(@¢)the same for Paint
Discontinuous shear rate ranges are due to instrulimeitations. Th
slopes and computed Casson yield stress valuehdoseparated d:
disagree by an order of magnitude for Paint F ¢4.647 dyne/cr).

figures 4(c)-(d) for Paint K. Paint F is the moteosgly shear thinning paint, with a
greater degree of thixotropy. Rudin measured visc@s a function of shear rate in
discontinuous shear rate ranges because of insttdimitations. The flow curves for
Paints F and K consequently have a gap in the (digiares 4(a) and (c)), but the
continuity looks reasonable for both.

The Casson plots (figures 4(b) and (d)) for theassted data are roughly linear
for both low- and high-shear, but the slopes amdpmded Casson yield stress values
are quite different—in the case of Paint F an oafemagnitude difference between
the low and high shear rate results (4.6 vs. 4&#iyrf). Differences between the two
shear ranges are smaller (but still a factor afehfor the less shear-thinning Paint K,
which makes a general point: the more shear thinaimd/or thixotropic is a system,
the less satisfactorily will the simple models egant the rheology of the system. In
fact, for some complex fluids, constitutive modalse to accurately represent over a
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wide range of data do not exist. For some purpases) as engineering calculations,
power-law approximations of flow behavior madehe power law flow regime may
be adequate. However, particularly in the film fation phase, many of the important
processes involve creeping flow, for which powev-tgpe models are inappropriate.

The ultimate value of the simple constitutive maedghiefly the power law,
Bingham, Herschel-Bulkley and Casson) seems limifdekir application is simply
curve-fitting, and the constants may at times lagkdamental meaning. In some
cases the constants may be empirically relate@nmiflation variables, providing a
way in principle to optimize flow. Modern rheometédargely obviate the need to use
such models to extend the range of experimentahblas by extrapolation. It seems
that one of their main applications has been asag @f getting at the yield stress
(often using the Bingham model), a topic that wékt be addressed.

2.3 Yield Stress

An ideal plastic material has the properties of an elastic solitll @ncritical
stress is applied, whereupon it suddenly “yields Aecomes a viscous fluid, flowing
without limit for no increase in stress, sometimeferred to awiscoplasticbehavior.
This critical stress is thgeld stressthe minimum stress necessary to initiate flow (at
least some degree of irreversible deformati®ioy. an ideal plastic the deformation is
linear with stress (Hookean) below the yield stresgl the yield value is a material
constant.

The yield stress concept has been a rather comsiel/ene, and has been
thoroughly reviewed by Barnes [31], and by Nguyed Boger [32]. The issue in the
debate, which is perhaps less intense nowadayshether complex fluids (or indeed
any material') can possess ideal or “true” yieldhdgor. If so, then at least some
fluids must exhibit a critical stress below whidtetmechanical response is Hookean
(linear stress-strain response), and above whiehntaterial “yields”, i.e., becomes
nonlinear in its response, and flows as a visciousd. The preponderance of evidence
so far seems to indicate that most materials—evetalm which are supposed to
exhibit ideal plastic behavior—show “creep” beldwetyield point [31]. That is, most
complex fluids can be shown to exhibit a high hnité viscosity below the “yield”
point (measured by experiments where slip is cliyefixcluded [31]), as opposed to
being perfectly rigid solids. The idea advancedaynes and Walters in their classic
paper [33] is that few, if any, structured fluidsspess true yield behavior. While, in
principle, this view seems likely correct, it isaltrue that, in practical terms, “yield”
behavior can have important consequences for theepsing, stability, and end use of
materials. The resolution of the matter seems tehheit is acknowledged that, for
many industrial processes and products, effectietd yoehavior is observed and its
importance must be recognized from an engineeritagndpoint. However, the
corollary of the Barnes-Walters hypothesis is #ilhyield stress measurements are to
some degree arbitrary. Therefore, the experimdraatework for quantifying yield
behavior should be devised with due regard to thegss to which the data are to be
related. If “yield” behavior is time-dependent [34&nd rate-dependent), then it will
have different consequences for different processes
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Figure 5: Leneta sag meter drawdown of a paint with a sigaif
apparent yield stress, showing “slumping” defect.

.“.ﬁi‘

Figure 6: Leneta sag meter drawdno bar. Engraved slots are
graduated depth, so that parallel stripes of retyularying thicknes
are produced (e.g., 4 to 24 mils in 2-mil incrensgnt

For the coatings industry in particular, the preseaf yield-like behavior can
have effects in a wide range of situations—for epl@nthe process control of
suspensions (pumpability, cavitation, freezing afves, loss of metering, and time-
dependent effects leading to loss of control). ¥isfresses can improve the kinetic
stability of suspensions, particularly resistancdlocculation and sedimentation. A
yield point is a sign of a flocculated system thatt not form a hard sediment on
settling, but will be re-dispersible. Provided th&ing stress is inferior in magnitude,
a yield stress can obviously inhibit undesired #oat low stresses during film
formation, such as sagging, crater formation, aittidsawal from sharp edges, but
also can hinder leveling and the release of gaapped within a coating layer. Yield
stresses are known to account for the appearana€'sfimping” defect, and can be
shown to quantitatively explain the ability of aghasive to hold a brick to a wall (see
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below). A proper measure of the effective yield &gbr is not unimportant, since it
may be used in engineering calculations, and dtrémat is of incorrect magnitude is
of no value. For the above reasons, it is desitabgend some time on this topic.

An example of a paint defect that it would seem oaly be explained by
invoking “yield-like” behavior is illustrated in diure 5. Here, a drawdown has been
made using a Leneta sag meter bar, which hasdflgimduated depth, so that parallel
stripes of regularly varying thickness are produdedy., 4 to 24 mils in 2-mil
increments, figure 6). The drawdown chart is thespended vertically. Thus, the
gravitational shear stress driving sagging var@sefich stripe (as did the shear rate
when drawn down) and therefore each will sag witliferent viscosity, which is the
basis of the test for sagging tendency. The sagtaese is rated as the thickest stripe
not showing sag across the adjacent gap. Normild/,sagging produces a nearly
continuous film below the point where sag firstrs; with distinct stripes above that
point. Dripmarks are often seen proceeding from blo&om, where the paint is
thickest (figure 7). In figure 5, however, somethiguite different has happened. First,
note that only the first stripe has not crosseddéye below it, and there is an abrupt
discontinuity in sagging behavior between the f{tbinnest) stripe and all the rest.
Second, all other stripes have broadened by routjelysame amount (except where
the paint layer was exhausted on the left), anchalle “slumped” downward from
their original location but have visibly retainddetdistinctness of the original gap
between them, as if a semisolid surface layer lichslewn over a liquid sub-layer. No
dripmarks have formed at the lower edge. This tgpe@henomenon is known as
“slumping” or “curtaining” [20, 35], and, for exan® in dip-coated wares, can
produce an appearance very much like a curtainhtaatslumped to the ground. It is
diagnostic of “yield-like” behavior, where the visity decreases sharply at a critical
stress. The appearance defect goes away if thengaatreformulated to reduce yield
behavior.

Figure 7: Leneta sag meter drawdown of a paint with a lovdystress.
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In figure 8 the shear plane where yield occurs béllaty¢(assuming ideal yield
behavior) when the following expression is satikfie

so£rgth-y9 L )

where s, is the apparent yield stress, the liquid density,g the gravitational
acceleration, anth the uniform layer depth. Only layers deeper thé&pxperience
sufficient stress to flow. It follows that the layle - y¢(from y¢to the free surface)
demonstrates plug flow and slides as a sheet bedftuid inner layer. In fact, Croll et
al. [36] in a clever experiment showed direct probplug flow in a sagging coating
possessing an apparent yield stress. This is sditbrargue the case for ideal yield
behavior, but to show that real materials can behavfthey possess a yield stress. A
very clear example is provided by Buscall [37], weharreversibly flocculated
bentonite clay suspensions showed no sedimentati@m centrifuged until a critical
centrifugal acceleration is exceeded, indicating phhesence of a compressive yield
stress. When the viscosity suddenly changes (overyanarrow range of stress) by 6
to 8 orders of magnitude (as amply demonstrate@dmyes [31]), the consequences
for industrial processes are essentially the sasnié the material suddenly changes
from solid to liquid. For most (though perhaps raf) practical purposes, the
distinction is quite “academic”, and the yield sgeoncept as a tool of understanding
and problem-solving has value.

Figure 8: lllustrating plug flow in drainage of a yield-steeluid. s; is
the apparent yield stresg, the liquid density,g the gravitation:
acceleration, andl the uniform layer depth. Only layers deeper ti@an
experience sufficient stress to flow. The laler y¢(from y¢to the fre:
surface) demonstrates plug flow.
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2.4 Yield Stress Measurement

The experimental aspect of yield behavior has geedra very large number of
papers, especially in recent years, with leadingngles such as Cheng [34] and
Nguyen and Boger [32], and others [38-42]. (See #i® comprehensive review by
Barnes [31]). From considerations such as in tlegipus section, the measurement of
yield behavior is important, and the more physjcadialistic the better. Yet it would
seem that yield stress values calculated by theusmodel-fitting and extrapolation
methods, usually involving a limited range of datannot be viewed as anything but
arbitrary. If values so obtained sometimes appear useftbirelating paint flow data,
it is probably due to the dominating influence mf/shear viscosity on the outcome of
such calculations. Once again, since the resulvaan significantly with the range of
experimental data, how is the optimum range to t@sen? Where are the “right”
answers to be found? Perhaps the unspoken atigutiat, since the yield value is a
difficult concept anyway— having perhaps an intisnguality of “arbitrariness”— it
doesn’t particularly matter how it is measured @asgl as you get a number. The
arbitrariness is not helped by applying curve-fittmodels to data only within a
limited range, and is essentially not much bettemtdata extrapolation methods,
which give a different answer depending on how iethe applied stress.

Direct experimental measurement of yield is farfgnable to extrapolation,
although not without its difficulties [32]. The &g method for determining static yield
is attractive because it is systematic and allovessurements on both sides of the
yield point. However, it is more laborious and tie@nsuming, and as Cheng points
out [34], the result can depend on how long theraipe is willing to wait. On the
other hand, measurement of the “true” static ygteéss by continuous stress ramp is
also problematical, taken as the value of the stasthe first instance of finite
apparent viscosity. This point, where irreversitidgormation (flow) is first detected is
(a) a function of the instrument’s sensitivity, affly may be indistinguishable from
reversible deformation, i.e. where the criticabstrhas not yet been exceeded. It is
possible, with instruments having very high straisolution, that the initial portion of
the curve in a transient experiment is within tinedr regime, and hence the “yield”
point has not yet been reached. Here finite stati® and finite stress combine to give
a finite apparent viscosity, but the material haget truly “yielded”. In general, the
finer the strain resolution of the instrument, #mealler the stress at the apparent point
of yield, though there may be particular exceptif@#.

As to extrapolation methods, for example from eftiiim flow, it is unclear
why viscous properties should be expected to rddatk to a property characteristic
(as presumed) of the solid-state—the yield stfElss.underlying assumption seems to
be that the stress at incipient collapse of th&lsthte microstructure and the stress
values where finite viscosity is subsequently mezblare on a continuum. Even if
that were so, how far into the viscous flow regisheuld the relationship be expected
to hold? Is the putative yield stress a propertyhefsolid state or of the liquid state?

! The arbitrariness seems particularly egregiousnwias in numerous older references, the
linear part of a shear stress-shear rate curvetigpolated to the stress axis to a claimed yield
point, despite the obvious existence of finite oty data at lower stresses.
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Perhaps neither, since it represents a conditicerevthe “solid-state” microstructure
is breaking down but likely not fully broken down.order for the yield point/stress to
represent a “solid state” property, it must coregpto a percolating microstructural
state (e.g., as in a flocculated system)—one inclwtthe network is continuous
throughout the material. If not continuous, butasaped however slightly as “islands”
in a fluid “sea”, the system is capable of continsideformation, i.e. is fluid, may be
viscoelastic, and tad should be greater than unity (though perhaps wcirge to
unity). The yield point would correspond to thensiion from the first condition to
the second condition, at least in the classicalpic

25004
2000+ [)
1500+
1000+ L

500

Viscosity (10 dyne/cmz), up ramp

0 T T T T T 1
0 2 4 6 8 10 12
(a)

Static Yield Stress, dyne/cm?
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500+

0 T T T T T 1
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Viscosity (10 dyne/cmz), down ramp
[ ]
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Static Yield Stress, dyne/cm2

Figure 9: Relationship between the static apparent yieldsstead th
viscesity at low shear stress (a) on the up ramp andghépdown ram
of a logarithmic stress programhe static yield is highly correlated
“up-ramp” flow data at low enough shear stresses, hobmelated t
“down-ramp” data from the same run.
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Static Yield Stress, dyne/cm’
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Tan d (w=1.16 rad/s)

Figure 10: Comparison of the static yield stress (from a stmessf
experiment) with tand (w =1.165 rad/s) for a series of commer
semi-gloss paints. Above tad = 1, all yield values are low a
decreasing, while as tasidrops below unity there is a steep rise ir
static yield.

Liddell and Boger [43] touched on this very issue relation to their
measurements of yield using a vanen both controlled rate and controlled stress
instrumental platforms. Interestingly, they asdadiltlee lower yield values obtained on
the stress-controlled instrument to a transitiamfrfully elastic to viscoelastic flow”
(implying an ability to detect smaller strains), ilehthe higher rate-controlled yield
stresses were attributed to a later stage of tiansfrom “viscoelastic to fully viscous
flow”. A rapid transition in structure as implied their description is probably what is
occurring in the steeply-descending up-ramp visgasirve often seen in thixotropic
fluids, sometimes mirrored in the down-ramp (esge figure 27, later). It appears that
at low stresses, there may indeed be a close pomdsnce of low-shear viscosity to
yield stress. Evidence from the study of semi-gjuaists supports a close relationship
between the static apparent yield stress and thestieess viscosity on the up-ramp of
a logarithmic stress program, but not on the doamg (figure 9). This may reflect an
initial continuous change from elastic to viscoesdvior.

Along related lines, Mujumdar et al. [47] have deped a kinetic rheological
model that describes a smooth transition from tlestie to the viscous regime,

2 Though detailed experimental issues are not bdiegussed, it might be noted here that,

particularly for higher solids systems, slip is @alvestablished problem, to which the vane

geometry is an attractive solution, not only foelgli stress measurement [43] but also to obtain
flow curves of strongly shear-thinning fluids withtcslip [44-46].
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encompassing both yield and subsequent thixotrbpicavior. It is interesting to
compare the static yield stress (from a stress rexpgriment) with tar/for a series
of commercial semi-gloss paints (figure 10). Abd&e o= 1, all yield values are low
and decreasing, while as tatdrops below unity there is a steep rise in thecsyéeld.
The concurrence of tagi= 1 and the onset of higher yield stresses (atsorapanied
by a shift in paint performance, see below), iskistg. Further evidence of
relationship between the static apparent yieldsstrand viscoelastic parameters is
given in figure 11, which shows good correspondesfciine static yield stress to the
elastic modulus obtained in two ways: in 11@#)from the linear viscoelastic regime
in a strain sweep experiment, and in 11(b) the fi@guency elastic modulus from a
frequency-sweep experiment.

12+

=
o
1

Static Yield Stress, dyne/cm2

@) o+
0 100 200 300 400 500 600 700
G' LVR Plateau, dyne/cm®

Static Yield Stress, dyne/cm?

(b)

0 100 200 300 400 500 600
G'(w=1.165 rad/s), dyne/cm’

Figure 11: Correspondence, for semiess paints, of the static yit

stress to the elastic modulus obtained in two wayd1(a)G¢in the

linear viscoelastic regime in a strain sweep expent, and in 11(b) ti
low-frequency elastic modulus from a frequency-gweeperiment.
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Figure 12: Representative plots for several paints of stras:
oscillatory stress, after Barthel et al. [51], gsthe magnitude of the in-
phase component of the oscillatory strest= G¢g, after Yang et €
[52].

What seems clear is that probably most, if notssitems displaying apparent
yield behavior are capable of viscous flow (i.e.védhaan available relaxation
mechanism) below the apparent yield point, whiclwhy the measured apparent yield
stress is not single-valued but varies dependingxmerimental conditions. The yield
stress value is related to the number and streofgitterparticle forces [48, 49], and
these forces (“secondary bonds”) may be of a rafggpes with a corresponding
range of relaxation times [50]. Therefore, as stissapplied the material undergoes
strain superposed by viscous relaxation, suchstrae of the secondary bonds rupture
before overall “yield” occurs (accounting for cregp flow below the yield point).
Consequently, the measured yield value will dep@mdhe rate at which the stress is
increased up to the point where flow occurs: thetefathe rate of stress increase, the
higher the measured yield value, ance versaThis is also pertinent to critical strain
measurements by oscillatory strain sweep. The sldheerate of imposition of stress
or strain (the lower the frequency), the less stmecwill be present when yield finally
occurs, and the lower the observed critical strain.
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It is obvious that the yield stress is simply theess required to exceed the
critical strain. Therefore, an oscillatory straimeep experiment may perhaps be used
to determine the stress at critical strain and igea better-controlled way to derive
the apparent yield stress. Following Barthel et[%l], in figure 12 we plot strain
against oscillatory stress, but after Yang et 22] [we plot the magnitude of the in-
phase component of the oscillatory stresis; G¢g, obtaining both the yield stress and
the critical strain from the point of deviation fndinearity of a log-log plot. This was
done for a large series of semi-gloss paints (6glL2), and in figure 13 the yield
values so obtained are compared to static yieldegameasured via stress ramp on a
TA Instruments AR1000 stress rheometer. Thoughetliera reasonable correlation,
the yield values measured in oscillation are aBdutimes the static values.

The critical strain values from the Barthel plote alotted against those from
standard torque sweep experiments in figure 14. ddreelation is fairly good even
when forced through the origin, but does not appe#e quite one-to-one. Finally, as
a test of predictiveness, the apparent yield sif@#ical value ofG¢g) derived as in
figure 12 is correlated to Leneta sag rating fer skemi-gloss paints series (figure 15).
All correlations are at a high level of significen>99% confidence). The oscillatory
strain sweep may offer a more precise method @ttilog the yield point as well as the
critical strain than does the conventional stresmir method. The question of
magnitude relative to static values is unresohmd, presumably has to do with the
different stress histories experienced in the tvethrods.

Critical G'g, dyne/cm”

0 T T T T T T T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20
Static Yield Stress, dyne/cm’

Figure 13: Apparent yield stress (critical value Gfg,) from figure 1.
vs. static apparent yield stress from stress ratpprénent.
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Figure 14: Critical strain values from the Barthel plots ofure 1:
compared with those from standard torque sweeprigrpets.
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Figure 15: Correlation of apparent yield stress (critical \ealf G(g)
derivedas in figure 12 to Leneta sag rating for sefoiss paints. A
expected, sag resistance improves with increaseld gtress
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Figure 16: Flow curves for three lateRased construction adhesives
Gravitational shear stress calculated to hold eklin a wall is indicate
by dashed line. Only Adhesive A held the brick lie tvall. (b) show
oscillatory brque sweep results for the above adhesives, filly
Barthel [51] and Yang [52].

© The British Society of Rheology, 2005  (httwwWw.bsr.org.uk)



R. R. Eley, Rheology Reviews 2005, pp 173 - 240.

An example of the quantitative value of yield strekata is illustrated by the
following. The yield stress is a measure of thditgttio support a shear force without
significant deformation. For construction adhesj\eslesired property is “wet hold”,
that is, the ability to immediately hold an objezt substrate without excessive creep.

We compared the yield stress necessary to suppwitiawith measured static
yield values and found it predicted the performanteeveral adhesives, those that
would “instantly” hold a brick to a wall and thod®at would not. The shear stress due
to gravity acting on an adhesive layer that is sufipg a brick iss, =7 gh, with r
the brick density (taken as 1.9 gRny the acceleration of gravity, ahdhe thickness
of the brick (neglecting the adhesive layer thidg)etaken to be 6 cm. This calculates
to sy » 11,000 dyne/cfy which compares favorably with the static yieltess of the
adhesive that was able to hold the brick to thd,wsak Table 1. Figure 16(a) shows
flow curves for three adhesives, wif for the brick indicated. Only Adhesive A held
the brick to the wall. One is tempted to believat tihe static value is the “true” yield
stress in this case.

Figure 16(b) shows the oscillatory torque sweepultesfor the above
adhesives, and again following Barthel [51] and & §b2], from this we plot strain
against the elastic part of the oscillatory strégg (figure 17), but also, in figure 18
we show Yang's method of plotting¢g against % strain on a linear scale, taking the
yield point as the curve maximum. Comparative tesébr the three yield point
methods are in Table 1. Note that there is reméekafireement on some points and
disagreement on others. The yield values from theh®| plot are in close agreement
with those from the standard torque sweep methodAéthesives “B” and “C”, but
low for Adhesive “A”, while the critical strain vaés are reasonably close. On the
other hand, the Yang plot values appear to be bighll counts, except for the yield
stress of Adhesive A. The data seem to suggesttiieatyang plot method may
overestimate both yield and critical strain, byngsithe maximum inG¢g as an
indicator of yield, rather than the onset of noedirity as does Barthel.

Sample [Static yield] Torque | Barthel plot| Barthel plot| Yang plot | Yang plot
stress*, | sweep | yield stress|critical strain|yield stres{ critical
(dyne/cni) | critical | (dyne/cm) (%) (dyne/cnd) | strain

strain (%)
(%)

AdhAes'V"’ 10,490 | 021 8,000 1.05 11,667 354

Adhgs've 4,780 15 4,800 2 6,164 5.4

Adhces"’e 878 1.0 850 1.6 2,818 762

*From non-equilibrium flow curve

Table 1: Comparison of Yield Stress and Critical Strain Datalhree methods.
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Figure 17: Oscillatory strain against the elastic part of diseillatory
stressGay for construction adhesives A, B, and C from figliée
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Figure 18: Yang's method [52] of plotting>(g against % strain on
linear scale for three adhesives, taking the yjgiiht as the cun
maximum.
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2.5 Leveling

Transfer of a liquid to a substrate by some medashnneans (especially if
film-splitting flows are involved) tends to leave anitial film of uneven surface
profile, that is, of nonuniform thickness. For exde) oftentimes striations or “ribs”
will develop in the machine direction in industriallcoating, or parallel to the brush
stroke direction in brush application. Subsequémwdut, or leveling, is driven by
capillary forces that are determined by the initalating geometry [53, 54]. The
wavelength of the striations and the mean coatifgkhess appear in the leveling rate
equation to powers greater than unity.

The basic model for the leveling of sinusoidal aoef undulations of a thin
liquid layer is due to Smith, Orchard, and RhindtT[65]. Orchard lategeneralized
the model in terms of a Fourier series to desctiteeleveling of a more realistic,
arbitrarily-rough surface profile [53]. However gtlexpression simplifies considerably
when the coating thickness is assumed to be snaddiive to the roughness
wavelength. Assuming a single sinusoidal striati@velength/, the dependence of
the roughness amplitu@eon timet, according to the well-known Orchard equation is:

160*h3gt

a=gexp - 2 h

L @)

for constant surface tensignand viscosity. The amplitudea decays exponentially
with time as a function of the coating layer thieksh to the third power and of the
inverse roughness wavelengthto the fourth power. Orchard’s derivation assumed
Newtonian viscosity and constant surface tension.

Klarskov [57] confirmed the ability of the Orchaedjuation to describe the
leveling of real paints, using an optical interfeetric method to measure the decay
with time of surface striations. This is a somews$atprising result, since the paints
were no doubt non-Newtonian. In order to validatehard’s model, Klarskov’'s
leveling experiment proceeded from a controllediahsurface geometry and coating
thickness. Overdiep [58], however, showed the failef Orchard’'s analysis to
describe real paints when surface tension gradiargspresent due to differential
evaporation, and developed an analytical model dcoant for such effects. He
showed that surface tension gradients can initasdlist leveling (but may overdrive it
at later stages) and suggested that it was possitie assistance of the model to
optimize such effects in order to simultaneouslieee satisfactory leveling and sag
resistance. He concluded that one could not, howeitain good coverage of sharp
edges without sacrificing leveling.

The pursuit of a rheological explanation of levglimehavior of paints has been
a very active area of research. Doherty and HuU7$ early, detailed study of the
contributions of resin and filler types to rheoloayd paint performance emphasized
thixotropy— mainly the recovery of viscosity afteigh shear exposure. Thixotropic

3 A reasonable approximation for two reasons: (¢ feveling behavior will be

dominated by the longest wavelength, and (2) sarfeaviness patterns, especially for rollcoat
ribbing and also for brushmarks, tend to be ofyfainiform wavelength.
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recovery kinetics was identified as of importance sag resistance but possibly
deleterious to leveling if too rapid. Leveling asagging were visually evaluated and
good correlation of rheological curves to sag, liege and pigment settling was
claimed, but they showed no quantitative relatigrsh

Quach [59] criticized methods that try to prediavdling from bulk
fundamental properties for their neglect of realisffects such as the stress or shear
rate history, the effects of the thin-flm geometrgvaporation, wicking, and
thixotropy. Indeed, Camina and Howell [24], usingp@wer law-based version of
Orchard’s equation (due to Murphy [23]) togethettman exponential drying model,
calculated very significant inhibition of levelircgused by evaporation, especially for
slower-leveling systems. Several workers have ubedrelaxation of a tensioned
torsion spring as a means to reach very low statas 1using inexpensive viscometers
[11, 13, 14], and Colclough et al. [14] used thahnd as a way to measure viscosity
variation under a shear stress-time profile thamies that of the leveling process
itself. Quach [59] and later Colclough et al. [pdinted out the principal role of the
dynamic leveling stress in determining the levelisigear rate, and that previous
estimates of less than 1 for leveling shear rates were too low by up to twders of
magnitude. Furthermore, Colclough’s calculationsee¢ that shear strain during
leveling could easily exceed the critical strainaout 1% or so maximum that one
expects for thixotropic paints. If that were theeathen, instead of building structure
during leveling, some paints would be breaking doifvenough stress were available.
Again, Colclough’s numbers show that leveling stessof from 5 to 50 dyne/ém
would normally be encountered, which exceeds thgcsyield values measured by us
for a large number of both flat and semi-gloss sain

Dodge [19] likewise criticized earlier methods fack of realism and was the
first to use a step-shear method combining higkadst shear to simulate application
shear with low-strain oscillatory shear to emulateling shear rates. He attempted to
correlate his results to surface profile measurésnafter drying of paints applied with
a special drawdown bar. His choice of leveling sheate (0.071 9§ was
unrealistically low, but a more serious conceptoablem was the assumption that
leveling is a process driven at constant shear hai® instead a stress-driven process,
with the important consequence that the shear exigsrienced by different paints can
vary by several orders of magnitude, in proportiortheir viscosities at the driving
stress. By forcing a single shear rate during #w, tthe effect is to significantly
compress the differences in viscosity across angbegies of paints (see figures 23-26,
later), and thus to skew predictions of performari@edge was unable correlate his
rheology data to leveling beyond a leveling perdd 4 s, though it is probable that
leveling actually proceeds for a few minutes. Quastd Hansen [7] correlated
brushmark amplitude to the product of the integfahe paint fluidity and the cube of
the applied film thickness, but could not accountthe best leveling of the ten paints
in the series. Beeferman and Bergren [12] similatlggested the stress-time integral
from a spring-relaxation experiment could be a memsf leveling. Bosma, et al. [15]
used creep measurements to obtain a total fluidityber integrated over the drying
or baking time to correlate sagging/leveling bebafor automotive coatings.
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Sarkar and Lalk [60] measured the viscosity of 42X paints at three shear
rates, 0.085, 16.91, and 1378 is an effort to correlate to, among others, sag an
leveling. Their data did not satisfactorily obey tGasson equation, so they measured
yield stresses by a non-extrapolation method of Wewer [61]. Though general
trends were described, their data showed no stafistorrelation to either sagging or
leveling of the paints. The one significant cortiela from their data was of yield
value to viscosity at the lowest shear rate, simdeour figure 9(a). The reason for the
otherwise weak correlations becomes clear when cahaulates the shear stress of
measurement for each of their data. For exampéesliear stresses corresponding to
their viscosity measurements at a shear rate 8606brange from 4 to 127 dyne/ém
In fact, if their paint viscosity is re-calculatetl a constant shear stress characteristic
of leveling or sagging, instead of constant shate, ra strong correlation does emerge.

Khanna [62], in a multifaceted study, found thatvishear viscosity was
insufficient to explain observed leveling of a seriof styrene-acrylic aqueous latex
paints. He found that the viscoelastic propertied o be considered in order to
account for the observed leveling trends. He aitéd the viscoelasticity to the
formation of “dynamic network structures”, due tderaction of the solution polymer
used as thickener with pigment particles. The pastitowed both recoverable strain
and normal stresses. The molecular weight of theiso polymer was not given, but
having been prepared by emulsion polymerization mabably fairly high, which
could account on its own for the elasticity of tegstem. However, Khanna's
conclusion that elasticity enhances leveling du¢ht effect of recoverable strain is
counter to the results of Biermann [63], Keuningd][ Glass [65], and the present
paper, and may be unique to his systems due togbeof a high molecular weight
solution thickener. It is worth noting that, if Kivea's leveling data are re-plotted
using viscosities calculated at low shear stressrcmg correlation appears (excluding
one gelled paint)Such properties as Khanna found are generally een ¢ today’s
paints because soluble high molecular weight tieke are little used in modern
formulations. Significant elasticity can still beregent but is due primarily to
flocculation of particulates to form space-fillingpnnected structures [66-68]. Except
for the case of polymer bridging flocculation [66lpc structures are very strain-
sensitive and are destroyed quickly in shear, bataome into play at the low stresses
of post-application film formation. Thus, the freacy-dependent elastic modulGg
may be expected to relate to leveling and sagdowest see below. Lu [69] found the
viscous modulu§s2to be a better predictor of leveling th@g and used the Murphy
equation for leveling of a power-law fluid to achéea good prediction of the leveling
rating for a series of latex paints. Rather suipgly, he successfully used the
dynamic viscosity, from a frequency sweep, in plat¢he steady-shear viscosity to
obtain the power law constants.

Molenaar et al. [6] found a qualitative relatiorshio sagging and leveling
behavior of the time to maximum measurable visgpsiteasured on a rolling-ball
drying-film viscometer, but only within a given esimental series, such that the
initial viscosities were similar. They concludedattsagging and leveling behavior
must be understood in terms of viscosity changemdudrying; one should not rely
solely on characterization of the “in-can” rheoldgy optimization of these behaviors.
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They also determined that latex flocs are compldtebken down to primary particles
by brushing application. As observed by Colcloughak [14], the instantaneous
rheological state of a paint after brushing is ctateis difficult to estimate, as it not
only depends on the shear stress (or shear ratejushing and the film thickness
under the brush, but it is also true that the aptitn shear is only very briefly
experienced as the brush passes. They calculate, foush speed of 50 cm/s and an
assumed contact length of brush with coating ofc?b the duration of shearing of a
paint layer for a single stroke is 0.05 s. Repeatedkes are normally done, so the
total time of shear, albeit intermittent, mightddeout 0.25 s. They also calculate, for a
100 nm applied layer, a brushing shear rate of from 2608000 &, depending on
assumptions made about how the paint is meterethdyrush. Their estimate is a
good bit lower than has typically been made (1020000 &). In this connection,
Cohu and Magnin [70] showed that complete struttbreakdown in a thixotropic
material can occur at the rather low shear rate06fs’. Moreover, Higashitani et al.
[71] showed by simulation that floc breakup is eriely rapid, of the order of
milliseconds, and that extensional flow fields amere efficient in achieving floc
breakup than simple shear fields. Interestinglyeytishowed the kinetics of floc
breakup can be inversely related to the strengtlintfrparticle attractive forces.
Strong interparticle forces lead to open, frachat Structures which break up readily
under shear, whereas weaker van der Waals intelpdidrces lead to more compact,
spherical flocs that break up more slowly. Theiedictions were quantitatively
supported by experiment. Higashitani’s results megount in part for the steep shear
thinning behavior of high yield stress systems tr@dmore gradual shear thinning of
those with lower yield stress.

A number of workers have linked the presence aklystress to inhibition of
leveling, for example [8, 34, 55, 72]. We believielg behavior affects leveling
quality in two ways: (1) by causing leveling to seavhen the surface tension stress
driving leveling becomes less than the effectivad/stress, and (2) by its influence on
the low-shear viscosity, through remnants of theicstire responsible for yield
behavior, as evidenced in figure 9(a).

In summary, many predictive methods have been puward which have
provided considerable insight and understanding,veoy few have actually showed
convincing proof of predictive ability and genetwliThis has left practitioners of the
formulator’s art unconvinced that the science abthgy can provide practical help.

2.6 _Rheology and Initial Film Geometry

Kornum and Raaschou-Nielsen [73] noted that thélrsurface geometry of a
coating after application had been little studidijtuation that persists today in regard
to brush or paint roller application. Equation ¢hpws that the progress of leveling is
profoundly affected by the geometry of the initialghness pattern. A critical factor
that is often ignored in analyses of the post-apgibn flow of coatings is that the
outcome is largely determined by the interactiviatrenship among the application
process, the rheology, surface tension, and thengey of the coating layer [4]. For
example, the brushmark or roll striation amplitwdel wavelength and the mean wet
film thickness applied strongly dominate the sulbged course of leveling and hence
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Figure 19: Schematic diagram of brush application. The paiint
splits at a stagnation poiBt which is near the trailing edge of the bt
bristles. If the frame of reference is fixed atttpaint, the substrate
moving to the left, at a velocity equal to the lbruglocityV.

the final uniformity of film thickness in the drytade. Yet these variables are
themselves functions of the rheology. The applikd thickness is largely determined
by the viscosity at application stress. The inig#liation amplitude and frequency,
since they are the result of a film-splitting pres@erhaps not completely unlike that
in direct rollcoating, are expected to be deterhity the rheology and surface
tension interacting with the application processaifunctional relationship involving
the dimensionless Capillary Number [74]:

cacllomll ®
g9

where gis surface tensiorl) the local velocity and7(sapp) the viscosity at a shear

stress characteristic of the mechanics of apptinaths noted above, the applied film
thickness is likewise determined by the viscosttggplication stress. Hence, both the
higher-order terms in Equation (4) are expectebetsheology dependent, and in turn
determine the subsequently-acting leveling stredsch in its turn determines the

viscosity resisting leveling. Thus, it is essent@atake account of the role of rheology
in determining the initial geometry.

While ribbing in rollcoating [75] and from block-sgaders [74] is fairly well
understood, the exact mechanistic origin of bruskeyaemains unclear to now.
Bristle-clumping has been suspected but has noh h@even [55]. Indeed, if
brushmarks are controlled by the bristles, why,hwihe same brush, does the
wavelength vary for different paints? Bristles am necessary to rib formation in a
paint-spreading operation. Smith et al. [55] obedrthat brushmark-like striations
were produced by a block spreader with an overlmangiailing edge (similar to
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Pearson’s wedge spreader [74]), but not from aaslerewith a trailing knife-edge.
They found the striation frequency to be a functadngap width, and only weakly
dependent on paint viscosity or spreading speealsBe [74] developed a theory of
track formation from rollers and spreaders, findihgt the frequency of striations was
an increasing function of the Capillary numbeHence, from theoretical
considerations, the paint viscosity might be exp@db play a role in determining
initial brushmark frequency, and by implication gmaplitude as well. The difficulty is
that, unlike in rollcoating or in the case of arethanging spreader, brushmarks are
not obviously a Hele-Shaw, Saffman-Taylor type abdity. In the latter situation, a
curved meniscus forms inside a wedge-shaped cawitythe instability is attributable
to the associated pressure gradient [76]. Neveashedisturbances are well-known to
grow on a splitting meniscus and it is proposechstansiderations are relevant to the
phenomenon of brushmarks. This conjecture may wafuather experimentation.

Ribbing in forward rollcoating is well known to aacabove a critical value of
the Capillary Number (equation (5)) [74, 77-79],dasome have coupled the rib
formation with its subsequent leveling [75, 80].ush surface tension is stabilizing
with respect to rib formation, and viscosity andatimg speed are destabilizing. We
postulate that brushmark striations may represesimdar type of viscous fingering
instability to that seen in rollcoating and in ttegpreading. Brushing shares with
these coating methods a reduction in pressurettegetith a limited supply of liquid
at the outflow, which has been identified as themaism of instability [59, 74]. A
schematic diagram of brush application is showfigiare 19. The bristles of the brush
act as a reservoir and metering device facilitatiggnsfer of the paint to substrate.
Compressing the brush against the substrate “flotbas upper surface of the bristle
mass with paint. It is considered that the poolpafnt on the bristles is partly
“dragged” off the brush, so that some paint attadbehe substrate and some remains
attached to the bristles. Therefore, the paint fiptits at a stagnation poist which is
near the trailing edge of the brush bristles. # frame of reference is fixed at that
point, the substrate is moving to the left, at boeigy equal to the brush velocity.
The stagnation point here represents a locus ehsidnal deformation, and a region
also where new free surface is simultaneously beiagted.

Viscous fingering is characteristic of a splittimgeniscus [75], and it is
proposed that this is the origin of brushmarks, ivad it occurs not solely due to the
bristles but is primarily some function of the rkoay. It is apparent, however, that the
mobility of the bristles introduces some randomnesshe interface at the point of
film rupture, since a brushmark pattern is distisgad from that of a block spreader
by some degree of irregularity in frequency. Ingan of this hypothesis we cite the
recent observation by Saucy [81] that the “strea#d®” not necessarily seem to
originate from any distinctive feature of the Hasmass. This observation was made
by viewing the brush application of paint to a glatate, from underneath.
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Figure 20: Correlation of low-sheastress viscosity to roller stipy
rating (a) shows a negative slope (improved flowloater viscosity)
while in contrast the correlation the dependencearfexample, brus
pattern rating to high-shear-stress viscosity hagasitive slope
(improved flow at higher viscosity).

Correlations of low-shear-stress viscosity to legl brush pattern, and roller
stipple, etc., show improved flow at lower viscgsitvhile in contrast the same
correlations to high-shear-stress viscosity indidatproved flow at higher viscosity,
e.g. as in figure 20. The latter trend says thateasing high-shear viscosity favors
good flowout of film irregularities following apmlation. High-shear viscosity is
known to influence applied film weight, and the rafmentioned effect could be
merely one of film thickness, since it enters theeling rate equation as the third
power. However, some evidence indicates that higismosity may also reduce the
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Figure 21: Brushmark wavelength vs. viscosity at shear sto#<20(
dyne/cnf with a slope of -5/6 (log-log).

striation wavelength, on which leveling kineticpdads to the fourth power. Previous
workers [55] found only weak and indefinite evidenthat viscosity influences the
brushmark frequency. However, we have seen indicatotherwise. Figure 21 shows
brushmark wavelength vs. viscosity at 200 dyné/aith a slope of -5/6 (log-log), for
a small series of paints. Another series of paniteh showed a spread of brushmark
frequencies displayed a correlation to viscosispait 200 dyne/chffigure 22)* This
correlation was apparent from approximately 10680 dyne/crh but disappeared
above and below this range of stresses. The dafigime 22 are in qualitative
agreement (within 50%) with some data of Shaw omvtideian liquids (cited in
Pearson [74]), obtained by a spreading experinTéis type of dependence, i.e., that
higher viscosity (higher Capillary number) engesdemaller striation wavelength, is
sensible in that surface tension is the stabilizirigience in film splitting flows, while
viscosity is destabilizing, and is in agreemenhwésults of Pearson [74] and others.

4 It was found that on a linear scale the striafi@yuency correlates better to viscosity

than does the wavelength.
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Figure 22: Brushmark frequency vs. viscosity at shear strés206
dyne/cn? for semigloss paints, which showed a spread of brush
wavelengths. This correlation held for shear segedsom 100 to 5C
dyne/cn.

3. METHODOLOGY

A great many different instruments have been devisemeasure viscosity or
“consistency” in the industrial laboratory. Howeyvdew of them are capable of
absolute viscosity measurement, and most are &ipgint” devices. Being intended
for use in an industrial environment, most werdgtesd for ruggedness and simplicity
of operation. However, many have serious desigitditions that make them poorly
suited for measurements of non-Newtonian fluidsis THecomes quite an important
issue when one realizes that paints and many @thiés of commerce such as pastes,
slurries, dispersions, emulsions, gels, etc., ae-Mewtonian. For many of the
familiar laboratory viscometers the flow field israplex and not subject to analytical
treatment. Therefore, the stress or strain rat@eatane obtained in engineering units
and the absolute viscosity cannot be calculatedebicer, because the shear field is
non-uniform the viscosity varies within the testesimen for non-Newtonian
materials. For complex flow fields, such an erranmot be corrected. The
measurement error will be in proportion to the skspdivergence from Newtonian
character. A further very important deficiency cimy simple viscometer devices is a
lack of temperature control, which can be a soofcggnificant error. These “Quality
Control” viscometers have been discussed elsew82-84] and will not be further
considered here.
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3.1 How to make Rheology more interesting

How can rheology be made more interesting to thenddator or bench
chemist? — By relating it directly (quantitativeltg actual paint processes. Perhaps
one reason for a possible “lack of enthusiasm”rf@ological data among industrial
practitioners is the perception that the curvesdiffieult to understand or interpret in
terms of the in-service behavior of a product. Bathe problem lies in the manner in
which flow curves have traditionally been measuesd portrayed. Indeed, such
curves are generally bland, and have a tendentyotoalike rather than show clear
distinctions when plotted in the usual manner, dsretion of shear rate. In fact,
however, steady-shear flow curves of architectpahts can be as distinctive as
fingerprints, with characteristic features that d@nrelated to specific processes, if
viscosity is represented instead as a functionhefis stress. What may appear to be
subtle or insignificant complexities of the sheater flow curve become obvious
“structure points” [85] when viewed as a functidnsbear stress. What seems merely
to be a slight change in slope becomes instead amp shtructural transition.
Furthermore, it is common practice to charactepenplex fluids by means of
equilibrium flow methods, but these also tend to fbatureless and to obscure
structural information. In contrast, non-equilibriuflow data are more informative.
The “up” curve reveals the presence, charactesistiond magnitude of strain-sensitive
and time-dependent behavior, while the “down” cuiwvea good approximation of
equilibrium flow.

3.2 Shear Stress vs. Shear Rate as Independent \Adole

There are two aspects to this topic, one operdtiand one representational.
The choice of operating principle in modern rotadb rheometers is between
controlled strain (or controlled strain rate, CS&)d controlled stress (CS). The
difference is whether the torque or the angulgpldiement is the controlled variable.
In a CSR instrument the angular displacement (@& amgular velocity) is the
independent (controlled) variable and the opposiagous drag-torque the dependent
(measured) variable. CS instruments apply a cdattotorque, and measure the
resulting angular displacement. From the time tbammercial versions of the
controlled-stress rheometer began to come into rgenese in the mid 1980's,
recognition of the stress as the more useful indéget variable for characterizing
complex fluids has grown steadily [86]. There ageesal reasons for this. Structured
fluids tend to be “shear-sensitive” (more precisalyain-sensitive). For equilibrium
flow, there will be no difference between CS andRO8easurements. However, for
transient (non-equilibrium flow) rheograms, diffeces between the two become
important. As strain increases exponentially undelinear time-based shear rate-
sweep protocol typical for CSR instruments, strrestiends to collapse rapidly, with
the result that relatively few data points are lgd to provide information about
structure. The linear (or logarithmic) stress raofpCS devices, in contrast, allows
structured materials to respond in a more chaiatiterfashion. Applying a
programmed stress is thus the more “natural” wayotml and deform structured
materials [87]. Furthermore, CS instruments canlyappry small and very stable
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Figure 23: Flow curves plotted as a function of shear rateafeeries «
acid-functional acryligaints thickened with various basic agents. T
of the paints were filtrable in the production plaone was not. At ¢
arbitrary shear rate, the range of viscosity acedssamples is about
decade. Atg=100 s'the difference in \dcosity between the high
filtrable paint (“B neutralized”) and the ndiftrable “C neutralized
paint is only 3- or 4-fold

torques, coupled with extremely high strain resotlutare thus able to characterize
delicate structures at very low strain and straite,rand are likewise well suited to
measuring long relaxation times in creep. Of coutse apparent static yield stress can
be measured directly using a CS instrument, avgidamrors associated with
extrapolation or curve-fitting methods. Inertia sdimes limits accuracy of transient
response for CS instruments, but can be correcteid fnstrument software.

The second aspect has to do with the way flow cula are represented
graphically, which also subtly affects the way wenk about coating processes.
Because of long familiarity with older-type instramis, we are used to thinking of the
RPM or shear rate as the independent variable ledhear stress as the measured
variable. It is by far the more common practicelat viscosity as a function of shear
rate than of shear stress. However, there is nuble gained by choosing the latter as
independent variable. First, the shear stress és rttore physically meaningful
independent rheological variable because all flass stress-driven—the resulting
strain rate is a dependent variable. This isskeysto using flow curve data correctly
to understand coating performance. Coatings flowsttze outcome of the sum of all
forces acting on the liquid layer, the rheologicasponse to those forces, and the
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Figure 24: Paints in figure 23 plotted as a function of shstes
showing now a_600-foldviscosity range and a 150-foldifference
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nonlinear interaction of the rheology, surface i@msprocess variables, and substrate
geometry [4]. Second, a viscosity-shear stress gpetks far more eloquently than
viscosity-shear rate. Structural features and tokamse of particle flocs or gel
networks are more obvious and dramatic [88]. Vidgeshear rate curves, in contrast,
tend to be featureless, a distorted representafictructural behavior, and of lesser
resolution. Since most flows are stress-drivencosgty-shear rate plots do not give a
true representation of the difference in the fl@sponse for structured fluids. When
comparing the behavior of different materials, syotbts lead to confusion when
viscosities at arbitrary shear rates are usedptagxreal processes.

For example, figure 23 shows flow curves plotte@ &snction of shear rate for
a series of acid-functional acrylic paints thickémnéth various basic agents. Three of
the paints were readily filtrable in the productiplant; one was not. At an arbitrary
shear rate, the range of viscosity across all sesnid only about a decade. At
g=100¢' the difference in viscosity between the highedtratile paint (“B
neutralized”) and the non-filtrable “C neutralizegaint is only 3- or 4-fold. It is
doubtful that a 3- or 4-fold difference in viscgsithould make the difference between
filtrable and non-filtrable material. Recognizinigat pressure filtration is a constant
shear stress process, plotting the viscosity agahsar stress seems reasonable.
Plotted as a function of shear stress (figure &4)see a 600-folgliscosity range and
a 150-folddifference between the highest-viscosity filtraplent and the nonfiltrable
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Figure 25: Viscosity-shear stress plot of two p&, “07” and “05”
Shear stress as the independent variable allovexztdoomparison
paints at the shear stresses specific to partiqutacesses. Proce
stresses illustrated by dashed lines correspo(idl application by brus
or roller, (ii) surface tensiodriven leveling of surface roughness,

(iii) gravity-driven sagging of 3-, 6-, and I wet films. Gravitationz
settling of pigment particles occurs at even logtegsses, as indicated.

paint, at a shear stress of 1000 dyné/chhis is the viscosity range of physical
experience when stirring the paints, as well, wherhe constant-shear-rate numbers
are not physically meaningful in this sense.

To further illustrate the point, consider a vistpshear stress plot of two
paints, “07” and “05”, in figure 25. Plotting withear stress as the independent
variable permits a direct comparison of paiatsthe shear stresses specific to
particular processesViscosity is a nonlinear and sometimes complitdtenction of
the shear stress, and each part of the complexe duag a role to play in various
coating processes. The process stresses illustogitddshed lines in figure 25 are for
(i) application by brush or roller, (ii) surfacenton-driven leveling of surface
roughness, and (iii) gravity-driven sagging of 35, and 12-mil wet films.
Gravitational settling of pigment particles occatven lower stresses, as indicated.

For a given process, the shear stress acting oating layer is independent of
the rheology (for a given geometry, density, swaféension). The shear rate for the
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process, however, is rheology-dependent, and vaHly wvith the viscosity of a
particular coating at the process shear stresaré-26 re-plots the two paints of figure
25 as a function of shear rate. The constant-s$teass lines now slant to the left, and
shear rates for the processes identified in fi@@rare shifted to the left for the higher-
viscosity paint. The constant-shear-stress linéghmiflow curves at the shear rate of
each process. Ratios of the viscosities of thepaiats, at constant shear rate, are far
from their “true” (process-relevant) ratios at damé shear stress. It can be seen in
comparing the paints that shear rates for someepsostresses are shifted nearly two
decades (100-fold). Clearly, the assumption thatcgsses such as leveling and
sagging occur at a constant shear rate (sayj) da: be wrong by orders of magnitude.
Comparative paint performance is sometimes pratlidtem viscosity ratios at
constant shear rate [16], but such ratios may teraktimes smaller than the correct
ratios measured at the actual process shear stress.
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Figure 26: The two paints of figure 25 plotted as a functashea
rate. The constant-shestress lines now slant to the left, and shear
for the processes identified in figure 25 are sekifto the left for th
higher-viscosity paint. The constant-shetess lines cut the flc
curves at the shear rate of each process. Ratitie viscosities of tt
two paints, at constant shear rate, are far froeir ttrue” (process-
relevant) ratios at constant shear stréssan be seen in comparing
curves that shear rates for some process stressehiftednearly twe
decades (100-fold).
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Table 3 compares viscosity ratios at selectedarststresses with ratios
calculated at approximately corresponding shearvalues, from figure 26.

Viscosity, Pas
Shear stress Shear rate 5 Shear stress Shear rate
=0.8 Pa 0.01¢ =8.0 Pa =1.0¢
Paint 05 21.0 41.0 2.67 4.26
Paint 07 800 253 144 259
Viscosity Ratio 38 6.2 54 6.1

Table 3: Viscosity ratios at constant shear stress andtanhshear
rate for Paints 05 and 07.

3.3 The Non-Equilibrium (Transient) Flow Curve

Figure 27, from Rodd, et al. [85], is an idealizedresentative flow curve for
carrageenan-thickened milk, illustrating the coesithle amount of information
obtainable from a non-equilibrium stress ramp expent. The static yield stress is
located as the initial stress point of measurabiitef strain. A 30-fold decrease in
viscosity is followed by a plateau and a criticaless preceding further precipitous
shear thinning, the plateau being termed a “streghwint”. The mechanism assigned
to this plateau behavior is the presence of a métwdth long-range connectivity,
which is capable of considerable extension befotiagse and further shear thinning.
Finally, large hysteresis on the down curve indisa slow time scale for recovery of
the long-range network.

Comparison of a series of complex fluids by meafisaostandard non-
equilibrium flow protocol (e.g., a continuous tirbesed stress-ramp method),
provides, for example, a ready indication of théatree degree of thixotropy.
Equilibrium flow data are of course “blind” to timdependence and sparse of
structural content, and the habit of solely runnihg type of experiment is risky.
Pigment flocculation and network breakdown prodadhixotropic loop proportional
to the degree of flocculation and to the kinetitb@akdown and recovery. One can
obtain in one experiment both a “maximum structwistosity value from the up-
ramp, which tends to contain more of an elastic mament, and the “minimum-
structure” value from the down-ramp. In terms ofretation, some coatings processes
are more dependent on the relatively less-distusigcbsity of the up-ramp, while
others more so on the relatively de-structuredogig of the down-ramp.
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Figure 27: Idealized representative viscosslijear stress curve
carrageenan-thickened milk, from a neguilibrium stress ran
experiment (from Rodd, et al. [82], used by periois®f Elsevier). Th
static yield stress is located as the initiaés$rpoint of measurable fir
strain. A 30fold decrease in viscosity is followed by a platemd
critical stress preceding further precipitous shiémning, the platee
being termed a “structure point”.

As shown in figures 2 and 25, the flow curve degiicas a function of shear
stress can be readily linked to specific coatimgepsses and flows. Therefore, if one is
seeking correlations of rheological properties edgrmance, this is the starting point.
In the same series of semi-gloss paints as prdyioosntioned, and also for a similar
series of commercial flat latex paints, we lookemt forrelations of various
performance responses to particular regions ornvidesity-shear stress map, so to
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Figure 28: Schematic flow curves overlaid by vertical linessaea
stresses of 10, 100, and 1000 dyné/¢iong dashes); short dashed i
represent the range of stresses acting on the gigipes of te Lenet
sag test (see figure 7).

speak. For example, sagging is evaluated by melaad eneta sag meter drawdown
bar, described above (figure 6), and is rated aghttkest non-sagging paint stripe.
This provides a simple and quantitative measurethef gravitational drainage
resistance of an applied film. The shear stresgemgd the flow are easily calculated
and are mapped in figure 28, where schematic flawes are overlaid by vertical
lines at stresses of 10, 100, and 1000 dyrfe{tsng dashes), and the short dashed
lines represent the range of shear stresses axtitige stripes of the Leneta fest

Representative flow curves for two semi-gloss gaare shown in figure 29,
again with dashed lines locating stresses of 10, 48d 1000 dyne/cmOne of the
paints (“C”) shows evidence of structure and thigpy, while the other (“D”) does
not. First- (“N/S”) and second-run (“S/S”) curveseashown for paint “C”,
demonstrating the slight decrease in thixotropy rerun of the same specimen.
Viscosities at several shear stresses were takemtfre flow curves for all paints as in
figure 29, and used to correlate sagging behavidreanumber of other responses, as

5 Because the length (in the draw direction) ofdle¢ is quite short, the Leneta bar does

not achieve hydrodynamic metering. As a resultattteal film thickness of each stripe may be
different from nominal, due to rheological effectis introduces some error in the
measurement.
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well. Correlations were generally at a very higheleof statistical significance (near or
> 99% confidence).

Figure 30 compares the correlation of Leneta séiggdo viscosity at 1000,

100, 20, and 10 dyne/énit is apparent that no correlation to saggingtsxat 1000, a
definite correlation appears at 100, but very girdogarithmic correlations to sag
rating are found at both 20 and 10 dyné/chote that the latter two stress levels are
well within the range of sagging stress for the dtantest. A pervasively logarithmic
dependence on rheological parameters was foundllféitrm quality responses. The
constant-stress approximation is somewhat artifisince the critical sagging stress is
different for each paint, depending on the thiclstspe showing sag, but the total
range of stress within the actual test was onlgeaHold. Correlations to viscosity at
constant shear rates characteristic of sagginganrerally inferior because the sagging
shear rates will vary more widely than the sheasst This is because sagging occurs
at a specific shear stress rather than a spetiarsrate. Figure 31 shows a strong
correlation of sagging behavior to static yieldnfra stress-sweep experiment. Similar
correlation results were obtained for leveling perfance and a number of other film
quality responses, but the sagging measures wew goantitative and make the same
points. Figure 32 shows the lack of correlationLefieta sag rating to the Stormer
paddle viscometer and ICI cone-plate data, bedduese measure at stresses unrelated
to film formation processes. It is realized thadicting paint performance may not be

o Interior Semigloss C N/S

—o— Interior Semigloss C S/S
1000 - —A— Interior Semigloss D N/S
3
'S 1004
o
2
%) )
S :
@ 10 : :
> i |
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1 T 1 1
0.1 1 10 100 1000
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Figure 29: Viscosity-shear stress flow curves for two sejhoiss paint
showing dashed lines at stresses of 10, 100, add djme/crﬁ One o
the paints (“C") shows evidence of structure andatnopy, while thi
other (“D”) does not. First- (“N/S”-new specimenhda secondun
(“S/S™-same specimen) curves are shown for paint “C”, destnating .
slight decrease in thixotropy on rerun of the sap®cimen.
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Figure 30: Comparison of the correlation of Leneta sag ratio
viscosity at 1000, 100, 20, and 10 dynéictt is apparent that |
correlation to sagging exists at 1000, a definteredation appears
100, but strong, logarithmic coregions to sag rating are found at t
20 and 10 dyne/ctnNote that the latter two stress levels are within
the range of sagging stress for the Leneta test.

the purpose of Stormer or ICl measurements, bberahey are simply quality control
tests to check that a batch is more or less wheoeight to be. However, paint is
routinely formulated to particular viscosity stardaof this type. The question should
perhaps then be, “Of what value are such standdrd®t related to product

performance?

In our correlations to sagging, and several otliler fesponses, we did not
attempt to duplicate a shear history of the pdiat tvould be representative of the
actual process of application and subsequent fRather, it was assumed that the
viscosity governing the flow would be approximated values taken from the non-
equilibrium flow curve. In most cases the “down’a values were chosen for
correlation purposes, assuming these would appaigirthe condition of the paint
following application. However, in some cases itned out not to make a great
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difference to the correlation statistics whether ‘thp” or “down” values were used —
in others it did matter. The arbitrariness of thettmd of the correlations is not too
significant if one uses them merely as a way t@iobtiscosity “targets” toward which

to formulate, in order to achieve a desired pertorce.

It is asserted that fundamental rheological prageriproperly measured, are
highly correlated to and therefore able to pregiaint performance. The overall
correlations referred to above demonstrate thait performance, in principle, can be
controlled by formulating to specific rheologicddjectives. In contrast, standard lab
measures of paint rheology are not predictive ofgpmance.
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Figure 31: Correlation of sagging behavior to static yieldnfra stress-
sweep experiment.
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4. RHEOLOGY OF DISPERSIONS

Dispersions may be defined as consisting of a swusggk discontinuous
(particulate) phase contained within a continuafi®n mobile phase. In coatings, this
might be a fine-particle-size solid such as titamidioxide, wetted by and thoroughly
mixed in a liquid. Emulsion systems (liquid-in-ligu dispersions) will also be
encountered, as well as aqueous dispersions ofsemupolymer particles in the
colloidal size range, known as latexes.

4.1 Behavior of Paint Dispersions

The quality and stability of a dispersion of théidsparticulates that are typical
ingredients of coating formulations (e.g., pigmeffiteers and extenders) is a critical
and sometimes overlooked factor in paint perforrma@ne of the reasons that paints,
inks, and adhesives are complex fluids is the érfae of particulate fillers on the
rheology. The pigment/filler system may impart ajgpa yield behavior, strong shear
thinning, viscoelasticity, and time dependence. rAical part of the paint-making
process is the so-called “pigment grind”, whereukbpigments are dispersed in a
liquid medium, which may be a resinous solution/andontain various dispersing
agents. The objective is to wet and disperse thepigment in the medium, while
reducing the particle size by breaking down pignmeyglomerates under high shear.
Dispersants aid in this process, and help to pmdufinal dispersion of well-wetted
primary particles that are thermodynamically stabd against re-aggregation or
flocculation. The desirable properties which thetipalate phase was added to
achieve will be maximized at the point of optimédpkrsion. These properties may
include opacity, color strength, barrier propertiegeatherability, or mechanical
reinforcement, among others. However, in additonhese considerations is that of
achieving the desired rheology, and it is well lelished that the rheology of a
particulate dispersion is highly sensitive to dispen quality and stabilify Hiding or
opacity is a requirement of most paints, and hasdapects: intrinsic and perceived.
The intrinsic hiding is a function of adequate @igion and stabilization of the light-
scattering pigment (usually T#¥) while the perceived hiding will depend on the
quality of leveling achieved during film formatioR.oor leveling results in uneven
film thickness, which may allow the substrate towthrough in the thin regions of
the film. A strongly flocculated pigment dispersioat only will display poor intrinsic
hiding, but also can impart yield-like behavior, elevated elastic modulus, and high
low-shear viscosity, all of which interfere with/iding, so that hiding suffers a double
blow.

Metal oxide pigments are mutually attracted byragrdispersive forces, more
so than organic particulate components, as val\\4gals forces are proportional to
atomic number. Hence, despite an abundance ofcsamts in most formulas, paints
are often colloidally unstable, the particles fargiweak flocs or a space-filling
network gel structure [68]. In addition, added poérs can cause both depletion and

6 In the inverse sense, that is why rheology is1susensitive measure of dispersion

properties.
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bridging flocculation of particulates [89, 90]. modern paint formulations, a large
part of any elasticity is due to these networksflofculated particulates, such as
pigments or added thixotropes. Such systems arergignthixotropic, have a small
critical strain, and display elastic propertiestthae relatively easily disrupted by
shear, as the structures responsible collapse. aggsegated microstructure, which
may also contain soluble, adsorbing, or perhapsvorktforming polymers, can
exhibit a complex viscosity-shear stress profileitasollapses and reforms under a
non-equilibrium stress ramp experiment. The sh@aning observed in paints as well
as other fluid dispersions can be attributed botiné collapse of flocculates and to the
hydrodynamic ordering of particles in the sheddfie

4.2 Rheology as a measure of dispersion stability

Rheology is the most sensitive measure of the stadedisperse system “as is”
(without dilution or special preparation for measuent), and can define differences
between materials clearly and quantitatively. Ashsuheology can provide invaluable
guidance to formulators to improve handling, stetaand performance properties of
suspensions and dispersions. Flocculated dispsrai@normally both thixotropic and
viscoelastic [91]. Kiratzis et al. [92] found thidtte yield stress and elastic modulus
both were good indicators of the degree of aggieyafor depletion-flocculated
inorganic and organic polymer dispersions. Rheolegn be used to determine
optimum or saturated dispersant concentration. irotf@3] found for a magnetic
paint containing a dispersion of iron oxide paeticthat the viscoelastic mod@tand
G2 go through a minimum as a function of dispersasinr concentration, at the point
of saturation. The system at the same time chafiges a rigid, brittle, thixotropic
network structure to one of individual flocculatBeboa and Fryan [94] observed that
the stability toward sedimentation of some indastparticulate dispersions could be
predicted by the value of tah(measured over a range of temperature of interest)
where systems were unstable fordanl and were increasingly stable asddecame
smaller and smaller below unity. This implies thheir systems were actually
flocculated and formed a space-filling, rigid netiyowhich is suggested by re-
plotting their steady-shear viscosity data agaisisear stress, showing a sharp
viscosity decrease at a critical stress (figure 33)

Figure 34 compares flow curves for a series of eotrated pigment
dispersions or “grinds” before being “let-down” omixed with the binder resin
solution to final solids levels. The dispersions sfabilized by adsorption of a soluble
polymer such that the polymer attaches to the gartand also extends into the
surrounding solvent, known as “steric-osmotic stzdtion”. As individual particles
approach, the polymer chains interact repulsiveisgventing the close approach
necessary for flocculation to occur due to elegtnadhnic attractive forces. The
effectiveness of this stabilization mechanism ipatglent on the solubility of the
adsorbed polymer. If the polymer is poorly soluinlehe solvent medium, the chains
collapse onto the particle and are ineffectivetab#izing the system (figure 35). If
too soluble, the polymer will not be adsorbed dnseough to be effective. The ideal
balance is represented by a “theta” solvent.
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Figure 33: Re-plotting the steadghear viscosity data of Reboa
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critical stress, implying that their systems weoedulated.
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Figure 34: Comparison of flow curves for a serie$ concentrate
pigment dispersions stabilized by polymer adsomtar stericosmotic
stabilization One of the dispersions was made using a “poor’esulfol
the stabilizer polymer leading to flocculation, thiers with a “gooc
solvent. The largethixotropic loop” for the “poor” solvent system
evidence of the progressive breakup of particlesflander increasil
shear stress.
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Figure 35: lllustration of effect on steric stabilization meetism of th
solubility of the adsorbed polymer.

In figure 34, one of the dispersions was made uairigoor” solvent for the
stabilizer polymer, the others with a “good” soluefhe large thixotropic loop for the
“poor” solvent system is the result of the progresdreakup of particle flocs under
increasing shear stress. The individual particlesmoaller flocs that result are more
hydrodynamically efficient, i.e, not as dissipatiae large flocs, and so the viscosity
decreases for that reason and also due to hydrodgnardering of the remaining
particles. The flocs do not fully reform on the éirscale of the experiment, so that the
viscosity is lower for the “down-ramp” cycle. Velijtle thixotropy is observed in the
case of the dispersions in “good solvent”, yetehisra decrease of about a decade in
viscosity over the range of shear stress applidds Ehear thinning without floc
breakup is therefore presumably due almost entii@litydrodynamic ordering. The
lower viscosity of the flocculated system at higiiear is likely due to breakdown to
primary particles whose effective volume fractianlower than that for the stable
particles because of the collapse of the steriddraynto the particle surface.

Figure 36 show& ¢vs. strain curves (oscillatory torque-sweep experits) for
the dispersions in figure 34. The “poor solvent’steyn is strongly flocculated,
indicated by the much high&¢value in the linear regime and the much smaller
critical straing,. Dispersion stability and the strength of floctida can be assessed
by such methods [95].

Figure 37 shows oscillatory strain sweep curves doseries of colorant
dispersions with different pigment systems, titamidioxide and yellow iron oxide.
The logarithm of the elastic modulus in the lineggion is plotted against the log of
the critical strain, giving a slope of close to ofike cohesive flocculation enerByis
given by [95]:

G

E=2X e (6)

according to which a slope of 2 should be expected.
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Figure 36: Gdvs. strain curves (oscillatory torqseseep experiment
for the dispersions in figure 34. The “poor solVesystem is songly
flocculated, as indicated by the high®evalue in the linear regime a
the much smaller critical straig,.

5. COATING FLOW DEFECTS

Here we digress briefly to consider some aspectiseofopic of coating defects,
whose causes and remediation have been thorougttysded by others [73, 96, 97].
As described above, some defects arising at apiplicare due to hydrodynamic
instabilities. These include brushmarks, rollecks rollcoat ribbing and webbing, air
entrainment, spatter, etc. Other defects develogr @pplication and have various
specific causes, but in general can be ascribedlotal inhomogeneities or
irregularities in the coating or the substrate. rfEfme, what may be termed coating
flow defects constitute a local variation in filthickness that may be attributed to
unsatisfactory post-application flow [4]. Causes @zclude a local nonuniformity in,
or example, surface tension or in substrate shapieh drive undesired flows. Some
examples include:

Craters due to contamination, overspray

Dripmarks from doorframes or mitered corners
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Figure 37: Oscillatory strain sweep curves for a series ot
dispersions with different pigment systefitie logarithm of the elas
modulus in the linear regime is plotted against lttge of the critice
strain, giving a slope of close to one.

Coating withdrawal from small outside radii

Coating accumulation on inside radii

Surface tension and surface tension gradientsnapertant driving forces for
coating flows. Some of the effects of uniform sagaension in coating flows are:

Leveling of uneven films of short-wavelength roughs
Collapse of liquid lamellae, filaments

Driving flows on locally-curved surfaces

Film thinning at convexities, e.g. corner/edge ditwal

. Liquid accumulation in concavities leading to dragmks, e.g. mitred
joints, inside corners
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A surface tension gradient is equivalent to a serfshear stress (Levich-Aris
condition [58]) and gives rise to surface and Hids, also known as the Marangoni
effect. Some of the consequences of non-uniforfasertension include:

Driving coating flows on locally-planar surfaces8]5

Inhibition (in presence of surfactant) [98], accat®n, or
“overshooting” of leveling [58]

Restoration of coating uniformity on locally-curvedrfaces [98].

“Telegraphing” of substrate imperfections to thatoog surface [99]

Marangoni flows can be generated by depositiorherliuid surface of a low-
energy contaminant material and also by local difiéal solvent evaporation during
film drying. In the case of contaminants the result is usualijecing [96]. In the case
of striated films, uniform solvent evaporation froem uneven layer leads to resin
concentration gradients. Overdiep [58] has shovenr&sulting Marangoni flow can
both initially accelerate leveling and finally “awkive” it to such an extent that a
once-smooth layer again becomes rough. Kojima et[#00, 101] found that
Marangoni stresses can actually exceed the noragallary hydrostatic pressures
driving leveling. Thus, Marangoni flows can resultdefects in a coating layer on an
otherwise uniform substrate [102].

It also might be noted that any uniform liquid layie thermodynamically
unstable with respect to breakup to droplets, tbeerso when the contact angle of the
liquid on the solid is large [103]. This Rayleigisiability can lead to film breakup or
reticulation, and can occur when surface tensiamifrm. That it normally does not
happen in coatings is due to (a) low contact arfigtegood wettability, (b) high
viscosity resisting breakup, and (c) drying of tbeating before reticulation can
manifest.

Coating defects can also occur in situations whhee surface tension is
uniform, if the substrate geometry is non-uniformircegular in shape. In this case,
local variations in curvature (inside and outsiadeners, sharp edges, or holes), in
concert with the liquid surface tension, generatgiltary pressure gradients that drive
the coating to become non-uniform in thickndasthese circumstances, a body force
such as gravity or centrifugal force acting on lilgaid layer can initiate a fingering
flow, leading to a defect sometimes called a “de@pki. A typical example of a
dripmark is shown in figure 38. Dripmarks can fomthe absence of surface tension
gradients, due to a capillary-pressure driven actation of liquid on substrates of
irregular geometry, such as a mitred corner orgsledge in a door or window frame
[104]. A substrate defect can also promote a cgatiefect by amplifying the shear
stress driving the flow. Smith [105] did a lineabtication analysis for power law and
Bingham fluids to explain the phenomenon where ltheling (or “distinction of
image”) of automotive clearcoats applied over pigted basecoats was observed to
be worse on vertical surfaces than on horizontakohle determined the cause of the
added roughness in vertical films was the amptifice due to gravity-induced flow,
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Figure 38: Imageof a “dripmark” defect.

rgh —

Figure 39: Geometry of a “depressed nailhole” substrate defeatling
to formation of a dripmark.

of very small-scale substrate roughness, as smaliriplitude as 1 micron. He found
that the time scale for surface wave amplificatigm,// */¢n®, was identical to that for
leveling, so that, for time-independent rheolodpe toughening could not be inhibited
without also affecting leveling.

In engineering the rheology of a coating, very ctaxpeffects such as
described in the foregoing must be taken into actadthis is best done with the aid of
computational non-Newtonian fluid dynamics methaBishwartz and Eley [4, 106]
modeled, by numerical simulation, sagging and dagkmformation in an initially
uniform drawn-down film on a circular depressiogferred to as a “nailhole” (figures
38 and 39). Two paints were used in the study, eheogerimental sagging behavior
was contrary to expectation from the standard kooy viscosity tests. The
simulation used an exact description of the shizgass-dependent rheology via a look-

© The British Society of Rheology, 2005  (httwwWw.bsr.org.uk) 22t



R. R. Eley, Rheology Reviews 2005, pp 173 - 240.

1000 5
3 ! “A” Exterior Flat Latex
#"$ “B” Interior Flat Latex

\i%%\

100 4 Stormer
1 I shear stress

g
[ I
I
Lk R |
] A2
I
|
1 e :
10 100 1000 10000

Viscosity, Poise

Shear stress, dyne/cm?

Figure 40: Flow cuves for paints “A”, an exterior flat latex and “}
an interior flat latex. At moderate to high she@ess, B is more visco
than “A”, as indicated by a Stormer paddle viscaneheasuremel
and also by hand stirring “feel”. In the range afging skear stres
however, A is more viscous than B.

up table rather than a constitutive model. The emratitical model included substrate
shape, surface tension, and gravity. Thixotropfeat$ were not explicitly taken into
account.

Figure 40 shows flow curves for paints “A”, an aide flat latex and “B”, an
interior flat latex. At moderate to high shear s&eB is more viscous than “A”, as
indicated by a Stormer paddle viscometer measurgnaerd also by hand stirring
“feel”.

Figure 41 illustrates the mechanism by which gabstirregularities accelerate
and aggravate sagging behavior. The gravitatiomaks on a uniform paint layer is
relatively low, but when film thickness is unevamthis case due to irregular substrate
shape, an incipient local thickness gradient du@rnage can be aggravated by
gravitational flow, producing quite high local stses. These in turn reduce the local
viscosity, which increases the local flow. The dition showed that the effective
local film thickness over a dripmark (for a 26€n average coating thickness) could
reach 1200vm, so that the effective gravitational stress risem 25 to 165 dyne/cm
(figure 41). The initial sagging shear stress afu25 dyne/ctis shown, and the
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corresponding initial paint viscosities governifg tdrainage flow are indicated. As
sagging proceeds, the gravitational shear stresgdses, as described, so that the
viscosities of both paints decrease, but “B” alwesmmains lower and sags more than
“A”. The simulation produced both 2-D and 3-D timependent maps of the free
surface during drainage flow and dripmark formatiwhich were compared with real-
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time 3-D experimental surface profile measuremefite simulation quantitatively
predicted the relative sagging behavior of the pamts.
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Figure 41: |lllustration of the mechanism by whiclsubstrat

irregularities accelerate and aggravate saggindhawer. Thi
gravitational stress on a uniform paint layer iatieely low (upper left)
but when film thickness is uneven, in this case tuieregular substra
shape (upper right), an incipient local thicknessdient, due t
drainage, can be magrafi by gravitational flow, producing high lo
stresses, which in turn reduce the local viscositlyich increases tl
local flow. Computer simulation showed that theeefive local filn
thickness over a dripmark (for a 26@ average coating thickness) cc
reach 1200vm, so that the effective gravitational stress risem 25 tc
165 dyne/crh
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Figure 42 compares experimental and predictetedere dripmark profiles for
paint “B”, at 15 s and 30 s after drawdown. Ordindiimensions are normalized to the
initial uniform coating thickness, while the abseiss normalized to the “hole” radius.

Figure 43 shows contours of constant surface héglpaint “B”, at 15 s and
30 s after drawdown. Botk andy- axes are scaled to the hole radius, and thes is
again scaled by the applied film thickness. In figu42 and 43 the “nailhole”
depression is on the left and the dripmark “bump’tlee right. In figure 43 the upper
figures represent experiment and the lower onesrthael prediction. The agreement
of theory and experiment is evident in both figurEsus, the three-dimensional flow
on a complex substrate of non-Newtonian fluids bheen accurately simulated, which
requires a model with correct physics and accukatestress rheological data. The
success of the prediction validates not only thelehdut also the rheological data
(i.e., no slip problems), and illustrates the u#item goal of achieving detailed
understanding the role of rheology in flow problems

Figure 42: Comparing experimental and predicted centerlinprdairk
profiles for paint “B”, at 15 s and 30 s after ddown[4, 103] (used b
permission of the Federation of Societies for GugtiTechnology ar
Kluwer Academic Publishers)The “nailhole depression” is sho
underneath the coating layer. Ordinate dimensioasiarmalized to tf
initial uniform coating thickness, while the absaiss normalized to tl
“hole” radius.
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Figure 43: Contour plots of constamripmark surface height for pa
“B”, at 15 s and 30 s after drawdown. Bothandy- axes are scaled
the hole radius, and the- axis is again scaled by the applied -
thickness. The “nailhole” depression is on the lkfid the dripmal
“bump” on the right. The upper figures represent experiment the
lower ones the model prediction [4, 103]. (Usedpegymission of th
Federation of Societies for Coatings Technology Khaver Academi
Publishers)

Finally, to illustrate the power of computer modeglito resolve the details of
complex flows, figure 44 shows a contour map of gieess distribution of the
dripmark flow field [107]. The contours show hovetktress varies from 40 dynefcm
around the periphery of the defect to 160 dyné/amthe “peak” of the dripmark.
Similarly, shear rate and viscosity distributiomsl anagnitudes can be mapped for any
complex flow, providing otherwise inaccessible taton of flow detail.

5.1 Viscoelasticity in Coatings

The importance of viscoelasticity in industrial pesses will depend on the
associated rate of deformation. Put another wayrdbponse of a viscoelastic material
depends on how long a stress is applied, relativiae time required for any elastic
“extra” stress to die away. This idea is expressetheDeborah Number

|

De:?. ........ (7)
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Figure 44: Contour map of the stresssttibution of the dripmark flo
field [104]. The contours show that the stressasafrom 40 dyne/cfn
around the periphery of the defect to 160 dyné/anthe “peak” of th
dripmark.

The term’s namesake is the Biblical prophetess Edhavho prophesied quite
accurately that the “mountains flow before the ’dD8]. In other words, on God'’s
time scale, rock formations can undergo permanefarthation, or flow. The concept
which the Deborah number quantifies is that if theationt of the applied stress
greatly exceeds the stress relaxation timge 1) the material will respond as a
viscous fluid (because elastic stress has timeeray). Conversely, iDe 1 a
material behaves as if an elastic solid. WH2a » 1 the material will behave
viscoelastically (i.e., stress relaxation will tgdace on the time scale of the process).
Thus, De quantifies the proportion of elastic to viscoustcol of a process. An
equivalent way of writing the Deborah number is:

De=lg o)

7 Barnes [31] relays an account of a 1.8-m longyBtick horizontal marble slab, supported on
its corners, that sagged 8 cm over a period ofezdsyor so.
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where g is the shear rate of a coating process. To idtistthe role of elastic “extra

stress” for coatings in particular, assume a strelsgation time constart of 10 s for

a paint. For a pigment particle settling @»10°s?, De 1 and therefore the paint
would offer only viscous resistance to the settligment. This description is wholly

analogous to the creeping flow, under very lowsstes, of a material with apparent
yield behavior. On the other hand, if we assugne0.1s® at some stage of a leveling
processPe =1, and elastic stress is likely to retard the liengl

Additional effects of viscoelasticity upon coatipgocesses stem from the
stabilization by elastic “extra stress” of otherwianstable liquid structures. Thus,
liquid fibers, bridges, and lamellae which wouldioarily collapse due to surface
tension are longer-lasting, leading to, for exampdicoat spatter, “misting”, ribbing
and foam stability. Likewise, atomization of sprdymaterials is inhibited due to
suppression of the Rayleigh-Taylor instability resgible for breakup of liquid fibers
and sheets. Such effects, however, are more liteelpe important when soluble
polymers of high molecular weight are part of tleenfulation. Once again, the
Deborah number gauges the importance of viscoeitgstor a particular process. Of
course, the lifetime and the magnitude of the Eladtess will both be important, for
together they will govern the degree of stabiliaati

Other general effects of viscoelasticity in coatimgcesses include:

Inhibition of low-stress flows (sag, slump, levgircratering, edge
withdrawal, capillary penetration or “wicking”)

Promotion of rollcoating defects (tracking, spat{éb, 109-111]
Yield stress

Sedimentation/settling resistance [37, 94]

Lower packing density

Slower filtration and dewatering [112]

Higher dry coating bulk (void volume in drying fisn[113]

Sources of viscoelasticity in coatings and disp&rsinclude:

Internal network structure—connectivity with lorigetime links €.g.
entangled or associative polymers or flocculatetige network)

Polymer-polymer, polymer-patrticle, or particle-pelg interaction
(packing, flocculation)

High molecular weight tail (solution polymer syst&m
Concentrated colloidal/micellar (mesophase) systems
Soluble polymeric thickenerg.@.high-MW HEC)

© The British Society of Rheology, 2005  (httwwWw.bsr.org.uk) 231



R. R. Eley, Rheology Reviews 2005, pp 173 - 240.

30+
%]
1S
o
=
T
4
(@]
b
)
8
Q
S 101 R2=0.821
|
5

0 100 200 300 400 500 600
G' (w=1.16 rad/s), dynelcm®

Figure 45: Correlation of Leneta sag rating to the elastic uhosl at
low oscillation frequency for a series of latexriai

Many processes, particularly of coatings applicatimvolve large strains
outside the range of linear viscoelastic behavidrere are promising experimental
methods, based on an enhanced creep analysis, Haraaterizing nonlinear
viscoelastic behavior, even at high frequenciesA]1% may be possible to build
experimental correlations between nonlinear visgstadity and coatings performance.

Viscoelasticity in modern paints is largely duestoain-sensitive flocculated
pigment, filler particle, or associative polymerwerks [89, 115], and rapidly goes
away outside the linear regime. However, frequeswgep experiments are normally
done below the critical strain, preserving elasticrostructural features, and such data
may be related to slow flows in coating layers,hsas leveling and sag. For example,
figure 45 shows a strong correlation of Leneta isding to the elastic modulus at a
low oscillation frequency for a series of semi-gl@sints. Such correlations disappear
at high frequencies.

SUMMARY

The controlled-stress rheometer can make readibesmible the regions of
shear stress that govern the coating flows thabfimportance to film formation, but
most of the early studies of coatings rheology wimee before its advent. This led to
an unfortunate focus on the shear rate as the amdigmt variable. In fact, the shear
stress is for most purposes the correct independarigble for the rheological
comparison and evaluation of coatings rheology pedormance. It is our position
that, by employing the principles outlined, fundawaé rheological properties can be
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quantitatively related to the application and filonmation characteristics of coatings.
Candidate paint formulations are to be evaluatedni®ans of stress-controlled
rheometry, and it should be possible to identifecsfic rheological targets that are
linked with performance. We also hope that we hpamted a complicated enough
picture of coating flow to convince readers thatyotomputer simulation can keep
track of the complex interactions of non-Newtonftows in realistic applications,
particularly on difficult geometries. Simulation theds can thus provide detailed
descriptions of the progress and final outcomescadting processes. There is,
therefore, great potential for improving the waywhich coatings research is carried
out, through the employment of improved methodeheblogical characterization and
the use of sound data to provide guidance to faatots.
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