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ABSTRACT 

The success of a wide range of commercial products and industrial processes 
depends on meeting specific flow requirements. Industrial applied rheology attempts 
to relate fundamental properties to fitness-for-use of fluids of commerce. Architectural 
and industrial coatings, molded plastics, adhesives, personal care products and 
cosmetics, inks, cement, drilling muds, ceramic slips, solder pastes, foodstuffs and 
medicines are examples of rheologically complex fluids whose commercial viability 
depends on having the “right” rheology. For such materials, the necessary rheological 
properties must be defined with due regard to the prevailing conditions of stress and 
strain rate in processing and application. Unfortunately, the predominant practice in 
industry with respect to rheological characterization is to rely on rugged but simple 
viscometers or “viscometry devices”. These typically measure within a limited range 
of stress or strain rate, generally returning arbitrary numbers of uncertain value. On the 
other hand, it is often very difficult to link fundamental rheological properties with 
“real-world” performance. The challenge to the applied rheologist is to design 
experiments having relevance to the process at hand and then usefully apply the result 
- in other words, to bridge rheology and technology. This article discusses the use of, 
in particular, controlled-stress rheometry to characterize complex fluids, with the main 
thrust toward the coatings industry.   
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1.  INTRODUCTION 

Although the notions advanced in this treatise may apply to a broad range of 
rheologically complex fluids of commerce, the specific focus will be on protective and 
decorative coatings. The application, film formation, and defect remediation of thin, 
fluid layers are important issues affecting a variety of industrial processes and 
products. However, protective, decorative and functional coatings are arguably the 
commercial products that most depend on rheology for their success. Flow is a 
common denominator of all coatings, which begin in a bulk state and must finish as a 
thin, solid, conformal layer, ideally uniform in thickness. Successful application and 
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film formation necessitate a high degree of control of flow, and therefore the 
rheological properties must be tailored to the purpose. Understanding and control of 
rheology is a significant economic issue for paints and coatings. One reason is that, 
according to experienced formulators, more than half the cost of new product 
development is consumed in “getting the rheology right”. For example, a new paint 
formula must be optimized for leveling, sag resistance, and pigment settling stability. 
The paint formulator’s dilemma, though he may be unaware, is that none of his 
standard measures of rheology relate to these objectives. Furthermore, the rheology of 
existing products can go awry without warning, and solutions to such potentially 
costly problems are always urgently required. 

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

“Present paint viscometers serve only to provide arbitrary control numbers of 
questionable value.” 

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

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

The analysis of flow problems of materials is often hindered by incomplete or 
incorrect characterization of the rheological properties, e.g., the use of single-point 
methods, or multi-point data that are confined to a narrow or irrelevant range of stress 
or shear rate, or by inappropriate extrapolations. Viscosity test methods as practiced in 
the formulation laboratory are often not pertinent to coating processes and 
consequently are unhelpful in understanding product performance, especially for non-
Newtonian materials. The great majority of paints and industrial coatings are non-
Newtonian, and the simple viscometers commonly used in the industrial laboratory are 
generally not well suited for use with such fluids. Flow cannot be controlled without 
proper measures of rheology. Therefore, the objective for the applied rheologist is to 
develop methods of rheological analysis that (1) provide accurate data for complex 
fluids, and (2) are related specifically to the critical flow processes that paints must 
undergo. Meeting these goals requires absolute characterization methods that cover a 
wide range of stresses and time scales.   

The current understanding of the relationship between the rheology of an 
architectural coating system and its performance is quite lacking in detail. According 
to Strivens, “Both the theory and the experimental evidence provided to understand 
paint flow will appear sketchy… in many areas” [3]. Moreover, as Schoff points out 
[2], there is a large gap between the available knowledge about the role of rheology in 
paint quality and the practice of most paint technologists. As a result, routine viscosity 
measurements are often made with no thought to performance but merely to match 
arbitrary quality control standards. This state of affairs is not by any means confined to 
the coatings industry. To fully realize the hoped-for industry benefit of rheological 
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analysis, a robust link must be established between rheology and technology. It is the 
author’s opinion that this link can only be forged by the union of rheology and fluid 
mechanics, enabling the solution of complex fluid flows on arbitrary surfaces while at 
the same time taking account of a host of process variables [4, 5]. Computational non-
Newtonian fluid dynamics can in principle take the understanding of coating 
performance from the realm of empirical correlation with its associated scatter, 
statistical uncertainty, and sparseness of detail to that of full understanding, including 
the subtleties of flow of such fluids applied to complex substrates. Unfortunately, such 
capability is not yet readily accessible to most practitioners. Even so, there is certainly 
much to be gained from the application of rheological analysis to the problems of 
decorative and protective coatings, and that will be the focus of this brief survey. No 
attempt is made to be comprehensive in this presentation, and some topics are 
discussed at the expense of other deserving ones. Some time will be spent with 
apparent yield behavior because of some interesting findings for a large series of 
paints. Thixotropy is a subject large enough for a separate article, and will be 
mentioned here in the context of issues where it is an important consideration. 
Extensional rheology will be neglected entirely, as the evidence is not clear whether 
modern paints, at least, have significant extensional properties, and little work has 
appeared in the recent literature.   

One thing that will be apparent in this review is the scarcity of references to 
actual research in the area of paint flow after the mid-1980’s. There was much 
excellent work published on the subject of paint rheology from about the 1950’s 
through the 80’s, but it came to a rather sudden stop, with the exception of the active 
areas of associative polymers and latex particle coalescence. Most of the latter activity 
has been of a fundamental nature rather than being concerned with problems of paint 
flow per se. The reasons for this apparent “mass extinction” of paint research will be 
well known to anyone who has worked in industry through this period, and it is not 
that all the problems have been solved. Indeed, while technology has come far, many 
of the same issues are still with us.   

 

2.  RHEOLOGY AND COATING FLOWS 

Perhaps the single most desirable attribute of a coating is that it be uniform in 
thickness, since a uniform film provides optimum appearance, protection, and 
function, together with maximum economy. A final coating layer of uniform thickness 
implies successful leveling of initial irregularities and the avoidance of undesired 
flows as film formation progresses. However, though generally desired, this objective 
is often unmet, nor is the path toward improvement usually readily apparent. While it 
is understood that rheology and surface tension govern the application and post-
application behavior of a coating layer, it has been far from clear how to derive 
detailed predictions of product performance from measured rheological properties. 
Certainly, one reason is that the outcome of a coating process depends on the complex 
interplay of rheology, surface tension, process variables, and substrate geometry. The 
understanding of rheology’s role is complicated by difficulties in linking the 
fundamental properties of paints, which are typically non-Newtonian, with their 
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performance. The viscosity of a non-Newtonian coating can vary with both time and 
position within the liquid layer, and in addition, complexities of substrate geometry 
and of the coating process (e.g., forces of varying type, magnitude, and duration acting 
on the fluid layer) conspire to make coating flows a very complicated subject.   

The non-Newtonian character of most paints and coatings makes it difficult to 
estimate the governing viscosity in coating processes. Consider, for example, gravity-
driven sagging or drainage flow on a smooth vertical substrate. The maximum shear 
stress is at the coating-substrate interface, and in a loose sense is equal to the “weight” 
of the paint layer from there to the free surface. Calculation of that shear stress allows 
one to obtain, from a flow curve, a single viscosity presumed to control sagging. 
However, the gravitational shear stress varies linearly within the coating layer from a 
maximum at the substrate to zero at the free surface, while the viscosity does so 
inversely (and nonlinearly) through the coating layer (figure 1). The viscosity could 
easily fall as much as two orders of magnitude or more from the free surface to the 
substrate, as shear stress varies from zero to about 40 dyne/cm2 maximum for a typical 
paint layer. For example, a power law extrapolation of the Exterior Flat Latex curve in 
figure 2 predicts a 460-fold decrease in viscosity from a shear stress of 1 dyne/cm2 to 
40 dyne/cm2. Thus, a viscosity at a single shear stress does not represent sagging flow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1: Representation of gravitational drainage of a uniform liquid 
layer. r � =� liquid density, g =  gravitational acceleration, and h = 
uniform layer depth.  The gravitational shear stress varies linearly with 
layer depth h in (a), while the viscosity varies non-linearly through the 
layer in (b). 
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with exactitude; a layer-averaged viscosity would be more correct, but is difficult to 
compute.  

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

Numerous workers over many decades have studied the problem of how to 
understand coating flow in terms of the measured rheological properties. These efforts 
have met with varying degrees of success. Much has been learned, by both theoretical 
and empirical approaches. However, few quantitative correlations of coating 
performance to fundamental rheological properties have appeared, and therefore the 
predictive power of rheological data remains uncertain, and a number of questions 
remain unanswered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2: Viscosity plotted as a function of shear stress for two flat 
(low-gloss) latex paints. Vertical dashed lines locate the range of 
stresses involved in sagging and leveling processes for a typical paint 
layer, as well as a representative shear stress for brush or roller 
application. 

 

 

 

 

Shear stress, dyne/cm2
10 100 1000 10000 100000

V
is

co
si

ty
, P

oi
se

1

10

100

1000

Shear stress, dyne/cm2
10 100 1000 10000 100000

V
is

co
si

ty
, P

oi
se

1

10

100

1000

Shear stress, dyne/cm2
10 100 1000 10000 100000

V
is

co
si

ty
, P

oi
se

1

10

100

1000

Leveling 
stresses

Leveling 
stresses

Sagging 
stresses

Sagging 
stresses
Sagging 
stresses

Sagging 
stresses

Stormer 
shear stress

Stormer 
shear stress

Stormer 
shear stress

Stormer 
shear stress

Brushing/rolling
shear stresses

Brushing/rolling
shear stresses

Brushing/rolling
shear stresses

Brushing/rolling
shear stresses

ICI Cone-Plate
shear stress

ICI Cone-Plate
shear stress

ICI Cone-Plate
shear stress

ICI Cone-Plate
shear stress

� Exterior Flat
� Interior Flat

� Exterior Flat
� Interior Flat



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

© The British Society of Rheology, 2005    (http://www.bsr.org.uk) 178 

2.1  Correlations of Rheology to Performance 

Among critical decorative paint application and film formation 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 flows leading to 
appearance or coverage defects, such as: 

o Withdrawal from outside radii (sharp edges) 

o Accumulation on inside radii (inside corners and mitered joints) 

o Dripmarks on uneven or complex-curved substrates 

 

It is interesting to note that coating rheology is a controlling factor in most of 
the items of this list. Even hiding is determined in part by the quality of leveling 
achieved in the course of film formation. Much published work has focused on the 
first two—how to obtain acceptable leveling and how to do so without unacceptable 
sag. Workers have employed varied experimental strategies in an effort to find 
predictive correlations of some measure of rheology to leveling, in particular. The 
focus has historically been on making measurements at an assumed characteristic 
shear rate corresponding to leveling or sag, whereas it is rather the shear stress that is 
the appropriate variable to be considered.   

To introduce this idea, figure 2 shows viscosity plotted as a function of shear 
stress for two flat (low-gloss) latex paints. The reason for graphing against shear stress 
instead of shear rate (more common practice) is that coating flows are solely the result 
of the sum of all forces acting on the liquid layer. Thus, the controlling variable is 
always the stress. The shear rate is not an independent parameter for coating flows, but 
merely ensues from the viscous resistance at the operative shear stress. By comparing 
flow curves as a function of the applied stress, one can conveniently evaluate paint 
viscosities at the shear stress characteristic of a particular process, which is often 
readily calculable. For example, in figure 2 vertical dashed lines locate the range of 
stresses involved in sagging and leveling processes for a typical paint layer, as well as 
a representative shear stress for brush or roller application. Note that a range is given 
for both sagging and leveling—this is because leveling stresses change dynamically as 
flow progresses, while sagging stress varies with applied wet film thickness, and can 
also undergo dynamic change in the case of flow on irregular substrates. Also 
indicated are approximate shear stress values for the StormerÒ and ICI cone and plate 
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single-speed viscometers, which are typically used as laboratory benchmarks of paint 
rheology. It is apparent that both the Stormer and ICI viscometers report the Interior 
Flat is higher in viscosity than the Exterior Flat formula. Thus, the standard two-point 
rheology measurement (as well as hand stirring “feel”) predicts better leveling and 
worse sagging for the Exterior Flat. In fact, however, the observed sag and leveling 
performance of the two paints is just the opposite. Note the viscosity crossover just 
below the Stormer shear stress, often seen in paint flow curve comparisons. Below the 
crossover the viscosities of the two paints are now reversed in the stress regime where 
sagging and leveling are determined, which accounts for the observed performance. 
Further advantages of using shear stress as the independent variable will be discussed 
later. It is worth noting that, as a class, the conventional simple viscometers used in the 
formulation lab miss completely the rheological domain where essential film-forming 
flows take place. 

Efforts to link rheology to coating performance have taken two main directions: 
(1) seeking empirical correlations to measured rheological properties, and (2) 
development of analytical models for coating processes. Much work has been done 
attempting to find relationships of rheology to some measure of coating flow, such as 
sagging, leveling, or rollcoat ribbing behavior. Rheological properties have been 
measured by a variety of methods, e.g., rolling-ball viscometry [6, 7], rotating spindle-
disc viscometry [8-10], by stress relaxation using tensioned springs [10-14], and by 
means of creep measurements [15], as well as by standard steady-shear and oscillatory 
rheometric techniques. Some have used simple measures of shear thinning, e.g. a 
“rheology index” [16], a ratio of high-shear and low-shear viscosities at arbitrary shear 
rates. Such a ratio index, because it is dimensionless, lacks a reference to actual 
viscosity magnitudes and hence will at some point fail to correlate coating flows. 
Thixotropic effects, particularly post-application recovery of viscosity, have been 
studied by several workers [17-19] using a “step-shear” method of analysis, wherein 
an initial high shear rate step to cause breakdown of structure is followed immediately 
by a low-shear step to allow structural rebuilding. The rate and extent of viscosity 
recovery influence flow during subsequent film formation.   

Other workers have used analytical models combined with coefficients from 
simple constitutive equations to describe the effect of rheology on film flows [11, 20]. 
Although the power law and similar models such as the Herschel-Bulkley equation 
have been used with some success in coating flow analysis [21], they are prone to 
misrepresent the low-shear-stress regime which is so critical to film formation 
processes. Wu [20, 22] developed analytical expressions for sagging and leveling 
based on the power law, Herschel-Bulkley, Bingham and Newtonian constitutive 
models. He then experimentally verified model predictions of adequate leveling with 
acceptable sagging for power law fluids, and also drew conclusions regarding the 
influence of yield stresses on the outcomes. A power-law version of the Orchard 
leveling equation, due to Murphy [23], has been used by several workers [11, 24] to 
deal analytically with the non-Newtonian character typical of most paints. In many 
cases reasonable results have been obtained. However, as several plots in this paper 
show, the shear-thinning behavior of paints is not always a good fit to the power-law 
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model, and moreover, critical flow processes occur at low shear stresses that often fall 
outside the power-law regime.  

So-called “high-solids” thermosetting coatings tend to sag on baking because 
they consist of oligomeric solution resins whose viscosity decreases much more 
strongly with temperature than conventional low-solids, higher molecular weight resin 
systems. Bauer and Briggs [25] developed a complex analysis that combined empirical 
models for viscosity as a function of temperature, solvent content, and thixotrope 
level, together with kinetic models for solvent loss and molecular weight increase with 
cure, all of which enabled the prediction of oven sag of high-solids automotive 
coatings.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3:  (a) Comparison of a two-term power-law fit with the Casson 
equation for typical semi-gloss latex paint data measured with the 
Wells-Brookfield cone and plate viscometer. (b) Lack of 
correspondence of Casson yield stress to static apparent yield stress 
measured by stress ramp experiment. 
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Shortcomings of the simple analytical flow models include that the assumption 
of simple flow behavior in the region of interest is not always appropriate, time 
dependence is absent, and also changes in film geometry and coating properties over 
time (e.g., due to drying) are neglected, as are important effects such as viscoelasticity. 

 

2.2  Data Analysis with Simple Constitutive Models 

The Casson equation [26], especially as modified by Asbeck [27] has been 
frequently employed as a tool to extract useful constants from flow curve data, and is 
reputed to fit paint and pigment dispersion data well [8, 9, 28, 29]: 

1/ 2 1/ 2 1/ 2 1/ 2
0h h s g -

¥= + � ,              ……….(1) 

where h¥  = a high-shear limiting viscosity and s0 = yield stress.   

A number of published constitutive equations were evaluated by Lapasin and 
Torriano for their ability to fit flow data for several different paint types [21].  They 
concluded the Herschel-Bulkley model overall represented paint rheology best: 

0
nKs s g= + �                          ……….(2) 

Here, K is the “consistency”, or the viscosity at 1g =�  s-1, and n is the power-law 
index. Most of Torriano’s data, however, extended over only about 1-2 decades of 
shear rate. 

The difficulty in the use of such models is that they fit well only over a limited 
range of experimental data. In a study of 14 semi-gloss paints using the Wells-
Brookfield cone-plate viscometer (shear rate range 1-200 s-1), 13 produced Casson 
plots with obvious curvature, and for 13 of 14 the correlation statistics improved very 
significantly using a two-term power-law model rather than the Casson equation (see 
for example figure 3(a)) [30]. Figure 3(b) shows a comparison of static yield stresses 
measured on the AR1000 stress rheometer to Casson yield values obtained from the 
Wells-Brookfield viscometer data for the semi-gloss paint series. Note that not only is 
there little evidence of correspondence between the two, but there is an order-of-
magnitude quantitative disagreement. In any case, flow behavior of real paints is in 
general too complex to be described by simple equations. The broader the range of 
shear rate or shear stress measured, the poorer the representation of flow behavior that 
results. This begs the question: How does one choose the limits of data that give the 
“correct” result, i.e. “realistic” values of the model constants? One suspects there is no 
answer to this question, and much of the rheological data gathering and analysis as 
practiced in industry is probably fairly crude and ad hoc. This is not to excessively 
fault industrial practice, since the overriding concern here is to solve problems as 
quickly as possible. 

Rudin and Baas [28] proposed a standardized testing protocol consisting of 
separate sets of moderately low and high shear rate measurements. Figure 4 employs 
their data to illustrate the problems in using simple models in the attempt to obtain 
useful rheological constants. Figures 4(a)-(b) show data for Rudin’s Paint F, and 
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figures 4(c)-(d) for Paint K. Paint F is the more strongly shear thinning paint, with a 
greater degree of thixotropy. Rudin measured viscosity as a function of shear rate in 
discontinuous shear rate ranges because of instrument limitations. The flow curves for 
Paints F and K consequently have a gap in the data (figures 4(a) and (c)), but the 
continuity looks reasonable for both.  

The Casson plots (figures 4(b) and (d)) for the separated data are roughly linear 
for both low- and high-shear, but the slopes and computed Casson yield stress values 
are quite different—in the case of Paint F an order of magnitude difference between 
the low and high shear rate results (4.6 vs. 47 dyne/cm2). Differences between the two 
shear ranges are smaller (but still a factor of three) for the less shear-thinning Paint K, 
which makes a general point: the more shear thinning and/or thixotropic is a system, 
the less satisfactorily will the simple models represent the rheology of the system. In 
fact, for some complex fluids, constitutive models able to accurately represent over a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4: Data of Rudin and Baas [28]— (a)-(b) show flow data and 
corresponding Casson plot for Paint F, and (c)-(d) the same for Paint K. 
Discontinuous shear rate ranges are due to instrument limitations. The 
slopes and computed Casson yield stress values for the separated data 
disagree by an order of magnitude for Paint F (4.6 vs. 47 dyne/cm2). 
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wide range of data do not exist. For some purposes, such as engineering calculations, 
power-law approximations of flow behavior made in the power law flow regime may 
be adequate. However, particularly in the film formation phase, many of the important 
processes involve creeping flow, for which power law-type models are inappropriate.  

The ultimate value of the simple constitutive models (chiefly the power law, 
Bingham, Herschel-Bulkley and Casson) seems limited. Their application is simply 
curve-fitting, and the constants may at times lack fundamental meaning.  In some 
cases the constants may be empirically related to formulation variables, providing a 
way in principle to optimize flow. Modern rheometers largely obviate the need to use 
such models to extend the range of experimental variables by extrapolation. It seems 
that one of their main applications has been as a way of getting at the yield stress 
(often using the Bingham model), a topic that will next be addressed.   

 

2.3  Yield Stress 

An ideal plastic material has the properties of an elastic solid until a critical 
stress is applied, whereupon it suddenly “yields” and becomes a viscous fluid, flowing 
without limit for no increase in stress, sometimes referred to as viscoplastic behavior.  
This critical stress is the yield stress, the minimum stress necessary to initiate flow (at 
least some degree of irreversible deformation). For an ideal plastic the deformation is 
linear with stress (Hookean) below the yield stress, and the yield value is a material 
constant.   

The yield stress concept has been a rather controversial one, and has been 
thoroughly reviewed by Barnes [31], and by Nguyen and Boger [32]. The issue in the 
debate, which is perhaps less intense nowadays, is whether complex fluids (or indeed 
any material!) can possess ideal or “true” yield behavior. If so, then at least some 
fluids must exhibit a critical stress below which the mechanical response is Hookean 
(linear stress-strain response), and above which the material “yields”, i.e., becomes 
nonlinear in its response, and flows as a viscous liquid. The preponderance of evidence 
so far seems to indicate that most materials—even metals, which are supposed to 
exhibit ideal plastic behavior—show “creep” below the yield point [31]. That is, most 
complex fluids can be shown to exhibit a high but finite viscosity below the “yield” 
point (measured by experiments where slip is carefully excluded [31]), as opposed to 
being perfectly rigid solids. The idea advanced by Barnes and Walters in their classic 
paper [33] is that few, if any, structured fluids possess true yield behavior. While, in 
principle, this view seems likely correct, it is also true that, in practical terms, “yield” 
behavior can have important consequences for the processing, stability, and end use of 
materials. The resolution of the matter seems to be that it is acknowledged that, for 
many industrial processes and products, effective yield behavior is observed and its 
importance must be recognized from an engineering standpoint. However, the 
corollary of the Barnes-Walters hypothesis is that all yield stress measurements are to 
some degree arbitrary. Therefore, the experimental framework for quantifying yield 
behavior should be devised with due regard to the process to which the data are to be 
related. If “yield” behavior is time-dependent [34] (and rate-dependent), then it will 
have different consequences for different processes. 
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For the coatings industry in particular, the presence of yield-like behavior can 
have effects in a wide range of situations—for example, the process control of 
suspensions (pumpability, cavitation, freezing of valves, loss of metering, and time-
dependent effects leading to loss of control). Yield stresses can improve the kinetic 
stability of suspensions, particularly resistance to flocculation and sedimentation. A 
yield point is a sign of a flocculated system that will not form a hard sediment on 
settling, but will be re-dispersible.  Provided the driving stress is inferior in magnitude, 
a yield stress can obviously inhibit undesired flows at low stresses during film 
formation, such as sagging, crater formation, and withdrawal from sharp edges, but 
also can hinder leveling and the release of gases trapped within a coating layer. Yield 
stresses are known to account for the appearance of a “slumping” defect, and can be 
shown to quantitatively explain the ability of an adhesive to hold a brick to a wall (see 

 

 

 

 

 

 

 

 

 

 

 Figure 5: Leneta sag meter drawdown of a paint with a significant 
apparent yield stress, showing “slumping” defect. 

 

 

 

 

 

 

 

 

 Figure 6: Leneta sag meter drawdown bar. Engraved slots are of 
graduated depth, so that parallel stripes of regularly varying thickness 
are produced (e.g., 4 to 24 mils in 2-mil increments). 
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below). A proper measure of the effective yield behavior is not unimportant, since it 
may be used in engineering calculations, and a result that is of incorrect magnitude is 
of no value. For the above reasons, it is desirable to spend some time on this topic. 

An example of a paint defect that it would seem can only be explained by 
invoking “yield-like” behavior is illustrated in figure 5. Here, a drawdown has been 
made using a Leneta sag meter bar, which has slots of graduated depth, so that parallel 
stripes of regularly varying thickness are produced (e.g., 4 to 24 mils in 2-mil 
increments, figure 6). The drawdown chart is then suspended vertically. Thus, the 
gravitational shear stress driving sagging varies for each stripe (as did the shear rate 
when drawn down) and therefore each will sag with a different viscosity, which is the 
basis of the test for sagging tendency. The sag resistance is rated as the thickest stripe 
not showing sag across the adjacent gap. Normally, the sagging produces a nearly 
continuous film below the point where sag first occurs, with distinct stripes above that 
point. Dripmarks are often seen proceeding from the bottom, where the paint is 
thickest (figure 7). In figure 5, however, something quite different has happened. First, 
note that only the first stripe has not crossed the gap below it, and there is an abrupt 
discontinuity in sagging behavior between the first (thinnest) stripe and all the rest. 
Second, all other stripes have broadened by roughly the same amount (except where 
the paint layer was exhausted on the left), and all have “slumped” downward from 
their original location but have visibly retained the distinctness of the original gap 
between them, as if a semisolid surface layer has slid down over a liquid sub-layer. No 
dripmarks have formed at the lower edge. This type of phenomenon is known as 
“slumping” or “curtaining” [20, 35], and, for example in dip-coated wares, can 
produce an appearance very much like a curtain that has slumped to the ground. It is 
diagnostic of “yield-like” behavior, where the viscosity decreases sharply at a critical 
stress. The appearance defect goes away if the coating is reformulated to reduce yield 
behavior. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 7: Leneta sag meter drawdown of a paint with a low yield stress.  
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In figure 8 the shear plane where yield occurs will be at y¢ (assuming ideal yield 
behavior) when the following expression is satisfied: 

( )0 g h ys r ¢£ -                 …….(3) 

where s0 is the apparent yield stress, r  the liquid density, g the gravitational 
acceleration, and h the uniform layer depth.  Only layers deeper than y¢ experience 
sufficient stress to flow. It follows that the layer h -  y¢ (from y¢ to the free surface) 
demonstrates plug flow and slides as a sheet over the fluid inner layer. In fact, Croll et 
al. [36] in a clever experiment showed direct proof of plug flow in a sagging coating 
possessing an apparent yield stress. This is said not to argue the case for ideal yield 
behavior, but to show that real materials can behave as if they possess a yield stress. A 
very clear example is provided by Buscall [37], where irreversibly flocculated 
bentonite clay suspensions showed no sedimentation when centrifuged until a critical 
centrifugal acceleration is exceeded, indicating the presence of a compressive yield 
stress. When the viscosity suddenly changes (over a very narrow range of stress) by 6 
to 8 orders of magnitude (as amply demonstrated by Barnes [31]), the consequences 
for industrial processes are essentially the same as if the material suddenly changes 
from solid to liquid. For most (though perhaps not all) practical purposes, the 
distinction is quite “academic”, and the yield stress concept as a tool of understanding 
and problem-solving has value.   

 

 

  

 

 

 

 

 

 

 

 

 

 

 Figure 8: Illustrating plug flow in drainage of a yield-stress fluid. s0 is 
the apparent yield stress, r  the liquid density, g the gravitational 
acceleration, and h the uniform layer depth. Only layers deeper than y¢
experience sufficient stress to flow. The layer h -  y¢ (from y¢ to the free 
surface) demonstrates plug flow. 
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2.4  Yield Stress Measurement 

The experimental aspect of yield behavior has generated a very large number of 
papers, especially in recent years, with leading examples such as Cheng [34] and 
Nguyen and Boger [32], and others [38-42]. (See also the comprehensive review by 
Barnes [31]). From considerations such as in the previous section, the measurement of 
yield behavior is important, and the more physically realistic the better. Yet it would 
seem that yield stress values calculated by the various model-fitting and extrapolation 
methods, usually involving a limited range of data, cannot be viewed as anything but 
arbitrary1. If values so obtained sometimes appear useful in correlating paint flow data, 
it is probably due to the dominating influence of low-shear viscosity on the outcome of 
such calculations. Once again, since the result can vary significantly with the range of 
experimental data, how is the optimum range to be chosen? Where are the “right” 
answers to be found? Perhaps the unspoken attitude is that, since the yield value is a 
difficult concept anyway— having perhaps an intrinsic quality of “arbitrariness”— it 
doesn’t particularly matter how it is measured as long as you get a number. The 
arbitrariness is not helped by applying curve-fitted models to data only within a 
limited range, and is essentially not much better than data extrapolation methods, 
which give a different answer depending on how low is the applied stress.   

Direct experimental measurement of yield is far preferable to extrapolation, 
although not without its difficulties [32]. The creep method for determining static yield 
is attractive because it is systematic and allows measurements on both sides of the 
yield point. However, it is more laborious and time consuming, and as Cheng points 
out [34], the result can depend on how long the operator is willing to wait. On the 
other hand, measurement of the “true” static yield stress by continuous stress ramp is 
also problematical, taken as the value of the stress at the first instance of finite 
apparent viscosity. This point, where irreversible deformation (flow) is first detected is 
(a) a function of the instrument’s sensitivity, and (b) may be indistinguishable from 
reversible deformation, i.e. where the critical strain has not yet been exceeded. It is 
possible, with instruments having very high strain resolution, that the initial portion of 
the curve in a transient experiment is within the linear regime, and hence the “yield” 
point has not yet been reached. Here finite strain rate and finite stress combine to give 
a finite apparent viscosity, but the material hasn’t yet truly “yielded”. In general, the 
finer the strain resolution of the instrument, the smaller the stress at the apparent point 
of yield, though there may be particular exceptions [34].   

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

                                                 
1 The arbitrariness seems particularly egregious when, as in numerous older references, the 
linear part of a shear stress-shear rate curve is extrapolated to the stress axis to a claimed yield 
point, despite the obvious existence of finite viscosity data at lower stresses.   
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Perhaps neither, since it represents a condition where the “solid-state” microstructure 
is breaking down but likely not fully broken down. In order for the yield point/stress to 
represent a “solid state” property, it must correspond to a percolating microstructural 
state (e.g., as in a flocculated system)—one in which the network is continuous 
throughout the material. If not continuous, but separated however slightly as “islands” 
in a fluid “sea”, the system is capable of continuous deformation, i.e. is fluid, may be 
viscoelastic, and tan d should be greater than unity (though perhaps very close to 
unity). The yield point would correspond to the transition from the first condition to 
the second condition, at least in the classical picture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 9: Relationship between the static apparent yield stress and the 
viscosity at low shear stress (a) on the up ramp and (b) the down ramp 
of a logarithmic stress program. The static yield is highly correlated to 
“up-ramp” flow data at low enough shear stresses, but uncorrelated to 
“down-ramp” data from the same run.  
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Liddell and Boger [43] touched on this very issue in relation to their 
measurements of yield using a vane2, on both controlled rate and controlled stress 
instrumental platforms. Interestingly, they ascribed the lower yield values obtained on 
the stress-controlled instrument to a transition from “fully elastic to viscoelastic flow” 
(implying an ability to detect smaller strains), while the higher rate-controlled yield 
stresses were attributed to a later stage of transition, from “viscoelastic to fully viscous 
flow”. A rapid transition in structure as implied by their description is probably what is 
occurring in the steeply-descending up-ramp viscosity curve often seen in thixotropic 
fluids, sometimes mirrored in the down-ramp (e.g., see figure 27, later). It appears that 
at low stresses, there may indeed be a close correspondence of low-shear viscosity to 
yield stress. Evidence from the study of semi-gloss paints supports a close relationship 
between the static apparent yield stress and the low-stress viscosity on the up-ramp of 
a logarithmic stress program, but not on the down-ramp (figure 9). This may reflect an 
initial continuous change from elastic to viscous behavior.  

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

                                                 
2 Though detailed experimental issues are not being discussed, it might be noted here that, 
particularly for higher solids systems, slip is a well-established problem, to which the vane 
geometry is an attractive solution, not only for yield stress measurement [43] but also to obtain 
flow curves of strongly shear-thinning fluids without slip [44-46]. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 10: Comparison of the static yield stress (from a stress ramp 
experiment) with tan d  (w =1.165 rad/s) for a series of commercial 
semi-gloss paints. Above tan d = 1, all yield values are low and 
decreasing, while as tan d drops below unity there is a steep rise in the 
static yield. 

 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

2

4

6

8

10

12

S
ta

tic
 Y

ie
ld

 S
tr

es
s,

 d
yn

e/
cm

2

Tan d (w =1.16 rad/s)



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

© The British Society of Rheology, 2005    (http://www.bsr.org.uk) 190 

encompassing both yield and subsequent thixotropic behavior. It is interesting to 
compare the static yield stress (from a stress ramp experiment) with tan d for a series 
of commercial semi-gloss paints (figure 10). Above tan d = 1, all yield values are low 
and decreasing, while as tan d drops below unity there is a steep rise in the static yield. 
The concurrence of tan d = 1 and the onset of higher yield stresses (also accompanied 
by a shift in paint performance, see below), is striking. Further evidence of 
relationship between the static apparent yield stress and viscoelastic parameters is 
given in figure 11, which shows good correspondence of the static yield stress to the 
elastic modulus obtained in two ways: in 11(a) G¢ from the linear viscoelastic regime 
in a strain sweep experiment, and in 11(b) the low-frequency elastic modulus from a 
frequency-sweep experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 11: Correspondence, for semi-gloss paints, of the static yield 
stress to the elastic modulus obtained in two ways: in 11(a) G¢ in the 
linear viscoelastic regime in a strain sweep experiment, and in 11(b) the 
low-frequency elastic modulus from a frequency-sweep experiment. 
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What seems clear is that probably most, if not all, systems displaying apparent 
yield behavior are capable of viscous flow (i.e. have an available relaxation 
mechanism) below the apparent yield point, which is why the measured apparent yield 
stress is not single-valued but varies depending on experimental conditions. The yield 
stress value is related to the number and strength of interparticle forces [48, 49], and 
these forces (“secondary bonds”) may be of a range of types with a corresponding 
range of relaxation times [50]. Therefore, as stress is applied the material undergoes 
strain superposed by viscous relaxation, such that some of the secondary bonds rupture 
before overall “yield” occurs (accounting for creeping flow below the yield point). 
Consequently, the measured yield value will depend on the rate at which the stress is 
increased up to the point where flow occurs: the faster the rate of stress increase, the 
higher the measured yield value, and vice versa. This is also pertinent to critical strain 
measurements by oscillatory strain sweep. The slower the rate of imposition of stress 
or strain (the lower the frequency), the less structure will be present when yield finally 
occurs, and the lower the observed critical strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 12: Representative plots for several paints of strain vs. 
oscillatory stress, after Barthel et al. [51], using the magnitude of the in-
phase component of the oscillatory stress, s¢ = G¢g0, after Yang et al. 
[52]. 

 

 

 

1 10

1E-3

0.01

0.1

1
S

tr
ai

n

G'g
0
, dyne/cm2

1 10
1E-3

0.01

0.1

1

S
tr

ai
n

G'g
0
, dyne/cm2

1 10
1E-3

0.01

0.1

1

S
tr

ai
n

G'g
0
, dyne/cm2

1 10
1E-3

0.01

0.1

1

S
tr

ai
n

G'g
0
, dyne/cm2

1 10
1E-3

0.01

0.1

1

S
tr

ai
n

G'g
0
, dyne/cm2

1 10
1E-3

0.01

0.1

1

S
tr

ai
n

G'g
0
, dyne/cm2



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

© The British Society of Rheology, 2005    (http://www.bsr.org.uk) 192 

It is obvious that the yield stress is simply the stress required to exceed the 
critical strain. Therefore, an oscillatory strain-sweep experiment may perhaps be used 
to determine the stress at critical strain and provide a better-controlled way to derive 
the apparent yield stress. Following Barthel et al. [51], in figure 12 we plot strain 
against oscillatory stress, but after Yang et al. [52] we plot the magnitude of the in-
phase component of the oscillatory stress, s¢ = G¢g0, obtaining both the yield stress and 
the critical strain from the point of deviation from linearity of a log-log plot. This was 
done for a large series of semi-gloss paints (figure 12), and in figure 13 the yield 
values so obtained are compared to static yield values measured via stress ramp on a 
TA Instruments AR1000 stress rheometer. Though there is a reasonable correlation, 
the yield values measured in oscillation are about 2.5 times the static values. 

The critical strain values from the Barthel plots are plotted against those from 
standard torque sweep experiments in figure 14. The correlation is fairly good even 
when forced through the origin, but does not appear to be quite one-to-one. Finally, as 
a test of predictiveness, the apparent yield stress (critical value of G¢g0) derived as in 
figure 12 is correlated to Leneta sag rating for the semi-gloss paints series (figure 15). 
All correlations are at a high level of significance (>99% confidence). The oscillatory 
strain sweep may offer a more precise method of locating the yield point as well as the 
critical strain than does the conventional stress ramp method. The question of 
magnitude relative to static values is unresolved, but presumably has to do with the 
different stress histories experienced in the two methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 13: Apparent yield stress (critical value of G¢g0) from figure 12 
vs. static apparent yield stress from stress ramp experiment. 
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 Figure 14: Critical strain values from the Barthel plots of figure 12 
compared with those from standard torque sweep experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 15: Correlation of apparent yield stress (critical value of G¢g0)
derived as in figure 12 to Leneta sag rating for semi-gloss paints. As 
expected, sag resistance improves with increasing yield stress 
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 Figure 16: Flow curves for three latex-based construction adhesives (a). 
Gravitational shear stress calculated to hold a brick to a wall is indicated 
by dashed line. Only Adhesive A held the brick to the wall. (b) shows 
oscillatory torque sweep results for the above adhesives, following 
Barthel [51] and Yang [52]. 
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An example of the quantitative value of yield stress data is illustrated by the 
following. The yield stress is a measure of the ability to support a shear force without 
significant deformation. For construction adhesives, a desired property is “wet hold”, 
that is, the ability to immediately hold an object to a substrate without excessive creep.  

We compared the yield stress necessary to support a brick with measured static 
yield values and found it predicted the performance of several adhesives, those that 
would “instantly” hold a brick to a wall and those that would not. The shear stress due 
to gravity acting on an adhesive layer that is supporting a brick is g ghs r= , with r  
the brick density (taken as 1.9 g/cm3), g the acceleration of gravity, and h the thickness 
of the brick (neglecting the adhesive layer thickness), taken to be 6 cm. This calculates 
to sg » 11,000 dyne/cm2, which compares favorably with the static yield stress of the 
adhesive that was able to hold the brick to the wall, see Table 1. Figure 16(a) shows 
flow curves for three adhesives, with sg for the brick indicated. Only Adhesive A held 
the brick to the wall. One is tempted to believe that the static value is the “true” yield 
stress in this case. 

Figure 16(b) shows the oscillatory torque sweep results for the above 
adhesives, and again following Barthel [51] and Yang [52], from this we plot strain 
against the elastic part of the oscillatory stress G¢g0 (figure 17), but also, in figure 18 
we show Yang’s method of plotting G¢g0 against % strain on a linear scale, taking the 
yield point as the curve maximum. Comparative results for the three yield point 
methods are in Table 1. Note that there is remarkable agreement on some points and 
disagreement on others. The yield values from the Barthel plot are in close agreement 
with those from the standard torque sweep method for Adhesives “B” and “C”, but 
low for Adhesive “A”, while the critical strain values are reasonably close. On the 
other hand, the Yang plot values appear to be high on all counts, except for the yield 
stress of Adhesive A. The data seem to suggest that the Yang plot method may 
overestimate both yield and critical strain, by using the maximum in G¢g0 as an 
indicator of yield, rather than the onset of nonlinearity as does Barthel. 

 

 

Sample 
 

Static yield 
stress*, 

(dyne/cm2) 

Torque 
sweep 
critical 
strain 
(%) 

Barthel plot 
yield stress 
(dyne/cm2) 

Barthel plot 
critical strain 

(%) 

Yang plot 
yield stress 
(dyne/cm2) 

Yang plot  
critical 
strain  
(%) 

Adhesive 
A 

10,490 0.21 8,000 1.05 11,667 3.54 

Adhesive 
B 

4,780 1.5 4,800 2 6,164 5.4 

Adhesive 
C 

878 1.0 850 1.6 2,818 76.2 

*From non-equilibrium flow curve 

Table 1:  Comparison of Yield Stress and Critical Strain Data by Three methods. 
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 Figure 17: Oscillatory strain against the elastic part of the oscillatory 
stress G¢g0 for construction adhesives A, B, and C from figure 16. 
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 Figure 18: Yang’s method [52] of plotting G¢g0 against % strain on a 
linear scale for three adhesives, taking the yield point as the curve 
maximum. 
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2.5  Leveling 

Transfer of a liquid to a substrate by some mechanical means (especially if 
film-splitting flows are involved) tends to leave an initial film of uneven surface 
profile, that is, of nonuniform thickness. For example, oftentimes striations or “ribs” 
will develop in the machine direction in industrial rollcoating, or parallel to the brush 
stroke direction in brush application. Subsequent flowout, or leveling, is driven by 
capillary forces that are determined by the initial coating geometry [53, 54]. The 
wavelength of the striations and the mean coating thickness appear in the leveling rate 
equation to powers greater than unity.  

The basic model for the leveling of sinusoidal surface undulations of a thin 
liquid layer is due to Smith, Orchard, and Rhind-Tutt [55]. Orchard later generalized 
the model in terms of a Fourier series to describe the leveling of a more realistic, 
arbitrarily-rough surface profile [53]. However, the expression simplifies considerably 
when the coating thickness is assumed to be small relative to the roughness 
wavelength. Assuming a single sinusoidal striation wavelength l ,3 the dependence of 
the roughness amplitude a on time t, according to the well-known Orchard equation is:  

4 3

0 4

16
exp

3

h t
a a

p g
l h

� �
= -� �

� �
,              ……….(4) 

for constant surface tension g and viscosity h. The amplitude a decays exponentially 
with time as a function of the coating layer thickness h to the third power and of the 
inverse roughness wavelength l  to the fourth power. Orchard’s derivation assumed 
Newtonian viscosity and constant surface tension. 

Klarskov [57] confirmed the ability of the Orchard equation to describe the 
leveling of real paints, using an optical interferometric method to measure the decay 
with time of surface striations. This is a somewhat surprising result, since the paints 
were no doubt non-Newtonian. In order to validate Orchard’s model, Klarskov’s 
leveling experiment proceeded from a controlled initial surface geometry and coating 
thickness. Overdiep [58], however, showed the failure of Orchard’s analysis to 
describe real paints when surface tension gradients are present due to differential 
evaporation, and developed an analytical model to account for such effects. He 
showed that surface tension gradients can initially assist leveling (but may overdrive it 
at later stages) and suggested that it was possible with assistance of the model to 
optimize such effects in order to simultaneously achieve satisfactory leveling and sag 
resistance. He concluded that one could not, however, attain good coverage of sharp 
edges without sacrificing leveling. 

The pursuit of a rheological explanation of leveling behavior of paints has been 
a very active area of research. Doherty and Hurd’s [17] early, detailed study of the 
contributions of resin and filler types to rheology and paint performance emphasized 
thixotropy— mainly the recovery of viscosity after high shear exposure. Thixotropic 
                                                 
3  A reasonable approximation for two reasons: (1) the leveling behavior will be 
dominated by the longest wavelength, and (2) surface waviness patterns, especially for rollcoat 
ribbing and also for brushmarks, tend to be of fairly uniform wavelength. 
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recovery kinetics was identified as of importance in sag resistance but possibly 
deleterious to leveling if too rapid. Leveling and sagging were visually evaluated and 
good correlation of rheological curves to sag, leveling, and pigment settling was 
claimed, but they showed no quantitative relationships. 

Quach [59] criticized methods that try to predict leveling from bulk 
fundamental properties for their neglect of realistic effects such as the stress or shear 
rate history, the effects of the thin-film geometry, evaporation, wicking, and 
thixotropy. Indeed, Camina and Howell [24], using a power law-based version of 
Orchard’s equation (due to Murphy [23]) together with an exponential drying model, 
calculated very significant inhibition of leveling caused by evaporation, especially for 
slower-leveling systems. Several workers have used the relaxation of a tensioned 
torsion spring as a means to reach very low shear rates using inexpensive viscometers 
[11, 13, 14], and Colclough et al. [14] used the method as a way to measure viscosity 
variation under a shear stress-time profile that mimics that of the leveling process 
itself. Quach [59] and later Colclough et al. [14] pointed out the principal role of the 
dynamic leveling stress in determining the leveling shear rate, and that previous 
estimates of less than 1 s-1 for leveling shear rates were too low by up to two orders of 
magnitude. Furthermore, Colclough’s calculations reveal that shear strain during 
leveling could easily exceed the critical strain of about 1% or so maximum that one 
expects for thixotropic paints. If that were the case, then, instead of building structure 
during leveling, some paints would be breaking down, if enough stress were available. 
Again, Colclough’s numbers show that leveling stresses of from 5 to 50 dyne/cm2 
would normally be encountered, which exceeds the static yield values measured by us 
for a large number of both flat and semi-gloss paints.  

Dodge [19] likewise criticized earlier methods for lack of realism and was the 
first to use a step-shear method combining high, steady shear to simulate application 
shear with low-strain oscillatory shear to emulate leveling shear rates. He attempted to 
correlate his results to surface profile measurements after drying of paints applied with 
a special drawdown bar. His choice of leveling shear rate (0.071 s-1) was 
unrealistically low, but a more serious conceptual problem was the assumption that 
leveling is a process driven at constant shear rate. It is instead a stress-driven process, 
with the important consequence that the shear rates experienced by different paints can 
vary by several orders of magnitude, in proportion to their viscosities at the driving 
stress. By forcing a single shear rate during the test, the effect is to significantly 
compress the differences in viscosity across a given series of paints (see figures 23-26, 
later), and thus to skew predictions of performance. Dodge was unable correlate his 
rheology data to leveling beyond a leveling period of 14 s, though it is probable that 
leveling actually proceeds for a few minutes. Quach and Hansen [7] correlated 
brushmark amplitude to the product of the integral of the paint fluidity and the cube of 
the applied film thickness, but could not account for the best leveling of the ten paints 
in the series. Beeferman and Bergren [12] similarly suggested the stress-time integral 
from a spring-relaxation experiment could be a measure of leveling. Bosma, et al. [15] 
used creep measurements to obtain a total fluidity number integrated over the drying 
or baking time to correlate sagging/leveling behavior for automotive coatings. 
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Sarkar and Lalk [60] measured the viscosity of 12 latex paints at three shear 
rates, 0.085, 16.91, and 1370 s-1 in an effort to correlate to, among others, sag and 
leveling. Their data did not satisfactorily obey the Casson equation, so they measured 
yield stresses by a non-extrapolation method of van Wazer [61]. Though general 
trends were described, their data showed no statistical correlation to either sagging or 
leveling of the paints. The one significant correlation from their data was of yield 
value to viscosity at the lowest shear rate, similar to our figure 9(a). The reason for the 
otherwise weak correlations becomes clear when one calculates the shear stress of 
measurement for each of their data. For example, the shear stresses corresponding to 
their viscosity measurements at a shear rate of 0.085 s-1 range from 4 to 127 dyne/cm2. 
In fact, if their paint viscosity is re-calculated at a constant shear stress characteristic 
of leveling or sagging, instead of constant shear rate, a strong correlation does emerge.  

Khanna [62], in a multifaceted study, found that low-shear viscosity was 
insufficient to explain observed leveling of a series of styrene-acrylic aqueous latex 
paints. He found that the viscoelastic properties had to be considered in order to 
account for the observed leveling trends. He attributed the viscoelasticity to the 
formation of “dynamic network structures”, due to interaction of the solution polymer 
used as thickener with pigment particles. The paints showed both recoverable strain 
and normal stresses. The molecular weight of the solution polymer was not given, but 
having been prepared by emulsion polymerization was probably fairly high, which 
could account on its own for the elasticity of the system. However, Khanna’s 
conclusion that elasticity enhances leveling due to the effect of recoverable strain is 
counter to the results of Biermann [63], Keunings [64], Glass [65], and the present 
paper, and may be unique to his systems due to the use of a high molecular weight 
solution thickener. It is worth noting that, if Khanna’s leveling data are re-plotted 
using viscosities calculated at low shear stress, a strong correlation appears (excluding 
one gelled paint). Such properties as Khanna found are generally not seen in today’s 
paints because soluble high molecular weight thickeners are little used in modern 
formulations. Significant elasticity can still be present but is due primarily to 
flocculation of particulates to form space-filling, connected structures [66-68]. Except 
for the case of polymer bridging flocculation [66], floc structures are very strain-
sensitive and are destroyed quickly in shear, but can come into play at the low stresses 
of post-application film formation. Thus, the frequency-dependent elastic modulus G¢ 
may be expected to relate to leveling and sagging flows, see below. Lu [69] found the 
viscous modulus G² to be a better predictor of leveling than G¢, and used the Murphy 
equation for leveling of a power-law fluid to achieve a good prediction of the leveling 
rating for a series of latex paints. Rather surprisingly, he successfully used the 
dynamic viscosity, from a frequency sweep, in place of the steady-shear viscosity to 
obtain the power law constants.  

Molenaar et al. [6] found a qualitative relationship to sagging and leveling 
behavior of the time to maximum measurable viscosity, measured on a rolling-ball 
drying-film viscometer, but only within a given experimental series, such that the 
initial viscosities were similar. They concluded that sagging and leveling behavior 
must be understood in terms of viscosity changes during drying; one should not rely 
solely on characterization of the “in-can” rheology for optimization of these behaviors. 
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They also determined that latex flocs are completely broken down to primary particles 
by brushing application. As observed by Colclough et al. [14], the instantaneous 
rheological state of a paint after brushing is complete is difficult to estimate, as it not 
only depends on the shear stress (or shear rate) of brushing and the film thickness 
under the brush, but it is also true that the application shear is only very briefly 
experienced as the brush passes. They calculate, for a brush speed of 50 cm/s and an 
assumed contact length of brush with coating of 2.5 cm, the duration of shearing of a 
paint layer for a single stroke is 0.05 s. Repeated strokes are normally done, so the 
total time of shear, albeit intermittent, might be about 0.25 s. They also calculate, for a 
100 mm applied layer, a brushing shear rate of from 2500 to 5000 s-1, depending on 
assumptions made about how the paint is metered by the brush. Their estimate is a 
good bit lower than has typically been made (10,000-20,000 s-1). In this connection, 
Cohu and Magnin [70] showed that complete structural breakdown in a thixotropic 
material can occur at the rather low shear rate of 100 s-1. Moreover, Higashitani et al. 
[71] showed by simulation that floc breakup is extremely rapid, of the order of 
milliseconds, and that extensional flow fields are more efficient in achieving floc 
breakup than simple shear fields. Interestingly, they showed the kinetics of floc 
breakup can be inversely related to the strength of interparticle attractive forces. 
Strong interparticle forces lead to open, fractal floc structures which break up readily 
under shear, whereas weaker van der Waals interparticle forces lead to more compact, 
spherical flocs that break up more slowly. Their predictions were quantitatively 
supported by experiment. Higashitani’s results may account in part for the steep shear 
thinning behavior of high yield stress systems and the more gradual shear thinning of 
those with lower yield stress. 

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

In summary, many predictive methods have been put forward which have 
provided considerable insight and understanding, but very few have actually showed 
convincing proof of predictive ability and generality. This has left practitioners of the 
formulator’s art unconvinced that the science of rheology can provide practical help. 
 
2.6  Rheology and Initial Film Geometry 

Kornum and Raaschou-Nielsen [73] noted that the initial surface geometry of a 
coating after application had been little studied, a situation that persists today in regard 
to brush or paint roller application. Equation (4) shows that the progress of leveling is 
profoundly affected by the geometry of the initial roughness pattern. A critical factor 
that is often ignored in analyses of the post-application flow of coatings is that the 
outcome is largely determined by the interactive relationship among the application 
process, the rheology, surface tension, and the geometry of the coating layer [4]. For 
example, the brushmark or roll striation amplitude and wavelength and the mean wet 
film thickness applied strongly dominate the subsequent course of leveling and hence 
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the final uniformity of film thickness in the dry state. Yet these variables are 
themselves functions of the rheology. The applied film thickness is largely determined 
by the viscosity at application stress. The initial striation amplitude and frequency, 
since they are the result of a film-splitting process perhaps not completely unlike that 
in direct rollcoating, are expected to be determined by the rheology and surface 
tension interacting with the application process, in a functional relationship involving 
the dimensionless Capillary Number [74]:  

( )app U
Ca

h s

g
=                ……….(5) 

where g is surface tension, U the local velocity and ( )apph s  the viscosity at a shear 
stress characteristic of the mechanics of application. As noted above, the applied film 
thickness is likewise determined by the viscosity at application stress. Hence, both the 
higher-order terms in Equation (4) are expected to be rheology dependent, and in turn 
determine the subsequently-acting leveling stress, which in its turn determines the 
viscosity resisting leveling. Thus, it is essential to take account of the role of rheology 
in determining the initial geometry. 

While ribbing in rollcoating [75] and from block-spreaders [74] is fairly well 
understood, the exact mechanistic origin of brushmarks remains unclear to now. 
Bristle-clumping has been suspected but has not been proven [55]. Indeed, if 
brushmarks are controlled by the bristles, why, with the same brush, does the 
wavelength vary for different paints? Bristles are not necessary to rib formation in a 
paint-spreading operation. Smith et al. [55] observed that brushmark-like striations 
were produced by a block spreader with an overhanging trailing edge (similar to 

 

 

 

 

 

 

 

 

 

 Figure 19:  Schematic diagram of brush application. The paint film 
splits at a stagnation point S, which is near the trailing edge of the brush 
bristles. If the frame of reference is fixed at that point, the substrate is 
moving to the left, at a velocity equal to the brush velocity V. 
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Pearson’s wedge spreader [74]), but not from a spreader with a trailing knife-edge. 
They found the striation frequency to be a function of gap width, and only weakly 
dependent on paint viscosity or spreading speed. Pearson [74] developed a theory of 
track formation from rollers and spreaders, finding that the frequency of striations was 
an increasing function of the Capillary number. Hence, from theoretical 
considerations, the paint viscosity might be expected to play a role in determining 
initial brushmark frequency, and by implication the amplitude as well. The difficulty is 
that, unlike in rollcoating or in the case of an overhanging spreader, brushmarks are 
not obviously a Hele-Shaw, Saffman-Taylor type instability. In the latter situation, a 
curved meniscus forms inside a wedge-shaped cavity and the instability is attributable 
to the associated pressure gradient [76]. Nevertheless, disturbances are well-known to 
grow on a splitting meniscus and it is proposed such considerations are relevant to the 
phenomenon of brushmarks. This conjecture may warrant further experimentation. 

Ribbing in forward rollcoating is well known to occur above a critical value of 
the Capillary Number (equation (5)) [74, 77-79], and some have coupled the rib 
formation with its subsequent leveling [75, 80]. Thus, surface tension is stabilizing 
with respect to rib formation, and viscosity and coating speed are destabilizing. We 
postulate that brushmark striations may represent a similar type of viscous fingering 
instability to that seen in rollcoating and in block-spreading. Brushing shares with 
these coating methods a reduction in pressure together with a limited supply of liquid 
at the outflow, which has been identified as the mechanism of instability [59, 74]. A 
schematic diagram of brush application is shown in figure 19. The bristles of the brush 
act as a reservoir and metering device facilitating transfer of the paint to substrate. 
Compressing the brush against the substrate “floods” the upper surface of the bristle 
mass with paint. It is considered that the pool of paint on the bristles is partly 
“dragged” off the brush, so that some paint attaches to the substrate and some remains 
attached to the bristles. Therefore, the paint film splits at a stagnation point S, which is 
near the trailing edge of the brush bristles. If the frame of reference is fixed at that 
point, the substrate is moving to the left, at a velocity equal to the brush velocity V. 
The stagnation point here represents a locus of extensional deformation, and a region 
also where new free surface is simultaneously being created. 

Viscous fingering is characteristic of a splitting meniscus [75], and it is 
proposed that this is the origin of brushmarks, and that it occurs not solely due to the 
bristles but is primarily some function of the rheology. It is apparent, however, that the 
mobility of the bristles introduces some randomness to the interface at the point of 
film rupture, since a brushmark pattern is distinguished from that of a block spreader 
by some degree of irregularity in frequency. In support of this hypothesis we cite the 
recent observation by Saucy [81] that the “streaks” do not necessarily seem to 
originate from any distinctive feature of the bristle mass. This observation was made 
by viewing the brush application of paint to a glass plate, from underneath. 
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Correlations of low-shear-stress viscosity to leveling, brush pattern, and roller 
stipple, etc., show improved flow at lower viscosity, while in contrast the same 
correlations to high-shear-stress viscosity indicate improved flow at higher viscosity, 
e.g. as in figure 20. The latter trend says that increasing high-shear viscosity favors 
good flowout of film irregularities following application. High-shear viscosity is 
known to influence applied film weight, and the aforementioned effect could be 
merely one of film thickness, since it enters the leveling rate equation as the third 
power. However, some evidence indicates that higher viscosity may also reduce the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 20:  Correlation of low-shear-stress viscosity to roller stipple 
rating (a) shows a negative slope (improved flow at lower viscosity), 
while in contrast the correlation the dependence of, for example, brush 
pattern rating to high-shear-stress viscosity has a positive slope 
(improved flow at higher viscosity). 
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striation wavelength, on which leveling kinetics depends to the fourth power. Previous 
workers [55] found only weak and indefinite evidence that viscosity influences the 
brushmark frequency. However, we have seen indications otherwise. Figure 21 shows 
brushmark wavelength vs. viscosity at 200 dyne/cm2 with a slope of -5/6 (log-log), for 
a small series of paints. Another series of paints which showed a spread of brushmark 
frequencies displayed a correlation to viscosity also at 200 dyne/cm2 (figure 22).4 This 
correlation was apparent from approximately 100 to 500 dyne/cm2 but disappeared 
above and below this range of stresses. The data in figure 22 are in qualitative 
agreement (within 50%) with some data of Shaw on Newtonian liquids (cited in 
Pearson [74]), obtained by a spreading experiment. This type of dependence, i.e., that 
higher viscosity (higher Capillary number) engenders smaller striation wavelength, is 
sensible in that surface tension is the stabilizing influence in film splitting flows, while 
viscosity is destabilizing, and is in agreement with results of Pearson [74] and others. 

  

 

 

 

                                                 
4  It was found that on a linear scale the striation frequency correlates better to viscosity 
than does the wavelength.  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 21:  Brushmark wavelength vs. viscosity at shear stress of 200 
dyne/cm2 with a slope of -5/6 (log-log). 
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3.  METHODOLOGY 

A great many different instruments have been devised to measure viscosity or 
“consistency” in the industrial laboratory. However, few of them are capable of 
absolute viscosity measurement, and most are “single-point” devices. Being intended 
for use in an industrial environment, most were designed for ruggedness and simplicity 
of operation. However, many have serious design limitations that make them poorly 
suited for measurements of non-Newtonian fluids. This becomes quite an important 
issue when one realizes that paints and many other fluids of commerce such as pastes, 
slurries, dispersions, emulsions, gels, etc., are non-Newtonian. For many of the 
familiar laboratory viscometers the flow field is complex and not subject to analytical 
treatment. Therefore, the stress or strain rate cannot be obtained in engineering units 
and the absolute viscosity cannot be calculated. Moreover, because the shear field is 
non-uniform the viscosity varies within the test specimen for non-Newtonian 
materials. For complex flow fields, such an error cannot be corrected. The 
measurement error will be in proportion to the sample’s divergence from Newtonian 
character. A further very important deficiency of many simple viscometer devices is a 
lack of temperature control, which can be a source of significant error. These “Quality 
Control” viscometers have been discussed elsewhere [82-84] and will not be further 
considered here. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 22:  Brushmark frequency vs. viscosity at shear stress of 200 
dyne/cm2 for semi-gloss paints, which showed a spread of brushmark 
wavelengths. This correlation held for shear stresses from 100 to 500 
dyne/cm2. 
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3.1  How to make Rheology more interesting 

How can rheology be made more interesting to the formulator or bench 
chemist? — By relating it directly (quantitatively) to actual paint processes. Perhaps 
one reason for a possible “lack of enthusiasm” for rheological data among industrial 
practitioners is the perception that the curves are difficult to understand or interpret in 
terms of the in-service behavior of a product. Part of the problem lies in the manner in 
which flow curves have traditionally been measured and portrayed. Indeed, such 
curves are generally bland, and have a tendency to look alike rather than show clear 
distinctions when plotted in the usual manner, as a function of shear rate. In fact, 
however, steady-shear flow curves of architectural paints can be as distinctive as 
fingerprints, with characteristic features that can be related to specific processes, if 
viscosity is represented instead as a function of shear stress. What may appear to be 
subtle or insignificant complexities of the shear rate flow curve become obvious 
“structure points” [85] when viewed as a function of shear stress. What seems merely 
to be a slight change in slope becomes instead a sharp structural transition. 
Furthermore, it is common practice to characterize complex fluids by means of 
equilibrium flow methods, but these also tend to be featureless and to obscure 
structural information. In contrast, non-equilibrium flow data are more informative. 
The “up” curve reveals the presence, characteristics, and magnitude of strain-sensitive 
and time-dependent behavior, while the “down” curve is a good approximation of 
equilibrium flow.  

 

3.2  Shear Stress vs. Shear Rate as Independent Variable 

There are two aspects to this topic, one operational and one representational. 
The choice of operating principle in modern rotational rheometers is between 
controlled strain (or controlled strain rate, CSR) and controlled stress (CS). The 
difference is whether the torque or the angular displacement is the controlled variable. 
In a CSR instrument the angular displacement (or the angular velocity) is the 
independent (controlled) variable and the opposing viscous drag-torque the dependent 
(measured) variable. CS instruments apply a controlled torque, and measure the 
resulting angular displacement. From the time that commercial versions of the 
controlled-stress rheometer began to come into general use in the mid 1980’s, 
recognition of the stress as the more useful independent variable for characterizing 
complex fluids has grown steadily [86]. There are several reasons for this. Structured 
fluids tend to be “shear-sensitive” (more precisely, strain-sensitive). For equilibrium 
flow, there will be no difference between CS and CSR measurements. However, for 
transient (non-equilibrium flow) rheograms, differences between the two become 
important. As strain increases exponentially under a linear time-based shear rate-
sweep protocol typical for CSR instruments, structure tends to collapse rapidly, with 
the result that relatively few data points are obtained to provide information about 
structure. The linear (or logarithmic) stress ramp of CS devices, in contrast, allows 
structured materials to respond in a more characteristic fashion. Applying a 
programmed stress is thus the more “natural” way to load and deform structured 
materials [87]. Furthermore, CS instruments can apply very small and very stable 
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torques, coupled with extremely high strain resolution, are thus able to characterize 
delicate structures at very low strain and strain rate, and are likewise well suited to 
measuring long relaxation times in creep. Of course, the apparent static yield stress can 
be measured directly using a CS instrument, avoiding errors associated with 
extrapolation or curve-fitting methods. Inertia sometimes limits accuracy of transient 
response for CS instruments, but can be corrected for in instrument software. 

The second aspect has to do with the way flow curve data are represented 
graphically, which also subtly affects the way we think about coating processes. 
Because of long familiarity with older-type instruments, we are used to thinking of the 
RPM or shear rate as the independent variable and the shear stress as the measured 
variable. It is by far the more common practice to plot viscosity as a function of shear 
rate than of shear stress. However, there is much to be gained by choosing the latter as 
independent variable. First, the shear stress is the more physically meaningful 
independent rheological variable because all flows are stress-driven—the resulting 
strain rate is a dependent variable. This issue is key to using flow curve data correctly 
to understand coating performance. Coatings flows are the outcome of the sum of all 
forces acting on the liquid layer, the rheological response to those forces, and the 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 23:  Flow curves plotted as a function of shear rate for a series of 
acid-functional acrylic paints thickened with various basic agents. Three 
of the paints were filtrable in the production plant; one was not. At an 
arbitrary shear rate, the range of viscosity across all samples is about a 
decade. At -1100 sg =� the difference in viscosity between the highest 
filtrable paint (“B neutralized”) and the non-filtrable “C neutralized” 
paint is only 3- or 4-fold   
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nonlinear interaction of the rheology, surface tension, process variables, and substrate 
geometry [4]. Second, a viscosity-shear stress plot speaks far more eloquently than 
viscosity-shear rate. Structural features and the collapse of particle flocs or gel 
networks are more obvious and dramatic [88]. Viscosity-shear rate curves, in contrast, 
tend to be featureless, a distorted representation of structural behavior, and of lesser 
resolution. Since most flows are stress-driven, viscosity-shear rate plots do not give a 
true representation of the difference in the flow response for structured fluids. When 
comparing the behavior of different materials, such plots lead to confusion when 
viscosities at arbitrary shear rates are used to explain real processes.  

For example, figure 23 shows flow curves plotted as a function of shear rate for 
a series of acid-functional acrylic paints thickened with various basic agents. Three of 
the paints were readily filtrable in the production plant; one was not. At an arbitrary 
shear rate, the range of viscosity across all samples is only about a decade. At 

-1100 sg =�  the difference in viscosity between the highest filtrable paint (“B 
neutralized”) and the non-filtrable “C neutralized” paint is only 3- or 4-fold. It is 
doubtful that a 3- or 4-fold difference in viscosity should make the difference between 
filtrable and non-filtrable material. Recognizing that pressure filtration is a constant 
shear stress process, plotting the viscosity against shear stress seems reasonable. 
Plotted as a function of shear stress (figure 24), we see a 600-fold viscosity range and 
a 150-fold difference between the highest-viscosity filtrable paint and the nonfiltrable 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 24:  Paints in figure 23 plotted as a function of shear stress 
showing now a 600-fold viscosity range and a 150-fold difference 
between the highest-viscosity filtrable paint and the non-filtrable paint, 
at a shear stress of 1000 dyne/cm2. 
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paint, at a shear stress of 1000 dyne/cm2. This is the viscosity range of physical 
experience when stirring the paints, as well, whereas the constant-shear-rate numbers 
are not physically meaningful in this sense. 

To further illustrate the point, consider a viscosity-shear stress plot of two 
paints, “07” and “05”, in figure 25. Plotting with shear stress as the independent 
variable permits a direct comparison of paints at the shear stresses specific to 
particular processes. Viscosity is a nonlinear and sometimes complicated function of 
the shear stress, and each part of the complex curve has a role to play in various 
coating processes. The process stresses illustrated by dashed lines in figure 25 are for 
(i) application by brush or roller, (ii) surface tension-driven leveling of surface 
roughness, and (iii) gravity-driven sagging of 3-, 6-, and 12-mil wet films. 
Gravitational settling of pigment particles occurs at even lower stresses, as indicated. 

For a given process, the shear stress acting on a coating layer is independent of 
the rheology (for a given geometry, density, surface tension). The shear rate for the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 25:  Viscosity-shear stress plot of two paints, “07” and “05”. 
Shear stress as the independent variable allows direct comparison of 
paints at the shear stresses specific to particular processes. Process 
stresses illustrated by dashed lines correspond to (i) application by brush 
or roller, (ii) surface tension-driven leveling of surface roughness, and 
(iii) gravity-driven sagging of 3-, 6-, and 12-mil wet films. Gravitational 
settling of pigment particles occurs at even lower stresses, as indicated. 
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process, however, is rheology-dependent, and will vary with the viscosity of a 
particular coating at the process shear stress. Figure 26 re-plots the two paints of figure 
25 as a function of shear rate. The constant-shear-stress lines now slant to the left, and 
shear rates for the processes identified in figure 25 are shifted to the left for the higher-
viscosity paint. The constant-shear-stress lines cut the flow curves at the shear rate of 
each process. Ratios of the viscosities of the two paints, at constant shear rate, are far 
from their “true” (process-relevant) ratios at constant shear stress. It can be seen in 
comparing the paints that shear rates for some process stresses are shifted nearly two 
decades (100-fold). Clearly, the assumption that processes such as leveling and 
sagging occur at a constant shear rate (say, 1 s-1) can be wrong by orders of magnitude. 
Comparative paint performance is sometimes predicted from viscosity ratios at 
constant shear rate [16], but such ratios may be several times smaller than the correct 
ratios measured at the actual process shear stress. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 26:  The two paints of figure 25 plotted as a function of shear 
rate. The constant-shear-stress lines now slant to the left, and shear rates 
for the processes identified in figure 25 are shifted to the left for the 
higher-viscosity paint. The constant-shear-stress lines cut the flow 
curves at the shear rate of each process. Ratios of the viscosities of the 
two paints, at constant shear rate, are far from their “true” (process-
relevant) ratios at constant shear stress. It can be seen in comparing the 
curves that shear rates for some process stresses are shifted nearly two 
decades (100-fold). 
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  Table 3 compares viscosity ratios at selected shear stresses with ratios 
calculated at approximately corresponding shear rate values, from figure 26. 

 

 Viscosity, Pa×s 

 Shear stress 
= 0.8 Pa 

Shear rate = 
0.01 s-1 

Shear stress 
= 8.0 Pa 

Shear rate 
= 1.0 s-1 

Paint 05 21.0 41.0 2.67 4.26 

Paint 07 800 253 144 25.9 

Viscosity Ratio 38 6.2 54 6.1 

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

 

 

 

3.3  The Non-Equilibrium (Transient) Flow Curve 

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

Comparison of a series of complex fluids by means of a standard non-
equilibrium flow protocol (e.g., a continuous time-based stress-ramp method), 
provides, for example, a ready indication of the relative degree of thixotropy. 
Equilibrium flow data are of course “blind” to time dependence and sparse of 
structural content, and the habit of solely running this type of experiment is risky. 
Pigment flocculation and network breakdown produce a thixotropic loop proportional 
to the degree of flocculation and to the kinetics of breakdown and recovery. One can 
obtain in one experiment both a “maximum structure” viscosity value from the up-
ramp, which tends to contain more of an elastic component, and the “minimum-
structure” value from the down-ramp. In terms of correlation, some coatings processes 
are more dependent on the relatively less-disturbed viscosity of the up-ramp, while 
others more so on the relatively de-structured viscosity of the down-ramp. 
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As shown in figures 2 and 25, the flow curve depicted as a function of shear 
stress can be readily linked to specific coating processes and flows. Therefore, if one is 
seeking correlations of rheological properties to performance, this is the starting point. 
In the same series of semi-gloss paints as previously mentioned, and also for a similar 
series of commercial flat latex paints, we looked for correlations of various 
performance responses to particular regions on the viscosity-shear stress map, so to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 27:  Idealized representative viscosity-shear stress curve for 
carrageenan-thickened milk, from a non-equilibrium stress ramp 
experiment (from Rodd, et al. [82], used by permission of Elsevier). The 
static yield stress is located as the initial stress point of measurable finite 
strain. A 30-fold decrease in viscosity is followed by a plateau and a 
critical stress preceding further precipitous shear thinning, the plateau 
being termed a “structure point”. 
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speak. For example, sagging is evaluated by means of a Leneta sag meter drawdown 
bar, described above (figure 6), and is rated as the thickest non-sagging paint stripe. 
This provides a simple and quantitative measure of the gravitational drainage 
resistance of an applied film. The shear stresses driving the flow are easily calculated 
and are mapped in figure 28, where schematic flow curves are overlaid by vertical 
lines at stresses of 10, 100, and 1000 dyne/cm2 (long dashes), and the short dashed 
lines represent the range of shear stresses acting on the stripes of the Leneta test5. 

Representative flow curves for two semi-gloss paints are shown in figure 29, 
again with dashed lines locating stresses of 10, 100, and 1000 dyne/cm2. One of the 
paints (“C”) shows evidence of structure and thixotropy, while the other (“D”) does 
not. First- (“N/S”) and second-run (“S/S”) curves are shown for paint “C”, 
demonstrating the slight decrease in thixotropy on rerun of the same specimen. 
Viscosities at several shear stresses were taken from the flow curves for all paints as in 
figure 29, and used to correlate sagging behavior and a number of other responses, as 

                                                 
5  Because the length (in the draw direction) of the slot is quite short, the Leneta bar does 
not achieve hydrodynamic metering. As a result, the actual film thickness of each stripe may be 
different from nominal, due to rheological effects. This introduces some error in the 
measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 28:  Schematic flow curves overlaid by vertical lines at shear 
stresses of 10, 100, and 1000 dyne/cm2 (long dashes); short dashed lines 
represent the range of stresses acting on the paint stripes of the Leneta 
sag test (see figure 7). 
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well. Correlations were generally at a very high level of statistical significance (near or 
> 99% confidence). 

Figure 30 compares the correlation of Leneta sag rating to viscosity at 1000, 
100, 20, and 10 dyne/cm2. It is apparent that no correlation to sagging exists at 1000, a 
definite correlation appears at 100, but very strong, logarithmic correlations to sag 
rating are found at both 20 and 10 dyne/cm2. Note that the latter two stress levels are 
well within the range of sagging stress for the Leneta test. A pervasively logarithmic 
dependence on rheological parameters was found for all film quality responses. The 
constant-stress approximation is somewhat artificial, since the critical sagging stress is 
different for each paint, depending on the thickest stripe showing sag, but the total 
range of stress within the actual test was only three-fold. Correlations to viscosity at 
constant shear rates characteristic of sagging are generally inferior because the sagging 
shear rates will vary more widely than the shear stress. This is because sagging occurs 
at a specific shear stress rather than a specific shear rate. Figure 31 shows a strong 
correlation of sagging behavior to static yield from a stress-sweep experiment. Similar 
correlation results were obtained for leveling performance and a number of other film 
quality responses, but the sagging measures were more quantitative and make the same 
points. Figure 32 shows the lack of correlation of Leneta sag rating to the Stormer 
paddle viscometer and ICI cone-plate data, because these measure at stresses unrelated 
to film formation processes. It is realized that predicting paint performance may not be 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 29:  Viscosity-shear stress flow curves for two semi-gloss paints 
showing dashed lines at stresses of 10, 100, and 1000 dyne/cm2. One of 
the paints (“C”) shows evidence of structure and thixotropy, while the 
other (“D”) does not. First- (“N/S”-new specimen) and second-run 
(“S/S”-same specimen) curves are shown for paint “C”, demonstrating a 
slight decrease in thixotropy on rerun of the same specimen. 
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the purpose of Stormer or ICI measurements, but rather they are simply quality control 
tests to check that a batch is more or less where it ought to be. However, paint is 
routinely formulated to particular viscosity standards of this type. The question should 
perhaps then be, “Of what value are such standards if not related to product 
performance? 

In our correlations to sagging, and several other film responses, we did not 
attempt to duplicate a shear history of the paint that would be representative of the 
actual process of application and subsequent flow. Rather, it was assumed that the 
viscosity governing the flow would be approximated by values taken from the non-
equilibrium flow curve. In most cases the “down” ramp values were chosen for 
correlation purposes, assuming these would approximate the condition of the paint 
following application. However, in some cases it turned out not to make a great 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 30:  Comparison of the correlation of Leneta sag rating to 
viscosity at 1000, 100, 20, and 10 dyne/cm2. It is apparent that no 
correlation to sagging exists at 1000, a definite correlation appears at 
100, but strong, logarithmic correlations to sag rating are found at both 
20 and 10 dyne/cm2. Note that the latter two stress levels are well within 
the range of sagging stress for the Leneta test. 
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difference to the correlation statistics whether the “up” or “down” values were used — 
in others it did matter. The arbitrariness of the method of the correlations is not too 
significant if one uses them merely as a way to obtain viscosity “targets” toward which 
to formulate, in order to achieve a desired performance. 

It is asserted that fundamental rheological properties, properly measured, are 
highly correlated to and therefore able to predict paint performance. The overall 
correlations referred to above demonstrate that paint performance, in principle, can be 
controlled by formulating to specific rheological objectives. In contrast, standard lab 
measures of paint rheology are not predictive of performance. 

 

 

 

 

 

 

 

 

 

 

 Figure 31: Correlation of sagging behavior to static yield from a stress-
sweep experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 32: Illustrating the lack of correlation of Leneta sag rating to the 
Stormer paddle viscometer (a) and ICI cone-plate data (b), because these 
measure at stresses unrelated to film formation processes. 
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4.  RHEOLOGY OF DISPERSIONS 

Dispersions may be defined as consisting of a suspended, discontinuous 
(particulate) phase contained within a continuous, often mobile phase. In coatings, this 
might be a fine-particle-size solid such as titanium dioxide, wetted by and thoroughly 
mixed in a liquid. Emulsion systems (liquid-in-liquid dispersions) will also be 
encountered, as well as aqueous dispersions of emulsion polymer particles in the 
colloidal size range, known as latexes. 

 
4.1  Behavior of Paint Dispersions 

The quality and stability of a dispersion of the solid particulates that are typical 
ingredients of coating formulations (e.g., pigments, fillers and extenders) is a critical 
and sometimes overlooked factor in paint performance. One of the reasons that paints, 
inks, and adhesives are complex fluids is the influence of particulate fillers on the 
rheology. The pigment/filler system may impart apparent yield behavior, strong shear 
thinning, viscoelasticity, and time dependence. A critical part of the paint-making 
process is the so-called “pigment grind”, wherein bulk pigments are dispersed in a 
liquid medium, which may be a resinous solution and/or contain various dispersing 
agents. The objective is to wet and disperse the raw pigment in the medium, while 
reducing the particle size by breaking down pigment agglomerates under high shear. 
Dispersants aid in this process, and help to produce a final dispersion of well-wetted 
primary particles that are thermodynamically stabilized against re-aggregation or 
flocculation. The desirable properties which the particulate phase was added to 
achieve will be maximized at the point of optimal dispersion. These properties may 
include opacity, color strength, barrier properties, weatherability, or mechanical 
reinforcement, among others. However, in addition to these considerations is that of 
achieving the desired rheology, and it is well established that the rheology of a 
particulate dispersion is highly sensitive to dispersion quality and stability6. Hiding or 
opacity is a requirement of most paints, and has two aspects: intrinsic and perceived. 
The intrinsic hiding is a function of adequate dispersion and stabilization of the light-
scattering pigment (usually TiO2), while the perceived hiding will depend on the 
quality of leveling achieved during film formation. Poor leveling results in uneven 
film thickness, which may allow the substrate to show through in the thin regions of 
the film. A strongly flocculated pigment dispersion not only will display poor intrinsic 
hiding, but also can impart yield-like behavior, an elevated elastic modulus, and high 
low-shear viscosity, all of which interfere with leveling, so that hiding suffers a double 
blow. 

Metal oxide pigments are mutually attracted by strong dispersive forces, more 
so than organic particulate components, as van der Waals forces are proportional to 
atomic number. Hence, despite an abundance of surfactants in most formulas, paints 
are often colloidally unstable, the particles forming weak flocs or a space-filling 
network gel structure [68]. In addition, added polymers can cause both depletion and 

                                                 
6  In the inverse sense, that is why rheology is such a sensitive measure of dispersion 
properties.  
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bridging flocculation of particulates [89, 90]. In modern paint formulations, a large 
part of any elasticity is due to these networks of flocculated particulates, such as 
pigments or added thixotropes. Such systems are generally thixotropic, have a small 
critical strain, and display elastic properties that are relatively easily disrupted by 
shear, as the structures responsible collapse. This aggregated microstructure, which 
may also contain soluble, adsorbing, or perhaps network-forming polymers, can 
exhibit a complex viscosity-shear stress profile as it collapses and reforms under a 
non-equilibrium stress ramp experiment. The shear thinning observed in paints as well 
as other fluid dispersions can be attributed both to the collapse of flocculates and to the 
hydrodynamic ordering of particles in the shear field.  

 

4.2  Rheology as a measure of dispersion stability 

Rheology is the most sensitive measure of the state of a disperse system “as is” 
(without dilution or special preparation for measurement), and can define differences 
between materials clearly and quantitatively. As such, rheology can provide invaluable 
guidance to formulators to improve handling, storage, and performance properties of 
suspensions and dispersions. Flocculated dispersions are normally both thixotropic and 
viscoelastic [91]. Kiratzis et al. [92] found that the yield stress and elastic modulus 
both were good indicators of the degree of aggregation for depletion-flocculated 
inorganic and organic polymer dispersions. Rheology can be used to determine 
optimum or saturated dispersant concentration. Potanin [93] found for a magnetic 
paint containing a dispersion of iron oxide particles that the viscoelastic moduli G¢ and 
G² go through a minimum as a function of dispersant resin concentration, at the point 
of saturation. The system at the same time changes from a rigid, brittle, thixotropic 
network structure to one of individual flocculates. Reboa and Fryan [94] observed that 
the stability toward sedimentation of some industrial particulate dispersions could be 
predicted by the value of tand (measured over a range of temperature of interest), 
where systems were unstable for tand > 1 and were increasingly stable as tan d became 
smaller and smaller below unity. This implies that their systems were actually 
flocculated and formed a space-filling, rigid network, which is suggested by re-
plotting their steady-shear viscosity data against shear stress, showing a sharp 
viscosity decrease at a critical stress (figure 33).  

Figure 34 compares flow curves for a series of concentrated pigment 
dispersions or “grinds” before being “let-down” or mixed with the binder resin 
solution to final solids levels. The dispersions are stabilized by adsorption of a soluble 
polymer such that the polymer attaches to the particle and also extends into the 
surrounding solvent, known as “steric-osmotic stabilization”. As individual particles 
approach, the polymer chains interact repulsively, preventing the close approach 
necessary for flocculation to occur due to electrodynamic attractive forces. The 
effectiveness of this stabilization mechanism is dependent on the solubility of the 
adsorbed polymer. If the polymer is poorly soluble in the solvent medium, the chains 
collapse onto the particle and are ineffective in stabilizing the system (figure 35). If 
too soluble, the polymer will not be adsorbed densely enough to be effective. The ideal 
balance is represented by a “theta” solvent.  
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 Figure 33: Re-plotting the steady-shear viscosity data of Reboa and 
Fryan [94] against shear stress, showing a sharp viscosity decrease at a 
critical stress, implying that their systems were flocculated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 34:  Comparison of flow curves for a series of concentrated 
pigment dispersions stabilized by polymer adsorption, or steric-osmotic 
stabilization. One of the dispersions was made using a “poor” solvent for 
the stabilizer polymer leading to flocculation, the others with a “good” 
solvent. The large “thixotropic loop” for the “poor” solvent system is 
evidence of the progressive breakup of particle flocs under increasing 
shear stress. 
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In figure 34, one of the dispersions was made using a “poor” solvent for the 
stabilizer polymer, the others with a “good” solvent. The large thixotropic loop for the 
“poor” solvent system is the result of the progressive breakup of particle flocs under 
increasing shear stress. The individual particles or smaller flocs that result are more 
hydrodynamically efficient, i.e, not as dissipative as large flocs, and so the viscosity 
decreases for that reason and also due to hydrodynamic ordering of the remaining 
particles. The flocs do not fully reform on the time scale of the experiment, so that the 
viscosity is lower for the “down-ramp” cycle. Very little thixotropy is observed in the 
case of the dispersions in “good solvent”, yet there is a decrease of about a decade in 
viscosity over the range of shear stress applied. This shear thinning without floc 
breakup is therefore presumably due almost entirely to hydrodynamic ordering. The 
lower viscosity of the flocculated system at high shear is likely due to breakdown to 
primary particles whose effective volume fraction is lower than that for the stable 
particles because of the collapse of the steric barrier onto the particle surface. 

Figure 36 shows G¢ vs. strain curves (oscillatory torque-sweep experiments) for 
the dispersions in figure 34. The “poor solvent” system is strongly flocculated, 
indicated by the much higher G¢ value in the linear regime and the much smaller 
critical strain gcr. Dispersion stability and the strength of flocculation can be assessed 
by such methods [95]. 

Figure 37 shows oscillatory strain sweep curves for a series of colorant 
dispersions with different pigment systems, titanium dioxide and yellow iron oxide. 
The logarithm of the elastic modulus in the linear region is plotted against the log of 
the critical strain, giving a slope of close to one. The cohesive flocculation energy Ec is 
given by [95]: 

2

2
cr

c
G

E
g¢

=                 ……….(6)  

according to which a slope of 2 should be expected.  

 

  

Figure 35:  Illustration of effect on steric stabilization mechanism of the 
solubility of the adsorbed polymer.   
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5.  COATING FLOW DEFECTS 

Here we digress briefly to consider some aspects of the topic of coating defects, 
whose causes and remediation have been thoroughly discussed by others [73, 96, 97]. 
As described above, some defects arising at application are due to hydrodynamic 
instabilities. These include brushmarks, roller tracks, rollcoat ribbing and webbing, air 
entrainment, spatter, etc. Other defects develop after application and have various 
specific causes, but in general can be ascribed to local inhomogeneities or 
irregularities in the coating or the substrate. Therefore, what may be termed coating 
flow defects constitute a local variation in film thickness that may be attributed to 
unsatisfactory post-application flow [4]. Causes can include a local nonuniformity in, 
or example, surface tension or in substrate shape, which drive undesired flows. Some 
examples include: 

·  Craters due to contamination, overspray 

·  Dripmarks from doorframes or mitered corners 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 36:  G¢ vs. strain curves (oscillatory torque-sweep experiments) 
for the dispersions in figure 34. The “poor solvent” system is strongly 
flocculated, as indicated by the higher G¢ value in the linear regime and 
the much smaller critical strain gcr. 
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·  Coating withdrawal from small outside radii 

·  Coating accumulation on inside radii 

 

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

·  Leveling of uneven films of short-wavelength roughness  

·  Collapse of liquid lamellae, filaments 

·  Driving flows on locally-curved surfaces  

·  Film thinning at convexities, e.g. corner/edge withdrawal 

·  Liquid accumulation in concavities leading to dripmarks, e.g. mitred 
joints, inside corners 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 37:  Oscillatory strain sweep curves for a series of colorant 
dispersions with different pigment systems. The logarithm of the elastic 
modulus in the linear regime is plotted against the log of the critical 
strain, giving a slope of close to one.  

 

 

 

 

100000100 1000 10000 100000100 1000 10000

29.57Lab YOX

1812YOX CI

3001.5YOX D

17500.4YOX C

39000.05White D

63000.1White C

Elastic 
Modulus 

G¢¢¢¢
(dyn/cm 2)

Critical 
Strain, 

%

Colorant

29.57Lab YOX

1812YOX CI

3001.5YOX D

17500.4YOX C

39000.05White D

63000.1White C

Elastic 
Modulus 

G¢¢¢¢
(dyn/cm 2)

Critical 
Strain, 

%

Colorant

10000

1

10

100

1000
YOX C

YOX CI
YOX D

Lab YOX

White C

White D

log 0.465 1.05logcG¢= - g

10000

1

10

100

1000
YOX C

YOX CI
YOX D

Lab YOX

White C

White D

log 0.465 1.05logcG¢= - g

0.001 0.1 1 10
% strain

0.001

0.01

0.1

G
¢¢ ¢¢
(d

yn
e/

cm
2 )

R2=.93

0.01

1E-3 0.01
10

100

1000

10000

G
' (

LV
R

)

g
c

0.001 0.1 1 10
% strain

0.001

0.01

0.1

G
¢¢ ¢¢
(d

yn
e/

cm
2 )

R2=.93

0.010.001 0.1 1 10
% strain

0.001

0.01

0.1

G
¢¢ ¢¢
(d

yn
e/

cm
2 )

R2=.93

0.01

1E-3 0.01
10

100

1000

10000

G
' (

LV
R

)

g
c



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

© The British Society of Rheology, 2005    (http://www.bsr.org.uk) 224 

A surface tension gradient is equivalent to a surface shear stress (Levich-Aris 
condition [58]) and gives rise to surface and bulk flows, also known as the Marangoni 
effect. Some of the consequences of non-uniform surface tension include: 

·  Driving coating flows on locally-planar surfaces [58] 

·  Inhibition (in presence of surfactant) [98], acceleration, or 
“overshooting” of leveling [58]  

·  Restoration of coating uniformity on locally-curved surfaces [98]. 

·  “Telegraphing” of substrate imperfections to the coating surface [99] 

 

Marangoni flows can be generated by deposition on the liquid surface of a low-
energy contaminant material and also by local differential solvent evaporation during 
film drying. In the case of contaminants the result is usually cratering [96]. In the case 
of striated films, uniform solvent evaporation from an uneven layer leads to resin 
concentration gradients. Overdiep [58] has shown the resulting Marangoni flow can 
both initially accelerate leveling and finally “overdrive” it to such an extent that a 
once-smooth layer again becomes rough. Kojima et al. [100, 101] found that 
Marangoni stresses can actually exceed the normal capillary hydrostatic pressures 
driving leveling. Thus, Marangoni flows can result in defects in a coating layer on an 
otherwise uniform substrate [102].  

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

Coating defects can also occur in situations where the surface tension is 
uniform, if the substrate geometry is non-uniform or irregular in shape. In this case, 
local variations in curvature (inside and outside corners, sharp edges, or holes), in 
concert with the liquid surface tension, generate capillary pressure gradients that drive 
the coating to become non-uniform in thickness. In these circumstances, a body force 
such as gravity or centrifugal force acting on the liquid layer can initiate a fingering 
flow, leading to a defect sometimes called a “dripmark”. A typical example of a 
dripmark is shown in figure 38. Dripmarks can form in the absence of surface tension 
gradients, due to a capillary-pressure driven accumulation of liquid on substrates of 
irregular geometry, such as a mitred corner or sharp edge in a door or window frame 
[104]. A substrate defect can also promote a coating defect by amplifying the shear 
stress driving the flow. Smith [105] did a linear lubrication analysis for power law and 
Bingham fluids to explain the phenomenon where the leveling (or “distinction of 
image”) of automotive clearcoats applied over pigmented basecoats was observed to 
be worse on vertical surfaces than on horizontal ones. He determined the cause of the 
added roughness in vertical films was the amplification, due to gravity-induced flow, 
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of very small-scale substrate roughness, as small in amplitude as 1 micron. He found 
that the time scale for surface wave amplification, t µ  hl 4/gh3, was identical to that for 
leveling, so that, for time-independent rheology, the roughening could not be inhibited 
without also affecting leveling. 

In engineering the rheology of a coating, very complex effects such as 
described in the foregoing must be taken into account. This is best done with the aid of 
computational non-Newtonian fluid dynamics methods. Schwartz and Eley [4, 106] 
modeled, by numerical simulation, sagging and dripmark formation in an initially 
uniform drawn-down film on a circular depression, referred to as a “nailhole” (figures 
38 and 39). Two paints were used in the study, whose experimental sagging behavior 
was contrary to expectation from the standard laboratory viscosity tests. The 
simulation used an exact description of the shear stress-dependent rheology via a look-

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 38:  Image of a “dripmark” defect.  

 

 

 

 

 

 

 Figure 39:  Geometry of a “depressed nailhole” substrate defect, leading 
to formation of a dripmark. 
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up table rather than a constitutive model. The mathematical model included substrate 
shape, surface tension, and gravity. Thixotropic effects were not explicitly taken into 
account.  

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

 Figure 41 illustrates the mechanism by which substrate irregularities accelerate 
and aggravate sagging behavior. The gravitational stress on a uniform paint layer is 
relatively low, but when film thickness is uneven, in this case due to irregular substrate 
shape, an incipient local thickness gradient due to drainage can be aggravated by 
gravitational flow, producing quite high local stresses. These in turn reduce the local 
viscosity, which increases the local flow. The simulation showed that the effective 
local film thickness over a dripmark (for a 200 mm average coating thickness) could 
reach 1200 mm, so that the effective gravitational stress rises from 25 to 165 dyne/cm2 
(figure 41). The initial sagging shear stress of about 25 dyne/cm2 is shown, and the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 40:  Flow curves for paints “A”, an exterior flat latex and “B”, 
an interior flat latex. At moderate to high shear stress, B is more viscous 
than “A”, as indicated by a Stormer paddle viscometer measurement, 
and also by hand stirring “feel”. In the range of sagging shear stress, 
however, A is more viscous than B. 
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corresponding initial paint viscosities governing the drainage flow are indicated. As 
sagging proceeds, the gravitational shear stress increases, as described, so that the 
viscosities of both paints decrease, but “B” always remains lower and sags more than 
“A”. The simulation produced both 2-D and 3-D time-dependent maps of the free 
surface during drainage flow and dripmark formation, which were compared with real-
time 3-D experimental surface profile measurements. The simulation quantitatively 
predicted the relative sagging behavior of the two paints. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 41:  Illustration of the mechanism by which substrate 
irregularities accelerate and aggravate sagging behavior. The 
gravitational stress on a uniform paint layer is relatively low (upper left), 
but when film thickness is uneven, in this case due to irregular substrate 
shape (upper right), an incipient local thickness gradient, due to 
drainage, can be magnified by gravitational flow, producing high local 
stresses, which in turn reduce the local viscosity, which increases the 
local flow. Computer simulation showed that the effective local film 
thickness over a dripmark (for a 200mm average coating thickness) could 
reach 1200 mm, so that the effective gravitational stress rises from 25 to 
165 dyne/cm2 

 

� �!���%��&� ��
�������%���� !!"�!

� Paint “A”
� Paint “B”

'�("��

r gh0

)'�("��

r ghmax

� �!���%��&� ��
�������%���� !!"�!

� Paint “A”
� Paint “B”

'�("��

r gh0

'�("��'�("��'�("��

r gh0

)'�("��

r ghmax

)'�("��

r ghmax

)'�("��)'�("��

r ghmax



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

© The British Society of Rheology, 2005    (http://www.bsr.org.uk) 228 

  Figure 42 compares experimental and predicted centerline dripmark profiles for 
paint “B”, at 15 s and 30 s after drawdown. Ordinate dimensions are normalized to the 
initial uniform coating thickness, while the abscissa is normalized to the “hole” radius.  

Figure 43 shows contours of constant surface height for paint “B”, at 15 s and 
30 s after drawdown. Both x- and y- axes are scaled to the hole radius, and the z axis is 
again scaled by the applied film thickness. In figures 42 and 43 the “nailhole” 
depression is on the left and the dripmark “bump” on the right. In figure 43 the upper 
figures represent experiment and the lower ones the model prediction. The agreement 
of theory and experiment is evident in both figures. Thus, the three-dimensional flow 
on a complex substrate of non-Newtonian fluids has been accurately simulated, which 
requires a model with correct physics and accurate low-stress rheological data. The 
success of the prediction validates not only the model but also the rheological data 
(i.e., no slip problems), and illustrates the ultimate goal of achieving detailed 
understanding the role of rheology in flow problems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 42:  Comparing experimental and predicted centerline dripmark 
profiles for paint “B”, at 15 s and 30 s after drawdown [4, 103] (used by 
permission of the Federation of Societies for Coatings Technology and 
Kluwer Academic Publishers). The “nailhole depression” is shown 
underneath the coating layer. Ordinate dimensions are normalized to the 
initial uniform coating thickness, while the abscissa is normalized to the 
“hole” radius. 
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Finally, to illustrate the power of computer modeling to resolve the details of 
complex flows, figure 44 shows a contour map of the stress distribution of the 
dripmark flow field [107]. The contours show how the stress varies from 40 dyne/cm2 

around the periphery of the defect to 160 dyne/cm2 at the “peak” of the dripmark. 
Similarly, shear rate and viscosity distributions and magnitudes can be mapped for any 
complex flow, providing otherwise inaccessible resolution of flow detail. 

 

5.1  Viscoelasticity in Coatings 

The importance of viscoelasticity in industrial processes will depend on the 
associated rate of deformation. Put another way, the response of a viscoelastic material 
depends on how long a stress is applied, relative to the time required for any elastic 
“extra” stress to die away. This idea is expressed as the Deborah Number:  

De
t
l

= .                 ………(7) 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 43: Contour plots of constant dripmark surface height for paint 
“B”, at 15 s and 30 s after drawdown. Both x- and y- axes are scaled to 
the hole radius, and the z- axis is again scaled by the applied film 
thickness. The “nailhole” depression is on the left and the dripmark 
“bump” on the right. The upper figures represent experiment and the 
lower ones the model prediction [4, 103]. (Used by permission of the 
Federation of Societies for Coatings Technology and Kluwer Academic 
Publishers) 
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The term’s namesake is the Biblical prophetess Deborah, who prophesied quite 
accurately that the “mountains flow before the Lord” [108]. In other words, on God’s 
time scale, rock formations can undergo permanent deformation, or flow7. The concept 
which the Deborah number quantifies is that if the duration t of the applied stress 
greatly exceeds the stress relaxation time l  (De �  1) the material will respond as a 
viscous fluid (because elastic stress has time to decay). Conversely, if De �  1 a 
material behaves as if an elastic solid. When De » 1 the material will behave 
viscoelastically (i.e., stress relaxation will take place on the time scale of the process). 
Thus, De quantifies the proportion of elastic to viscous control of a process. An 
equivalent way of writing the Deborah number is: 

De lg= �                 ……….(8) 

                                                 
7 Barnes [31] relays an account of a 1.8-m long, 5-cm thick horizontal marble slab, supported on 
its corners, that sagged 8 cm over a period of 50 years or so. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 44: Contour map of the stress distribution of the dripmark flow 
field [104]. The contours show that the stress varies from 40 dyne/cm2 

around the periphery of the defect to 160 dyne/cm2 at the “peak” of the 
dripmark. 
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where g�  is the shear rate of a coating process. To illustrate the role of elastic “extra 
stress” for coatings in particular, assume a stress relaxation time constant l  of 10 s for 
a paint. For a pigment particle settling at 510g -»� s-1, De �  1 and therefore the paint 
would offer only viscous resistance to the settling pigment. This description is wholly 
analogous to the creeping flow, under very low stresses, of a material with apparent 
yield behavior. On the other hand, if we assume 0.1g »� s-1 at some stage of a leveling 
process, De =1, and elastic stress is likely to retard the leveling.  

Additional effects of viscoelasticity upon coating processes stem from the 
stabilization by elastic “extra stress” of otherwise unstable liquid structures. Thus, 
liquid fibers, bridges, and lamellae which would ordinarily collapse due to surface 
tension are longer-lasting, leading to, for example, rollcoat spatter, “misting”, ribbing 
and foam stability. Likewise, atomization of sprayed materials is inhibited due to 
suppression of the Rayleigh-Taylor instability responsible for breakup of liquid fibers 
and sheets. Such effects, however, are more likely to be important when soluble 
polymers of high molecular weight are part of the formulation. Once again, the 
Deborah number gauges the importance of viscoelasticity for a particular process. Of 
course, the lifetime and the magnitude of the elastic stress will both be important, for 
together they will govern the degree of stabilization. 

Other general effects of viscoelasticity in coating processes include: 

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

·  Promotion of rollcoating defects (tracking, spatter) [65, 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 films) [113] 

 

Sources of viscoelasticity in coatings and dispersions include:  

·  Internal network structure—connectivity with long-lifetime links (e.g. 
entangled or associative polymers or flocculated particle network) 

·  Polymer-polymer, polymer-particle, or particle-particle interaction 
(packing, flocculation) 

·  High molecular weight tail (solution polymer systems) 

·  Concentrated colloidal/micellar (mesophase) systems 

·  Soluble polymeric thickeners (e.g. high-MW HEC) 
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Many processes, particularly of coatings application, involve large strains 
outside the range of linear viscoelastic behavior. There are promising experimental 
methods, based on an enhanced creep analysis, for characterizing nonlinear 
viscoelastic behavior, even at high frequencies [114]. It may be possible to build 
experimental correlations between nonlinear viscoelasticity and coatings performance. 

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

 

SUMMARY 

The controlled-stress rheometer can make readily accessible the regions of 
shear stress that govern the coating flows that are of importance to film formation, but 
most of the early studies of coatings rheology were done before its advent. This led to 
an unfortunate focus on the shear rate as the independent variable. In fact, the shear 
stress is for most purposes the correct independent variable for the rheological 
comparison and evaluation of coatings rheology and performance. It is our position 
that, by employing the principles outlined, fundamental rheological properties can be 

 

 

 

 

 

 

 

 

 

 

 

 Figure 45: Correlation of Leneta sag rating to the elastic modulus at a 
low oscillation frequency for a series of latex paints.   
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quantitatively related to the application and film formation characteristics of coatings. 
Candidate paint formulations are to be evaluated by means of stress-controlled 
rheometry, and it should be possible to identify specific rheological targets that are 
linked with performance. We also hope that we have painted a complicated enough 
picture of coating flow to convince readers that only computer simulation can keep 
track of the complex interactions of non-Newtonian flows in realistic applications, 
particularly on difficult geometries. Simulation methods can thus provide detailed 
descriptions of the progress and final outcomes of coating processes. There is, 
therefore, great potential for improving the way in which coatings research is carried 
out, through the employment of improved methods of rheological characterization and 
the use of sound data to provide guidance to formulators. 
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