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ABSTRACT: Rheological behavior of waterborne polyurethane dispersions was investigated with small-
amplitude oscillatory shear flow experiments over wide ranges of concentration, degree of neutralization,
chain extension, and temperatures to accelerate efforts to understand their film formation characteristics.
The rheological properties of these environmentally friendly dispersions were found to be dependent on
composition and degree of postneutralization. But the chain extension and degree of preneutralization
were observed to have little effect on the rheological behavior of the dispersions at a constant polyurethane
(PU) concentration. The complex viscosity of the polyurethane dispersions increased dramatically at a
critical concentration of polyurethane (¢ = 0.43), below which the viscosity increased slightly with
composition. At this critical concentration the particles are crowded, and the observed viscosity increase
is ascribed to the hydrodynamic interaction between the different particles. Furthermore, both G'' and
G"" are strongly increased with increasing PU wt % in the dispersions (i.e., the higher the concentration
of PU, the higher the values of G’ and G"'). At 46 wt % PU the values of G' and G"' are no longer frequency
dependent, and G' is almost 1 order of magnitude higher than G, indicating formation of a fractal-type
gel. The viscoelastic material functions were well described by simple power law equations and a
Maxwellian (Hookean) model with 2—3 relaxation modes based on PU concentration and degrees of
postneutralization at 30 °C. Time—temperature superposition of the dynamic moduli was good at
temperatures and PU concentrations below that of the critical gel, and the temperature dependence of
the shift factors conformed well to predictions from an Arrhenius-type relation, enabling calculation of
the flow activation energy of 45 kJ mol ™! for the PUDs. As expected, time—temperature superposition
failed to represent the behavior of the PUDs near the critical gel point. While the results of this study
indicate a number of similarities to critical gelling systems, observed deviations from the viscoelastic
behavior of Brownian suspensions of hard spheres were obtained, indicating that a more complicated
theory that explicitly takes the intrinsic interactions, concentrations, and size distributions of the PU
particles into account may be necessary for a more accurate quantitative description of these special

model PUDs with enhanced benefits.

Introduction

Polyurethane dispersions belong to a special class of
colloidal dispersions that are mixtures of different
chemical species where the interfacial area plays a
dominant or at least an important role, so that their
properties depend strongly on the interfacial forces or
physicochemical interactions.!? This important class of
materials is very useful in many applications such as
coatings, biological fluids, drilling muds, food, cosmetics,
and pharmaceuticals. In general, a colloidal dispersion
is stable when the droplets (discontinuous phase) persist
uniformly in the liquid medium (continuous phase). The
dispersion becomes unstable when the droplets diffuse
together to form a single bigger droplet that leads to a
reduction in the total surface area (coalescence) or to
form an aggregate of particles without producing a new
particle (flocculation). The role of polymer in stabiliza-
tion or flocculation of colloidal dispersion has been
studied extensively in the literature.l=®

In recent years, significant emphasis has been placed
on the use of waterborne coating systems such as
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polyurethane dispersions (PUD) due to their health and
environmental safety.6712 Design and control of these
systems has been traditionally undertaken by trial and
error methods due to their inherent complexity. These
environmentally friendly products are used to reduce
the VOC (volatile organic compounds) released into the
atmosphere by solventborne systems and are expected
to exhibit the same performance as that of conventional
solventborne systems. Polyurethane dispersions can be
tailored to various applications by varying the prepara-
tion method and chemical structures of the polyure-
thane. Typically a waterborne PUD is formed by pre-
paring an isocyanate-terminated prepolymer, and a
modifying polyol is used to incorporate carboxylic func-
tionality in the prepolymer backbone. The prepolymer
is then dispersed in water using a tertiary amine to
produce ionic centers, thus stabilizing the polymer
particle. The resulting chemical species is then chain-
extended using a polyamine as described later.!? Poly-
urethane dispersions are typically used in many appli-
cation areas such as textile coatings, leather finishing,
adhesives, sealants, plastic coatings, wood finishes, and
glass fiber sizing, to an extent that depends on the
preparation methods.13-21 Because of their versatility
and environmental friendliness, aqueous PUDs are now
one of the most rapidly developing and active branches
of PU chemistry and technology.
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Heretofore, much of the patents and journal articles
on PUDs in the literature appear to focus almost
exclusively on the application of these interesting
systems. There are relatively little reported systematic
studies on PUDs to generate basic data aimed at
providing fundamental insights into the relationships
among the polymer structure, rheological properties,
and coating performance under conditions that the
PUDs are likely to encounter during use. By systemati-
cally varying the solid content and particle size of the
present PUDs, our long-range research program will
shed light on how controlled changes in the strength
and range of particle interactions alter the phase
behavior, morphology, rheology, and mechanical proper-
ties. The intrinsic differences between the special PUDs
of this study and conventional polymer colloids,!2
suspensions,?2-24 and emulsions!-23 require that analy-
ses of the PUDs be based on their actual behavior so as
to generate accurate and useful data that will guide the
synthesis, processing, and modeling of this important
class of materials. It is hoped that the present study
will provide a quantitative and qualitative experimental
basis for any future theory development of the relatively
new waterborne PUDs and the prediction of their
rheological properties, increasing our level of under-
standing of the behavior of these systems. Another
objective of our research is to stimulate further experi-
mental work and a more scientific analysis of these
useful industrial systems, leading to a reduction in high
design and raw materials costs that is common to the
trial and error methods currently used in industry.

A transition of liquid to solid structure as a result of
gelation with increasing concentration has been re-
ported for hard-sphere dispersions.?>~28 This transition
is manifested as a nondecaying component of the
dynamic structure factor and implies a structural arrest
of the crowded suspension.26-28 A similar phenomenon
has been recently reported for weakly attractive soft
colloids.2%47 The gelation process in the soft colloids just
mentioned was found to be intrinsically related to the
fluid to solid transition, which is manifested as a kinetic
arrest and is driven by the crowding or clusters of
particles. This behavior is a characteristic of a wide
range of soft materials that lose their ability to flow at
high volume fractions.?® Consequently, it is important
to understand and control this transition process and
in more general terms the different kinds of interactions
between the particles during the liquid—solid transition
in colloidal dispersions.

Many dispersions, including latex systems, are known
to exhibit complex rheological behavior. Rheological
properties of waterborne coating systems are of both
practical importance and theoretical interest. In addi-
tion, the stability, digestibility, film-forming properties,
and viscoelastic properties of PUDs are expected to be
strongly dependent on their colloidal state, structure,
and composition. It is therefore essential to understand
the rheological behavior of these important dispersions
so that they can be prepared and used in a controlled
and reproducible manner. In this article we explore
details of the rheological properties of a well-character-
ized model PUD system as functions of solid content,
degree of pre- and postneutralization, chain extension,
and temperature. The rheological data obtained will be
interpreted using different theoretical principles such
as the Cross model, Krieger—Dougherty equation, and
time—temperature superposition (WLF). Where ap-
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propriate, the viscoelastic behavior of the PUDs will be
compared to that of critical gelling systems and Brown-
ian suspensions reported in the literature. It is expected
that the rheological behavior of the PUDs can be
controlled by changing the experimental parameters
used here, providing a fundamental basis for optimizing
their applications and performance in response-driven
polymer film formation.

Experimental Section

Materials. Polyester polyol (Desmophen 1019-55), and
isophorone diisocyanate (Desmodur-I) were supplied by Bayer
MaterialScience, Pittsburgh, PA. Dimethylolpropionic acid
(DMPA), dibutyltin dilaurate (DBTDL), 1-methylpyrrolidinone
(NMP), triethylamine (TEA), hexamethylenediamine (HMDA),
diethylamine (DEA), and tetrahydrofuran (THF) were received
from Aldrich Chemical Co. Ethoxylated nonylphenol am-
monium sulfate (Abex EP-110, Rhodia Chemicals, Cranbury,
NJ) was used as a surfactant. Defoamer (Foamstar-111) was
received from Cognis Co., Cincinnati, OH. All the materials
were used as received.

Prepolymer Synthesis. A 250 mL round-bottom, four-
necked flask with a mechanical stirrer, thermometer, con-
denser with nitrogen in/outlet, and a pipet outlet was used as
a reactor. The polymerization was carried out in a constant
temperature oil bath. Desmophen 1019-55 and DMPA were
charged into the dried flask at 70 °C. While stirring, NMP (10
wt % based on total feed) was added, and stirring was
continued until a homogenized mixture was obtained. Desmo-
dur-I and DBTL were added, and stirring was continued for
30 min at this temperature. The mixture was heated to 80 °C
for about 3 h to afford an NCO-terminated prepolymer. The
NCO content during the reaction was determined using a
standard dibutylamine back-titration method. Upon obtaining
a theoretical NCO value, the prepolymers were cooled to 60
°C, and the neutralizing solution, i.e., TEA (DMPA equiv)
dissolved in NMP (2 wt %) was added and stirred for 30 min
while maintaining the temperature at 60 °C.

Dispersion and Chain Extension. Dispersion of PU was
accomplished by adding the prepolymer to the mixture of water
and surfactant (4 wt % based on total solid). Agitation was
maintained at 750 rpm. After 20 min, 20 wt % solution of
HMDA in water was added over a period of 30 min, and chain
extension was carried out for the next 1 h. Subsequently,
defoamer (Foamstar-I) was added, and stirring was continued
for 5 min at a speed of 250 rpm. The solids content of the
dispersion was changed from 24 to 46 wt % PU. For experi-
ments requiring control of the polymer molecular weight,
diethylamine was included in the chain extension step. In the
preparation of all polymers the ratio of isocyanate groups/
amine groups (from chain extension/termination) was 1.1/1.

Particle Size Measurement. Particle sizes (diameter in
nanometers) were determined using a Microtrac UPA 250 light
scattering ultrafine particle analyzer.?! The sample was diluted
to the required concentration with distilled water before
measurement.

Rheological Measurements. The viscoelastic measure-
ments were done using an Advanced Rheometerics Expansion
System (ARES, Rheometrics Inc.) equipped with two 25 and
40 mm parallel plates diameter. For very low-viscosity samples,
we used a Physica MCR 501 rheometer with Couette and 25
mm diameter cup. To prevent dehydration of the PUD, a thin
layer of low-viscosity silicone oil was applied to the air/sample
interface. In this study, the following rheological experiments
were performed:

1. Strain sweep at a constant temperature and frequency
range of 0.1—100 rad/s to obtain the linear viscoelastic range
of the dispersions.

2. A time sweep at a constant temperature and frequency
to obtain steady state and thus ensure that the measurements
were carried out under equilibrium condition.

3. Frequency sweep at a given temperature (30—90 °C) in
the linear viscoelastic region (strain amplitude <10% strain)
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Figure 1. Variation of #* as a function of shear frequency
for different PU content at 30 °C. The lines are computed from
eq 1 using the nonlinear regression technique.
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Scheme 1. Elementary Steps for the Synthesis of
PUD
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to obtain the dynamic shear moduli, i.e., storage shear
modulus, G', and loss modulus, G". The master curves were
obtained by horizontal shifts of the experimental data. The
zero-shear viscosities (79) of the blends were calculated by
fitting the [7*| vs w data to the Cross model.3°

Results and Discussion

The synthesis of PUD is presented in Scheme 1. The
role of the ionic groups is to provide a stable PU
dispersion in water.

Additional details of the synthesis and chemistry of
the process are given elsewhere.3!

Effect of Solid Content. The double-logarithmic
scale of the complex viscosities of PUD as a function of
shear frequency at 30 °C for different PU concentrations
is shown in Figure 1. Clearly, this figure shows that the
viscosities of the dispersions are strongly influenced by
the solid concentration of PU. Frequency-independent
complex viscosity behavior is observed for all the disper-
sions having solid concentrations of PU < 42 wt %. The
viscosity increased dramatically (about 4 orders of
magnitude) when the concentration of PU was increased
from 24 to 46 wt %. In addition, the viscosity decreased
with increasing shear frequency. The frequency (w)
dependence of |7*| is independent of w if w is sufficiently
smaller than the reciprocal of the characteristic times
A of all modes, and the decrease of |7*| with w simply
indicates that some modes have 1/ smaller than w as
will be shown later.

The frequency dependence of the dynamic viscosity
of PUD can be expressed through the Cross model3° by
the following equation:
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= 1
7 1+ (wlw) W
where 7¢ is the zero-shear viscosity, o, is the critical
shear frequency value at which the viscosity decreases
to halfits initial value, and f3 is a material constant that
depends on the nature of the dispersion. Equation 1 was
used to calculate 7y as a fitting parameter to the
experimental results using nonlinear regression analy-
sis. An excellent description of the data was obtained
as shown in Figure 1. Table 1 represents the fitting
parameters that were obtained from the regression.
Here the lines in Figure 1 are computed from eq 1 using
the parameters listed in Table 1, while the points are
experimental data.

Figure 2 illustrates the volume fraction (¢) depen-
dence of the dimensionless viscosity of the dispersions,
7; (reduced by the solvent viscosity). The critical volume
fraction (¢.) at which the viscosity of the dispersions
increased strongly was determined using the Krieger—
Dougherty equation:32

AR
=[1—-—+ 2
R ( ¢C) (2)
with
b
= 3
U8 7s 3)

where k£ is a shape parameter, p is the viscosity of
dispersions, and #g is the viscosity of solvent. The
experimental data can be described using the above
equation, where the symbols are experimental data
while the line is the calculated line using 2 and ¢. as
fitting parameters. It must be stated here that the data
shown in Figure 2 are the values of the zero-shear
viscosity of the dispersions (i.e., 7p = 7o only for this
figure). The value of ¢. obtained from this regression
analysis was found to be 0.43. The Krieger—Dougherty
equation works well for hard-sphere dispersions with
volume fraction less than 0.55. It is well-known that the
value of ¢. strongly depends on the system under
consideration. For example, small, monodispersed
samples show lower value of ¢. than large ones and ¢
increases with polydispersity.33 This rheological behav-
ior depicted in Figure 2 is governed by the interplay
between the particle—particle interaction (repulsive
force between the similar charges surrounding the
particles) and hydrodynamic interaction. The interac-
tion potential depends on the charge density on the
particle surface. It is essential to mention here that all
the samples of different volume fractions were prepared
at constant concentration of internal surfactant (5.5 wt
% DMPA);?! i.e., all the particles have similar charge
density regardless of the change in the volume fraction.
Therefore, the repulsive force between particles should
be constant for all concentration. Another important
factor that should be considered is the large increase of
the particle size with concentration as clearly depicted
in the inset plot of Figure 2. The increase in viscosity
with concentration is directly related to the increase in
particle size. At low concentration the effect of particle
size is insignificant because the particles are far apart
and do not significantly interact with each other. On
the other hand, at high concentration the particles
become very crowded, and the viscosity increases due
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Figure 2. Volume fraction dependence of reduced viscosity,
7r, at 30 °C. The line passing through the experimental data
is the fitting line of eq 2 using the nonlinear regression
technique. The inset plot shows the particle diameter as a
function of volume fraction.

Table 1. Characteristic Rheological Parameters for the
PUD of Different Concentrations Using Eq 1

PU/MWt % no/Pa-s wJrad s71 B
46 9.9 x 105 0.01 0.87
44 738 0.4 0.74
42 0.94 677 0.44
40 0.316 836 0.8
32 0.14 4.6 x 10° 0.31
24 0.098 5.8 x 105 0.287

to the significant increase in the hydrodynamic interac-
tions between the particles. On the basis of the above
discussion, it appears that the interaction potential due
to the repulsive force between the similar charge
particles is significant at low concentration. However,
on the other hand, at high concentration, the particle
size increases, and both the interparticle distance and
interaction potential decrease, making the hydrody-
namic interaction the only factor responsible for the
observed increase in the viscosity of PUDs. The poor
fitting of the experimental data with eq 2 is mainly due
to two reasons: the first one is that eq 2 is normally
used for hard-sphere suspensions containing particles
that are not deformable under shear flow, and the
second reason is ascribed to the observed increase in
the particle size of the PU dispersion with increasing
volume fraction (see the inset plot of Figure 2).

A simple model for rheological behavior of concen-
trated colloidal dispersions of hard spheres has been
developed by Brady.?* This model specifies that the
viscosity diverges at random close packing because the
number of contacting particles becomes infinite, and the
short-time self-diffusivity vanishes as the touching
particles are stuck by the hydrodynamic lubrication
forces.?* In addition, optical measurement of the con-
tributions of colloidal forces to rheology of concentrated
suspensions has been reported by Bender et al.?> The
normalized stress—optical coefficients calculated from
dichroism and viscosity measurements of near hard-
sphere colloidal suspensions were found to be relatively
constant with respect to the volume.3?

The master curve of the dynamic viscosity of PUD at
different concentrations can be obtained by normalizing
the relative viscosity (7,) by zero-shear viscosity and the
shear frequency by the critical shear frequency (w.) for
each concentration.?® This can be simply described by
the following relation:

o = f (wlo,) (4)

where f (w/w.)? is assumed to be a universal function,
independent of molecular weight, concentration, and
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Figure 3. Master curve of normalized viscosity, 7./10, at 30
°C for different PU concentrations.
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Figure 4. Dynamic shear moduli, G' (open symbols) and G"
(solid symbols), as a function of shear frequency for different
PU contents at 30 °C. The x-axis is extended by a factor a =
1-10000 to obtain a valid comparison.

temperature. From eq 4 it is apparent that the param-
eters 70, w., and S are crucial for calculating the master
curve. These parameters were accurately evaluated for
different concentrations of PU at 30 °C (Table 1) by
fitting the classical frequency dependence of dynamic
viscosity to eq 1, as shown in Figure 1. A satisfactory
master curve for PUD was obtained at 30 °C as shown
in Figure 3. The master curve shows frequency-
independent behavior at small shear frequency range
followed by strong frequency-dependent behavior at
high frequencies. This is an important result that should
be useful in predicting the behavior of the PUDs,
especially under deformation and flow conditions that
are experimentally inaccessible.

Figure 4 demonstrates the effect of PU concentration
on the dynamic shear moduli, G' and G", at 30 °C. The
x-axis was shifted to higher frequency range by a factor,
a, ranging from 1 to 10% as shown in the figure to obtain
a valid comparison. One can see that the values of both
G' and G" are increased with increasing PU wt % in
the dispersions (i.e., the higher the concentration of PU,
the higher the values of G' and G"). The fact that the
magnitudes of G' and G" are increased strongly with
composition (especially at 44 and 46 wt % PU) suggests
that PUD can form a critical gel (fractal structure) with
high PU content. It is apparent that the magnitudes of
G' are much lower than that of G" for all concentrations
in the range of PU wt % < 42, and both of them are
shear frequency dependent. For 44% PU the values of
G' becomes a little higher than G" only at the higher
frequency range, indicating that 44% PU is located in
the gel boundary. At 46 wt % PU the values of G' and
G"" are no longer frequency dependent, and G’ is almost
1 order of magnitude higher than G". This is a typical
behavior for the formation of a fractal structure or gel
that is attributed to the strong interaction between the
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Figure 5. Schematic diagram of aggregation and gel forma-
tion (adapted from ref 37).
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Figure 6. Dynamic shear moduli G' and G" as a function of
shear frequency for 44 wt % PU at 30 °C. The solid lines are

calculated from Maxwell model of multiple modes (eqs 5
and 6).

particles, leading to optimal packing. The experimental
fact that the magnitudes of G' and G" are frequency
independent is ascribed to the formation of an equilib-
rium modulus, Geq, a typical criterion for the formation
of an elastic gel. It is remarkable that the gelation
behavior of PUD with 46 wt % PU is in good agreement
with the kinetic modeling of aggregation and gel forma-
tion in quiescent dispersions of polymer colloids postu-
lated by Lattuada et al.?” On the basis of this model,
the gel is formed by fractal aggregation that have grown
to such an extent that they occupy the total volume of
the dispersion. To form the network, the aggregates
have to interconnect with each other. This interconnec-
tion step is quite different from the preceding aggrega-
tion step in that the aggregates do not diffuse randomly
but directly experience their nearest neighbors. There-
fore, they have to move cooperatively in order to
rearrange their spatial configuration substantially,
becoming increasingly unlikely near the gel point.3”
Figure 5 shows schematically that the formation of gel,
the aggregation, and interconnection steps are not
identical as already discussed.?” On the basis of the
preceding discussion, it is apparent that the viscoelastic
behavior of the PUDs explored in this paper can be
divided into two different regimes. At wt % PU > 44
(regime 1), the dispersions behave as critically gelling
systems;383% however, in the second regime at wt % PU
< 42, the dispersions behave as typical Brownian
suspensions.34:3540

The above dynamic moduli data can be modeled by
the generalized Maxwell model/Maxwell—Wiechert model
according to the following equations:24

s Giwiz’lf
Glw)=) —— (5)
1+ w22
> Gl
G'w)=) ———— (6)
1+ 02

Macromolecules, Vol. 38, No. 9, 2005

EWPU

44wt% PU

1000

-
o
o

-
LRALL m

H(A)/dyn cm™

-
T

103 102 10" 10° 10' 10?

Ms

Figure 7. Relaxation spectra of 44 and 46 wt % PUDs at 30
°C.

10° 10*

©
o

where /; is the characteristic relaxation time, G; is the
elastic constant, w is the angular frequency, and i
indicates the number of modes required to fit the
dynamic moduli. The experimental data shown in
Figure 4 can be fitted well with a number of Maxwell
elements connected in series as described by the above
equations. Figure 6 shows an example of the dynamic
shear moduli for 44 wt % PU as a function of angular
frequency. The lines dawn through the experimental
data are the fitting lines using the Maxwell model. An
excellent description of the data was obtained with five
Maxwell elements in series.

The distribution of relaxation times for PUDs can be
examined on the basis of the inverse Laplace transfor-
mation:

. o w212

G'(w) = meu)[m] d(n 2) (7)
N — [ wl

G'(w) = me(l)[m] d(n A) (8)

where H(1) is the relaxation spectrum and A is the
relaxation time. Figure 7 shows the relaxation spectra
for 46 and 44 wt % PU samples. Three relaxation peaks
can be clearly seen for the 46 wt % PU; however, only
two relaxation peaks were observed for the 44 wt % PU
sample. The relaxation peak appearing at very long
relaxation time for the sample of 46 wt % PU is related
to the dynamics of the highly solid structure of the
fractal gel (G' is much higher than G" as shown in
Figure 4) that is typically characterized by a very long
relaxation time. This relaxation peak does not appear
in any other composition of lower PU concentration.
Another two relaxation peaks appear around 0.002 and
2 s for the two samples showing a slight composition
effect. Clearly, these results show that the variation of
volume fraction of PU leads to a significant change in
the relaxation spectrum particularly near the critical
composition where the dispersion changes from a lig-
uidlike consistency to a solidlike structure (fractal gel).

2. Effect of Degree of Neutralization of the PUD.
The degree of preneutralization was found to have no
significant effect on the rheological behavior of PUD.
The PUD (32 wt % PU) has a nearly constant viscosity,
i.e., frequency-independent behavior regardless of the
degree of preneutralization, as shown in Figure 8.
However, the viscosity of PUD was changed dramati-
cally by the degree of postneutralization. Figure 9 shows
the shear frequency dependence of the complex viscosity
of PUD with different degrees of postneutralization at
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Figure 8. Shear frequency dependence of dynamic viscosity
for PUD of different degrees of preneutralization at 30 °C.
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Figure 9. Variation of |#*| as a function of shear frequency
for PUD of different degrees of postneutralization at 30 °C.
The lines are computed from eq 1 using the nonlinear regres-
sion technique.
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Figure 10. Effect of degree of postneutralization on the
dynamic viscosity of PUD at 30 °C for different shear frequen-
cies.

Table 2. Characteristic Rheological Parameters for the
PUD of Different Degree of Post-Neutralization

Using Eq 1
postneutralization/% no/Pa-s wd/rad s71 B
60 1.6 x 103 0.0053 0.63
50 3.6 x 102 0.026 0.71
40 15.6 0.37 0.55
30 0.26 350 0.68
20 0.076 3.6 x 10° 0.27

30 °C. The viscosity increases dramatically (3 orders of
magnitude) by increasing the degree of postneutraliza-
tion from 30 to 60%. The solid lines are computed from
the eq 1. The fitting parameters obtained from this
regression are listed in Table 2. Figure 10 shows how
the viscosity at different shear frequencies increases
greatly with increasing degree of postneutralization.
The value of |7*| is almost constant at different frequen-
cies for the sample of 20% postneutralization (frequency-
independent behavior) while it is strongly dependent on
frequency for higher degrees of postneutralization par-
ticularly for 40—60%. This dramatic increase in the
viscosity of PUD is attributed to the trapping of the
—COOH groups inside the core of the particle. During
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Post-neutralization

Figure 11. Schematic diagram showing the effect of post-
neutralization on the particle size.

the postneutralization process the —COOH groups will
be converted to the hydrophilic —COO~HN*(CoHs5)3
groups that can attract some water molecules inside the
particle, leading to an increase in the particle size while
keeping the number of the particles constant. Conse-
quently, the free volume decreases and the viscosity
increases. The mechanism of the PUD neutralization
reactions is described in the Experimental Section. The
decrease in the free volume and the increase in the
particle size are illustrated in Figure 11. Additional
details on the chemical reaction mechanisms of the PUD
neutralizations are given elsewhere.3!

It is instructive to construct a master curve for the
reduced viscosity (7,) of PUD with different degrees of
postneutralization as defined by eq 4. Similar behavior
to the effect of solid content (Figure 3) was obtained as
shown in Figure 12. On the basis of this experimental
finding, it is apparent that the effect of increasing the
degree of postneutralization on the PUD rheology is
analogous to that of increasing solid concentration as
already discussed.

The dynamic shear moduli, G' and G" for the PUD of
different degrees of postneutralization at 30 °C are
shown in Figure 13. Again, similar to the composition
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Figure 12. Master curve of normalized viscosity, #./70, at 30
°C for different PUD of different degrees of postneutralization.
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Figure 13. Dynamic shear moduli, G' (open symbols) and G"
(solid symbols), as a function of shear frequency for different
degrees of postneutralization at 30 °C.
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Figure 14. Effect of degree of postneutralization on the
relaxation spectra of PUDs.

effect, the G' and G"' increase dramatically with increas-
ing degree of postneutralization due to the increase in
the particle size and the decrease in the free volume as
already discussed. The value of G' is lower than the
value of G" over the whole frequency range for 20—50%
postneutralization. However, G' is found to be equal to
G'"' at the high frequency range only for the case of 60%
postneutralization. This behavior indicates that the
PUD of 60% postneutralization is very close to the gel
boundary and also reflects the high probability of the
big particles to interact with each other relative to the
small ones.

The effect of degree of postneutralization on the
distribution of relaxation times is shown in Figure 14.
Obviously, the relaxation spectrum changes signifi-
cantly with the variation of the degree of postneutral-
ization. At high degree of postneutralization such as 60
and 50%, two relaxation processes are detected; how-
ever, only one relaxation process is observed at low
degrees of postneutralization, such as 40% (Figure 14).
The relaxation peak appearing at low relaxation time
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Figure 15. Frequency dependence of dynamic viscosity for
PUD of different degrees of chain extension at 30 °C.

(0.0025 s) does not change with the different degree of
postneutralization. But the peak appearing at long
relaxation time is shifted to longer relaxation time with
increasing degree of postneutralization and disappear-
ing with decreasing degree of postneutralization as
shown for 40 wt % postneutralization (Figure 14).
Therefore, this relaxation peak is directly related to the
long relaxation mode of the high viscosity of the PU
dispersion. With decreasing degree of postneutraliza-
tion, the viscosity decreases strongly and consequently
the long relaxation peak disappears.

Effect of Temperature and Chain Extension. The
degree of chain extension was found to have a negligible
influence on both particle size and viscosity of the PUD.
Figure 15 shows the frequency dependence of |5*| for
PUD of different degrees of chain extension. The viscos-
ity of PUD shows frequency-independent behavior and
increases slightly with increasing degree of chain exten-
sion. Although the molecular weight of PU increases by
about 4 times with increasing chain extension from 0
to 90%, the viscosity of the dispersions does not change
significantly. This observation is attributed to the fact
that all the dispersions have almost the same particle
size and particle size distribution regardless of the
differences in the chain extension. This similarity in
both particle size and its distribution leads to similar
interaction between the particles in each dispersion and
consequently similar viscosity. The experimental pro-
cedure used for chain extension is responsible for the
observed little change in the viscosity of PUDs. As
described in the Experimental Section, we prepared the
dispersions prior to chain extension, making it possible
to maintain the particle sizes and their distribution and
consequently insignificant change in the viscosity of
PUDs. This confirms our expectation that rheology is a
sensitive and reliable probe for design and control of
PUDs.

To investigate the effect of temperature on the rheo-
logical behavior of the PUD, we used one highly viscous
example (i.e., 60% postneutralization) for this part of
this study. The double-logarithmic scale of the complex
viscosities of this sample at different temperatures is
represented in Figure 16. The frequency dependence of
the viscosity of this PUD composition can be expressed
by eq 1, as shown by the fitting lines through the
experimental points. Excellent descriptions of the data
are obtained using this model. The increase in temper-
ature from 70 to 90 °C led to a dramatic increase in the
viscosity as Figure 16 shows. This increase in the
viscosity is consistent with the sample behaving as
solidlike structure. This behavior is not observed for all
the PUD samples; for example, the sample of 0%
postneutralization (i.e., 100% preneutralization) does
not show any increase in viscosity with increasing
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Figure 16. Frequency dependence of dynamic viscosity for
PUD of 60% postneutralization at different temperatures. Solid
lines are fits of eq 1 to the experimental data.
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Figure 17. Frequency dependence of dynamic viscosity for
PUD of 0% postneutralization (i.e., 100% preneutralization)
at different temperatures.

temperature (see Figure 17). These experimental results
point to the fact that the increase in the viscosity is
related to a typical gelation process induced thermally.
This process is thought to be a function only of the
particle size; the bigger the particle, the higher the
possibility for gel formation. In the case of 60% post-
neutralization the particle size is 300 nm, but it is only
45 nm for the 0% postneutralization.?! Therefore, the
thermal energy increases the interaction between the
big particles, leading to gel formation. This energy is
not sufficient to induce gelation in the case of small
particle size (i.e., 0% postneutralization). On the basis
of this experimental result, it is clear that the increase
in viscosity with increasing temperature is not related
to the evaporation of water. In addition, we confirmed
the formation of gel by heating the dispersions in tightly
closed glass bottles at around 70 °C in a water bath for
2 h. The sample of 60% postneutralization changed to
a solid gel, but the sample of 0% postneutralization does
not show any obvious increase in the viscosity, and it
remained in the liquid state throughout the heating
period. Details of gelation process and its kinetics of
PUD as functions of temperature, time, and concentra-
tion will be considered separately in another publication.

It is reasonable to expect that the time—temperature
superposition principle, WLF, might be affected by the
formation of gel at high temperature. To check the
validity of the WLF superposition principle, we mea-
sured the frequency dependence of the dynamic shear
moduli, G' and G", over a wide range of temperature
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Figure 18. Master curves of storage and loss moduli at a
reference temperature of 40 °C for PUD of 60% postneutral-
ization.

exceeding the gel temperature i.e., up to 80 °C. The
master curves of the dynamic shear moduli, G' and G,
can be constructed on the basis of thermorheological
simplicity; for example, the storage modulus can be
superimposed by horizontal shifts along the x-axis
(frequency axis) according to the following equation

G'(wapTy) = G'(,T) 9)

where ar is the horizontal shift factor and T is the
reference temperature. The time—temperature super-
position increases the accessible frequency window of
the linear viscoelastic experiments. This principle ap-
plies to stable materials without any physical or chemi-
cal reaction during the dynamic measurements, and
only the effect of temperature on the relaxation process
is considered. Therefore, the principle works well when
the stress-sustaining structure in the system does not
change with temperature and relaxation times of all
modes of this structure change with temperature by the
same factor. Figure 18 shows the master curves of the
dynamic shear moduli, G' and G", for 60% postneutral-
ization PUD at Ty = 40 °C. It is apparent from this
figure that the WLF principle is only valid for temper-
atures lower than 80 °C; the WLF principle failed for T’
> 80 °C. This can be seen very clearly in the low-
frequency region as a deviation from the terminal slopes
in both G' and G" curves. This deviation is attributed
to the gelation process of the sample at high tempera-
ture (i.e., formation of solidlike structure with very long
relaxation time). Near the gel point a lack of superim-
posability of the viscoelastic response at low frequencies
characterized is attributed to the contribution of longest
relaxation mode to the viscoelastic material function at
the onset of gel formation. This gelation process of the
sample during the dynamic measurement strongly
influences the level of sustainable stress (i.e., G'). The
breakdown of WLF principle has been observed for other
polymeric materials such as block copolymers near the
order—disorder transition*! and polymer blends at the
liquid—liquid transition.42:43

This deviation from the WLF principle can also be
clearly seen in the modified Cole—Cole analyses (G" vs
(') depicted in Figure 19 (the curves start to deviate at
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°C. The lines passing through G' and G"' data points show the
power law behavior.

80 °C). At 90 °C, G' exceeds G", illustrating a typical
behavior for an elastic gel (see Figure 20). Both G' and
G" show the following power law behavior over the
entire range of frequency:

G~G'~o" (10)

Based on the Kramers—Kronig relationship, the loss
tangent at the gel point is given by*

G"(w) 27
tan o) tan B constant (11)
The critical behavior emerges when the stress-generat-
ing gel has a self-similarly bifurcated structure (fractal
structure) over a wide range of frequency.** The values
of the exponent n obtained from the slopes of these two
power laws are 0.35 and 0.34, respectively. This value
is much lower than one, implying that the sample
changes to an elastic or rigid gel at high temperature.*?
In addition, tan ¢ is constant and independent of the
shear frequency as shown in Figure 20, confirming the
formation of fractal gel based on the above equation.
The temperature dependence of the shift factor can
be studied using the Arrhenius (eq 12) and the WLF
(Williams—Landel—Ferry) (eq 13) expressions:*6

_ Ex 1 1
log ar = 2.303R(:7 - TO) (12)
(T =T
logar= ot (T—T, (13)

where R is the universal gas constant, Es is the
activation energy of flow, and ¢; and ¢y are the WLF
parameters. Figure 21 shows the temperature depen-
dence of the shift factor ar for the data of Figure 18.
The experimental points are fitted by the WLF equation
using c1 and cg as fitting parameters. The data are well
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Figure 21. Shift factor ar as a function of temperature for
PUD of 60% postneutralization. The inset plot demonstrates
the Arrhenius-type plot for the temperature dependence of ar.

described by this equation at 7" <70 °C. At higher
temperatures the shift factor increases dramatically as
seen in Figure 21. The inset plot of this figure shows
the Arrhenius-type plot for the same experimental data;
the value of the E5 obtained from the slope of the
straight line in the temperature range 7' < 70 °C is 45
kd/mol.

Conclusions

Rheological behavior of well-characterized model water-
borne PUDs as functions of solid content, chain exten-
sion, pre-/postneutralization, and temperature has been
extensively investigated for the first time to our knowl-
edge. The complex viscosity of the PUD increases
dramatically at a critical concentration of PU (¢ = 0.43),
below which the viscosity increases slightly with com-
position. At this critical concentration the particles are
very crowded, and the viscosity increases due to the
hydrodynamic interaction between the different par-
ticles. The degree of preneutralization was found to have
no effect on the rheological behavior of PUD. On the
other hand, the viscoelastic properties changed dra-
matically by varying the degree of postneutralization.
With increasing degree of postneutralization the steep
viscosity increase is attributed to the increase in the
particle size and the associated decrease in the free
volume. The degree of chain extension was found to have
a negligible effect on the rheological behavior of PUD.
The viscoelastic material functions are well described
by simple power-law equations, WLF principle, and a
Maxwellian (Hookean) model with up to three relax-
ation times at certain PU concentrations and degrees
of postneutralization at 30 °C. This study demonstrates
that PUDs possess rich rheological behavior within
experimentally accessible shear frequencies and can
therefore serve as excellent model systems for exploring
details of rheology and macromolecular structure dy-
namics of this class of industrially useful aqueous
polymer dispersion with enhanced benefits in a number
of new and existing applications. The experiments point
to the need for a theory that explicitly takes the special
interactions, concentrations, large surface area, size
distribution, and the soft deformable nature of the PU
particles into account.
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