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ABSTRACT: Thermal-induced gelation for waterborne polyurethane dispersion has been studied
rheologically under isothermal condition over a wide range of frequencies at different constant
temperatures (55, 60, 65, and 70 °C). The elastic storage modulus, G′, at a constant temperature in the
vicinity of the gel point increases abruptly, and the magnitude of the elevation in G′ was found to be
temperature dependent. Similar behavior has been observed for both the viscous loss modulus, G′′, and
the complex dynamic viscosity, η*. The gel point, tgel, was determined from the point of intersection in
tan δ vs gelation time for different constant shear frequencies, where tan δ is frequency independent
and all curves cross over, indicating the validity of the Winter-Chambon criterion. The value of tgel

obtained from the coincidence of G′ and G′′ was in excellent agreement with that obtained from tan δ vs
t. At the gel point, G′ and G′′ showed a power law with shear frequency, i.e., G′ ∼ G′′ ∼ ωn with critical
exponents n′ and n′′ for G′ and G′′, respectively. The values of n′ and n′′ are identical at tgel (n′ and n′′ ∼
0.58), and both decreased exponentially with gelation time at 70 °C. The exponent values n′ and n′′ are
in good agreement with that predicted from the percolation theory (i.e., n ) 2/3). In addition, the
temperature dependence of n′ and n′′ was investigated in the vicinity of the gel point. Both n′ and n′′
decreased with temperature and intersected at the gel temperature, i.e., n′ ) n′′ at Tgel ) 67 °C. The
value of Tgel ) 67 °C was in good agreement with that obtained previously from the temperature at which
tan δ is frequency independent and also from the temperature at which G′ and G′′ coincided. The zero
shear viscosity, η0, and the equilibrium shear modulus, Geq, conformed well with power law scaling
functions of the relative distance from the gel point, ε, i.e., η0 ∼ ε-k and Geq ∼ εz (where k and z are
scaling parameters).

Introduction

Waterborne polyurethane dispersions belong to an
important class of polymer dispersions used in many
industrial applications such as coatings for wood finish-
ing, glass fiber sizing, textiles, adhesives, automotive
topcoats and primers, films for packaging, gloves, and
other applications. Pure polyurethane polymers with
desirable properties for a number of applications can
also be recovered from these dispersions, making them
versatile and widely applicable. In recent years, signifi-
cant emphasis has been placed on the use of waterborne
polyurethane dispersions (PUD) due to their health and
environmental safety.1-7 Design and control of these
systems have 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. However, control of rheology and
physical properties via rational synthesis of waterborne
polyurethane dispersions is difficult.

Rheological properties and gelation of concentrated
PUDs are little studied and are therefore fertile ground
of fundamental science research due to the industrial
importance of these materials. Rheological behavior of
colloidal gels has been studied extensively both practi-

cally and theoretically.8-11 Chemical gels are known to
be typically formed via gradual branching of linear
chains into a cluster that are interconnected via covalent
bonds, leading to a 3-dimensional polymer network
structure. The network structure can also be formed
physically (physical gels), where the polymer chains are
connected together to form the networks by different
kinds of physical forces, such as hydrogen bonds,
electrostatic attraction, and van der Waals forces.

Dynamic rheology is a powerful tool to monitor
gelation (or cross-linking) and microstructural changes
in a material, as it allows properties to be probed in at-
rest conditions without disruption of the microstructure.
In addition, it is quite an effective method for studying
the curing process of thermosetting polymers and for
the examination of the viscoelastic properties and
transition temperatures of the cured products. The
viscoelastic behavior of polymer gels near the sol-gel
transition has been studied experimentally12-19 and
theoretically.20-24 The main focus of these studies was
to find the relationship between linear viscoelastic
properties and the structure of gels at the gel point. The
experimental determination and prediction of gelation
are important for the processing of cross-linking poly-
mers, whereas the criticality of the phenomenon and
the universality of the properties on the gelation thresh-
old make gelation interesting from a fundamental point
of view.25,26 The formation of polymer gels can be
monitored from the time evolution of viscoelastic mate-
rial functions at the gel point, where the entire network
process can be divided into two parts separated by the
gel point. The gel point is one of the most important
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parameters of gelation that is characterized by the
appearance in the reactive system of a macromolecule
with infinitely large molecular weight. The sol-gel
transition point can be determined by a sudden change
of a range of physical properties.27 In theory, the
criterion for gel formation is the existence of one long
chain running through the whole system. In practice, a
sudden loss of flow is the most common and conven-
tional fingerprint to determine the sol-gel transition
point. This is facilitated by the fact that at the gelation
point the viscoelastic properties change abruptly from
an initially liquidlike state to a solidlike state.28-34

Several models for gelation have been proposed and the
most well-known is percolation theory.35,36 The percola-
tion theory was generalized to predict how the visco-
elastic properties, such as dynamic shear moduli and
viscosity, are expected to scale with time or frequency.37

The frequency dependence of complex viscosity for
PUDs of different compositions has been reported in our
previous publication.38 The viscosity of PUDs was
dramatically changed as a function of PU concentration.
At PU e 40 wt %, the viscosity was slightly increased
with concentration and almost constant regardless of
the value of frequency. At PU ) 46 wt %, the viscosity
increased dramatically (4 orders of magnitude) and
becomes no longer frequency dependent. The critical
concentration at which the viscosity of the dispersions
increased dramatically was evaluated on the basis of
the Krieger-Dougherty equation39 and was found to be
equal to 0.43 volume fraction.38,39 Furthermore, the
frequency dependence of dynamic shear moduli, G′ and
G′′, for different PU concentrations was also studied for
this dispersion. It has been found that at PU e 40 wt
% the PUDs behave as liquidlike materials; i.e., G′ is
much lower than G′′, and both of them are frequency
dependent. At PU ) 46 wt %, G′ and G′′ were increased
strongly and became frequency independent, indicating
the formation of fractal gel.

As previously reported,40 we found the linear visco-
elastic properties of polyurethane dispersions with 40
and 42 wt % polyurethane to be greatly changed by the
onset of the gelation process. The viscoelastic material
functions, such as dynamic shear moduli, G′ and G′′,
complex shear viscosity, η*, and loss tangent, tan δ,
were found to be very sensitive to the structure changes
during the gelation process and the formation of a
fractal polymer gel. At the onset temperature of the
gelation process, an abrupt increase in G′, G′′, and η*
(several orders of magnitude) was observed during the
dynamic temperature ramps (2 °C/min heating rate)
over a wide range of angular frequency. The tempera-
ture dependence of tan δ was found to be frequency
independent at the gel point, Tgel; i.e., the crossover in
tan δ regardless of the value of frequency can be taken
as an accurate method for determination of Tgel. The
coincidence of G′ and G′′ at the gel point was also found
to be frequency independent similar to the behavior of
tan δ vs T. Furthermore, a dramatic increase in η0 (v-
shape) was observed at T ) Tgel and found to be in good
agreement with the value obtained from tan δ vs T
behavior. The time-temperature-superposition prin-
ciple was found to be only valid for temperatures lower
than the Tgel; the principle failed at T g 70 °C, as
expected. The morphology of the dispersions after an-
nealing in tightly glass bottles at 70 °C for 2 h in water
bath showed for certain PU concentrations (36, 38, and
40 wt %) a network structure with a unique periodicity

and phase connectivity. A lower critical solution tem-
perature (LCST) type phase diagram was estimated on
the basis of the different morphology of the dispersions.
The co-occurrence of liquid-liquid and liquid-solid
transitions at the same temperature range reflected the
complex behavior of this dispersion.

The present study described in this article is part of
our long-range research program that is aimed at
providing critical fundamental insights into the rational
synthesis and control of structure and properties of
polyurethane dispersions and films and other reactive
polymer dispersions. This article considers in details
time evolution measurements of the viscoelastic proper-
ties at different constant temperatures and shear
frequencies near the gel temperature. The gel point will
be evaluated and shown to be consistent with the
criterion of Winter-Chambon.41,42 The apparent activa-
tion energy of the gelation process will be investigated
in future proposed research. In addition, some of the
viscoelastic material functions, such as G′, G′′, and η0,
will be expressed in power law scaling functions with
critical exponents that may be useful in predicting the
behavior of the PUDs studied. The analytical approach
adopted should be widely applicable to polyurethanes
and other reactive polymer systems, making an impor-
tant contribution to the literature on critical macro-
molecular gels and reacting complex fluids.

Experimental Section

Materials. Polyester polyol (Desmophen 1019-55) and iso-
phorone 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 con-
tinued until a homogenized mixture was obtained. Desmodur-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 theo-
retical 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. For experiments 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.

Macromolecules, Vol. 38, No. 24, 2005 Gelation of Waterborne Polyurethane Dispersions 10179



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. 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-1 was used
to obtain the linear viscoelastic range of the sample. (2) A time
sweep at different constant temperatures (55, 60, 65, and 70
°C) and constant shear frequency (ω ) 1 rad s-1) in the linear
viscoelastic regime (strain amplitude e10%) was used to
determine the influence of the gelation process on the visoelas-
tic characteristic functions (G′, G′′, η*, and tan δ). (3) A
frequency sweep at fixed constant temperatures (55, 60, 65,
and 70 °C) for different gelation time in the linear viscoelastic
regime (strain amplitude e10%) was used to obtain the
visoelastic characteristic functions (G′, G′′, η*, and tan δ) over
a wide range of frequency and time. These measurements
allow us to test the validity of expressing G′, G′′, and η0 in
power law forms with critical exponents based on the percola-
tion theory.

Results and Discussion
Effect of Temperature. Monitoring the variation of

viscoelastic material functions, such as G′, G′′, η*, and
tan δ, as a function of curing time at different constant
temperatures and shear frequencies can be used for
investigating the kinetics of thermal-induced gelation
rheologically. To do this, it is imperative to accurately
determine the gel temperature, Tgel, which is the tem-
perature at which the fractal gel of waterborne poly-
urethane dispersion takes place. The exact value of Tgel
for 40 wt % PU was previously determined from the
temperature dependence of tan δ at different constant
shear frequencies as reported in a prior publication.40

At 67 °C all curves of tan δ at different constant shear
frequencies coincided and became no longer frequency
dependent, indicating that Tgel ) 67 °C. For this reason,
we will investigate in this section the time evolution of
the viscoelastic properties of gelation process around
this temperature. Isothermal time dependence of elastic
stored modulus, G′, at different temperatures and
constant shear frequency (ω ) 1 rad s-1) is shown in
Figure 1. A dramatic increase in G′ at all temperatures
was clearly observed as a result of formation of an
elastic fractal gel. At long times the value of G′ levels
off and becomes time independent. The magnitudes of
the elevation in G′ and the time at which G′ levels off,
tlo, were found to be strongly temperature-dependent;
i.e., the magnitude of the elevation in G′ increases and
tlo decreases with increasing temperature. The fact that
the magnitude of the elevation in G′ increases greatly
with increasing time and temperature is attributed to
the gelation process and the significant increase in
branching (formation of fractal gel). The G′ reaches a

plateau value at long times particularly at 60 and 70
°C. The plateau value is related to an equilibrium
modulus, Geq (a typical criterion for the formation of an
elastic, fractal gel). At 55 °C the gelation process is
significantly slower than that at 60 and 70 °C, implying
that a longer curing time than the one observed at
higher temperatures is needed to reach the plateau
region.

Similar behavior can be obtained for the other visco-
elastic material functions, such as the viscous loss
modulus, G′′, and the complex dynamic viscosity, η*.
The time dependence of G′′ and η* at ω ) 1 rad s-1 and
different constant temperatures are demonstrated in
Figures 2 and 3, respectively. Like the behavior of G′
with time and temperature already discussed, G′′ and
η* increase with gelation time and reach equilibrium
values (time independent) at long times. The values of
G′′ and η* at 55 °C are also increased slightly with
increasing curing time but did not reach equilibrium
values because the gelation process is very slow at low
temperature.

Effect of Shear Frequency. In this section, the
thermal-induced gelation of PUDs is examined over a
wide range of frequency under isothermal conditions.
Figure 4 shows the time dependence of G′ at 70 °C for
different constant shear frequencies. Clearly, the varia-
tion of G′ with time and frequency can be divided into
two different regimes. At t e 50 min (regime I), G′

Figure 1. Time dependence of dynamic storage modulus, G′,
of PUDs (40 wt % PU) at constant shear frequency (ω ) 1 rad
s-1) for different constant temperatures.

Figure 2. Time dependence of dynamic loss modulus, G′′, of
PUDs (40 wt % PU) at constant shear frequency (ω ) 1 rad
s-1) for different constant temperatures.

Figure 3. Time dependence of dynamic complex viscosity, η*,
of PUDs (40 wt % PU) at constant shear frequency (ω ) 1 rad
s-1) for different constant temperatures.

Figure 4. Variation of G′ as a function of time at 70 °C for
different constant shear frequencies.
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increases rapidly with time, and the magnitude of the
elevation in G′ is shear frequency dependent. (The
magnitude of the elevation at low frequency is higher
than that at high frequency.) This regime (regime I)
includes the gel point at which the chain branching of
polymer becomes significant and the fractal gel starts
to form. At t > 50 min (regime II), G′ is no longer time
dependent and only slightly frequency dependent as a
result of the formation of an equilibrium modulus, Geq,
which is a typical criterion for the formation of an
elastic, fractal gel. Similar behavior can be obtained for
the variation of G′′ with gelation time at different shear
frequency, as seen in Figure 5. The only difference
between Figures 4 and 5 is that the magnitude of the
elevation in G′ at a given gelation time and shear
frequency is higher than the elevation in G′′ at the same
experimental conditions. This slight change in the
behavior of G′ and G′′ during the gelation process is
attributed to the higher sensitivity of G′ than G′′ to the
structure change accompanying the formation of fractal
gel. This higher sensitivity of G′ to the gelation process
is attributed to the fact that the stress induced in the
system by the branching and the formation of fractal
gel is primarily elastic in origin. The time dependence
of the complex viscosity, η*, at 70 °C for different shear
frequencies shows similar behavior as that obtained for
G′ and G′′, as shown in Figure 6. At the beginning of
the measurement, η* is almost frequency independent
over the wide range of frequencies used. At long times,
η* increases dramatically, reaching equilibrium values
that are strongly frequency dependent.

Determination of tgel. One can determine tgel from
rheological data based on the Winter-Chambon crite-
rion.41,42 According to this criterion, the gel point is
identified as the instant in time when the moduli scale
in an identical fashion with time; i.e., storage and loss
moduli show the following power law behavior:

The exponent n is called the relaxation exponent and
can be linked to microstructural parameters. According

to this relation, if the power law holds in a sufficiently
wide range of shear frequency, the loss tangent, tan δ
) G′′/G′, can be written as

This equation implies that tan δ is independent of ω at
the gel point. The validity of this theory has been
extended to a variety of chemically and physically cross-
linking systems. Figure 7 shows the time dependence
of tan δ at 70 °C and different constant shear frequen-
cies. One can see from this figure that tan δ is frequency
independent at tgel ) 17 min, indicating that the system
has reached the gel point and the cluster of the fractal
structure is macroscopically percolated. At a time longer
than the gel point, tan δ decreases gradually with time
due to the fact that the magnitude of elevation in G′ is
higher than that in G′′ as a result of the formation of
an elastic fractal gel. On the basis of this experimental
fact, it is apparent that the Winter-Chambon theory
is applicable to this system over a wide range of
frequency (as shown in Figure 7), suggesting that there
is a self-similar structure (or critical gel) at the gel point.
Beyond the gel point, elastic effects dominate, since the
fractal gel is capable of storing energy. This is why G′
increases at a more rapid rate than G′′ at long times.

Figure 8 shows the time dependence of G′ and G′′ at
70 °C and ω ) 1 rad s-1. At the beginning of the
measurement and before the occurrence of gelation
process, the value of G′′ is about 1 order of magnitude
greater than G′. Both G′ and G′′ increase strongly with
time toward equilibrium values (gelation time indepen-
dent) at long times. The value of G′ which was lower in
magnitude than G′′ increased more sharply than G′′,
and G′ becomes greater than G′′ at t > tgel. This method
gives tgel ) 17 min, which is identical to the value that
was obtained from tan δ vs t (Figure 7) already
discussed. As previously reported, we found that the gel
temperature, Tgel, determined from the crossover of G′

Figure 5. Variation of G′′ as a function of time at 70 °C for
different constant shear frequencies.

Figure 6. Variation of η* as a function of time at 70 °C for
different constant shear frequencies.

G′ ∼ G′′ ∼ ωn (1)

Figure 7. Loss tangent, tan δ, as a function of time at 70 °C
for different constant shear frequencies. The gel point, tgel, is
determined from the intersection point.

Figure 8. Time dependence of G′and G′′ at 70 °C and 1 rad
s-1. The arrows show the tgel obtained from intersection point
of G′ and G′′.

tan δ ) tan(nπ
2 ) (2)
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and G′′ was shear frequency independent and also equal
to the value obtained from tan δ vs T at different shear
frequency.40 However, it is known for other systems that
the crossover of G′ and G′′ is not a general criterion for
determination of tgel and Tgel due to its significant
frequency dependence. Previously, we have reported
that the Tgel of thermally cross-linked poly(vinyl methyl
ether) determined at 100 rad s-1 was found to be about
20 °C higher than that obtained at 1 rad s-1.43 An
analogous behavior was recently reported by Zhao et
al.,44 who found that the temperature at which the G′
and G′′ intersect was shear stress and frequency de-
pendent for the sol-gel transition of a hybrid gel.
Winter et al.12,13 reported that when the gelation point
cannot be evaluated from the crossover of G′ and G′′, it
could be related to the critical conversion point of cross-
linking reaction. At this point both G′ and G′′ were found
to follow a power law as described in eq 1.12,13

Critical Phenomena at Gel Point. Figure 9 shows
the frequency dependence of G′ at different time inter-
vals at 70 °C. One can see from this figure that at t )
3 min the value of G′ increases with increasing fre-
quency with a slope of about 2, indicating a classical
liquid behavior. The value of G′ increases with both
frequency and gelation time. At a very long time, G′
becomes no longer frequency dependent and reaches an
equilibrium value (Geq) due to the formation of an elastic
fractal gel. Similar behavior was obtained for the
frequency dependence of G′′ for different gelation times;
i.e., G′′ increases rapidly with time and frequency and
attains an equilibrium value (time and frequency inde-
pendent) (Figure 10).

The frequency dependence of η* for different gelation
times is depicted in Figure 11. Obviously, η* is almost
frequency independent at t ) 3 min; after that the value
of η* increases abruptly with increasing gelation time,
and the entire curve becomes strongly frequency de-
pendent. It must be stated here that the measurements
depicted in Figure 11 were made over a relatively
narrow frequency range (ω ) 1-100 rad/s) to obtain a
systematic change in the viscosity within the time scale
of the gelation process of the system. The relatively long

times involved in measurements performed over a wider
frequency range (especially in the low-frequency regime)
will preclude detection of the desired gradual change
in the viscosity. Only the observation of the dramatic
increase in the viscosity of the system is feasible under
the conditions just mentioned.

It is apparent that Figures 9 and 10 demonstrate the
variations of G′ and G′′ as a function of shear frequency
in accordance with the power law of eq 1, respectively.
This behavior is applicable over the entire range of
frequency. The values of the exponents n′ and n′′ for G′
and G′′, respectively, are gelation time dependent.
Figure 12 shows the time dependence of n′ and n′′ at
70 °C for 40 wt % PU. The values of the two exponents
decrease exponentially with time and become identical
at the gel point; i.e., at tgel, n′ and n′′ ) 0.58. The values
of the exponents are very close to those obtained for
different systems reported in the literature and found
to be in good agreement with that predicted theoretically
from the percolation theory (n ∼ 2/3).45-49 At very long
times the values of the two exponents decrease and
become as low as 0.2, indicating the formation of an
elastic or rigid fractal gel.

The values of the exponents n′ and n′′ should be
temperature dependent due to the different degrees of
gelation accomplished at different temperatures. For
this reason the frequency dependence of G′ and G′′ at
different constant temperatures in the vicinity of gel
point was investigated, as shown in Figure 13. The
values of G′ and G′′ are shifted horizontally by a factor
of a which is temperature dependent to avoid overlap
between the data and to give a clear comparison of the
data over a wide range of temperatures. Clearly, at T
e 66 °C, G′ is lower than G′′, and both of them are
strongly frequency dependent (liquidlike behavior). At
T ) 68 °C, G′ and G′′ overlap, and at higher tempera-
tures G′ increases more rapidly than G′′ and both of
them become less temperature dependent (solidlike
behavior or gel formation). The values of the exponents
n′ and n′′ can be obtained from the slopes of each curves

Figure 9. Variation of G′ as a function of shear frequency
for different constant gelation times at 70 °C.

Figure 10. Dependence of G′′ on shear frequency for different
constant gelation times at 70 °C.

Figure 11. Variation of η* as a function of shear frequency
for different constant gelation times at 70 °C. The solid lines
are calculated from the Carreau-Yasuda model (eq 6).

Figure 12. Time dependence of exponents n′ and n′′ obtained
from G′ and G′′ data at 70 °C, respectively, according to eq 1.
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of G′ and G′′ vs ω at different constant temperatures.
Figure 14 shows the temperature dependence of n′ and
n′′ for 40 wt % PUD. One can see that the exponents n′
and n′′ decrease strongly with temperature and cross
over at the Tgel. The value of Tgel ) 67 °C is identical
with that obtained previously from the temperature at
which tan δ is frequency independent and also from the
temperature at which G′ and G′′ cross over.40 At Tgel,
the exponents n′ ) n′′ ) 0.49, which is in close
agreement with that obtained from the above analysis
at 70 °C (i.e., at tgel n′ ) n′′ ) 0.58) and with those
obtained experimentally for different systems and pre-
dicted theoretically from the percolation theory (n ∼
2/3).45-49

The zero shear viscosity, η0, and the equilibrium shear
modulus, Geq, are also expressed in power law scaling
functions near the gel point:

where p and pc are the reaction extents at time t and
tgel, respectively. The relative distance from the gel
point, ε, can be defined as

The values of η0 at different times can be determined
from fitting the classical frequency dependence of η* for
different times (Figure 11) to the Carreau-Yasuda
model:

where n, a, and τ* are material constants. By using eq
6, we can calculate η0 as a fitting parameter to the

experimental results using the nonlinear regression
technique. An excellent description of the data was
obtained as shown in Figure 11. In this figure the lines
are computed from eq 6 while the points are experi-
mental.

The values of Geq can be obtained from the frequency-
independent values of G′ from Figure 9. Figure 15 shows
the ε dependence of Geq and η0 in a double-logarithmic
scale; the slopes of the two linear curves directly
determine the values of z and k, respectively. The
exponent n can be predicted from the critical exponent
values of k and z, as reported by Martin et al.50

The values of z and k obtained from the slopes of the
two curves of Figure 15 are 0.85 and 0.95, respectively,
which yields a value of n ) 0.47. This value is in good
agreement with the values obtained from the power law
of G′ and G′′ at Tgel (Figure 14).

On the basis of the discussion in the preceding
sections, it is apparent that the viscoelastic properties
of PUDs are very sensitive to the structure changes
accompanying the formation of an elastic fractal poly-
mer gel. In addition, the critical phenomenon near the
gel point can be well described by the scaling power laws
based on percolation theory and Winter-Chambion
approaches.

Conclusions
The thermal-induced formation of an elastic fractal

gel in PUDs of 40 wt % PU was investigated rheologi-
cally from the time evolution measurements of visco-
elastic material functions, such as (G′, G′′, η*, and tan
δ) over a wide range of frequency under isothermal
conditions at constant different temperatures (55, 60,
65, and 70 °C). The viscoelastic material functions
abruptly changed at the onset of gelation process. The
Winter-Chambon method for determination of tgel from
the time dependence of tan δ (the point at which all
curves of tan δ are coincided and no longer frequency
dependent) was found to be applicable over a wide range
of frequency. The value of tgel at different constant
temperatures obtained from the time at which tan δ is
frequency independent was found to be identical to the
value obtained from the crossover of G′ and G′′. In
addition, G′ and G′′ were found to follow a power law
behavior as a function of frequency (G′′ ∼ G′′ ∼ ωn) with
exponents n′ and n′′ that are strongly dependent on
gelation time and temperature. The exponent values are
very close to the value obtained for other different cross-
linking systems and in good agreement with that

Figure 13. Dynamic shear moduli, G′ (open symbols) and G′′
(solid symbols), as a function of shear frequency at different
constant temperatures. The x-axis is extended by a factor a
ranging from 1 to 1012 to obtain a valid comparison.

Figure 14. Temperature dependence of the exponents n′ and
n′′ obtained from the slopes of G′ and G′′ vs ω, respectively,
according to eq 1.

η0 ∼ ε
-k (p < pc) (3)

Geq ∼ ε
z (p > pc) (4)

ε )
|p - pc|

pc
(5)

η* ) η0[1 + (η0γ̆

τ* )a](n-1)/a

(6)

Figure 15. Dependence of zero shear viscosity, η0, and
equilibrium shear modulus, Geq, on the relative distance from
the gel point, ε, in a double-logarithmic scale at 70 °C.

n ) z
k + z

(7)
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predicted theoretically based on the percolation theory
(n ∼ 2/3). The zero shear viscosity, η0, and the equilib-
rium shear modulus, Geq, could be expressed in power
law scaling functions with the relative distance from the
gel point, ε, i.e., η0 ∼ ε-k and Geq ∼ εz with k ) 0.95 and
z ) 0.85, in close agreement with the predicted value
based on the percolation theory.
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