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ABSTRACT: Published curing profiles of epoxy resins
mixed with an anhydride curing agent and subsequently
crosslinked were reanalyzed with a modified sigmoidal
model to describe the dynamic viscosity accompanying
resin curing. The sigmoidal analysis yielded two kinetic
parameters, one relating to the induction time required to
observe meaningful viscosity changes and one relating to
the rate of viscosity rise in the rapidly polymerizing zone.
Both of these kinetic factors decreased with increasing po-
lymerization temperature. The analysis also led to the
interpretation of the upper limit in viscosity in the model
that correlated with a higher network density at higher
temperatures. The initial viscosity was fixed in our model.
The sigmoidal analysis led to a closer representation of the

dynamic viscosity data than the Williams–Landel–Ferry
(WLF)-based analysis presented with the original data sets
and, although from a more semiempirical basis, might be
both easier and more adaptable for incorporating into
other flow models. As a final observation, the induction
time identified by the log–sigmoidal model correlated
closely with the gelation time identified with a modified-
WLF-based model by Ivankovic et al. (J Appl Polym Sci
2003, 90, 3012); this suggested a similar activation energy
threshold for curing advancement. VC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 115: 1671–1674, 2010
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INTRODUCTION

There is an expanding body of experimental evi-
dence linking dynamic viscosity data associated
with polymerization to an array of molecular, ki-
netic, and purely empirical models for the prediction
of flow in curing systems. These viscosity correla-
tions have been used extensively to predict flow in
adhesives and coatings, resin transfer molding, and
resin infiltration for composites, where dynamic vis-
cosity can be linked to flow fields, and voiding.1 The
correlation of viscosity with chain length is also of
critical fundamental importance within the polymer
physics community,2–5 and it carries added impor-
tance related to the control of thermal runaway in
bulk polymerization.6,7 For thermosets, the evolving
network structure is a key feature in the regulation
of continued flow, and there is interest in defining

the structure of the gel point both in terms of the
physical structure and the corresponding viscosity.8,9

There are correlations between the rate of polymer-
ization and the level of shrinkage arising in thermo-
sets, although there seems to be some discussion
about how much influence there is, at least for rap-
idly polymerizing mixtures.10–16

There has also been extensive effort to characterize
the most appropriate mathematical models to
describe transient viscosity of reactive thermosets.8

The current state of the art regarding different vis-
cosity advancement models was presented by Halley
and Mackay.17 The most easily and probably most
extensively adapted models are based on nth order
kinetics, where small molecule behavior is governed
by one exponent and larger structures are governed
by higher order exponents.18–24 The gel point is
interpreted as a demarcation between small mole-
cule and longer chain behavior, usually the inflec-
tion point in the dynamic viscosity23 or the maxi-
mum rate of viscosity rise.1 There are other
interpretations of the gel point, including the cross-
over point between the storage modulus and loss
modulus,25,26 the inflection point of the storage mod-
ulus,27 and the point at which the loss tangent is
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frequency-invariant28–30 according to dynamic me-
chanical spectroscopy. There are other nonlinear
models based on other reactivity parameters,31,32

thermodynamic influences similar to the Williams–
Landel–Ferry (WLF) model,17 and semiempirical
models to describe the time-dependent viscos-
ity.17,24,33–35 The WLF-based chemorheological model
used by Ivankovic et al.1 defined the conversion-de-
pendent viscosity with temperature as:

gðT; aÞ ¼ gg

�C1ðT � Tg0Þ
C2 þ T � Tg0

� �
ag

ag � a

� �n

where C1 and C2 are WLF constants, gg is the viscos-
ity at Tg, T is the polymerization temperature, Tg0 is
the glass-transition temperature of the uncured
resin, and a and ag are the instantaneous conversion
and the conversion at the gel point, respectively.
Time is not explicitly identified here, but it is related
to the conversion rate. What appears evident is that
no one model is generic in its broad applicability
across all polymerizing resins and monomers.

The initial success of the use of the sigmoidal che-
morheological model for acrylate24,33 and epoxy con-
version35 led to interest in the further evaluation of
its scope. The dynamic viscosity is related to time by
the Boltzmann log–sigmoidal model:

loggðtÞ ¼ logg1 þ logðg0Þ � logðg1Þ
ð1þ e

t�t0
Dt Þ

(1)

where g0 is the initial viscosity of the formulated
resin; g1 is tied to the viscosity approaching the tor-
que limit in the rheometer as network formation
evolves; t0 is the induction time, corresponding to
the time necessary for a change in the viscosity from
log g0 to (log g0 þ log g1)/2 and probably most
closely associated with the gel time; t is the time;
and Dt corresponds to the period associated with the
sigmoidal transition region as the viscosity deviates
from g0 in the semilog linear regime. We chose to
consider work by Ivankovic et al.,1 who studied ep-
oxy/anhydride curing kinetics accompanied by a
WLF-based analysis for the dynamic viscosity rise.

In their original study, Ivankovic et al.1 used a
bisphenol A epoxy resin (Ciba Geigy Araldite
LY556) with an anhydride curing agent (HY918) and
a heterocyclic amine accelerator (DY 070) in a 100/
90/0.0.5 w/w mixture.1 Kruckenberg reported on
the room-temperature viscosity of the Araldite epoxy
resin as ranging between 9 and 12 Pa s,36 and that of
the curing agent was nominally 0.045 Pa s.37 Typical
activation energies for epoxy resin thinning due to
thermal heating but insufficient for curing were on
the order of 1.8 kJ/mol.38 The mixed resin was sub-
sequently characterized by a range of thermal analy-

sis tools, including rheology (Rheometrics RDS II
rheometer) as a function isothermal curing, which
ranged from 110 to 140�C.
The rheology was characterized in parallel-plate

mode with a gap height of 0.2 mm. An angular fre-
quency of 10 rad/s and an initial strain of 10% were
applied. As curing proceeded, the strain was auto-
matically adjusted to maintain the torque response
within the range of the transducer. Resin flow meas-
urements performed at 120�C over shear rates from
100 and 10 s�1 showed that it was independent of
shear rate up to the gel point.
The published isothermal dynamic rheology data,

which we were supplied, in the form of viscosity as
functions of both time and temperature, were loaded
into OriginVR (Northampton, MA), a multifunctional
mathematical analysis package, which has a sigmoi-
dal fitting function. This allowed comparisons to be
made between the originally published work and
the alternative analysis. Two, three, and four vari-
able log–sigmoidal analyses were performed as pa-
rameters for g0 and g1 were alternatively fixed to
resolve their influence.

RESULTS AND DISCUSSION

The temperature-dependent dynamic viscosity
[g(t,T)] data from Ivankovic et al.1 are shown with
the modified WLF-based chemorheology model pre-
dictions in Figure 1. Shown in Figure 2 are the
model predictions based on eq. (2) with a fixed g0.
When we analyzed these results, we had immediate
concern related to whether it was fair to use one
specific initial viscosity value. Extrapolating from
results of Shimazaki38 to determine the thermal

Figure 1 Complex viscosity (g*) and WLF-based predic-
tion of the viscosity rise as a function of time for isother-
mal curing at (*) 110, (h) 120, (^) 130, and (~) 140�C
(data from Ivankovic et al.1).
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dependence of epoxy/anhydride resin viscosity, we
found that the variation in viscosity tracked with a
trend in initial viscosity from about 7 � 10�2 Pa s at
110�C to approximately 1.4 � 10�2 Pa s at 140�C.
Additional characterization of the resin viscosity in
the early stages of conversion would help to identify
an appropriate initial viscosity. Either way, the inter-
pretation of the initial viscosity appeared to be in
the right range. Comparing the two models, we
observed that the log–sigmoidal model predicted a
wider array of dynamic viscosity for the epoxy an-
hydride system than the WLF-based model. Devia-
tions were observed between the original WLF-based
model with measurements beyond about 103 Pa s,
and the dynamic viscosity was overpredicted. The
log–sigmoidal model also overpredicted the viscosity
but remained a viable model up to 104 Pa s for all of
the polymerization temperatures.

An increasing trend was found for the terminal
g1 with the temperature of curing (Tcure) on the
basis of the sigmoidal model in Figure 2. It is con-
ceivable that there was a different terminal network
density generated by the variation of Tcure that could

have affected g1 in this model. Ivankovic et al.1

interpreted the gel time to correspond to the maxi-
mum in the second derivative of viscosity with time
and used that to determine the fractional conversion
at the gel point for each reaction temperature. Again
comparing the sigmoidal analysis with the original
work, we observed that the inflection time in the
log–sigmoidal model (t0) corresponded closely with
that of gelation time (tgel) at approximately 33% con-
version,1 as shown in Table I. Table I also shows the
rest of the log–sigmoidal analysis parameters.
The initial viscosity for the isothermal experiments

tended to a limit of approximately 0.1 Pa s, which
was fixed for all of the models. There can often be
an observed dropoff in viscosity that occurs as the
uncured resin senses a smaller activation energy at
higher temperatures; this leads to a small dip in the
viscosity before curing.39 This dropoff in viscosity
before curing as the resin heated was not evident in
the isothermal experiments, so perhaps the differ-
ence in curing agent between Seifi and Hojjati39 and
Ivankovic et al.1 explains this difference.
Releasing the fixed constraints on g0 and g1 did

not lead to any clear trends. The rheometer may
have been less accurate because of the combination
of the small torque required for g0 and measure-
ment in parallel-plate mode. Nevertheless, it
appeared that the removal of the fixed constraint on
the initial viscosity led to its determination ranging
between log g0 ¼ �1.21 to �0.77 Pa s. There was a
trend to higher terminal viscosity with increasing
temperature. However, releasing the fixed constraint
on the terminal viscosity led to its variation from log
g1 (Pa s) ¼ 4.51 at 110�C to log g1 (Pa s) ¼ 4.82 at
140�C.
The log–sigmoidal reanalysis replicated the pub-

lished dynamic viscosity for the epoxy–anhydride
resin mixture as well as or better than the original
WLF analysis. This observation was similar to those
that we determined previously for other epoxies and
acrylates.24,33,34 Prior work on polyurethanes has
suggested that the log–sigmoidal model is not
generic in describing viscosity advancement in all
polymerizing resins.40

Figure 2 Data from Ivankovic et al.1 reanalyzed with (—)
eq. (2).

TABLE I
Comparison of the tgel Values Identified by the WLF-Based Model and the

Two-Parameter Sigmoidal Model with the Initial Viscosity Fixed

Tcure (
�C) tgel (min)a

t0 from sigmoidal
analysis (min) Dt (min) Log g0 (Pa s) Log g1 (Pa s)

110 20.5 20.3 1.71 �1.0 4.51
120 11.0 10.81 1.02 �1.0 4.72
130 6.0 5.82 0.56 �1.0 4.80
140 3.3 2.96 0.30 �1.0 4.85

a Data from Ivankovic et al.1
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CONCLUSIONS

A three-parameter log–sigmoidal analysis of epoxy
anhydride dynamic viscosity led to similar determi-
nations of the gel point compared with a WLF-based
chemorheology model in a conceptually simpler
way. The log–sigmoidal dynamic viscosity model
replicated a larger zone of the dynamic spectrum
and did not have such a significant deviation
beyond the gel point. Although it is true that this
phenomenological model may lack some physical
features of a model more like the original WLF-
based models, the log–sigmoidal model is easier to
employ in modeling resin infiltration because fewer
model parameters are required to make predictions.
The normal features of smaller time constants associ-
ated higher curing rates were readily observed. t0
corresponded very closely with the previously pub-
lished tgel values, which suggested that if the goal of
the model is to predict the curing time, the log–sig-
moidal approach could be easier. Reducing the con-
straints on g0 and g1 did not lead to any additional
insights into the chemorheology.
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