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ABSTRACT: The rheological behavior of a phenolic resol
resin during its curing process was studied through a
rheological dynamic-temperature analysis. Two heating
ramps from 0 to 120°C (1°C/min) and from 0 to 150°C
(5°C/min) were performed. The resin’s complex viscosity
data were obtained by applying a rectangular torsion
strain. The overall change of complex viscosity with tem-
perature was due to a combination of thermal softening,
described by the Andrade equation, and the resin cross-
linking process. The four- and six-parameter Arrhenius
rheokinetic model was applied to the profiles obtained for

the resin’s complex viscosity, and the viscous flow and
activation energies of curing kinetics were established.
Two calculation methods are proposed to obtain the
flow and curing parameters of the material. The six-
parameter Arrhenius model was more suitable for predict-
ing changes in the resin’s complex viscosity, obtaining an
activation energy of ~ 38.0 kJ/mol for the resol resin
curing process. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
124: 5122-5129, 2012
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INTRODUCTION

Phenolic resol resins used as adhesives are usually
in a fluid state at ambient temperature. Their more
important properties are excellent thermal stability,
fire resistance, high temperature resistance, chemical
resistances, ease and speed of curing, and low toxic-
ity."! Resol resin has been applied in many commer-
cial applications, such as household coatings, electri-
cal engineering, transformer components, and the
automotive industry. For thermosetting systems in
industrial applications, viscosity affects the process-
ability of the resin. Rheology is used as a suitable
technique for understanding the viscosity, the ther-
mal softening and the curing behavior of the resin.
In this study, chemorheology focuses on the rheolog-
ical property changes during the crosslinking of the
thermosetting polymer tested.” Understanding the
chemorheology of a resin is important for optimizing
operating conditions for a process that includes
simultaneous reaction and viscous flow.’> The flow
of the resin is governed by its viscous history, which
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is dependent on the resin composition, the degree of
cure, the curing chemistry, and the curing
conditions.*”

Cure kinetics of a thermosetting material allow for
the evaluation of adhesive performance, the formula-
tion of new materials, and the optimization of pro-
cess parameters.® The curing processes of phenolic
resins have been widely studied, especially by ther-
mal analysis techniques."” This phenomenon is a
complex process that affects the polymer’s rheologi-
cal behavior due to changes in the physical proper-
ties of the material. Such properties include the com-
plex viscosity and the complex modulus.®>’ Several
chemorheological models that predict the evolution
of these properties during polymer crosslinking and
that provide the kinetic parameters of the curing
process of thermosetting polymers have been devel-
oped.”” Chemorheological models are formulated,
classified, and suggested according to the variables
studied, such as viscosity or complex viscosity,
when steady and dynamic rheological measurements
are carried out, respectively. One of the most rele-
vant rheokinetic models found in literature is the
Arrhenius model,>>'®"® which is proposed in this
work as a four- and six-parameter model.

Linear and nonlinear least squares algorithms are
often found in the literature as a useful tool to calcu-
late the kinetic parameters of a resin curing process
when experimental data are applied to a model."* '
In this work, a nonlinear least squares fitting
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algorithm was employed in order to calculate the
rheokinetic parameters of the resol resin’s curing
process by applying the Arrhenius model.

Rheological analysis of resin crosslinking has been
performed mostly under isothermal operating condi-
tions, and studies of rheological behavior of a resol
resin during its curing process has not been exten-
sively used under dynamic temperature conditions.
However, nonisothermal rheological assays provide,
in a single run, the viscous flow and curing kinetic
parameters of the resin curing process, thus reduc-
ing the necessity for multiple test analyses used in
isothermal studies. Additionally, dynamic rheologi-
cal analysis offers a quantitative overview of the
adhesion mechanics from which the gelation, and
vitrification points may be inferred."”'® The main
drawback of the dynamic analysis is the overlapping
of flow and crosslinking phenomena and the
dependence of the material’s complex viscosity pro-
files on the heating rate during periods when diffu-
sion rate controls the kinetics of curing.

The study of resol resin’s curing process under
nonisothermal conditions using shear strain was
published in a previous work." In this work, a new
study of the resol resin’s curing process using a rec-
tangular torsion strain under nonisothermal condi-
tions was performed. The type of strain applied to
the samples, as well as the temperature range, sam-
ple size and heating rates used, differ from the pre-
vious nonisothermal work.

The goal of this study is to obtain the rheological
behavior of a resol resin subjected to a nonisother-
mal curing process, to propose the best rheokinetic
model that describes the resin’s complex viscosity
evolution, and to suggest a proper calculation meth-
odology for determining the flow and kinetic param-
eters of the four- and six-parameter Arrhenius
model. Common parallel-plate geometry in the rhe-
ometer did not permit water vaporization and a sig-
nificant shrinkage and nonuniform curing under the
plates occurred, especially during the later stage of
resin curing, so a rectangular torsion strain was
used in a rheometer.’

EXPERIMENTAL
Materials

The resol resin was supplied by Hexion Specialty
Chemicals Ibérica S.A. The main properties of resin
were as follows: free phenol content (<0.2%), viscos-
ity (25°C, 275-475 cP), and a solids content range of
45-47%. The gel time of the resol resin studied was
between 9 and 10 min. The gel time for resin sam-
ples was measured in a Gel-Time-Apparatus at
130°C in accordance with ISO 9396 B. The liquid
resin was placed in a test tube and equipped with a
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plunger, which was moved up and down while the
resin is still liquid. When the material reached its ge-
lation, the measuring sensor was stopped.

Sample preparation

A precuring process was applied to the liquid phe-
nol-formaldehyde resol in a laboratory platen press
(Collin® P300P). The resin was poured into a steel
mold designed to obtain a 12 x 11.5 x 0.4 cm® pre-
cured sample. The mold was coated with a PET film
(Goodfellow® ES301230) to protect the resin from
foam formation during the precuring stage. The pre-
treatment of the material was optimized to reach the
resin’s gel point, and the operating conditions were
105°C and 100 bar for 23 min. The resin curing
degree () at the gel point is 0.65.%°

Rheological runs

Rectangular (12 x 4 mm?®) samples of the precured
resin were cut with a rectangular die. Rheological
runs were performed using an ARES Rheometer (TA
Instruments®) with a rectangular torsion geometry.
The resin was coated by a high viscosity silicone
(Dow Corning 200® FLUID 60000 cSt) to avoid drying
of the material surface and/or the oxidation of the
resin due to the dried air flow from the convection
oven. The air was applied to the resin in order to set
the required operating temperature. Changes in the
resin’s length due to the thermal expansion and
chemical shrinkage of the material were measured,
and the gap was changed to avoid contact loss
between the sample and the rheometer as well as to
keep constant initial axial tensional force of 5 g
applied to the sample.*'"** Frequency application was
fixed at 1 Hz and two heating ramps (1 and 5°C/min)
were carried out from 0 to 120°C and from 0 to 150°C,
respectively. The highest temperature was restricted
to 120 and 150°C in order to avoid thermal degrada-
tion processes of the material, reaching a resin’s final
curing degree of 0.68 and 0.70 for each temperature,
respectively.”** Strain sweeps were carried out after
each curing test at 60°C, 1 Hz, and a strain range
from 0.01 to 1% in order to ensure that the resin sam-
ples were always within their linear viscoelastic
regions. This temperature was chosen due to the res-
in’s maximum degree of cure was already reached
and curing rate was stopped at this temperature,
which was over resin’s T.

Chemorheological models

In this work, the Arrhenius model was proposed to
describe changes in the resin’s complex viscosity
due to thermal level increases, to describe the resin
curing process, and to describe a combination of
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both phenomena. The rheokinetic model was
applied to the profiles of the resol resin’s complex
viscosity. The Arrhenius model was originally a
four-parameter model as shown in eq. (1), where ng’
is the flow constant for the complex viscosity
dependence on temperature (of thermal-softening
stage) of the gelled resin, and k(T) is the kinetic con-
stant for the resin’s postgel curing process at certain
temperature, T.

In(n*(£, 7)) = In(n3(T)) + / KT)-dt (1)

The Arrhenius chemorheological model is com-
posed of two terms, the Andrade expression [eq. (2)]
that predicts the common decrease of the complex
viscosity for solids and liquids due to temperature
and the curing kinetic term that describes the
increase of the complex viscosity due to the rising of
the crosslinking density of the resin during its cur-
ing process [eq. (3)]. In egs. (1)—(3), N is the resin’s
complex viscosity at absolute temperature T, 1, is
the reference complex viscosity at “infinite tempera-
ture,” AE,, is the activation energy for viscous flow, ¢
is the curing time, R is the universal gas constant,
k. is the kinetic constant analogue of Neo , and AE;
is the activation energy of resin’s curing kinetics.

In(n5(T)) = In(n..) + g2 @
kK(T) = ke - exp (;{A?) 3)

Keenan proposed a modified Arrhenius model intro-
ducing a proportionality factor (¢), which was sug-
gested to relate the amount of chain entanglement with
the viscosity behavior during the resin crosslinking.®
This model was developed by adding a new parameter
to reduce the limitations occasionally revealed for the
fitting of a resin’s complex viscosity data. The improved
model treats the overall reaction order as an independ-
ent parameter. A six-parameter model including the
reaction order (1) is described by eq. (4).

AE )
R.nT+m-ln(1+(n—1))

-koc-/exp (;f?) -dt (4)

To apply the Arrhenius model to the evolution of
the resin’s complex viscosity during curing, we pro-
pose two calculations methods:

In(n*(£,T)) = In(nZ,) +

* Method 1: Flow (AE,, In(ns)) and curing pa-
rameters (—AEy, In(k.), ¢, n) of the Arrhenius
model were calculated simultaneously by apply-
ing a nonlinear least squares fitting algorithm
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(Matlab® 2007) when the model was applied to
the resol resin’s complex viscosity data.

* Method 2: Flow parameters, AE, and In(Mo),
were calculated by selecting the linear decreas-
ing stage of the material’s complex viscosity
data, which corresponds to the thermal soften-
ing stage, and fitting them to the Andrade equa-
tion by linear regression (Origin® 8.0). The resin
curing parameters provided by the Arrhenius
model (—AEy, In(k.), ¢, n) were obtained by
applying the kinetic model to the complete pro-
file measured for the resin’s complex viscosity
vs. temperature using a nonlinear least squares
algorithm and taken the flow parameters calcu-
lated previously.

RESULTS AND DISCUSSION

The evolution of the material’s complex viscosity
during the nonisothermal rheological runs, 0-120
and 0-150°C for 1 and 5°C/min heating ramps,
respectively, are shown in Figure 1.

Three different stages were determined for the
material’s viscosity behavior during the rheological
analysis as described Halley and Mackay® for
dynamic temperature tests. The first stage (from 0 to
30°C and from 0 to 50°C for 1 and 5°C/min, respec-
tively) showed the resin’s complex viscosity depend-
ence on temperature, described by the Andrade
expression. The reactions were still not activated;
therefore, the material’s complex viscosity decreased
as temperature increased.”’” For high operational
temperatures, 90 to 120°C and 110 to 150°C, the resol
resin’s complex viscosity showed an exponential
increase due to the advance of the crosslinking pro-
cess and the rise of its molecular weight.®® Finally, a
stage where both phenomena, temperature softening
and curing process of resin, overlapped was found
from 30 to 90°C and 50 to 110°C for each heating
ramp assayed. The minimum value obtained for the
complex viscosity of the material was reached at 60
and 90°C for 1 and 5°C/min, respectively. This mini-
mum value of the complex viscosity becomes a key
value during the design of a resin’s cure cycle.
When the complex viscosity of a resin reaches the
minimum value during its processing, the trapped
bubbles must be allowed to leave the polymer,
which becomes mobilized as the viscous flow forces
are sufficiently large to overcome the surface tension
forces.”” The temperature at the complex viscosity
minimum increased for the highest heating rate, a
phenomenon that has been widely reported when
using thermal analysis techniques.”®>" In addition,
an exponential dependence of the minimum viscos-
ity with the heating ramp used was found by Martin



RHEOLOGICAL BEHAVIOR OF A RESOL RESIN CURING

a ) O Experimental values
— Predicted values

n*(Pas)

1]
0 20 40 60 80 100 120

Temperature (°C)

O Experimental values
—— Predicted values

10° T T T T T
0 20 40 60 80 100 120

Temperature (°C)

5125
b 10°
) [0 Experimental values
— Predicted values
10‘ L J T L T Ll L]
0 20 40 60 80 100 120 140 160
Temperature (°C)
d ) 10°
[0 Experimental values
— Predicted values
w
£ 10°4
ii:‘
10‘ T L T L L L} L]
0 20 40 60 80 100 120 140 160

Temperature (°C)

Figure 1 Experimental values of resin’s complex viscosity and those predicted by applying the Arrhenius model versus
temperature. first method: (a) 1°C/min, (b) 5°C/min; second method: (c) 1°C/min, (d) 5°C/min.

et al. when studying the nonisothermal curing of
thermosetting resins by rheological analysis.*

The resin curing process rate was controlled by
the crosslinking reaction during the tests for all sam-
ples. This is shown by the linear behavior of the
material’s complex viscosity. Thus, the heating rates
applied to the resol resin were high enough to avoid
the control of overall process kinetics by diffusion,
which is commonly observed during the rheological
tests that obtain nonlinear behavior for the resin’s
complex viscosity. This nonlinear behavior occurs as
the material approaches vitrification at each curing
temperature. Typically, diffusion control is concur-
rent with vitrification of the polymer, and it has
been observed in the rubbery region when T, is
within 10-20°C of the cure temperature.’’ Therefore,
during each heating ramp used, T, was never close
to the operating temperature. In addition, the
absence of a decrease in the resin’s complex viscos-
ity during the third stage proved that no degrada-
tion processes take place at the highest operating
temperatures chosen for each heating rate.*

The four-parameter Arrhenius chemorheological
model, eq. (1), was applied to data of resol resin’s

complex viscosity. The parameters of the model,
flow and kinetic, were obtained by the first calcula-
tion method proposed previously. Figure 1 shows
the experimental values of the material’'s complex
viscosity and those predicted by applying the Arrhe-
nius model for the two heating rates used.

Table I summarizes the resol resin’s curing param-
eters calculated by applying Arrhenius model and
the quality of the fits obtained (R* and MPE). The
average flow activation energies (AE,) calculated
were 65.8 and 55.7 kJ/mol for the programmed
ramps tested. In addition, the curing activation ener-
gies (—AEy) obtained for the resin curing process
were 28.3 and 27.4 kJ/mol.

The activation energy values of the resin’s viscous
flow depend on the heating rate applied to the sam-
ple. In order to determine if this dependence was
due either to the curing degree and/or temperature
profiles across the resin sample, or to the first calcu-
lation procedure proposed, a second methodology
was suggested. The flow parameters of the material
were obtained in a separate way by applying the
Andrade equation to data of resol resin’s complex
viscosity during the first stage, as described

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Flow and Kinetic Parameters of the Resol Resin Curing Obtained by Applying the
Arrhenius Rheokinetic Model (First Method)

Sample AE,, (kJ/mol) Ln(n.) —AE; (kJ/mol) Ln(ky) R? MPE?
Heating rate: 1°C/min

1 71.0 —19.01 239 1.86 0.994 0.705
2 64.8 —17.97 30.0 4.03 0.983 0.812
3 60.3 —15.46 30.2 4.13 0.815 2.047
4 53.0 —1251 35.5 5.67 0.921 2.139
5 79.8 —22.96 21.9 1.27 0.980 1.742
Average 65.8 —17.60 28.3 3.39 0.939 1.489
Heating rate: 5°C/min

1 594 —13.17 25.6 3.23 0.977 0.410
2 55.1 —11.33 27.7 3.86 0.926 1.017
3 53.0 -9.49 27.8 3.73 0.990 1.135
4 61.3 —13.89 24.1 2.77 0.923 1.621
5 49.8 —-8.15 31.7 4.90 0.964 1.071
Average 55.7 —11.20 27.4 3.70 0.956 1.051

* Mean prediction error. MPE = 1/N Zn% x 100. N, y,, and r,, are the number
of observations, model estimation and real value, respectively.

previously. No curing reaction takes place in this
stage; therefore, no overlapping occurred. Thus, the
method proposed avoids the compensation effect
between flow and kinetic parameters, allows separa-
tion between flow (thermal-softening stage) and cur-
ing effects, and avoids underestimation of the kinetic
activation energy determined for the resin curing
process.

The experimental values of the resin’s complex
viscosity and those predicted by applying the Arrhe-
nius model through the second calculation proce-
dure are shown in Figure 1.

The correlation coefficients as well as the MPE
values (Table II) attained in all cases reveal an ac-
ceptable model fit to the data within the flow and
curing stages (stages I and III). However, the over-
lapping stage (stage II) shows decreased model accu-

racy, which is attributed to the lack of flexibility in
the rheokinetic model when it is applied through the
second methodology to the stage II process. There-
fore, a drawback of the second method was the
decreasing quality of the obtained global fits, as the
lower values of R* and higher MPE shown in Table
II confirm when compared with those exhibited in
Table I. The main advantage of this method, inde-
pendent of the flow and kinetic terms, is that no dif-
ferences in the values of AE, and —AE; were seen
with respect to those attained via use of first calcula-
tion method (Table II). Thus, the second method,
proposed in a previous work (due to the compensa-
tion effect found), and the dependence of the pro-
cess activation energies on the heating rate for the
same resin analyzed under shear strain,"” resolved
similar results to those from the first method when

TABLE 1I
Flow and Kinetic Parameters of the Resol Resin Curing Obtained by Applying the
Arrhenius Rheokinetic Model (Second Method)

AE, —AE;
Sample (kJ/mol) Ln (Meo) R? (kJ/mol)  Ln (k) R? MPE®
Heating rate: 1°C/min

1 66.0 =01  —16.63 +0.05  0.999 29.1 3.53 0939  1.261
2 644 =01  —1582 +0.05  0.999 28.1 3.16 0921 1271
3 80.6 + 0.3  —2428 +0.10  0.999 26.2 2.87 0.815  2.121
4 746 =03  —2097 =010  0.998 19.8 0.35 0921  3.487
5 68.1 =02  —17.84 + 0.08  0.999 28.8 3.44 0960  1.211
Average 707 =02  —19.11 = 0.08  0.999 26.4 2.67 0911  1.870
Heating rate: 5°C/min

1 47.0 + 0.1 —625 +0.02 0999 25.0 3.12 0962  0.764
2 50.6 + 0.2 —7.86 +0.12  0.999 24.7 3.00 0.943 1372
3 52.3 + 0.3 —9.01 +0.10  0.999 30.7 459 0973  1.387
4 61.8 03 —13.88 +0.11  0.999 26.0 3.38 0923  1.886
5 52.0 + 0.4 —886 + 0.14  0.999 31.9 4.96 0959  1.369
Average 527 = 0.3 —9.17 + 0.10  0.999 27.7 3.81 0910  1.356

? Mean prediction error.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Experimental and predicted values of the res-
in’s complex viscosity . Flow and curing terms contribu-
tion to the Arrhenius 6p rheokinetic model for the resol
resin: (a) 1°C/min, (b) 5°C/min.

the material was studied by rectangular torsion. Uni-
form heating across the sample was found as the
curing kinetic parameters obtained for the heating
ramps employed proved, and therefore, nonthermal
diffusion occurred during the experimental proce-
dure. Similar results were found for the flow and
curing parameters of the same resol resin calculated
for lower heating rates (0.5°C/min)." Therefore, the
robustness of the second method was proved due to
the rheokinetic parameters of the resin’s curing pro-
cess do not be affected by the heating ramps
employed in this work that is in agreement with pa-
rameters calculated under different heating ramps
used in the literature, where the same values of ki-
netic parameters of the resin curing process are
attained at different heating rates.'

Once it was proved that nonthermal diffusion
occurred during the experimental procedure, the
cause of the slight differences found for the flow
activation energy calculated by the Arrhenius model
was related to the small differences in the initial
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degree-of-cure of resin due to the fixed precuring
process used to reach its gelation. However, the val-
ues of flow activation energy obtained for the resol
resin curing (Table I) by applying the Arrhenius
model show a good agreement with those deter-
mined by Mourant et al.,** for the curing of a pheno-
lic-formaldehyde-pyrolytic oil resin (31.3-77.0 kJ/
mol). Lower activation energies of the viscous flow
were found for thermosetting materials such as an
uncured polyurethane (23 kJ/mol),® and an epoxy
resin near its gel point (40 kJ/ mol).*>* In addition,
the values for flow activation energies calculated
are in agreement with those determined for this
material when studied under shear strain (67.1-58.3
kJ/mol).*®> The resol resin showed higher AE, val-
ues than those of the other materials, because the
resol resin was precured to gelation, which
increases its crosslinking density and raises the
flow activation energy with respect to that of
uncured material.** The kinetic activation energies
determined for the resol resin curing process (Table
II) were lower than those obtained for the curin% of
the same material by DSC (70.7-89.0 kJ/mol), 0.25
and by isothermal rheological techniques (70.4-88.1
kJ/mol).>>¢

The six-parameter Arrhenius model was selected
as an improved model capable of increasing the
quality of the data fits for the resin’s complex viscos-
ity, as shown in Figure 2.

The —AEj value obtained for the resin crosslinking
process was 37.2 kJ/mol, as shown in Table III. The
increased value due to the change entanglement
parameter (¢) is related to the high curing degree of
the starting resin and, therefore this parameter
should be considered when modeling the resin’s
complex viscosity evolution. The —AE; is in

TABLE III
Kinetic Parameters of the Resol Resin Curing
Obtained by Applying the Six-Parameter
Arrhenius Rheokinetic Model

—AE;

Sample  (KJ/mol) Ln(n.) ¢ n R*>  MPE"
Heating rate: 1°C/min

1 39.2 7.13 1.3 113 0997 1.047
2 37.0 6.34 1.3 112 0.997 1.054
3 374 6.93 1.3 111 0995 1.148
4 36.2 6.22 1.4 111 0998  1.066
5 36.1 6.00 1.3 110 0.994 1.405
Average 37.2 6.52 1.3 1.11 0.996 1.144
Heating rate: 5°C/min

1 36.7 6.31 1.3 1.11 0991 0.437
2 32.2 541 1.3 1.09 0.998 1.245
3 40.4 7.74 1.3 116 0990 0.836
4 40.2 8.10 1.3 117 0985 1.782
5 40.5 7.67 1.3 115 099%  0.795
Average 38.0 7.05 1.3 114 0992 1.019

@ Mean prediction error.

Journal of Applied Polymer Science DOI 10.1002/app
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agreement with the values found in literature for the
resol resin curing by a TMA technique and when
applying the Castro-Makosco model (43.9 kJ/mol),”
and for other resins such as a vinyl ester resin (34.0-
49.0 kJ/mol),*® and an epoxy resin (38.1-71.1 kJ/
mol)."* The chain entanglement parameter (¢) is in
the range found for an epoxy resin curing (1 < ¢ <
2) by Dusi and May.”® The reaction order deter-
mined in this work for resin curing kinetics was 1.1,
which is different than the most common order
(unity) found in literature for the same material.»®
The calculated regression coefficients (R*) and MPE
values for six-parameter Arrhenius model were
higher and lower, respectively, than those calculated
by the four-parameter Arrhenius model. Therefore,
to predict the rheological behavior of resins during
their curing processes, the six-parameter Arrhenius
model is more suitable according to the statistical
parameters calculated for the performed fits.

The contribution of the thermal softening and cur-
ing process (terms of the Arrhenius model) to pre-
dict the resin’s complex viscosity is represented in
Figure 2. Viscous profiles of the resin were displaced
in Figure 2 in order to compare both terms of Arrhe-
nius model in the same stage.

An increase in the activation energy for the vis-
cous flow of resin would provide higher values of
this term, which reveals that the lower limit temper-
ature is higher for this curing stage of the resin’s
complex viscosity profile. Therefore, higher curing
activation energies would be achieved via the appli-
cation of the six-parameter Arrhenius model to vis-
cosity data for resin curing, which would increase
the agreement between dynamic and isothermal
rheokinetic parameters for the material crosslinking
process.

CONCLUSIONS

The rheological behavior of a resol resin curing dur-
ing dynamic temperature analysis reveals three dif-
ferent stages: a viscous flow stage, an overlapping
stage and a curing stage. The temperature range of
these stages depends on the heating rate used.

Two calculation methods have been proposed in
order to obtain the viscous flow and the curing ki-
netic parameters of the material using the four- and
six-parameter Arrhenius rheokinetic models. There
were no differences between the models observed
when applying either methodology. The six-parame-
ter Arrhenius model is suggested as the best rheoki-
netic model to describe the resin’s behavior during
its cure under dynamic operating conditions by rhe-
ometry based on rectangular torsion strain. The acti-
vation energy obtained for resol resin curing was
~ 38.0 kJ/mol for both 1 and 5°C/min heating rates.
These values are in agreement with mechanical

Journal of Applied Polymer Science DOI 10.1002/app
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activation energy found in the literature for the
material studied.

The highest heating rate used, 5°C/min, was best
operating condition for obtaining the rheological
profile of the resol resin curing during dynamic tem-
perature tests. This superior performance was due to
the lower operating time and wider temperature and
curing degree ranges studied. Finally, this work has
shown that no degradation process takes place dur-
ing the resin curing.
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