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a b s t r a c t

Rheological isothermal curing runs of a novolac resin were performed in order to study its chemorheolog-
ical behavior. In addition, DSC tests were carried out for the partially cured novolac resin to determine the
curing degree reached at the end of each isothermal run. The Arrhenius and Kiuna empirical models were
applied to establish the curing kinetic parameters of a novolac resin. The material curing process had an
activation energy of 195.0 kJ/mol using the Arrhenius rheokinetic model. The activation energy obtained
for the resin curing was 103.5 kJ/mol when the Kiuna model was applied. The profile of the resin’s curing
degree for all isothermal tests was obtained from rheological parameters: complex modulus (G*), elastic
modulus (G′) and torque (� ). Torque was the most suitable rheological variable of the resin for evaluating
Novolac
Curing
C
K

changes in the degree of cure during the curing process of the novolac resin. The Kamal and Markovic
kinetic models were proposed to model the resin’s curing behavior. Kamal’s model was suggested as the
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. Introduction

The curing of thermosetting materials is a complex process
ue to the interaction between the chemical kinetics and changes

n their physical properties [1]. The study of the curing process
inetics of phenolic resins is important for understanding the mate-
ial, to improve its final application, to develop new applications
nd materials, and to attain lower costs. In addition, due to obvi-
us applications in molding processes, research on the mechanical
esponse of thermosets has focused on measuring and modeling
he development of resin velocity during the cure process [2].

The novolac resins are thermoplastic polymers and, by adding a
uring agent, become a thermosetting material. Hexamethylenete-
ramine (HMTA) is the most widely used curing agent (source of
ormaldehyde) for curing processes of novolac resins [3–5].

The most important physical changes during material curing
eactions occur when the gelation and vitrification stages take
lace. Gelation is the irreversible transformation from a viscous

iquid to an elastic solid, which marks the first appearance of an
nfinite network. Vitrification is a reversible transition which is

nderstood as a change from the liquid or rubbery state to the
lassy state due to an increase in both the crosslinking density and
he molecular weight of the polymer during the curing process of
he material [6].

∗ Corresponding author.
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hange in the mechanical degree of conversion during the material curing

© 2009 Elsevier B.V. All rights reserved.

In this work mechanical properties are analyzed in order to
study the curing kinetics of a novolac resin. Several chemorheo-
logical models for novolac resins have been presented in literature
including empirical models, probability based models, gelation
models, and models based on free volume analysis [7–12].

The changes in a resin’s degree of cure (˛) during its curing
process are usually followed by thermal analysis techniques such
as DSC. The profiles of a material’s curing degree are commonly
linked to a rheokinetic model when a rheological technique is used
to study the kinetics of the resin curing process.

The aim of this work is to determine the kinetic parameters
of the curing process of a novolac resin. Two rheokinetic models,
Arrhenius and Kiuna, are proposed in order to achieve it. DSC anal-
ysis is used to obtain the total reaction heat and the partially cured
residual heat of the novolac resin and is employed to obtain its
degree of cure after rheological tests. The profiles of the material’s
curing degree for several operating temperatures are calculated
from the evolution of rheological parameters such as complex mod-
ulus (G*), elastic modulus (G′), and torque (� ) [7–9]. Autocatalytic
and Markovic models were applied to the evolution of the mechan-
ical curing degree of the resin calculated in order to achieve suitable
predicted values.
2. Materials

The commercial novolac resin and the curing agent (HMTA)
were supplied by Hexion Speciality Chemicals Ibérica, S.A. The

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:jucdomin@quim.ucm.es
dx.doi.org/10.1016/j.tca.2009.09.010
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ain properties of the novolac resin were as follows: formalde-
yde/phenol molar ratio 0.7, free phenol content < 0.2 wt.%,

ree formaldehyde content < 0.3 wt.% (ISO 9397), softening point
etween 115 and 125 ◦C (DIN 51920), water content < 0.4 wt.% (DIN
1777.1 and DIN 53715), and a flow distance of 25–40 mm (ISO
619). The mixture of the novolac resin and 9 wt.% curing agent
as ground using a MM301 Reztch® mill. Sample disks with a 2 mm

hickness and a 25 mm diameter (Ø) were obtained by molding the
illed mixture.

. Instrumentation

Rheological runs were performed using an ARES Rheometer (TA
nstruments®) with a 25 mm Ø upper serrated plate and a 42 mm Ø
ower parallel plate. The lower plate was filled for sample immer-
ion in a silicon surrounding fluid (Dow Corning 200® FLUID 100
St) to avoid different curing reaction rates across resin disks. The
utotension option was enabled to prevent contact loss between
ample and plates. Isothermal curing runs (95, 100, 105, 110, 115,
20 ◦C) were carried out for 15 min for a fixed frequency of 1 Hz. The

nitial temperature was 25 ◦C, and a 20 ◦C/min temperature ramp
as programmed to reach 90 ◦C, so the glass transition tempera-

ure of the material (Tg0 = 68.5 [10]) was overcome. Samples were
tabilized during the 2 min before the operating temperature was
eached through a 10 ◦C/min heating ramp.

The calorimetric measurements were performed on a DSC (Met-
ler Toledo® 821e) with pressure medium pans (ME-26929) with a
olume of 120 �L. Cured novolac samples, from isothermal exper-
ments performed in the rheometer, were dried and milled prior
o the DSC analysis. DSC dynamic runs were carried out using a
0 ◦C/min ramp from 30 to 250 ◦C under a N2 atmosphere.

. Rheokinetic models

Arrhenius and Kiuna rheokinetic models were proposed to
redict the complex viscosity behavior of the novolac resin. The
rrhenius model was applied as it is the most common empirical
odel, and Kiuna was proposed to overcome the drawbacks of the
rrhenius model.

.1. Arrhenius model

The generic form of the Arrhenius model, assuming the
ox–Merz rule [11], is described by Eq. (1).

n(�∗(t, T)) = �∗
0(T) + k∞

∫
exp

(−�Ek

RT

)
dt (1)

here �* is the complex viscosity at absolute temperature T, �∗
0(T)

s the viscous constant, R is the universal gas constant, k∞ is the
inetic constant analogue of �∗∞, and −�Ek is the kinetic activation
nergy. The Arrhenius model is based on the following equation for
sothermal analysis:

n(�∗(t)T ) = ln(�∗
∞) + �E�

RT
+ tk∞ exp

(−�Ek

RT

)
(2)

here �∗∞ is the reference viscosity at “infinite temperature” and
E� is the Arrhenius activation energy for the complex viscosity.
The kinetic parameters of the novolac resin curing were cal-

ulated from the Arrhenius model by applying two single linear
egressions. Isothermal analysis viscosity (�*) values were plot-

ed versus time. The first linear regression was applied in order
o obtain kinetic and viscous constants, k(T) and �0(T). The kinetic
arameters of the resin curing were calculated by fitting kinetic
onstants versus the inverse value of all curing temperatures.
iscous parameters can be calculated from the viscous constant
ica Acta 498 (2010) 39–44

following the same procedure mentioned for k(T). In addition, a
minimization algorithm for the residual sum of squares (RSS) from
the Matlab® 2007 software was used to calculate the parameters
of the curing process simultaneously.

4.2. Kiuna model

The Kiuna model was proposed due to its improvements over
the Arrhenius model. The evolution of the complex viscosity during
the resin curing process is predicted by the model without requiring
its degree of cure [12]. Viscosity data are used directly to simulate
the variations in viscosity behavior and thus the determination of
the cure kinetics of the material is not required.

The original method was developed by Fontana to be applied to
isothermal curing, but proved less accurate when dealing with non-
isothermal curing conditions [13]. For the latter, Fontana proposed
the normalization of viscosity at temperature (Ti) to viscosity at ref-
erence temperature (Tr). Kiuna developed upon the Fontana model
and suggested the possibility of a non-Arrhenius temperature
dependence. Once the kinetic constant k(T) was calculated, Arrhe-
nius temperature dependence is assumed to obtain the kinetic
parameters of the material curing process. The Kiuna model, which
assumes a different polynomial order for the change in viscosity
during the cure process, was also used in modeling isothermal data
as follows [12]:

d�∗

dt
= �

[
k(T)

g′(ln(�∗/�∗
0))

+ 1
�∗

0
· d�∗

0
dT

· dT

dt

]
(3)

˛′ = ln

[
�∗(T)
�∗

0(T)

]
(4)

f (˛′) = � (5)

� = k(T) · t (6)

where � represents the elapsed cure time, �0 is the viscosity of
the uncured resin at temperature T and k(T) represents the rate
of advance of the curing process at temperature T. For isothermal
conditions, the model predicts the curing rate using the following
expressions:

˛′ = f (�) (7)

f (�) = � + a2�2 + a3�3· · · + an�n (8)

A minimization algorithm for residual sum of squares (RSS) from
the Matlab® 2007 software was used to calculate the parameters
of the curing process simultaneously.

4.3. Kinetic analysis

The novolac resin was analyzed by DSC to obtain its curing heat
release (�Hp)t. The heat flow of the material crosslinking process
was calculated as the area under the exothermic peak and used to
determine the degree of conversion reached after being cured in
the rheometer. Previously, the silicone surrounding fluid was ana-
lyzed by DSC to avoid possible interference and noises. A baseline
was obtained to eliminate appreciable heat flow due to physical
or chemical transitions. The material’s degree of conversion can be
obtained by the following expression:

˛ = (�Hp)t
�H0

(9)
where (�Hp)t is the heat released up to a time t, and �H0 is the
total reaction heat associated with the cure process.

The evolution of the material’s curing degree was calculated
according to different authors using some of the common rheo-
logical variables studied during the resin crosslinking process. A
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Fig. 1. Complex viscosity versus curing time for the Arrhenius model at 120 ◦C.

Table 2
Activation energies and statistical parameters for the Kiuna rheokinetic model.

Kiuna �E (kJ/mol) RSS �2

T
S
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omplex modulus (G*) for isothermal chemorheological analysis
Eq. (10)) was assumed to describe the curing degree behavior [8].
qs. (11) and (12) were also proposed to obtain the curing degree
f the novolac resin from the elastic modulus (G*) [7,14]. In addi-
ion, torque (� ) normalized values (Eq. (13)) for each temperature
escribed the resin’s degree of cure [9].

(t) = G∗(t) − G∗(t˛=0)
G∗(t˛=1) − G∗(t˛=0)

(10)

(t) = log(G′(t)) − log(G′(t˛=0))
log(G′(t˛=1)) − log(G′(t˛=0))

(11)

(t) = 1∫ t˛=1
0

(dG′(t)/dt)dt

∫ t˛=1

0

dG′(t)
dt

dt (12)

(t) = � (t) − � (t˛=0)
� (t˛=1) − � (t˛=0)

(13)

here ˛ represents the curing degree of the resin, G*(t) and G′(t)
re the complex and elastic modulus at time t, G*(t˛ = 0) and G′(t˛ = 0)
re the complex and elastic modulus for the uncured resin, and
*(t˛ = 1) and G′(t˛ = 1) are the complex and elastic modulus for the

ully cured resin, respectively. � (t) refers to the measured torque of
he novolac resin during the isothermal runs keeping the applied
train constant. The same naming terminology as for the elastic
odulus was followed for this parameter in this study.
Complex and elastic moduli and torque values for the fully cured

esin were estimated for each temperature by obtaining the final
uring degree reached by the DSC. The profile of the novolac’s cur-
ng degree was studied using general phenomenological models
ue to the extremely complex (in the case of phenolic resins anal-
sis) mechanistic models; the high degree of complexity of the
uring reaction involves the formation of a great number of inter-
ediate compounds [15,16]. Phenomenological models based on

he empirical curing degree values obtained previously were found
o be more appropriate in this case [17,18]. Kamal’s autocatalytic

odel (Eq. (14)) and Markovic’s model (Eq. (15)) are commonly
sed to describe thermosetting curing behavior [19]. These models
ere proposed to analyze the evolution of ˛ obtained for the resin:

d˛

dt
= k˛m(1 − ˛)n (14)

d˛

dt
= k(1 − c˛)(1 − ˛)2 (15)

here ˛ is the rheological degree of conversion, t is time, k is the
inetic constant, c is a temperature-dependent constant, n is the
eaction order and m is the autocatalytic reaction order for Kamal’s
odel (m + n = 2).

. Results and discussion
.1. Rheokinetic modeling

Experimental and predicted values from the Arrhenius model at
20 ◦C are plotted versus time in Fig. 1.

able 1
tatistical parameters of the novolac resin curing process for the Arrhenius model.

Temperature (◦C)

95 100 105

RSS A.M.Fa 3.81 12.56 23.75
A.M.L.Rb 4.51 13.16 12.96

�2 A.M.F 0.051 0.170 0.321
A.M.L.R 0.061 0.178 0.175

a Arrhenius Matlab fit.
b Arrhenius multiple linear regression.
k

Novolac
resin

Order 1 55.8 281.10 0.663
Order 2 103.5 8.61 0.019

The resin’s complex viscosity showed a rapid increase with time
due to the high rate of the curing process at 120 ◦C. A slight devia-
tion from the linear behavior predicted by the Arrhenius model was
found, which is attributed to gelation, but was overcome and ˛ was
close to the ˛v (vitrification degree of cure) value at this tempera-
ture. The statistical coefficients, RSS and variance for the Arrhenius
model fit were calculated as exhibited in Table 1.

The residual minimization method yielded more precise results
than multiple linear regressions. The kinetic parameters of the
novolac resin calculated by the Arrhenius model were 195.1 kJ/mol
for the flow activation energy (�E�) and 131.5 kJ/mol for the kinetic
activation energy (�Ek). The last parameter is within the range of
values (121–167 kJ/mol) obtained by nth order models [20–22]. In
addition, isoconversion methods, commonly used in the determi-
nation of curing activation energies for thermosetting polymers by
DSC, closely agreed (112–120 kJ/mol) with the obtained activation
energy [23].

The Kiuna model was proposed in order to obtain more accu-
rate kinetic parameters [12]. The evolution of the novolac resin’s
complex viscosity and predicted values from the Kiuna model at
the isothermal curing temperature of 120 ◦C are shown in Fig. 2.

The activation energies of the Kiuna rheokinetic model were

determined for both applied polynomial orders of the model
(Table 2). The RSS and variance values decreased considerably when
a second order polynomial was applied to the resin’s normalized
complex viscosity behavior.

Total

110 115 120

4.08 7.97 7.09 3.23
13.82 8.68 65.80 118.92

0.055 0.108 0.096 0.133
0.187 0.117 0.889 0.268
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Table 3
Partial reaction heat and curing degree of the novolac resin obtained by DSC.

Temperature (◦C) (�Hp)t (W ◦C/g) ˛ (%)

95 2.16 13.29
100 2.37 14.58
105 3.39 20.86
110 4.22 25.97

(13), respectively, at 120 ◦C curing isothermal runs are shown in
Fig. 5. The polymer’s degree of cure was modeled beyond the gela-
tion point (˛gel = 0.52) obtained in previous works for this novolac
resin [23]. The postgelation regime during the material curing pro-
Fig. 2. Complex viscosity versus curing time for the Kiuna model at 120 ◦C.

The material’s activation energy of the curing process for a
rst order model was substantially lower than the value deter-
ined by the Arrhenius model, and it was in disagreement with

he values predicted for novolac resins by DSC (114–120 kJ/mol)
23]. This model polynomial order was discarded according to
tatistics parameters and literature-reviewed data (70–167 kJ/mol)
22–24]. Nevertheless, epoxy-novolac and other mixed novolac
esins showed closed activation energies when the autocatalytic
inetic model was applied (57.5–67.2 kJ/mol) [23–25], and for
soconversion methods (79.7–81.3 kJ/mol) [26]. The addition of lig-
osulfonates to the novolac resin formulation also reduced the
ctivation energy of the resin process as shown by Pérez [10].

The Kiuna model, when applied as a second order polynomial,
ncreased kinetic parameters by adding a polynomial coefficient a1
o the model. The a1 calculated value was 0.044; the kinetic model
as completely described. The kinetic activation energy for the
aterial curing was slightly lower than the Arrhenius activation

nergy, but in accordance with the literature [22–24]; the statistic
arameters were excellent. The lower value obtained for the activa-
ion energy with respect to the first order Kiuna model was related
o the high degrees of transformations reached, which is more char-
cteristic of the solid-state diffusion [27]. Thus, the Kiuna model,
hen applied to the novolac resin’s complex viscosity advance dur-

ng the curing process, reveals a shift from the kinetic to diffusion
egime that took place for the highest operating temperatures, as
he low value of a1 proved.

.2. DSC analysis

The total curing heat flow (�HT) was determined by DSC mea-
urements of the uncured resin. The partially cured novolac resins
rom the isothermal rheological tests were analyzed by a dynamic
SC test in order to obtain its residual heat of curing. The novolac’s
egrees of cure reached at all rheological operating temperatures
ere obtained from the rate between partially and fully cured

esins, as shown in Table 3.
The resin’s curing degree behavior calculated at 115 ◦C accord-

ng to the methods proposed is exhibited in Fig. 3. Significantly
ifferent behaviors for ˛ were found when Eq. (11) was applied
nd calculated values were compared to the curing degree advance

btained by Eqs. (10), (12) and (13) from several rheologi-
al variables. In addition, curing degree values obtained from
he elastic modulus by Eqs. (11) and (12) showed a significant
ifference depending on the expression adopted for the calcula-
ions.
115 7.15 44.00
120 12.98 79.88

�HT (W ◦C/g) 16.25 100

The torque method defined by Eq. (13) was chosen as more
accurate due to the non-dependence on the sample’s size. Dur-
ing the novolac curing process chemical shrinkage takes place.
Thus, complex and elastic modulus measurement errors increase
as the sample’s geometry changes. These errors are related to the
torque obtained by the fixed strain applied to the material, and also
to the geometry of the sample. The autotension option allowed
for the evaluation of changes in the resin’s length, but changes
in the diameter of the material were not measured. Despite the
chemical shrinkage of the material, which in some resins such as
hydroxyethyl methacrylate-polyurethane (HEMA-PU) and unsat-
urated polyester is close to 15% of the volume [28,29], does not
involve a great error, torque profiles become a more accurate way to
describe the evolution of the material’s curing degree as long as the
applied strain for isothermal analysis is kept constant. The elastic
modulus integral and logarithm methods presented an increasing
dispersion in the calculated curing degree values of the resin as the
operating temperature decreased. The complex modulus approach
Eq. (10) disagreed with the curing degrees calculated from the
measured torque due to the high values presenting an oscillat-
ing behavior of ˛ at temperatures below 110 ◦C. The novolac’s
curing degree obtained by the torque method with Eq. (13) ver-
sus time at the highest temperatures (110–120 ◦C) is shown in
Fig. 4.

5.3. Isothermal kinetic models

The autocatalytic and Markovic models applied to the evolu-
tion of the resin’s degrees of cure calculated from Eqs. (10) and
Fig. 3. Evolution of the novolac resin’s degree of curing at 115 ◦C.
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Table 4
Parameters of the resin curing process for Kamal and Markovic models obtained at
120 ◦C.

G* �

ln(k) (s−1) m n ln(k) (s−1) m n

Kamal −4.811 0.898 1.102 −5.393 0.727 1.237
RSS 15.558 62.336
�2 0.126 0.854

ln(k) (s−1) c ln(k) (s−1) c

Markovic −12.674 3838 −12.228 2394
RSS 16.439 19.500
Fig. 4. Curing degree behavior of the material obtained from torque values.

ess is highly related to a possible diffusion-controlled stage over

he kinetics of the resin curing process [30,31]. Therefore, diffusion
ontrol kinetic models applied in this case [32–36].

The kinetic constant for each model applied to ˛ values obtained
or the highest curing temperature (120 ◦C) and statistical param-

ig. 5. Kinetic models applied to curing degree values calculated 150 ◦C from: (a)
omplex modulus (G*) and (b) Torque (� ).
�2 0.228 0.267

eters calculated for the novolac resin curing process are exhibited
in Table 4.

The c parameter of the Markovic’s model was higher than values
found in literature when this model was applied to a novolac resin
(3.95 ≤ c ≤ 13.74; n = 2) [37]. This disagreement suggested that the
Kamal autocatalytic model was as a better choice for this novolac
resin. A better approach to calculated ˛ values was reached when
values obtained from the complex modulus method were fit by
Kamal’s model. This could be explained by the lower degrees of
cure obtained. Nevertheless, Kamal’s model was the best approach
when applied to a curing degree range below 0.35, calculated from
torque as is shown in Fig. 5. The kinetic constants, m and n are
in accordance with the literature (m + n = 2) [19,38]. This suggests
that the autocatalytic model is a good approach to apply to the
novolac curing reaction. The self-acceleration character of this pro-
cess could be a consequence of the crosslinking reaction and the
morphological changes.

6. Conclusions

The Arrhenius model was more accurate when the least squares
algorithm was applied in order to fit the experimental data for all
isothermal runs. The flow and curing activation energies agreed
with literature values for novolac resins.

The Kiuna model improved fits when the second order poly-
nomial form was applied. Ek was close to previously obtained
values for the Arrhenius model (131.5 kJ/mol); therefore, the
curing activation energy was in the range of the literature val-
ues.

The curing degree advance was calculated by four different
expressions and three rheological parameters were involved after
the DSC final degree of cure for each isothermal run was obtained.
The torque method was more accurate, and the elastic modulus
integral and logarithm methods presented increasing dispersion
in curing degree values as the curing temperature decreased.
The complex modulus approach agreed with curing degree val-
ues calculated from G′ integral method but dispersion was not
present for low temperatures; therefore, it is useable, although
the calculations are more complex than those for the torque
method.

The Kamal autocatalytic kinetic model showed good agreement
when it was applied to curing degree values previously obtained
from the torque and complex modulus. Lower degree values were
obtained when the complex modulus expression was used to cal-
culate them, involving a significant reduction in the statistical fit

parameters. When the Kamal model was applied to low range ˛
values acquired from torque measurements, excellent agreement
with the model was found.
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