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ABSTRACT: In this study, the time–temperature–
transformation (TTT) cure diagrams of the curing processes
of several novolac resins were determined. Each diagram cor-
responded to a mixture of commercial phenol–formaldehyde
novolac, lignin–phenol–formaldehyde novolac, and methylo-
lated lignin–phenol–formaldehyde novolac resins with hex-
amethylenetetramine as a curing agent. Thermomechanical
analysis and differential scanning calorimetry techniques
were applied to study the resin gelation and the kinetics
of the curing process to obtain the isoconversional curves.
The temperature at which the material gelled and vitrified
[the glass-transition temperature at the gel point (gelTg)], the
glass-transition temperature of the uncured material (without
crosslinking; Tg0), and the glass-transition temperature with

full crosslinking were also obtained. On the basis of the
measured of conversion degree at gelation, the approximate
glass-transition temperature/conversion relationship, and
the thermokinetic results of the curing process of the resins,
TTT cure diagrams of the novolac samples were constructed.
The TTT diagrams showed that the lignin–novolac and meth-
ylolated lignin–novolac resins presented lower Tg0 and gelTg

values than the commercial resin. The TTT diagram is a suita-
ble tool for understanding novolac resin behavior during the
isothermal curing process. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 119: 2275–2282, 2011
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INTRODUCTION

Phenol–formaldehyde novolac resins (PFs) are
widely used in industry because of their flame and
chemical resistance, electrical insulation, and dimen-
sional stability.1 However, the high cost of phenol
has increased the search for new alternatives in the
formulation of phenolic resins. Thus, an alternative
extensively studied is the utilization of natural com-
pounds as fillers or extenders in the synthesis of
PFs. One of the possible partial substitutes for phe-
nol is lignin, which exhibits a structure close to a
phenolic resin.2 In addition, these natural com-
pounds have also been modified to increase their
reactivity toward formaldehyde during the polymer-
ization reaction. More details have been provided
elsewhere.3–5 Although the formulation and the
influence of variables (pH, catalyst, temperature,
and so on) have been widely studied, the curing
stages of novolac resins with natural fillers or
extenders are unknown. However, this stage is cru-

cial for determining the properties and quality of the
material in its final application.
The time–temperature–transformation (TTT) dia-

gram is a useful tool for designing thermosetting
polymer curing cycles for final application. These dia-
grams show the phenomenological changes that occur
during the process, such as gelation and vitrification
and char and isoconversion contours, including the
maximum conversion (a) curve. Gelation corresponds
to the incipient formation of an infinite molecular net-
work, which gives rise to long-range elastic behavior
in a macroscopic fluid. This event occurs at a definite
a for a given system according to Flory’s theory of
thermosetting polymer gelation.6 After gelation, the
material normally consists of miscible sol (solvent-
soluble) and gel (solvent-insoluble) fractions, where
the ratio of the former to the latter decreases with a.
The gel point represents the state beyond which the
material no longer flows and, therefore, cannot be
processed. The material is liquid or rubbery when
Tcure > Tg, where Tcure is the curing temperature and
Tg is the glass-transition temperature. Vitrification is
understood as a change in the liquid or rubbery state
of resin due to an increase in both the crosslinking
density and the molecular weight of the material dur-
ing its curing process. This transformation takes place
when Tg of the material coincides with Tcure.

Correspondence to: J. M. Pérez (jmperezr@quim.ucm.es).
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At this stage, resin curing within the glassy state
becomes extremely slow, and the control over the
overall process kinetics changes from a chemical
reaction to a diffusion stage. Vitrification of the resin
does not occur under isothermal curing if Tcure is
above the glass-transition temperature of the fully
cured resin (Tg1), that is, the highest Tg or the low-
est temperature at which complete curing of the ma-
terial can be achieved. At temperatures immediately
above the glass-transition temperature of the
uncured material (Tg0), its vitrification time (tv)
presents a maximum because of the opposite influ-
ence of the temperature on the resin viscosity and
the reaction rate constant of the process. At higher
temperatures, the time needed for polymer vitrifica-
tion goes through a minimum as Tg1 is approached
because of the opposite influences of the reaction
rate constant and the decreasing concentration of
reactants in the vitrification state.

Another parameter displayed in TTT diagrams is
the glass-transition temperature at the gel point (gelTg),
the lowest Tcure that allows the material to gel before it
vitrifies, which coincides with Tcure, at which the mate-
rial gels and vitrifies simultaneously. Below Tg0, the
material does not crosslink. Between Tg0 and gelTg, the
liquid resins react until Tg attains the value of Tcure; at
this moment, the vitrification of the resin begins, and
the overall process kinetics become controlled by the
diffusion stage. Between gelTg and Tg1, the material
gels, and then, the material vitrifies when Tcure ¼ Tg.
Above Tg1, the material is fully cured and remains in
the rubbery state after its gelling.

Considerable effort has been devoted to developing
the TTT cure diagrams of different polymers, such as ep-
oxy systems, bisphenol A epoxy, epoxy–novolac resins,
and phenolic resins.7–10 In the literature, several techni-
ques can be found for elaborating the TTT cure diagrams
of thermosetting polymers. For instance, differential
scanning calorimetry (DSC) is the most common tech-
nique for determining Tg and the curing degree of
resins.11–15 Thermomechanical analysis (TMA) and
dynamic mechanical analysis (DMA) are techniques
used for obtaining the gelation of the resin.7,15–21

In previous studies, we examined the formulation
and curing kinetics for lignin–phenol–formaldehyde,
methylolated lignin–phenol–formaldehyde, and com-
mercial novolac resins.22–24 In this study, we used
the Flynn–Wall–Ozawa (FWO) isoconversional
method to study the resins’ curing kinetics on the
basis of dynamic analysis by DSC.25 The FWO
method was applied to different a’s of the cured res-
ins. Having determined the kinetic data of the cur-
ing of the resins, we focused on the development of
the TTT cure diagrams for a commercial PF and two
lignin–phenol–formaldehyde novolac resins (LNs) in
which phenol was partially substituted by ammo-
nium lignosulfonate as an extender (methylolated)

or filler (not methylolated) with 9 wt % hexamethy-
lenetetramine (HMTA) as a curing agent; here, we
used the DSC and TMA techniques were used. In
addition, we also focused on the influence of the lig-
nin type, methylolated or not, on the curing process
of the novolac resins.

EXPERIMENTAL

Materials

A commercial PF (water content ¼ 0.4 wt %, free
phenol ¼ 0.2%, flow distance ¼ 25–40 mm) and
HMTA were supplied by Hexion Specialty Chemi-
cals Ibérica, S. A. (Guipúzcoa, Spain). The softwood
ammonium lignosulfonate was supplied by Borre-
gard Deutchland (Sapsborg, Norway) as Borresperse
AM 320. The substitution of phenol by ammonium
lignosulfonate was 30 wt % in both samples because
higher amounts would not produce suitable res-
ins.26,27 The details of the modification of lignosulfo-
nate were reported in a previous article.5

The formulations of the LN and methylolated
lignin–phenol–formaldeyde novolac resins (MLNs)
were carried out in a laboratory glass reactor
equipped with a stirrer, thermometer, and reflux con-
denser. First, lignosulfonate (modified or unmodi-
fied), phenol, and oxalic acid (0.5 wt % in relation to
phenol) were dissolved and heated to a temperature
of 100�C. Then, the formaldehyde was added, and
heating continued for 90 min. Second, a condensation
reaction took place for 90 min. Afterward, the excess
of nonreacted phenol and formaldehyde was
removed. More details were provided in a previous
article.22 The three resins studied were cured with 9
wt % HMTA to obtain the thermosetting polymers.

Procedure and techniques

Calorimetric analysis was carried out with a Met-
tler-Toledo DSC 821e. The weight of the novolac
samples was around 4–6 mg. All of the samples
were cured under a nitrogen atmosphere. All ther-
mograms were normalized by calorimeter software
to 1 g. Dynamic curing of the resins was carried
out at nine heating rates (b’s) of 2, 4, 6, 8, 10, 12,
14, 16, and 20�C/min from 30 to 250�C. Dynamic
DSC runs made it possible to determine a kinetic
model for both the curing of the resin samples and
the iso-Tg relation. The data treatment of the
dynamic curing processes by DSC began with a cal-
culation of the curing degree of the resins by the
following equation:

a ¼ ðDHpÞt
DH0

(1)

where (DHp)t is the heat released up to time t and
DH0 is the total reaction heat associated with the
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resin curing process, which is the average value of
the total reaction heat obtained dynamically at dif-
ferent b values.

Tg0 and Tg1 values were determined by dynamic
DSC, with two sweeps performed at 10�C/min. The
first sweep was performed from �20 to 250�C to
determine Tg0. The second sweep was run from 0 to
250�C to obtain Tg1.21,25,28

Isothermal DSC was carried out for resins cured for
different lengths of time at temperatures of 120, 140,
160, and 180�C to establish the relationship between
the Tg of the polymer and the necessary curing time to
attain a given a. The resins were not fully cured. As a
result, it was necessary to quench them at �80�C to
retain their polymerization state. They were scanned
from �80 to 250�C at 10�C/min to obtain their Tg and
residual heat. Tg was measured as the halfway point
of the heat capacity, when the polymer consistency
changed from the glassy to the rubbery state. In the
case of the isothermal curing processes, the curing
degree of the resins was calculated as follows:

a ¼ 1� DHð Þt;res
DH0

(2)

where (DH)t,res is the residual heat obtained after iso-
thermal curing up to time t.

A Mettler-Toledo TMA 840e analyzer was used to
determine the change of resin from a viscous liquid
to the solid state during its curing, a process known
as gelation. This technique measures the length of the
resin as a function of the temperature or time. The
resin was placed between two silica disks 5 mm in
diameter (ME-29595). The temperatures tested were
140, 150, 160, 170, and 180�C to reach the gel time. A
periodic force (cycle time ¼ 12 s) of 0.01 N was auto-
matically applied to the resin sample. Because of
this force, the probe moved up and down when the
resin was still liquid. When the material reached ge-
lation, the TMA measuring sensor was unable to
respond to the force applied. At this moment, the
sudden decrease in the amplitude of the oscillation
revealed that the sample attained gelation. After the
TMA process, the sample was cooled [temperature
(T) ¼ �4�C] and a dynamic DSC scan was per-
formed at a b of 10�C/min to determine the residual
heat and the gel conversion (agel) of the novolacs.

The methodology followed to develop the TTT
cure diagrams of PF, LN, and MLN is shown in Fig-
ure 1. Thus, TMA and DSC assays were used to
obtain the a at which the resins began to gel; DSC
and the DiBenedetto equation were used to establish
the vitrification points of the resins. gelTg was deter-
mined by TMA and DSC. Tg, corresponding to a
given a, was attained by isothermal DSC assays, and
Tg0 and Tg1 were determined with nonisothermal
DSC runs.

Kinetic method

The isoconversional method used in this study was
based on dynamic analysis by DSC. The reaction
rate expression used to study the resins’ curing
kinetics can be expressed as follows:

da
dt

¼ k Tð Þ � f að Þ (3)

where da/dt ¼ b(da/dT), b is the heating rate
(�C/min), k(T) is the temperature-dependent rate
constant, and f(a) is the function of the curing
degree of the polymer. When one considers that the
dependence on the temperature of the reaction rate
constant of the resin curing process follows the
Arrhenius expression, eq. (3) can be rewritten as

b
da
dT

¼ k0e
�Ea=RTð Þf að Þ (4)

where T is the temperature (K), k0 is the pre-expo-
nential factor, Ea is the activation energy (kJ/mol), a
is the resin curing degree, and R is the universal gas
constant. Thus, the integral form of eq. (4) can be
expressed as

g að Þ ¼ k0
b

ZTa

0

e �Ea=RTð ÞdT ¼ k0Ea

bR
P

Ea

RT

� �
(5)

where gðaÞ ¼ R a
0 da=f ðaÞ is the integral form of the

reaction model, Ta is the temperature corresponding

to a specific degree of conversion. If P Ea

RT

� � ¼R 0
1

e�Ea=RT

ðEa=RTÞ2 dEa=RT is assumed to be valid for an Ea/RT

included between 60 and 20, eq. (5) is as follows:29

log P Ea=RTð Þ½ � ¼ �2:315� 0:456Ea=RT (6)

Figure 1 Scheme for the elaboration of TTT cure dia-
grams for thermosetting polymers.
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To determine the kinetic parameters of the resin cur-
ing process, eqs. (4) and (5) can be combined and
rearranged as follows:

logb ¼ A� 0:4567
Ea

RTa
(7)

where A ¼ log[k0Ea/g(a)R] � 2.315. Equation (7) is
known as the FWO isoconversional method,30,31 which
can be applied to different curing degrees of the resin.

RESULTS AND DISCUSSION

Curing kinetics

In the FWO isoconversional method, eq. (7) is
applied to different a’s of cured resins. According to
this equation, for each a, the logarithm of b is corre-
lated with the inverse of the temperature. For a
given b, the temperatures at different curing degrees
of novolac resins are obtained from the curves a – T,
as determined by dynamic DSC runs for each sam-
ple. The kinetic parameters of the curing process of
LN, MLN, and PF obtained by the FWO method are
shown in Table I and Figure 2. In most cases, the
correlation coefficients (R2’s) were between 0.970
and 0.998. Data from Figure 2 show that the results
of a ¼ 2% were the worst with respect to those of
the remaining a values, especially in the case of LN
and MLN. This behavior may have been due to the
predominance of the thermal decomposition of res-
ins on its cure at this low a. This fact is accentuated
by the presence of lignin, modified or not, in the
resin.

The tendency of the Ea values for MLN and PF
with 9 wt % HMTA at a low curing degree (a �
20%) was to decrease from 97 to 90 kJ/mol for MLN

and from 136 to 120 kJ/mol for PF. This was due to
the formation of reaction intermediates, such as ben-
zoazines and benzylamines, as a result of the incor-
poration of HMTA.1 The Ea value for PF (20 < a �
90%) was over 119 kJ/mol, and that for MLN (20 <
a � 80%) was over 92 kJ/mol. The Ea values did not
change with the curing degree, which indicates that
the reaction mechanism took place through parallel
reactions. An abrupt decrease in the Ea values at the
end of the curing process for MLN and PF occurred
because the overall process kinetics were controlled
by the diffusion stage.32–34 The value of Ea for LN
curing (92–97 kJ/mol) did not change significantly
with temperature, including the anomalous data in
the a range of 10–30%. This may have been because
the overall process rate was governed by the diffu-
sion stage.35 This behavior only occurred with the
LN cure because the unmodified lignin appeared to
be poorly reactive.

Tg versus a relationship

The empirical DiBenedetto equation has been used
in numerous studies; it provides a one-to-one rela-
tionship between Tg and a when the chemical struc-
ture of the resin is independent of the curing
type.7,36,37 This equation assumes that the resins
reach full curing (a ¼ 1). Thus, the empirical DiBe-
nedetto equation makes it possible to relate Tg to the
a of the resin as follows:7,14,16,17,20,38,39

Tg � Tg0

Tg1 � Tg0
¼ ka

1� 1� kð Þa (8)

where Tg1 is the maximum glass-transition temperature
obtained experimentally for the fully cured material and
the coefficient k is defined as the ratio of the mobility of

TABLE I
Kinetic Parameters of Resin Curing Determined by the FWO Isoconversional Method

9 wt % HMTA

PF LN MLN

a Ea (kJ/mol) A R2 SD Ea (kJ/mol) A R2 SD Ea (kJ/mol) A R2 SD

2 136.4 18.185 0.988 0.052 95.9 14.821 0.932 0.124 97.4 15.119 0.897 0.151
10 125.9 17.277 0.994 0.037 92.5 13.977 0.980 0.068 96.2 14.462 0.979 0.069
20 122.8 16.772 0.995 0.033 92.4 13.753 0.989 0.049 91.9 13.585 0.988 0.052
30 121.3 16.515 0.995 0.032 93.8 13.803 0.993 0.040 91.4 13.352 0.992 0.043
40 120.3 16.331 0.996 0.032 95.4 13.918 0.995 0.033 92.0 13.301 0.994 0.037
50 119.5 16.179 0.995 0.033 96.7 14.000 0.996 0.029 92.6 13.289 0.995 0.033
60 118.7 16.033 0.995 0.034 97.2 13.981 0.996 0.029 93.0 13.253 0.996 0.031
70 118.1 15.892 0.994 0.036 96.9 13.858 0.996 0.030 92.9 13.170 0.996 0.030
80 117.4 15.738 0.993 0.042 96.1 13.673 0.996 0.031 92.2 12.994 0.996 0.031
90 116.6 15.527 0.988 0.053 94.9 13.401 0.995 0.035 90.1 12.628 0.995 0.033
95 115.5 15.282 0.983 0.062 94.2 13.216 0.993 0.039 88.7 12.361 0.995 0.035
99 110.0 14.432 0.974 0.077 93.8 13.011 0.992 0.044 87.3 12.041 0.994 0.037

100 93.7 12.204 0.973 0.079 86.8 11.914 0.998 0.024 83.7 11.383 0.993 0.039

A ¼ log[k0Ea/g(a)R] � 2.315. SD ¼ standard deviation.
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the segments between crosslinking nodes of the cured
network at the end and at the start of the crosslinking
process and is generally obtained experimentally from a
and the three values of Tg1, Tg, and Tg0.

Each degree of resin curing presented a unique Tg,
independent of Tcure and time conditions, as shown in
Figure 3. Despite the dispersion of the Tg data at high
a’s, the existence of a relationship between Tg and a of

the resin, which was independent of the isothermal
cure temperature, was confirmed. This relationship
was also observed by other authors.7,14,36 This consti-
tutes an important advance from the practical point of
view because Tg can be measured more easily than a
of resin. High a values cannot be measured by calo-
rimetry because this technique does not detect
changes in the residual heat.
The k value is defined as the mobility relationship

of the segments between the junction of networks

Figure 2 FWO relationship of log b versus 1/T: (a) LN,
(b) MLN, and (c) PF.

Figure 3 Tg versus a experimental data and DiBenedetto
data fit: (a) LN, (b) MLN, and (c) PF.
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crosslinking at the end and beginning of the resin’s
curing process.11 Table II exhibits the k values for
PF, LN, and MLN with 9 wt % HMTA. In the litera-
ture, the k values found varied from 0.17 to 0.78;
this was in accordance with the resulted obtained
for novolac samples.7,14,17,20,36–39

A higher k value was obtained for PF curing in rela-
tion to LN and MLN curing. This fact, combined with
the definition of the k value, suggests that lignosulfo-
nate incorporated into formulations as an extender or
filler presented less mobility among its chains at the
beginning and end of the curing process of the resins.

Gelation

Gelation is an important stage during the curing reac-
tion of resins because from the gel point, the resin
begins to flow with difficulty; this results in a high-
molecular-weight polymer. In a previous study, the
extent of the curing reaction at the gel point in relation
to different Tcure values for PF, LN, and MLN with 9
wt % HMTA was shown to obey the isoconversional
principle.23agel of the novolac resins changed with
time; however, the agel value was independent of the
Tcure used (Fig. 4). In the literature, we found that the
resin agel is generally lower than other thermosetting
polymers, such as epoxy–amine,11,13,38,40 phenolic
resol,15 and epoxy resins.14,39,41

Tg0 and Tg‘, and gelTg determination

Tg0 and Tg1 are also necessary to determine the TTT
cure diagrams of resins. Tg0 values for LN, MLN, and
PF are shown in Table III. From an industrial point of
view, these temperatures indicate that all of the uncured
resin samples could be stored at room temperature
without reacting, which is useful because it makes it
possible to prolong the material life and to reduce cost
by eliminating cold storage. gelTg is defined as the tem-
perature at which the resin vitrifies and gels simultane-
ously. This value is obtained by extrapolation of the iso-
conversional line of agel. LN, MLN, and PF presented

gelTg values of 71.9, 73.7, and 88.5�C, respectively. This

TABLE II
Experimental Values of k for Different Thermosetting

Polymers Obtained by the DiBenedetto Equation

Resin k6 Standard error R2

Lignin–novolaca 0.1993 6 0.0194 0.959
Methylolated–lignin–novolaca 0.1316 6 0.0091 0.892
Phenol–formaldehydea 0.4089 6 0.0279 0.970
Epoxy–diglycidyl ether of
bisphenol A/1.2 diamine
cyclohexane7

0.165 —

Epoxy–diglycidyl ether of
bisphenol A/1.2 diamine
cyclohexane/vinylcyclohexene
dioxide14

0.349 6 0.022 —

Epoxy–diglycidyl ether of
bisphenol A/1.2 diamine
cyclohexane/20% calcium
carbonate17

0.501 6 0.0128 0.984

Epoxy–diglycidyl ether of
bisphenol A/methyl
hexahydrophtalicanhydride/
benzyldimethylamine20

0.57 —

Epoxy system/TGDDM36 0.78 —
Epoxy–amine system37 0.44 —
Epoxy resin, commercial
Hexcel 8551-738

0.43 6 0.04 —

Epoxy-based adhesive,
commercial XS843639

0.61613 6 0.03637 0.934

An em dash indicates that the value is unknown.
TGDDM, Tetraglycidyl-4-40-diaminodiphenylmethane.
a The sample was studied in this work.

Figure 4 agel of each mixture from the resin and HMTA:
(a) LN, (b) MLN, and (c) PF.
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indicated a reduction of the mobility of the chains of LN
and MLN during their curing, which was agreement
with the respective k values obtained.

The characteristic Tg values (Tg0, gelTg, and Tg1) for
the elaboration of the TTT cure diagrams of the differ-
ent thermosetting polymers are shown in Table III.
Although each material presented a different TTT
cure diagram because there were remarkable differen-
ces between them, the information supplied made it
possible to optimize the curing conditions for thermo-
setting polymers for their final applications.

Vitrification points were calculated as the time
needed for the polymer to reach the curing degree at
which Tg ¼ Tcure. The Tg values as a function of vitrifi-
cation a and time are shown in Figures 5(a–c) for LN,
MLN, and PF, respectively. LN and MLN needed more
time to achieve vitrification; that is, these resin samples
exhibited lower gelTg and Tg0 values with respect to the
corresponding values of PF, but they exhibited higher
Tg values. Therefore, novolac commercial resins needed
higher temperatures than LN and MLN to avoid the
vitrification stage during the curing process.

TTT cure diagrams

The different states through which the resin passes
during its curing can be represented in a TTT cure
diagram. For the construction of a TTT cure diagram,
it is necessary to know the curing kinetics up to the
point when the material vitrifies, the gel time, tv, the
isoconversional lines, the temperature of simultane-

ous gelation and vitrification, and the glass-transition
temperature of resins without curing (Tg0) and that
will full curing (Tg1). Therefore, TTT cure diagrams
for the novolac systems were created with the experi-
mental data determined in the foregoing sections. The
values of k0 and activation energy [E in eq. (9)] previ-
ously obtained for different curing degrees were fitted
with an isoconversional expression such as

ln t ¼ k0 þ E=RT (9)

This made it possible to obtain the isothermal Tg

curves of the novolac resins (Fig. 5). The Tg0 and
Tg1 values were determined by DSC of the uncured
and fully cured samples, respectively. The gelation
line was drawn by the application of eq. (9). The tv
values were taken as the time required for the mate-
rial to reach an a in which Tg was equal to Tcure.
The temperature at which the material gelled and

TABLE III
Tg Values Characteristic of the TTT Curing Diagrams for

Different Thermosetting Polymers

Resin Tg0 (
�C) gelTg (

�C) Tg1 (�C)

Lignin–novolaca 64.9 71.9 152.6
Methylolated lignin–novolaca 68.2 73.7 170.0
Phenol–formaldehyde novolaca 68.5 88.5 134.8
Epoxy–diglycidyl ether
of bisphenol A/1.2 diamine
cyclohexane2

�30.1 7.2 146.3

Diglycidyl ether of bisphenol
Fþ epoxy diluent9

�46.8 45.7 163.7

Epoxy–diglycidyl ether of
bisphenol A/1.2 diamine
cyclohexane/20% calcium
carbonate12

�20.0 32.1 127.6

Tetrafunctional phenol
novolac epoxy13

12 102 266

Anhydride-cured epoxy15 �40 4.5 150
Epoxy–novolac35 35 — 164
Phenol–formaldehyde resol36 �5.4 141 161
Methylolated lignin–phenolic
resol36

�3.4 147.5 197

Powder coating37 60 68.5 75
Epoxy system38 �21.5 56.5 109

An em dash indicates that the value is unknown.
a The sample was studied in this work.

Figure 5 TTT cure diagrams for (a) LN, b) MLN, and (c)
PF with 9 wt % HMTA.
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vitrified simultaneously was gelTg. The time required
for the material to gel and vitrify simultaneously
was determined by the extrapolation of the isocon-
versional line of agel to a Tcure equal to gelTg.

The TTT cure diagrams for LN, MLN, and PF are
shown in Figure 5. The gelTg values were near Tg0,
and in turn, the temperature was lower than the
melting point. LN and MLN needed more time to
finish their curing reactions in comparison to the PF.
The cured PF gave a TTT diagram in which Tg0 and
Tg1 were closer to each other as compared with the
same temperatures for LN and MLN.

The isoconversional lines for PF were also closer
than those of LN and MLN. Thus, the LN and MLN
isoconversional lines for a > 50% showed that these
resins needed more time to reach their full cure com-
pared to PF. In the region where the resins were fully
cured, the temperatures used to obtain the experimen-
tal data were close to those of thermal degradation.
Therefore, when the cure reaction was above Tg1, a
great amount of resin was thermally degraded, and the
properties of the samples were lost. We also observed
in the TTT cure diagrams that the vitrification line for
all resins exhibited the typical sigmoidal profile (S-
shape) of thermosetting polymers, with a minimum tv.

CONCLUSIONS

In this study, we obtained three TTT diagrams by mix-
ing a lignin–novolac, a methylolated lignin–novolac,
and a commercial resin with a 9 wt % HMTA as a cur-
ing agent. As the results show, we concluded that the
FWO isoconversional method can be applied to study
the curing process kinetics of novolac and lignin–novo-
lac polymers. Thus, the experimental results exhibited a
dependence of the curing degree of LN, MLN, and PF
on the Ea of the process. In addition, this method made
it possible to obtain the data for the isothermal Tg curves
for elaboration of the TTT cure diagrams for LN, MLN,
and PF; the TTT cure diagram is a useful tool for design-
ing the curing cycle of a resin for its final application.

The agel for all of the novolac resins assayed was in-
dependent of the temperature; this confirmed that the
sample curing fulfilled the isoconversional principle.
Both lignin–novolacs had similar agel values, and these
were lower than that of the commercial resin. In this
sense, the commercial resin showed a better curing
process. In addition, LN and MLN exhibited lower

gelTg and Tg0 values than the commercial resin but
higher Tg values. Therefore, novolac resins needed
higher temperatures than LN and MLN to avoid the
vitrification stage during the curing process.
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