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ABSTRACT: The aim of this work is to generate both a
master curve of resol resins based on the time-temperature
superposition principle and their TTT cure diagrams. The
samples used for this purpose were lignin—phenolic and phe-
nol-formaldehyde resol resins. A TMA technique was
employed to study the gelation of resol resins. In addition, a
DSC technique was employed to determine the kinetic param-
eters through the Ozawa method, which allowed us to obtain
isoconversional curves from the data fit to the Arrhenius

expression. Establishing the relationship between the glass-
transition temperature and curing degree allowed the determi-
nation of the vitrification lines of the resol resins. Thus, using
the experimental data obtained by TMA and DSC, we gener-
ated a TTT cure diagram for each of resins studied. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 3362-3369, 2007
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INTRODUCTION

Phenol-formaldehyde (PF) resol resins are used
predominantly as adhesives in plywood panels, fla-
keboards, and particleboards.'™ These resins provide
excellent properties due to their high strength and
extreme resistance to moisture. The phenolic resins
are expensive as a result of the rising costs of petro-
leum-based materials. Extensive studies have been
performed on the utilization of natural products,
such as lignin, tannin, and vegetable extracts, which
can be fillers or coreactants in the formulation of the
PF resins.*™” The lignosulfonates are one of the natu-
ral products that are most studied as partial substi-
tutes of phenol in the formulation of the resol resins.
The chemical modification of lignin by methylolation
or phenolation is necessary to improve its reactivity
towards the formaldehyde during the polymeriza-
tion reaction.**!®'2 The preparation of the resins
and the chemical structure of the polymer have a
great influence on their curing temperatures. Addi-
tionally, the curing stage has a great influence on the
application of resol resin, since it determines the
quality of final product. Thus, knowledge of the cur-
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ing stage of phenolic resins is of great importance;
however, it has not been studied much.

In addition to the reasons mentioned earlier, the
curing of phenolic resins is complex due to the exis-
tence of changes in the gelation and vitrification
steps during their chemical transformations. Gelation
occurs when the average molecular weight of a ma-
terial becomes infinity due to crosslinking; moreover,
the material becomes nonfusible and insoluble.
Therefore, gelation is a critical point, since the poly-
mer does not flow and is no longer processable
beyond this stage. This state is dependent on the
functionality, reactivity, and stoichiometry of reac-
tants. Nevertheless, the gelation does not inhibit the
curing process. Beyond the gel point, the reaction
continues towards the formation of a network with a
high crosslink density. Vitrification is another phe-
nomenon that may occur during the resin’s curing
process. In this case, there is a transformation from a
viscous liquid or elastic gel to a glass, which occurs
when the glass-transition temperature (T,) coincides
with the curing temperature (T,). Vitrification is a
transition that causes a change from a chemical reac-
tion to diffusion control of the curing kinetics of the
overall process.”” This phenomenon can be observed
by a progressive decay of the reaction rate. Devitrifi-
cation of the polymer occurs when the glass-transi-
tion temperature decreases as a result of the ther-
mal degradation at a given temperature. The time—
temperature-transformation (TTT) cure diagram is a
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useful tool for studying these phenomenological
changes of the polymers during their cure, gelation,
and vitrification.”>” Thus, this diagram can be
expanded to include iso-T, curves, which can be
determined if a complete kinetic model of the resin
curing process is known. Yang and Lee'® determined
the gel point (tz) and curing degree (o) of polyes-
ter resins by viscosity and calorimetric techniques,
respectively. Riesen and Sommerauer' determined
the gel time and gel conversion of an epoxy resin
through a thermomechanical analyzer (TMA) and
differential scanning calorimetry (DSC), respectively.
Hofmann and Glasser™ also studied the curing of
epoxy resins; in this case, they employed a dynamic
mechanical analyzer (DMA) technique for measuring
the gel time. However, Mijovic et al.*' utilized a
FTIR technique based on Flory-Stockmayer’s theory
for measuring the og. value of an amine-epoxy sys-
tem. One methodology employed to measure the
glass-transition temperature is based on the polymer
curing at different times and temperatures. In addi-
tion, the curing degree is determined by DSC from
residual reaction heat. In this manner, the master
curve of resol resins can be elaborated as a relation-
ship between glass-transition temperature and cur-
ing degree. All these techniques have been widely
utilized for studying epoxy resins.">'*?! Further-
more, other techniques as torsional braid analysis
(TBA), rheometrics dynamic analyzer (RDA), and
size-exclusion chromatography (SEC) have been uti-
lized for cure characterization and TTT cure diagram
development.”*** However, the applications of ther-
mal analysis to elaborate TTT cure diagrams and/or
master curves of phenolic resins yield unusual
results. In the present work, the TMA and DSC tech-
niques have been utilized for studying the gelation
and vitrification phenomena of lignin—-phenolic and
phenolic resol resins during their cure. The experi-
mental data obtained through these techniques
allowed construction of the master curves and TTT
cure diagrams of both resol resins.

EXPERIMENTAL
Materials

The phenol-formaldehyde (PF) commercial resol
resin that was tested was supplied from Hexion
Specialty Chemicals Ibérica, S.A. (Spain). This prod-
uct was obtained by the polymerization between
phenol and formaldehyde in alkaline medium (so-
dium hydroxide). The softwood ammonium ligno-
sulfonate (Borregaard Deutschland) employed for
the partial replacement of phenol in the lignin—phe-
nol-formaldehyde resin was provided by BASF
Curtex, S.A.
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Preparation of lignin—phenolic resin

Lignin—phenol-formaldehyde resol resin was synthe-
sized in the laboratory, with a 35% (w/w) methylo-
lated softwood ammonium lignosulfonate. The optimal
conditions for methylolation and formulation of lignin—
phenolic resins were reported in previous work.”'!

Techniques and procedure

The calorimetric measurements were performed on a
Mettler Toledo DSC 821°¢ calorimeter, using medium
pressure pans. The pans, with a volume of 120-uL,
can withstand vapor pressures up to 10 MPa. Since
it is difficult to weigh exactly the same amount of
sample every time, different thermograms were nor-
malized by the calorimeter software to 1 g.

The experimental work is divided in two sections. In
the first section, dynamic DSC tests were completed for
determining a kinetic model of the resin curing process
and the relation iso-T, as mentioned before. In this case,
Ozawa’s isoconversional method was applied. The ex-
perimental data were obtained from nine heating rates
(2,4,6,8,10,12, 14, 16, and 20°C minfl) in a scanning
temperature range from 30 to 250°C. The data treatment
of the dynamic curing processes by DSC begins with the
calculations of conversion degree, which corresponds to
the following expression:

(AH,),
AH,j

o= @
where (AH,); is the heat released up to time ¢, and AH,
is the total reaction heat associated with the resin cure
process. The AH, value was calculated as the average
value for total reaction heat obtained dynamically at
the different heating rates.

In the second section, the isothermal curing of PF
and LPF resol resins was carried out by DSC for dif-
ferent times at temperatures of 110, 120, 130, and
140°C, to establish the relationship between the glass-
transition temperature and curing time. As the resin
samples were not fully cured under these operating
conditions, it was necessary to quench them at —80°C
to keep them at their polymerization state. The sam-
ples were then scanned from —80 to 250°C at 10°C
min ' to obtain the glass-transition temperature and
residual heat for each sample. T, was measured as
the halfway point of AC,, when the polymer passes
from the glass to the rubber state. A typical thermo-
gram of precured phenolic resol resin is shown in
Figure 1. In the case of the isothermal curing proc-
esses, degree of conversion was determined as:
(AH)t,res (2)

AH,
where (AH); s is the residual heat obtained after
isothermal curing up to time t.

o=1-—
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Figure 1 Typical thermogram by dynamic DSC for pre-
cured phenolic resin (Tcure isothermal = 110°C, £ = 10 min).

To characterize the change of resin from liquid to
solid (gelation), the TMA technique (Mettler Toledo
TMA 840° analyzer) was used. The liquid resin was
placed between two silica disks. The temperatures
tested to reach the gel time were 110, 120, 130, and
140°C. A periodic force (cycle time = 12 s) of + 0.03
N was automatically applied to the samples.”?*
Because of this force, the probe is moved up and
down while the resin is still liquid. When the mate-
rial reaches its gelation, the TMA measuring sensor
is unable to respond to the force applied. At this
moment, the sudden decrease in the amplitude of
the oscillations reveals that the sample has attained
gelation. Gelation was determined from the steepest
initial slope of the dL/dt versus time curve, as
shown in Figure 2. Then, the sample is cooled and a
dynamic scan by DSC is performed at a heating rate
of 10°C min ' to determine the glass-transition tem-
perature at gel point (zeiT,), residual heat (AHi,es),
and gel conversion (o) by eq. (2).

Kinetic method

The isoconversional method employed in this work
is based on dynamic analysis by DSC. The reaction
rate equation utilized to study the resin’s curing
kinetics can be expressed, in general, as follows:

do,
=K ©

where do/dt = P(da/dT), and B is the heating rate
(K/min), k is rate constant that depends on tempera-
ture, and f(a) is function of the curing degree of
the polymer. Considering that dependence of the
rate constant on temperature follows the Arrhenius
expression, eq. (3) can be rewritten as:
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= AT @
dt

where T is the temperature, A is the pre-exponential
factor, E is the activation energy, R is the gas con-
stant, and a is the resin cure degree. In this way, the
integral form of the rate equation [eq. (4)] can be
expressed as:

A [Te A
= — (_E/RT) = —
g(a) i /0 e dT B P(E,T,) 5)

where g(o) = [ da/f(a) is the integrated form of the
reaction model. To compute the dynamic conditions
of Arrhenius parameters, there are several relation-
ships to consider, each of which is based on an ap-
proximate form of the temperature integral [eq. (5)].
We can assume that P(E/RT) can be expressed in
the 20-60 E/RT range as follows**’:

log P(E/RT) = —2.315 — 0.4680cE /RT (6)

where ¢ is initially 1.052; however, this value has
been recalculated in an iterative procedure after the
activation energy is estimated. To determine the ki-
netic parameters, egs. (5) and (6) can be combined
and rearranged as:

E
!

logp = A"—0.4567 RT (7)
where A’ = log (AE/g(a)-R) — 2.315. The expression
(7) is known as Ozawa’s method, which can be
applied to different degrees of conversion.”*** Thus,
for a given conversion degree of resin curing,
according to eq. (7), the activation energy and the
constant A’ can be calculated from the slope and the
origin ordinate, respectively, of the linear relation-
ship log B versus 1/T.
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Figure 2 Typical shrinkage curves by TMA for phenolic
resin.
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Figure 3 Iso-T.ue curves. (a) lignin-phenolic resin and
(b) phenolic resin.

RESULTS AND DISCUSSION

Iso-T. diagrams of lignin-phenolic and phenolic
resol resins are shown in Figure 3, which displays
the change of glass-transition temperature with the
curing time as a function of curing temperature.
Two stages can be observed during the curing pro-
cess, which correspond to zones I and II (Fig. 3).
First, when the curing temperature is found in zone
I, the crosslinking of resin is controlled by the chemi-
cal reactivity of functional groups; therein, the resin
initially exhibits a liquid state up to T, equal to T,
where the sample enters the sol/gel glass state. The
reaction time required to reach T, = T, is called the
vitrification time, t, (Fig. 3). The second stage, when
the curing temperature is found in zone II, occurs
when the resol resin starts to vitrify. In this case, the
reaction rate decreases due to the resin curing
kinetics of the overall process becoming controlled
by diffusion of the components.® Therefore, the
progress of the crosslinking reaction becomes very
restricted.
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TABLE I
Shift Factors a;r Employed to Elaborate the Master
Curves of the LPF and PF Resins

Shift factor ar

T. (°C) LPF resin PF resin
110 —5.1 -9.5
120 1 1
130 15.5 3.6
140 26 8.7
Trer = 120°C.

A useful practice to elaborate the master curve of
polymer curing is the representation of the Tt
curves, which have been previously shifted along
the logarithmic time scale by a factor “ar” to super-
impose them at a given reference temperature
(Tref = 120°C). The shift factors ar for obtaining the
master curve are summarized in Table I. The values
of ar for the LPF and PF resins can be fitted to the
Arrhenius expressions (8) and (9), respectively, as
follows:
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Figure 4 T, vs. In time master curve at T, = 120°C.
(a) lignin—phenolic resin and (b) phenolic resol resin.
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TABLE II
Kinetic Parameters of LPF and PF Resins Curing Determined by the
Ozawa’s Method at Different Conversion Degrees

ALONSO ET AL.

o LPF resin PF resin
(%) A E (kJ/mol) *A R? Al E (kJ/mol) *A R?
2 707.54 22582 - 0.997 9.46 58.42 —18.26  0.973
10 9.80 63.33 ~1896  0.989 9.54 61.42 —1839  0.984
20 10.23 67.80 -19.88  0.995 9.71 64.25 ~18.73  0.992
30 10.67 71.93 —20.83  0.994 9.88 66.61 ~19.09  0.992
40 10.93 74.76 —21.38 0992  10.32 70.80 —20.04  0.993
50 11.02 76.20 —21.58 0995  10.48 72.90 —20.38  0.990
60 11.13 77.95 —21.81 0994  10.36 72.90 —20.10  0.990
70 11.20 79.37 —21.96 0994  10.60 75.84 —2062  0.993
80 11.28 80.99 —2212 0987  11.18 81.71 —21.88  0.994
90 11.87 86.90 —2341 0990  12.07 90.30 —2383  0.990
95 11.62 85.70 —22.84 0993  11.68 88.05 —2296  0.986
98 11.94 89.07 —2354 0991  11.18 84.79 —21.84 0983
100 11.72 89.74 —23.04 0959  11.23 88.61 —2191  0.948

A" = [log (koE/g(®)R) — 2.315.
*A = In[g(2) /kol-

1.6 x 103

logar = 141.8 — % ®)
8.9 x 10°

logar =718 —~——— )

Knowing the shift factor ar any curing tempera-
ture, one can determine the iso-T, curve. Thus, the
resulting curve at T, = 120°C for lignin—phenolic
and phenolic resol resins are displayed in Figure 4.
An acceptable time-temperature superposition of
both resins is obtained. However, the lignin-pheno-
lic resin [Fig. 4(a)] master curve for curing times
higher than t, displays dispersion caused by vitrifi-
cation phenomenon, which indicates the onset of dif-
fusion. Therefore, the master curve is only valid for
the kinetically-controlled segment.

The TTT cure diagrams of lignin—phenolic and
phenolic resol resins studied include the iso-T,
curves and vitrification contours. Iso-T, curves were
calculated from the curing kinetics of the resins ana-
lyzed. In this work, Ozawa’s method was applied to
calculate the kinetic parameters of resins studied, as
summarized in Table II. Experimental data fit [eq.
(7)] presents, in most cases, correlation coefficients
(R?) that are between 0.98 and 1. Thus, the fit for
each curing degree for both samples is exhibited in
Figure 5. The values of the pre-exponential factor, A,
and activation energy, E, previously obtained for dif-
ferent curing degrees can be fitted using an isocon-

versional expression such as:
Int =A+E/RT (10)

which allows obtaining iso-T,, curves of resol resins
(Fig. 6). In addition, the same expression was used
to draw the gelation line of the LPF and PF resol

Journal of Applied Polymer Science DOI 10.1002/app

resins for a curing degree (o) of 47% and 65%,
respectively. Gelation was determined by TMA as
the point at which the resin gels and there is an
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Figure 5 Log B vs. T~ ' at different curing degrees apply-

ing Ozawa’s method. (a) lignin—phenolic resin and (b) phe-
nolic resin.
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Figure 6 TTT cure diagram, for (a) lignin—phenolic resol
resin and (b) phenolic resol resin.

abrupt change in shrinkage. Although the time taken
by the resin to reach the gel point varies with the
temperature, the o, value is independent of the
curing temperature employed. This fact allows us to
assume that the gelation, in both resins, obeys an
isoconversional principle.'>*>?!

To construct the TTT cure diagrams of resins, it is
also necessary to determine their glass-transition
temperatures as the materials uncured (Tg) and the
ones fully cured (Tqo). Tgo values for lignin-phenolic
and phenolic resol resins were —3.4°C and —5.4°C,
respectively. From an industrial point of view, these
temperatures indicate that uncured resins can be
stored without reacting below T, which is useful
because it allows the useful life of the material to be
prolonged. ;T is defined as the temperature at
which the resin vitrifies and gels simultaneously.
This value is obtained extrapolating the isoconver-
sional line of .. The lignin—-phenolic and phenolic
resins present ..T, values of 1475 and 141°C,
respectively. Vitrification points are calculated as the
times needed for the polymer to reach the curing
degree o, at which T, = T.. The vitrification time
values are obtained from the isoconversional expres-
sion [eq. (10)], as shown in Figure 6. The glass-
transition temperature values, as a function of vitrifi-
cation conversion and time, are shown in Figure 6(a, b)
for lignin—phenolic and phenolic resins, respectively.
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The vitrification lines of resols studied show similar
tendencies; moreover, the vitrification contour of
both resins displays a sigmoidal profile. However,
polymers with T, values very close to T¢. display a
partial vitrification line due to the effect of the
decrease in reactive groups that will prevail over
that effect of the increase in temperature.”® Finally,
the line corresponding to the vitrification contour is
the border up to which no degradation takes place
during the curing process of resins. If the cure reac-
tion is above Ty, then a great amount of resin is
thermodegraded such that its properties are lost.

Note that TTT cure diagrams of lignin-phenolic
and phenolic resol resins present differences. For
instance, lignin—phenolic resin displays a higher Ty
value relative to commercial resin, which indicates
that the polymer in the presence of lignosulfonate is
more stable. In addition, a low gT, value of PF
resin with respect to LPF resin indicates that the
onset of diffusion occurs before during the curing
process of commercial resin. However, commercial
resol resin exhibits a T, value lower than that of
lignin—phenolic resin, which allows a fast cure of the
material, whereas the lignin molecule makes it diffi-
cult to completely cure the polymer. In short, the
data show that the molecular structure of lignosulfo-
nate is more stable than that of a PF polymer.

The methodology employed with other materials
can be applied for constructing the TTT cure dia-
grams of lignin—phenolic and phenolic resol res-
ins, %3932 which are shown in Figure 6. In short,
the TTT cure diagram of a polymeric material dis-
plays the characteristic thermal properties of the
glass-transition temperatures: Tgo, geiTg, and Tgoo. In
the literature, the elaboration of TTT diagrams of dif-
ferent systems can be found, which present their re-
spective characteristic values of Ty, gaT,, and Ty, as
shown in Table TIL*%*7% Although each material
presents a different TTT cure diagram, because there
are remarkable differences between the materials, the

TABLE III
Glass Transition Temperatures Characteristic of
TTT Cure Diagrams of Different Systems

Material polymeric T Q) gaTy ((C) Tyoo (°C)
Powder coating® 60 68.5 75
Anhydride-cured egoxy32 —40 45 150
Bisphenol A epoxy™ - - 109
Bisphenol A epoxy** - - 212
DGEBA + epoxy diluent®  —46.8 45.7 163.7
Epoxy system™ -215 56.5 109
Phenol-formaldehyde® —54 141 161
Lignin—phenolicb -3.4 147.5 197

- unknown value.
* Commercial sample studied in the present work.
b Sample studied in the present work.

Journal of Applied Polymer Science DOI 10.1002/app



3368

information supplied allows optimization of the cur-
ing conditions for thermosetting polymers for their
final applications. This issue would allow knowing
the minimum time and temperature that the material
needs to cure in the final application. For instance, to
produce a structural material, you need to avoid
dimensional changes and ensure that the glass-transi-
tion temperature of the resin is higher than cure tem-
perature during its postcuring cycle. Thus, the mate-
rial could be cured at curing temperature T; and time
t;, while there are not structural variations (e.g.,
shrinkage). Next, it is possible to follow the iso-T,
curve with a modification of curing temperature T,
and time t, based on the TTT cure diagram [Fig.
6(b)]. This cure diagram allows the optimization of
multiple-steps cure or postcure cycles. On the other
hand, TTT cure diagram is a useful tool to predict the
material behavior during its postcuring.

CONCLUSIONS

During isothermal curing of resol resins, two stages
are observed. In the first step, up to T, = T, the
overall curing process of the lignin—phenolic and
phenolic resol resins display a kinetic control based
on the chemical reaction step. At this point, the resol
resins vitrify; moreover, both polymers continue
their curing processes, but the curing is kinetically
controlled by the diffusion of reactants. The time-—
temperature superposition principle was utilized to
generate a master curve for the chemical curing of
lignin-phenolic and phenolic resins.

Iso-T, curves of both resol resins were determined
from isoconversional fit of kinetic data toInt = A +
E/RT. Previously, Ozawa’s isoconversional method
was applied to determine the kinetic parameters of
the curing processes of both resol resins assayed.
The vitrification contour of resins curing, which
occurs when the kinetic control of overall process
changes from chemical reaction to reactant diffusion,
was calculated assuming a curing temperature equal
to the glass-transition temperature. The methodology
that was developed, based on DSC and TMA techni-
ques, allowed the determination of TTT cure dia-
grams of LPF and PF resol resins.

NOMENCLATURE
ar shift factor
gl glass-transition temperature at gel point
toel gel time
t, vitrification time
T, curing temperature

Journal of Applied Polymer Science DOI 10.1002/app
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T, glass-transition temperature

Teo glass-transition temperature corresponding to
uncured material

Ty  glass-transition temperature corresponding to
the fully cured material

Tref reference temperature

Greek

o curing degree

Ogel gel conversion

AH, total reaction heat

(AH,): heat released up to time ¢
(AH)t, res residual heat
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