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a b s t r a c t

The kinetic process of isothermal curing of an unsaturated polyester resin samples has been studied.
The differential isoconversional method is used to yield dependency of the apparent activation energy,
Ea, on the degree of cure. It was found that the dependence of Ea on ˛ is complex, but in the conver-
sion range ˛ = 0.10–0.50, Ea is practically constant. It was found that the gelling stage of curing process
eywords:
inetics

sothermal curing
olyester resin
utocatalytic model

is mainly controlled chemically which can be best described by two-parameter autocatalytic model. At
higher values of ˛, when vitrification point is reached, the change in rate-limiting step was observed.
As the consequence of shifting effect from the kinetics to diffusion control, the kinetic law equation is
modified with additional diffusion term. It was found that the experimentally obtained density distri-
bution function of the apparent activation energy can be approximate by unbalanced modified Gaussian

quit
iffusion
DFEa

distribution function with

. Introduction

Unsaturated polyester resins (UPR) were first commercially
eveloped in the 1940s and have grown to be one of the most ver-
atile, globally used, thermoset polymer systems. This versatility
llows manufacturing of many useful products common in mod-
rn society. In recent years, thermosetting resins have received
ncreasing attention from industry. Unsaturated polyester resins

ere frequently used as matrix materials in polymer composites
uch as fiber-reinforced plastic and polymer concretes [1]. Unsat-
rated polyester resins were widely used in a host of applications
here advantage may be taken of their good range of mechanical
roperties, low cost, good corrosion resistance and low weight [2].

Unsaturated polyesters were broadly defined as condensation
roducts of organic diacids and glycols. Unsaturation was incorpo-
ated in a variety of ways to produce terminal, pendant and internal
ouble bonds. Of these types, internal unsaturation provided by
aleic anhydride is most common [2]. It can be pointed out, that

he unsaturated polyesters are usually prepared by polycondensa-

ion of maleic anhydride, propylene glycol and dicyclopentadiene
DCPD). During this, the double bonds of the maleic acid isomerize
o a large extent from the cis- into the trans-structure, so that the
nsaturated polyester contains primarily fumaric acid units.

∗ Tel.: +381 11 2187 133; fax: +381 11 2187 133.
E-mail address: bojanjan@ffh.bg.ac.rs.

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.05.010
e satisfactory precision.
© 2010 Elsevier B.V. All rights reserved.

Commercial unsaturated polyester resins (UPR) consist mainly
of a linear polyester with different amount of unsaturated units,
a cross-linking monomer (usually 33–45% depending on the resin
viscosity and processing conditions) and inhibitors that are used
to prevent any cross-linking reaction before the resin is processed.
The most frequently used cross-linking monomer is styrene [3].

Unsaturated polyester resins (UPR) cure by a free-radical mech-
anism. The high free-radical flux needed to cure the thermoset
resins can be generated under many conditions: room temperature,
heat, UV light, or visible light, provided the appropriate free-radical
initiator is used. Room temperature cure is one of the key reasons
UPR have enjoyed such widespread use [4]. Room temperature cure
involves generating the high free-radical flux using an organic per-
oxide such as methyl ethyl ketone peroxide (MEKP). MEKP is a
stable organic peroxide that decomposes rapidly in the presence
of certain metallic carboxylate salts.

The transformation of a reactive thermosetting liquid to a
glassy solid generally involves two distinct macroscopic transi-
tions: molecular gelation and vitrification. Molecular gelation is
defined as the time or temperature at which covalent bonds con-
nect across the network form an infinite three-dimensional which
gives rise to long range elastic behavior in the macroscopic fluid.
Vitrification is when the glass-transition temperature of the sys-

tem rises to the cure temperature and when further reaction is
prohibited or is dramatically reduced [5].

The curing kinetics of UPR system was investigated in recent
years by different authors [6–13]. Yun et al. [6] investigated the

dx.doi.org/10.1016/j.cej.2010.05.010
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:bojanjan@ffh.bg.ac.rs
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uring kinetics of unsaturated polyester resin under isothermal
static) and non-isothermal (dynamic) conditions. They established
he two model elementary rate equations which describe the free-
adical polymerization of the considered system. The power law
as adopted to express the conversion dependence function of

he initiation efficiency and the monomer reaction rate. Lu et al.
7] investigated the isothermal cure behavior of an unsaturated
olyester resin system using the differential scanning calorimetry.
he same authors were evaluated the various kinetic parameters
nd details connected with investigated process they explained
hrough the application of the Avrami theory. In addition, Vilas
t al. [8] studied the unsaturated polyester networks with various
tructures built from an orthophtalic polyester, with methyl ethyl
etone peroxide as an initiator and cobalt octoate as a promoter. For
nvestigation, they used the dynamic mechanical thermal analysis
n the range from −50 to 200 ◦C in order to characterize changes
n the mechanical properties as a function of the temperature.
rom these measurements, the glass-transition temperatures of the
ifferent networks were determined and their dependence on con-
ersion being fitted to an equation related to the Couchman and
iBenedetto equations. Salla and Ramis [9] performed the compar-
tive study of cure kinetics of UPR using different methods. They
stablished that the chemical kinetics of curing of polyester resins
s complex, since many reactive processes are involved.

The aim of this work is to re-investigate the curing kinetics
f UPR under isothermal conditions and compared the obtained
esults (estimation of full kinetic ‘triplet’ (the apparent activation
nergy (Ea), the pre-exponential factor (A) and function of curing
echanism f(˛), where ˛ is the degree of cure)) with previously

eported results. For determination of kinetic parameters, the dif-
erent kinetic methods were used. Based on the complexity of
nvestigated curing process, the density distribution function of
he apparent activation energy was evaluated. The experimentally
valuated density distribution function of the apparent activation
nergies was approximated with corresponding numerical func-
ion with quite satisfactory precision.

. Experimental

.1. Materials and methods

The unsaturated polyester resin used in this study was a 1,
.15, 1.14 and 1.44 m/m mixture of maleic anhydride, orthophthalic
cid, propylene glycol and diethylene glycol, respectively, contain-
ng 33% by weight styrene (STYRENE S4650, Sigma–Aldrich Co.),

ith an average of 5.88 vinylene groups per unsaturated polyester
olecules. The cis-maleate units in a polyester molecule have

ower reaction rates with styrene because of the steric hindrances
hat often remain unreacted within a cross-linked copolymer. The
verage molecular weight of the unsaturated polyester resin is
750 g mol−1 and the equivalent molecular weight/(mol C C) is
68 g mol−1. The molar ratio of styrene/unsaturated polyester resin

s 2.5. In order to cure the resin, methyl ethyl ketone peroxide
MEKP, 0.5 wt.% of the resin) (MEKP 1338-23-4, Sigma Aldrich Co.)
ith 9.0% active-oxygen solution of MEKP was added as an initiator.
EKP was added right before the measurement. The unsaturated

olyester resin used in this study was not accelerated.
A Towson and Mercer model 9-300 conventional oven was used

or the isothermal curing process. The oven temperatures were set
t 80, 100, 120 and 140 ◦C. These temperatures were selected after

tudying a DSC (differential scanning calorimetry) dynamic scan
or the uncured sample which showed that curing took place at
emperature above 75 ◦C. When conducting isothermal tests, the
ven was preheated to the predetermined isothermal temperature,
nd then the sample was installed quickly and held at the consid-
Journal 162 (2010) 331–340

ered cure temperature. A sol–gel method [14–18] to evaluate the
corresponding conversion through the reaction was used.

3. Theoretical background

The fundamental rate equation which describes the reaction
rate as a function of time and temperature is

d˛

dt
= kf (˛) = A exp

(−Ea

RT

)
f (˛) (1)

where ˛ is the degree of cure (DOC), t is the time, (d˛/dt) is the
curing rate, k is the rate constant as a function of temperature, gen-
erally given by an Arrhenius relation in which Ea is the apparent
activation energy, A is the pre-exponential (frequency) factor, R is
the gas constant, and T is the absolute temperature; and f(˛) is the
reaction model, which is related to the reaction mechanism. The
form of f(˛) is usually phenomenological. The simplest empirical
model used is the n-th order (ROn) rate equation:

d˛

dt
= k(1 − ˛)n (2)

where n is the reaction order. The n-th order kinetics model pre-
dicts a maximum of reaction rate at the beginning of the curing and
does not account for any autocatalytic effects. It has been applied to
the curing of epoxy resins [19,20] and maleic polyester resins [21].
More often used as the reaction model is the autocatalytic model
[22] shown as:

d˛

dt
= k˛m(1 − ˛)n (3)

where m and n are reaction orders by similarity with the n-th order
model. The autocatalytic reaction attains a maximum reaction rate
at about 10–40% of conversion. It has been applied to the cure of
vinyl ester resins [23].

One drawback of these models is its incapability to deal
with diffusion-controlled reaction at the later stage of curing. As
the reaction system approaches vitrification, the local viscosity
becomes so high that the reaction rate virtually drops to zero. It
is possible to modify the autocatalytic model in Eq. (3) to provoke
mathematically the prediction of zero reaction rate at the vitrifica-
tion point by using a maximum DOC [24]:

d˛

dt
= k˛m(˛max − ˛)n (4)

where ˛max is the maximum DOC of the reaction system can
achieve at a given temperature. Using the above kinetic equations,
the isothermal conversion data can be fitted to obtain the model
parameters at a given temperature. From the reaction constants at
the different temperatures, the apparent activation energy and the
pre-exponential factor can be obtained. The reaction orders and the
maximum DOC can be modeled as the functions of temperature to
give accurate description to the curing behavior. This represents
one of the methods for adding a rate-limiting diffusion term to the
cure rate equation. The method represents a modification of the
definition for the final degree of curing in the rate equation. The
widely accepted Rabinowitch model [25] requires an expression for
the diffusion rate based on the free volume theory. Another method
to account for diffusion modifies the definition of the extent of cure
in order to achieve the lower reaction rate. Sbirrazzuoli and Vya-
zovkin [26] used a relative degree of cure, instead of actual degree
of cure. This method was also followed by Gonzalez-Romero and
Cassilas [27], using the DiBenedetto [28] equation to describe the

relationship between maximum conversion and temperature.

In the recent years, the model-free analysis has gained acknowl-
edgment as an approach to analyze the isothermal data. The
isoconversional method proposed by Friedman allows evaluation
of the apparent activation energy unattached to the reaction model
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(from 80 to 140 C) is responsible for the higher conversion and
better cure of the investigated resin.

Fig. 2 shows the differential reaction rate curves obtained for
the isothermal curing process of the unsaturated polyester resins
at the different operating temperatures.
B. Janković / Chemical Engine

29]. Writting Eq. (1) in the logarithmic form for different isother-
al temperatures, and considering it at a constant conversion, the

ollowing equation can be obtained as the basis of the isothermal
soconversional method:

n
(

d˛

dt

)
= ln[Af (˛)] − Ea

RT
(5)

According to Eq. (5), the apparent activation energy, Ea, and the
onstant ln[Af(�)] can be obtained, respectively, from the slope and
he intercept of the linear relationship of ln(d˛/dt) against 1/T for a
onstant conversion.

Assuming the simple additive superposition of the individual
eactions of a possible multi-step mechanism, the isoconversional
ethod can be used to predict the curing behavior under isothermal

onditions. Kinetic modeling procedure in isothermal condition is
omewhat similar to that in non-isothermal condition. By integra-
ion of Eq. (1) in isothermal conditions, the following equation is
btained:

(˛) =
∫ ˛

0

d˛

f (˛)
=

∫ t

0

A exp
(−Ea

RT

)
dt = A exp

(−Ea

RT

)
t (6)

here g(˛) is the integral form of the reaction model.
Once the apparent activation energy has been determined, we

an find the appropriate kinetic model which best describes a mea-
ured set of curing data. For this purpose it is useful to define the
wo special functions, Y(˛) and Z(˛), which can easily be obtained
y simple transformation of the experimental data.

Following the Málek et al. [30], Z(˛) function applied to the
sothermal condition is defined by combination of Eqs. (1) and (6)
s:

(˛) =
(

d˛

dt

)
t = f (˛)g(˛) (7)

Similar to the normalization procedure, this function is usually
lotted within the (0,1) interval for practical reasons. The max-

mum of this function, labeled ˛∞
p , has characteristic values for

asic kinetic models. This value is useful for basic classification
f possible kinetic models, but it is not sufficient for an unam-
iguous determination of true kinetic model function f(˛). Another
efined function Y(˛) is proportional to f(˛) in isothermal condi-
ions because A exp(−Ea/RT) is constant:

(˛) =
(

d˛

dt

)
≈ f (˛) (8)

Therefore, if the reaction rate is plotted as a function of ˛ its
hape corresponds to the f(˛) function. It is convenient to nor-
alize the Y(˛) function within (0,1) interval. The parameter ˛m

orresponds to the maximum of Y(˛) function, which represents
n important parameter in the kinetic model determination of the
nvestigated process. The shape of Y(˛) vs. ˛ plot is characteristic
or each kinetic model, and it can be used as a diagnostic tool for
he kinetic model determination using the rules demonstrated by

álek et al. [30,31].

. Results and discussion

Fig. 1 shows the isothermal curing curves for the unsaturated
olyester resins obtained at the different operating temperatures
80, 100, 120 and 140 ◦C). The experimental data (the discrete val-
es), was fitted using a sigmoidal (logistic) equation, because due to
he vitrification and diffusion limitations over the curing kinetics,

he experimental conversion curve typically shows a characteristic
igmoidal shape (Fig. 1).

The continuous values obtained by the sigmoidal equation
nable us to determine the kinetic parameters for modeling the
ure behavior of the investigated resin.
Fig. 1. The experimentally obtained conversion curves (˛ vs. t) for isothermal curing
reaction of an unsaturated polyester resin samples containing methyl ethyl ketone
peroxide at different operating temperatures (T = 80, 100, 120 and 140 ◦C).

From the shapes of curing curves (Fig. 1), we can see that
the after an induced period, the conversion rate increases rapidly
(acceleration period), followed by a progressive slowing down
(deceleration period) until the curing curve reaches approxi-
mately a plateau corresponding to the maximum value of the
degree of cure at all temperatures. As expected, the maxi-
mum degree of cure increases with the increase of temperature.
Yousefi et al. [32] proposed that the temperature dependency
of the maximum degree of cure could be presented in the
form of a third-order polynomial expression. This equation was
valid only in the range of temperature studied [32]. For our
investigated curing process, with methyl ethyl ketone perox-
ide as initiator, the following polynomial equation was found:
˛max = 0.87609 − 0.01299 × T + 1.81102 × 10−4 × T2 − 5.88766 ×
10−7 × T3 (in the temperature range 80 ◦C ≤ T ≤ 140 ◦C). The
observed progressive slowing down is due to the diffusion lim-
itations on the mobility of the reacting species as the cross-link
density increases. It can be seen, that the under isothermal con-
ditions the degree of cure (˛) is less than 1 (Fig. 1) due to the
presence of unreacted monomer in the resin [33]. However, the
results obtained from Fig. 1 indicate that the temperature increase

◦

Fig. 2. The differential reaction rate curves (d˛/dt vs. t) obtained for the isothermal
curing process of an unsaturated polyester resin at different operating temperatures.
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Table 1
The values of (d˛/dt)max, tmax, tm/2 and t∗

m/2
for the experimental reaction rate-time

(d˛/dt against t) curves at the different operating temperatures (T): T = 80, 100, 120
and 140 ◦C.

Temperature, T (◦C) (d˛/dt)max (min−1) tmax (min) tm/2 (min) t∗
m/2

(min)

80 1.968 0.232 0.113 0.420

t
t
b
(
c
a
r
T
t
c
b
d

t
v
t
a
t
c
f

t

1
i
s
c
w
o
s

f
a

(
f

a
t
d
w
b
i
o
n
m
c
b
a
i
t
t
e

e

Fig. 3. The dependence of the apparent activation energy (E ) and the isocon-

to evaluate the apparent activation energy of the investigated cur-
ing process, without the necessity for identifying the kinetic model.
The apparent activation energy (Ea) can be calculated from the slope
of the observed straight line (Fig. 5).
100 2.293 0.212 0.095 0.396
120 3.050 0.172 0.073 0.325
140 3.470 0.121 0.043 0.270

Fig. 2 shows the kinetic effect of the temperature. Namely, at
he higher temperatures, the curing times are lower and the reac-
ion rates are higher. All reaction rate curves are the asymmetrical
ell-shaped with long right-tails on the side of higher curing times
Fig. 2). It can be pointed out that in the isothermal process the
ure takes place below the glass-transition temperature (Tg) [9]
nd the investigated material does not cure totally due to the vit-
ification, especially at the lower operating temperatures (Fig. 1).
his is confirmed recently, by the existence of a residual heat after
he isothermal cures [9], so at the experimental conditions the
ures are not completed. In fact, the curing of the resin must have
een incomplete even after post cure as the curing was a highly
iffusion-controlled reaction.

The reaction rate curves at 80, 100, 120 and 140 ◦C shows that
he maximum rate of process, (d˛/dt)max, existed for tmax > 0. The
alues of (d˛/dt)max, tmax, tm/2 (tm/2 is the time taken for the rate
o drop to the half of its maximum value (i.e., (d˛/dt)max/2) – char-
cteristic time value for (d˛/dt)–t rate curves) and t∗

m/2 (t∗
m/2 is the

ime on the descent for (d˛/dt)–t rate curves) for the reaction rate
urves of the curing process of the unsaturated polyester resin at
our different operating temperatures are presented in Table 1.

From Table 1, it can be seen that the values of tmax, tm/2 and
∗
m/2 decreased with increasing operating temperature from 80 to
40 ◦C. On the other hand, the values of (d˛/dt)max increases with

ncreasing temperatures. The results presented in Table 1 and the
hapes of the reaction rate curves (Fig. 2) are useful for the basic
lassification of kinetic models [34]. From the results given above,
e can conclude that the investigated isothermal curing reaction

f the unsaturated polyester resin can be probably described by the
igmoid group of kinetic models [34].

For the cure modeling, the Friedman isoconversional (model-
ree) method (Eq. (5)) has been used to compute the apparent
ctivation energy at the different constant conversion values.

Fig. 3 shows the variation of the apparent activation energy
Ea) and the isoconversional intercepts (constants ln[Af(˛)]) as a
unction of the degree of cure (˛).

This figure shows that the apparent activation energy remains
lmost constant during the initial stage of the polymerization reac-
ion up to ˛ = 0.50, and starts to increase (˛ > 0.50) due to the
iffusion limitations for higher values of the degree of cure (˛),
here attendant that the curing is a complex process. Namely, this

ehavior can be attributed to the autocatalytic effect of the cur-
ng process once the reaction has begun (with slightly decreasing
f Ea value at the beginning of reaction, Fig. 3) and to the phe-
omena of gelling, vitrification, and high viscosity in the reaction
edium, when ˛ increases. The autocatalytic effect of the process

an cause an additional production of free radicals, which would
e in agreement with detected acceleration in reaction rate (Fig. 2)
nd decrease in the apparent activation energy that is observed
n the range of 0.05 ≤ ˛ ≤ 0.10 (Fig. 3). On the other hand, due to
he phenomenon of vitrification, or to the process of completion of

he reaction, the curing rate decreases and the apparent activation
nergy increases.

From Fig. 3, it can be observed that the apparent activation
nergy is practically constant in the range of 0.10 ≤ ˛ ≤ 0.50 and
a

versional intercepts (constant ln[Af(˛)]) on the curing degree (˛) obtained by
differential isoconversional (model-free) method for the curing reaction of an unsat-
urated polyester resin.

the average value of Ea was found to be Ea = 12.9 kJ mol−1. Alter-
natively, ln[Af(˛)]–˛ plot associated with isoconversional method
demonstrates an identical manner (Fig. 3), which it may suggest
that the apparent activation energy (Ea) and the pre-exponential
factor (A) both depend in the same way on the degree of cure.

For predictive purposes, it is possible to create an isothermal
reduced-time curve by simply scaling the raw data with time [35].
This is accomplished by dividing the cure time on the x axis by t0.50,
the cure time required for ˛ to reach 0.50, resulting in a collapsing
of all curing curves (Fig. 1) onto a single curve as seen in Fig. 4.

Isokinetic data from a number of experimental runs should line
on a single curve. It can be seen that the data are isokinetic from
˛ = 0.00 to 0.50 at all considered operating temperatures. However,
it can be observed that the data for ˛ > 0.50 is not isokinetic for all
temperatures. These deviations of the experimental data from a sin-
gle curve at higher values of ˛ can be a consequence of varying at
least one component in kinetic ‘triplet’ with operating temperature.
Values of t0.50 estimated at the several different operating tempera-
tures were used in the Arrhenius-type plot, [ln(1/t0.50) against 1/T],
Fig. 4. The experimental reduced-time plots (˛ vs. t/t0.50) for the curing reaction of
an unsaturated polyester resin at different operating temperatures.
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ig. 5. The Arrhenius-type plot (ln(1/t0.50) vs. 1/T) evaluated for the curing reaction
f an unsaturated polyester resin under isothermal conditions.

The intercept includes ln[g(˛)] and does not directly yield the
re-exponential factor. The calculated values for Ea and ln[g(˛)]
f the investigated isothermal curing process of the unsatu-
ated polyester resin are the following: Ea = 13.8 kJ mol−1 and
n[g(˛)] = 5.65. The obtained value of Ea is a little higher than
alue of Ea calculated by differential (Friedman) isoconversional
ethod. However, this value of Ea is in very good agreement with

alue of Ea calculated by the isoconversional analysis, because
he difference between these two values are less than 1 kJ mol−1

�Ea = 0.9 kJ mol−1).

.1. Determination of the reaction model and the pre-exponential
actor for curing process

The variation of Y(˛) and Z(˛) functions with the degree of
ure are indicated in Figs. 6 and 7, calculated using Eqs. (8) and
7), respectively. The values of both Y(˛) and Z(˛) functions were
ormalized within (0,1) interval for all considered operating tem-
eratures.

The conversions, in which the Y(˛) and Z(˛) functions and also
he reaction rate curves exhibit the maximum values (˛m, ˛∞

p and

p, respectively) for the different temperatures are listed in Table 2.

As was noted, the data in Table 2 which has been extracted
rom Figs. 6 and 7, show that the ˛m, ˛∞

p and ˛p values depend
n the operating temperature. The maxima of Y(˛) and Z(˛) func-

ig. 6. Normalized Y(˛) functions obtained by transformation of isothermal data for
he curing reaction of an unsaturated polyester resin at different operating temper-
tures.
Fig. 7. Normalized Z(˛) functions obtained by transformation of isothermal data for
the curing reaction of an unsaturated polyester resin at different operating temper-
atures.

tions fall into range of 0.247 ≤ ˛m ≤ 0.295, 0.399 ≤ ˛∞
p ≤ 0.525 and

0.247 ≤ ˛p ≤ 0.295, respectively. These variances probably corre-
sponded to the variances in at least one component in the kinetic
‘triplet’ for considered isothermal curing process.

It can be pointed out that both Y(˛) and Z(˛) functions exhibit
the concave shapes where ˛m values, at all temperatures, satisfy
the condition 0 ≤ ˛m ≤ ˛p (Table 2 and the Fig. 6). The validity of the
Johnson–Mehl–Avrami (JMA) kinetic model can easily be verified
by checking the maximum ˛∞

p that falls in the 0.610 ≤ ˛∞
p ≤ 0.650

[31]. For curing process of unsaturated polyester resin, at all con-
sidered operating temperatures, ˛∞

p is shifted to the lower values,
and this does not correspond to the JMA kinetic model [30,31].
Therefore, the Y(˛) and Z(˛) functions, at all operating temper-
atures, satisfy the condition for the two-parameter autocatalytic
(Šesták–Berggren (SB)) model, which for the reaction with zero
initial rate can be expressed as [22]:

f (˛) = ˛m(1 − ˛)n (9)

where m and n represents the reaction orders for initiation
and propagation stages, respectively. The autocatalytic reaction
assumes that the step reaction products are involved in the chain
growth reaction.

The reaction order n and the logarithm of the pre-exponential
factor (ln A) can be calculated from the logarithmic form of Eq. (1)
considering f(˛) = ˛m(1 − ˛)n after rearrangement yields [31]:

ln
[(

d˛

dt

)
exp

(
Ea

RT

)]
= ln A + n ln [˛P(1 − ˛)] (10)

where the kinetic parameter ratio P is equal

P = m

n
= ˛m

1 − ˛
(11)
m

From the slope and intercept of the linear relationship
ln[(d˛/dt) exp(Ea/RT)] vs. ln[˛P(1 − ˛)] we can obtain the reaction
order n and the value of ln A, respectively. The value of reaction
order m can be obtained from relation m = P × n. Table 3 lists the

Table 2
The conversions, in which the Y(˛), Z(˛) and the reaction rate-time peaks exhibit
the maximum values (˛m , ˛∞

p and ˛p , respectively) for the different operating tem-
peratures (80, 100, 120 and 140 ◦C).

Temperature, T (◦C) ˛m ˛∞
p ˛p

80 0.247 0.399 0.247
100 0.284 0.461 0.284
120 0.295 0.470 0.295
140 0.268 0.525 0.268
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Table 3
The autocatalytic model reaction orders (m, n, m + n) as well as the ln A and A values, resulting from Eqs. (10) and (11) for the isothermal curing process of an unsaturated
polyester resin at four different operating temperature.

T (◦C) m n m + n ln A A (min−1) R2 a RSSb

80 0.76 2.33 3.09 6.80 8.98 × 102 0.997 3.02 × 10−3

100 0.74 1.86 2.60 6.54 6.92 × 102 0.995 3.51 × 10−3

120 0.62 1.48 2.10 6.33 5.61 × 102 0.996 1.54 × 10−3

140 0.52 1.42 1.94 6.13 4.59 × 102 0.999 1.80 × 10−4

2

v
e
t
l
t

t
(
(

a
B
a
o
e
g
a
w
d
T
c
t
t
n
d
c
h
h
w
l
a
a
a
o
o
o
(
a
l
i
[

m
w
v
w
T
m
i
a
v

o

consequence of the change from the chemical kinetic control to the
control by diffusion, the basic rate equation for investigated curing
process must be modified, which includes beside the autocatalytic
term and also the diffusion term.
Average 0.66 1.77 2.43

a Adj. R-squares.
b Residual sum of squares.

alues of reaction orders (m, n and m + n), the logarithm of the pre-
xponential factor (ln A), the pre-exponential factor (A), as well as
he values of Adj. R-Squares (R2) and residual sum of squares (RSS) of
inear relationship presented by Eq. (10) at all considered operating
emperatures.

For the calculation of the autocatalytic kinetic parame-
ers presented in Table 3, the apparent activation energy (Ea)
Ea = 12.9 kJ mol−1; 0.10 ≤ ˛ ≤ 0.50) evaluated from differential
Friedman) isoconversional method was used.

It can be observed from Table 3, that both reaction orders, m
nd n, decrease with the increase of the operating temperature.
oth parameters exhibit the dependency on the operating temper-
ture. The curing temperature has the influence on the complexity
f considered process, especially through the value of n param-
ter. Namely, because the curing reaction is a free-radical chain
rowth polymerization, with the three stages of initiation, prop-
gation and termination, the decreasing behavior of parameter n
ith the increase in operating temperature (Table 3), indicates
ecreasing complexity in propagation stage of curing reaction.
hese results show that the complexity of the investigated pro-
ess has the dominant role in the propagation stage at the lowest
emperature (at T = 80 ◦C, n = 2.33, Table 3), while at the highest
emperature, the mentioned complexity of considered process is
ot enough expressive (at T = 140 ◦C, n = 1.42, Table 3). In accor-
ance with above results, it can be pointed out that the curing rate
urve which has the highest reaction rate (Fig. 2) is the one that
as the lowest value of n reaction order (Table 3). On the other
and, the decrease in the value of the reaction order m (Table 3)
ith the increase in the operating temperature (T), indicates a

ess important role of the polymerization product on the over-
ll curing kinetics with an autocatalytic behavior. In that sense,
t the lower operating temperatures we may expect the raising
mount of the styrene residuals. The average values of reaction
rders, m and n (Table 3), are in good agreement with values
f m and n reported by Shin et al. [13]. On the other hand, the
btained values of m are lower, while the values of n are higher
Table 3) then corresponding values of m and n reported by Salla
nd Ramis for Method A [9]. The observed variations probably
ies in the different type of catalysts which were used in the
nvestigations, and also in different curing temperature regions
9].

In addition, taking into account the values of reaction orders,
+ n, we can assign a value of m + n = 3.09 at T = 80 ◦C (Table 3)
hen a mechanistic model is valid (m + n = 3.00) [36], while the

alue of m + n = 1.94 at T = 140 ◦C, corresponds to the condition
hen the empirical model (m + n = 2.00) [37,38] can be used.

aking into account the average value of the reaction orders,
+ n, (m + n = 2.43), the phenomenological (empirical) model-
ng of the investigated isothermal curing process is a most
ppropriate (m + n = 2.43 (Table 3) is closer to the m + n = 2.00
alue).

By summerizing the results, we can conclude that the higher
perating temperatures lead to the increase of the time to reach
6.45 6.53 × 10

the gelled glass state. This is due to the favorable steric association
for propagation of the resin due to the decrease in viscosity and the
increase in the reaction rates as a function of temperature. At the
highest operating temperature the time to vitrification obtains a
minimum value due to the competing effects between the reaction
rates and the consumption of the reactants.

Fig. 8 shows the comparison between the experimentally
obtained reaction rate curves and calculated reaction rate curves
using the two-parameter autocatalytic model (Eqs. (1) and (9)) with
values of reaction orders, m and n, presented in Table 3.

It can be seen from Fig. 8, that the quite good agreement between
the experimental and calculated reaction rate curves exists in the
earlier stages of the curing process, while in the later stages the
some deviations can be observed (except at T = 140 ◦C). The devia-
tions from the autocatalytic kinetic model start at approximately
˛ = 0.50–0.55 for all observed operating temperatures (except at
T = 140 ◦C) (Fig. 8), which indicates that the isothermal curing of
the unsaturated polyester resin does not follow the autocatalytic
model in the whole range of the degree of cure.

These deviations can be attached to the interaction of the chem-
ical kinetics with certain physical processes that take place during
the curing, such as the phenomena of gelling and vitrification.
When the investigated system reaches the gel-point (gelation), it
may be considered as a high-molecular weight network and con-
sequently, the viscosity reaches infinity. As the reaction progresses
the material continues to react and the glass-transition tempera-
ture (Tg) increases creating a solid rigid structure after which the
final conversion occurs as a diffusion-controlled process. As the
Fig. 8. The comparison between the experimentally obtained reaction rate curves
and calculated reaction rate curves using the two-parameter autocatalytic model,
with values of reaction orders (m and n) listed in Table 3.
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Table 4
The numerically evaluated parameters of Eq. (12) using the Levenberg–Marquardt
method for the isothermal curing of an unsaturated polyester resin.

Temperature, T (◦C) C ˛Co ˛CT (K−1) �2 a

80 45 −1.685 6.605 × 10−3 2.39 × 10−6

100 43 −1.690 6.580 × 10−3 7.86 × 10−6
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tal reaction rate to the reaction rate predicted on the basis of the
Šesták–Berggren autocatalytic kinetic model [52]. The values of dif-
fusion control factor (fd) as a function of the degree of cure (˛) at
the different operating temperatures are shown in Fig. 10.
120 41 −1.695 6.500 × 10−3 8.66 × 10−6

140 40 −1.699 6.470 × 10−3 2.32 × 10−5

a The reduced chi-square function.

.2. Modeling of isothermal curing process

The basic rate equation (Eq. (1)) is modified by adding a term to
xplicitly account for the shift from the kinetics to diffusion con-
rol in an autocatalytic unsaturated polyester resin system, and the

odified rate equation has the following form:

d˛

dt
= 1

1 + exp{C[˛ − (˛Co + ˛CT T)]}A exp
(−Ea

RT

)
˛m(1 − ˛)n (12)

here C is the diffusion constant, ˛Co is the critical degree of cure
t the absolute zero temperature, and T is the operating (isother-
al) temperature in [K]. The constant ˛CT accounts for an increase

n the critical degree of cure with operating temperature. A, Ea, m
nd n have the same definitions as in the previous equations. For
odeling procedure of the investigated curing process, the kinetic

arameters (A, Ea, m and n) evaluated in previous section were used.
o determine the constants described in the above equation, a non-
inear regression fit based on the Levenberg–Marquardt method
s used [39–41]. The Levenberg–Marquardt method is a method

hich varies smoothly between the inverse-Hessian method and
he steepest descent method and has become the standard of non-
inear least-squares routines.

It can be pointed out that the modified rate equation in the
orm of Eq. (12) is the only applied in the case of HexPly® 8552
poxy resin curing [42]. However, by the author’s knowledge, the
odified rate equation presented through Eq. (12) does not live to

ee application in the complex curing process of an unsaturated
olyester resin.

Table 4 lists the values of numerical constants (C, ˛Co and ˛CT)
omputed using Eq. (12), as well as the values of reduced chi-square
unction (�2), at the different operating (isothermal) temperatures.

It can be seen from Table 4, that the diffusion constant val-
es vary in quite small range, 40 ≤ C ≤ 45 and exhibits slightly
ecreasing behavior. The isothermal reaction rate profiles of an
nsaturated polyester resin measured at four different isothermal
emperatures, is shown in Fig. 9.

Such good agreement between the lines, which indicate the
esults from the model prediction (Eq. (12) and Table 4) and the
ymbols (symbol ©), which indicate the experimental results, is
bserved. Results from the model indicate that at a high activa-
ion temperatures the reaction develops much faster than when
he activation temperature is at a low temperature. Moreover, the

odel describes very well the initial stages of the curing reaction,
hich correspond to a chemically controlled regime at the differ-

nt activation temperatures. If we compare the results presented
n Figs. 8 and 9, we can conclude that the reaction model expressed
hrough Eq. (12) with parameters listed in Table 4, enable us to
escribe the isothermal curing process of unsaturated polyester
esin in the whole range of conversions (˛). This is confirmed by

good correlation between experimental and predicted values
hen the proposed model is used. However, we must point out
ne important fact. If we put that

˛Co + ˛CT T) = ˛c (13)

he first term in Eq. (12) is transformed into the Chern and Poehlein
quation for the diffusion control factor (fd) [43]. The aforemen-
Fig. 9. Comparison of the model prediction (Eq. (12)) (lines —) and experimental
data (symbol ©) for the reaction rate curves of isothermal curing of an unsaturated
polyester resin.

tioned authors have introduced a semi-empirical approach to
modeling diffusion control which was modified by Cole et al. [44].
The equation for diffusion control factor (fd) in the present-day form
is follows [45–51]:

fd = 1
1 + exp[C(˛ − ˛c)]

(14)

where ˛c is the critical degree of cure at the onset of diffusion con-
trol. As noted by Cole et al. [44], the onset to diffusion is generally
a gradual transition from chemical to diffusion control, rather than
abrupt transition at ˛c. In accordance with Eq. (13), for the cur-
ing reaction of an unsaturated polyester resin, the critical degree
of cure (˛c) was obtained, with values of 0.648, 0.765, 0.861, 0.974
at 80, 100, 120 and 140 ◦C, respectively. It was found that ˛c lin-
early depends on temperature according to Eq. (13). For ˛ � ˛c, fd
approximately equals unity and the effect of diffusion is negligi-
ble, so that the reaction is kinetically controlled. As ˛ approaches
˛c, fd begins to decrease and approaches 0.50 when ˛ = ˛c. Beyond
this point, it continues to decrease and approaches zero, which
means that the reaction becomes very slow and effectively stops.
In this study, fd was determined as the ratio of the experimen-
Fig. 10. Diffusion control factor vs. the degree of cure for the isothermal curing of
an unsaturated polyester resin at 80, 100, 120 and 140 ◦C.
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In the combined model, the diffusion effects are negligible when
he values of the diffusion control factors stay near 1.00. The critical
egree of cure increases with increasing the operating temperature,

ndicating that the temperature has an important role in describ-
ng the kinetics of investigated curing process. In that sense, the
uring behavior under isothermal conditions is very important in
ndustrial practice.

It can be pointed out that the diffusion control factor for
he proposed model in Eq. (12) and the same factor in Eq. (14)
hich belongs to the Chern–Poehlein model, represent the type

f Williams–Landel–Ferry function [53,54]. These two factors are
ifferent only in the number of empirical parameters. In the first
ase, for the proposed model (Eq. (12)), we have three parameters
C, ˛Co and ˛CT), while in the latter case (Eq. (14)) we have only
wo parameters (C and ˛c). From a mathematical point of view, the
ncreasing degrees of freedom (increase in the number of empirical
arameters) of the considered function leads to increased flexibility
f function, in the sense that it increases the possibility of describ-
ng a wide variety of curing data, expressed through the differential
eaction rate curves (Fig. 2). Because of this fact, the proposed reac-
ion model represented by Eq. (12) is much more accurate than the
hern–Poehlein model with two empirical parameters (Eq. (14)).

.3. Evaluation of the density distribution function of the
pparent activation energy (DDFEa) for the isothermal curing
rocess

In this paper, the Miura’s [55] computational procedure was
sed to estimate the distribution function f(Ea), which is obtained
y the differentiation of the ˛(Ea) function with respect to the
pparent activation energy:

(Ea) = d˛(Ea)
dEa

(15)

ecause the following relation holds approximately [55]:

= 1 −
∫ ∞

Ea

f (Ea) dEa =
∫ Ea

0

f (Ea) dEa (16)

The ˛(Ea) function, that relates the degree of cure with the
pparent activation energy, is calculated from the experimental
ata of ˛ vs. t (Fig. 1). It can be pointed out, that the Braun and
urnham [56] clarified that the conversion-dependent Ea values
btained by Friedman isoconversional method (Eq. (5)) result from
he distribution of the apparent activation energy. This is the correct
nterpretation because conversion-dependent Ea values actually
re obtained by Friedman’s method when Ea is assumed to be a
unction of ˛ (Fig. 3). The experimentally evaluated density dis-
ribution function of the apparent activation energy f(Ea), using Eq.
13) and results from Fig. 3 is presented in Fig. 11 (the experimental
DFEa is shown in Fig. 11 by the full line).

It can be observed that the experimentally evaluated DDFEa
xhibits the strong asymmetrical character (unison shape factor
F = 0.437) with long right-tail on the side of higher values of the
pparent activation energy. The observed distribution function is a
arrow with Ea,max = 11.5 kJ mol−1 (Ea,max is value at the maximum
f distribution function). The obtained value of Ea,max is in good

able 5
he parameter values of unbalanced modified Gaussian distribution function (MGDF) cal
rocess of an unsaturated polyester resin under isothermal conditions.

MGDF parameters

f(Ea)o (mol kJ−1) A* (kJ mol−1) t∗
o (kJ mol−1) w (kJ m

0.00374 0.44341 3.06601 0.0121

a The reduced chi-square function.
b Residual sum of squares.
Fig. 11. The comparison of the experimentally obtained DDFEa (full line) and the
numerically evaluated DDFEa (unbalanced modified Gaussian distribution function,
Eq. (17)) (the dot line) for the isothermal curing of an unsaturated polyester resin.

agreement with average value of Ea calculated by the differential
isoconversional method (Ea = 12.9 kJ mol−1).

The observed deviation of DDFEa from a symmetric distribution
curve (SF = 1.000) is the measure of the complexity of investigated
process. In our case, the DDFEa deviates on the side with higher
values of conversion and higher values of Ea, which is typical for
the curing process complicated with diffusion.

However, for this complex process, the experimentally eval-
uated DDFEa (f(Ea)exp) can not be approximated by simple
symmetric Gaussian or Gaussian-type distribution [57–60]. Using
the numerical non-linear curve fitting (NLCF), it was found that the
experimentally obtained DDFEa can be best approximated by the
asymmetric (unbalanced) modified Gaussian distribution function
(MGDF), in the form:

f (Ea) = f (Ea)o + A∗

t∗
o

× exp

[
1
2

×
(

w

t∗
o

)2
− Ea − Ea,c

t∗
o

]

×
∫ z

−∞

1

(2�)1/2
× exp

(
−y2

2

)
dy (17)

and

z = Ea − Ea,c

w
− w

t∗
o

(18)

where f(Ea)o is the lowest value of f(Ea), A* is the constant, w is
the width of distribution, Ea,c is the centered value of the apparent
activation energy and t∗

o is the peak correction coefficient. Table 5
lists the values of MGDF parameters calculated for the isothermal
curing process of unsaturated polyester resin. In the same table,
the corresponding values of reduced chi-square function (�2) and
residual sum of squares (RSS) are also given.
It can be seen from Table 5 that the value of Ea,c are in good
agreement with established values of Ea,max (11.5 kJ mol−1), which
confirms that the MGDF can approximate the experimentally eval-
uated DDFEa with quite satisfactory precision.

culated using the numerical non-linear curve fitting (NLCF) for the complex curing

ol−1) Ea,c (kJ mol−1) �2 a RSSb

8 10.5 9.15 × 10−6 2.75 × 10−5
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This fact can be easily detected from Fig. 11, which shows the
omparison of the experimentally obtained DDFEa (full line) and
he numerically evaluated MGDF (the dot line) for the investigated
uring process.

These results show that the experimentally obtained DDFEa can
e best described with quite complex asymmetric Gaussian distri-
ution function, which follows from the complex dependence of Ea

n ˛.
From the established results we can conclude that the empirical

wo-parameter autocatalytic model cannot describes the investi-
ated curing process in the whole range of conversions, already
nly up to ˛ = 0.50. After vitrification the reaction is very slow as it
ecomes diffusion controlled at the higher values of ˛. In that case,
he kinetic law equation for curing process must be modified with
dditional term which properly describes the diffusion-controlled
rocess. The shape and basic characteristics of the experimentally
btained density distribution function of the apparent activation
nergy (DDFEa) unambiguously show that the curing of unsat-
rated polyester resin is complex, because the many reactive
rocesses occur simultaneously.

. Conclusions

The kinetic process of isothermal curing of an unsaturated
olyester resin has been studied. The differential isoconversional
ethod is used to yield dependency of the apparent activation

nergy on the degree of cure. It was found that the dependence of
a on ˛ is complex, but in the conversion range of 0.10 ≤ ˛ ≤ 0.50,
he apparent activation energy (Ea) is practically constant and was
ound to be Ea = 12.9 kJ mol−1. It was established that the gelling
tage of curing process is mainly controlled chemically which can
e best described by two-parameter autocatalytic model (in the
onversion range of 0.10 ≤ ˛ ≤ 0.50). It was found that the auto-
atalytic adjustment cannot be applied in the whole range of
onversion values. At the higher values of ˛ (˛ > 0.50), when the
itrification point is reached, the change in the rate-limiting step
as observed (from the chemical controlled to diffusion-controlled

uring process).
As the consequence of shifting effect from the kinetics to diffu-

ion control in an autocatalytic unsaturated polyester resin system,
he kinetic law equation is modified with additional diffusion term.
he experimental reaction rate curves were fitted by the model pre-
iction with a high degree of accuracy at all considered isothermal
emperatures. It was found that the experimentally obtained den-
ity distribution function of the apparent activation energy (DDFEa)
an be approximate by the unbalanced modified Gaussian distri-
ution function (MGDF) with quite satisfactory precision. It was
stablished that the observed deviation of DDFEa on the side with
igher values of ˛ and higher values of Ea is a typical for complex
uring process complicated with diffusion.
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