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Abstract

In this paper, the curing of an unsaturated polyester resin catalysed with methyl ethyl ketone peroxide (MEKP) and cobalt octoate as the
promoter, is studied at different heating rates. Given the non-symmetrical shape of differential scanning calorimetry (DSC) curves, it has
been assumed that they would represent two independent reactions. The objective of this work has been to obtain a set of kinetic parameters

for each DSC peak, which describe the overall cure process, using an empirical kinetic model of the form:

do

e ykaf (@) + (1 — Ykof (o)

wherey is the fraction corresponding to the heat released during the first reactioky, repilesents the rate constant for each process whose
temperature dependence is an Arrhenius-type equation. With regé, tvo different kinetic functions have been employed—&)" and

a™(1 — «)". The corresponding software to compute the degree of conversiando ,, and the kinetic parameters, has been developed. The
kinetic parameters obtained considering two independent reactions and an autocatalysedffafctibbetter than the DSC experimental

data (dv/dt,T) .« than those obtained when a single kinetic process is considered. The activation energies for each process are in accordance

with tabulated values for typical free-radical polymerizations, induced by redox and thermal decomposition of the pecokfs.
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1. Introduction that the rate of evolution of exchanged heat is strictly pro-
portional to the rate of the global chemical reaction(s), at
The unsaturated polyester (UP) resin is one of the mostany instant, as follows [5,6]:
used thermosetting materials for composite applications [1], 4y da
as the preparation of structural parts of automobiles, build- EZAHR & (1)

ing materials, coating materials, electrical parts, etc. Since ) ) _

UP resin and thermosetting resins, in general, contain reac-Where di/dtis the heat generated by time unit or heat flow
tant groups, their processing requires an understanding of(DSC ordmatg), a/dt IS the rate of reaction, antiHr, is the

the reaction kinetics of polymerization during cure. The Nneat of reaction obtained as the area of the DSC thermo-

composition of the groups of reactant contained in the UP 9ram- There_fore, it is possible to evaluate _the reaction rate
resin influences not only the curing rate, but also the final de/dtatthe time, and the degree of conversiameached at
mechanical properties of the material. For instance, given the timet, by means of the following expressions:

the exothermicity of these materials, the control of tempera- do 1 dH AH,

ture during the cure is of great importance for the quality of gt — AHg dt’ &= AHR’ &)

the product [2].

The differential scanning calorimetry (DSC) technique is
commonly used for monitoring the process and for evaluat-
ing not only the heat of reaction, but also the reaction
kinetics [3,4]. In this technique, it is common to assume

whereAH, is the heat released up to the titpand it can be
obtained by integration of the calorimetric sign&l/dt up
to timet.
In order to model the curing behaviour of a UP resin using
DSC, theoretical methods [7—10] based on the concept of
* E-mail: jimartin@mmt.upc.es free-radical polymerization with its three steps: initiation,
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propagation and termination, have been used successfullyamount of effective inhibitor (inhibitor and oxygen) present,
These methods are of great interest in understanding thethe decomposition constant of the initiator, and the
curing chemistry of UP resins, but their complexity is induction time. Batch and Macosko [15] have proved that
such that, for practical purposes, it is more convenient to during isothermal DSC runs with resins and oxygen-active
use an empirical kinetic method [11-14]. In the present inhibitors such as hydroquinone, the induction time depends
work, an empirical method will be used to obtain kinetic on the sample size, but the reaction kinetics, after inhibition,
parameters of the curing of a UP resin. were unaffected by the amount of oxygen initially in the
In this paper, the curing of a UP resin with methyl ethyl sample pan. Hence, even though inhibition is greatly
ketone peroxide (MEKP) as the initiator and cobalt octoate affected by oxygen, the subsequent curing kinetics show
as the promoter, is studied by DSC at different heating ratesno significant effect from the sample size [15]. It has also
B. A fixed initiator/promoter ratio was used. The DSC been verified [16] that during non-isothermal DSC runs at
curves show an asymmetrical peak, which could be due todifferent heating rates, the induction period is unaffected by
two different reactions taking place in the UP resins. The the sample size. The different behaviour of isothermal and
kinetic parameters have been obtained considering first, anon-isothermal experiments could be explained by the exis-
single reactive process and second, two different reactivetence of a different rate between the initiation step and
processes. For each DSC peak, a reaction rate given byoxygen diffusion, since the length of inhibition [15] is deter-
doj/dt =k; f (o), withi = 1,2, has been assumedylfepre- mined by: (1) the initial oxygen concentration; (2) the rate
sents the fraction of heat released during the first reaction, of oxygen diffusion; and (3) the rate of radical initiation. If
the relationship between the overall raig/dt, determined initiation is faster than diffusion, then the oxygen concen-
experimentally in the curing by DSC calorimetry, and each tration in the resin will be low, and hence, inhibition time

particular rate of reaction, is: will be short.
do  do da The calorimetric measurements were carried out in a
= yd_t1+ 1-y) d_tz (3) METTLER DSC equipped with a control and programming

unit (microprocessor TC10 and calorimetric cell DSC20
arranged to permit temperature scans from 10°C to

600°C). All DSC measurements were carried out in her-
metic aluminium pans. A standard sample was prepared

2. Experimental by mixing 10 g of UP resin with a fixed proportion of initia-
tor and promoter (100:1:0.1) for approximately 1 min. The
2.1. Materials and calorimetric instrumentation required amount of sample (20 mg) was weighed into a

previously weighed sample pan, sealed, and placed in the

A commercially available, general purpose UP resin, with DSC for each measurement. The pan can be filled with up to
the commercial name Estratil A-228, was used in this study. 40 mg. After each run, the weight of the sample was deter-
The base of the polyester consists of phthalic anhydride, mined again to check any weight loss due to the evapora-
maleic anhydride and propylene glycol, with a mole ratio tion of the styrene monomer. No significant weight loss
of 3:2:5 obtained byyH NMR. The NMR peak for maleic ~ was observed. The dynamic scans were performed from
anhydride was very small, because maleate groups isomer-— 10°C to 200C using a nitrogen atmosphere and different
ize extensively to fumarate groups during the synthesis of heating rates: 0.2, 2, 5, 10, 15, 20, 30 and@fin. The
UP resins. The average weight of the unsaturated polyesteDSC runs have been made up to a temperature value of
was 1696 g/mol, and the equivalent molecular weight per 200°C to avoide the thermal decomposition of the cured
mole G=C was 465 g/mol. The resin contains an average of resin. By means of thermogravimetric analysis (TG) of the
3.64 vinylene groups per polyester molecule. It was sup- A-228 resin used in this study, it has been proved that below
plied with 35wt.% of styrene as a cross-linking agent. the temperature of 25Q, the material is not degraded.
The resin system has, approximately, a 2:1 styrene:polyester
C=C molar ratio. 2.2. Experimental results

In curing the resin, a catalytic system was used: a 50%
solution of MEKP in dibutyl phthalate was used as the  Fig. 1(a) represents the heat generated versus the cure
initiator, with a 6% cobalt octoate (CoO) solution in phtha- temperatureT,, with the heating rate8 as the parameter.
late as the promoter. The resin contains 70 ppm of hydro- The reaction rate versusBta different heating rate is plotted
quinone as an inhibitor, to prevent premature in Fig. 1(b). It can be seen in Fig. 1(a) and (b) that: (1) the
polymerization during shipping and handling. This is a temperature at which the reaction begins increasesg@yit?)
small amount in comparison with that of the initiator. There- the exothermic peak temperature increas€8) the tempera-
fore, it is normally accepted that the inhibitor is totally ture at which the completion of the cure reaction occurs
consumed during the induction period and does not affect increases witl; (4) the size of an exothermic peak increases
the reaction kinetics after that period. This assumption is with 8; and (5) the shapes of the DSC curves (heat flow versus
commonly used to relate the consumption of initiator, the temperature) are non-symmetrical (see Fig. 1(b) and Fig. 2).
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Rodriguez [17] studied a UP resin initiated with MEKP/ Table 1
Co0. He also found non-symmetrical DSC curves that Total heat of reactioryHg, peak temperaturd,, and degree of conversion

were attributed to two exothermic peaks. of the peakp, at different heating rate$
In Table 1, the exothermic DSC peak temperailyethe B (°Cimin) AHR (J/g) T, (°C) ap
heat of reactiom\Hg, and the degree of conversian= «,,

! . . 0.2 306.0 33.3 0.42
achieved when the temperature is equal to the exothermic 5 324.9 67.2 0.42
peak temperature, is summarized. The heat of reactiég 5 344.6 89.8 0.62
was obtained as the next area: 10 346.9 112.1 0.71

t / 4H 15 351.7 125.3 0.71
I (_) dt, () 20 342.6 132.7 0.71
o\ dt /¢ 30 352.1 146.0 0.70
50 336.2 159.4 0.64

wheret. is the curing time (i.e. the time necessary for the

DSC trace to return to the baseline), andHfdt) is the

calorimetric signal during the experimental DSC run. reaction rate increase witl, the time of curing, t.,
As can be seen in Table 1, the amount of heat generatedy,aases witi. Thus, when a low heating rate is used,

by a CL_jring reaction is independent Bfin th_e range 5—  yhe calorimetric signal, (d/dt);, is small, but the curing
30°C/min. Even though the size of exothermic peak and the ;. iq great. The opposite occurs at a high heating rate,

where the reaction heatHy is released in a short period of
time. Therefore, the area of the calorimetric signal, i.e. the
integral:

'/ dH
JO <H>Tdt’

can be expected to be constant. Other investigators [18]—
[22] have found a similar result. These results suggest the
existence of an optimum range for the heating rate. For
values lower than %®/min, some of the initial reaction
and the final reaction can be unrecorded, because of a lack
of calorimeter sensitivity. For values higher tharfGOmin,
endothermal reaction (i.e. a possible evaporation of styrene:
the pressure which can be reached in the closed DSC pan is
approximately 2 bar. At this pressure, the boiling point of
styrene is approximately 140) of the material can occur
SN2 simultaneously to curing, and it may decrease the exother-
-10 40 90 140 190 240 micity of the reaction. An average value of 345 J/g was
assigned to the heat of polymerization of the UP resin.
Other investigators [23,24] have reported a range of heat
1.8E2 of polymerization from 292.6 J/g to 426 J/g for UP resins.
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Fig. 1. (a) DSC heat flowld/dt versus temperaturéQ) for dynamic scans

at different heating rates; (b) reaction rate versus temperature for dynamic Fig. 2. Reaction ratedddt versus temperaturéQ) for a dynamic scans(=
scans at different heating rates. 15°C/min).
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[2]. Basically, the reaction heatHg is due to a cross-link-  individual heats of reactiomAHg;) is:
ing reaction between the polyester double bonds and theAHg = AHg ; + AHR 5, (8)

styrene double bonds. However, the organic peroxide ,horeap ., andAHRare the total heat released during the
decomposition is a highly exothermal reaction (forinstance, firs and the second reactions, respectively. Therefore, the

the heat released in the decomposition [25] of pure benzoyl overall degree of reactiow, for this system, can be related

peroxide m?a?Pred by D_SC is_, 400 J/g), and different to the individual degree of reactiam, by means of:
amounts of initiator can give different values faHg.

Nevertheless, the heat involved in the decomposition of oz=ya1-+(1—y)a2-, _ ©)
the initiator is comparatively negligible given the small Whereyis the fraction that corresponds to the first process of
amount of peroxide present in the formulation. the reaction. It can be obtained as the relationship between

From the dependence betwegmandT,, it is possible to the area under the first peak (e.g. the heat of the first reaction
obtain the activation energi, using the Ozawa method. In  AHgr 1) and the area under the DSC thermogram (e.g. the
the Ozawa calculation procedure [26], the following equa- total heat of reactiodHg):

tion is derived: AH AH
E = A, =1 Ay (10)
InB = constant- 1.052—. (5) R R _ o
RT, (d) The heat released per unit mass of resin is given by:
. : . . H
This expression shows a linear dependence of the reciprocaldH AHg 1 dory + AHg 5 daz’ (11)

absolute peak temperature on the logarithm of the heating dt t t

rate. The activation enerdy(kJ/mol) is calculated fromthe  where 1 and 2 refer to the first and the second cross-linking
slope of the straight line obtained (Ozawa plot), either gra- reactions, respectively.Hidt is the ordinate of the DSC
phically or by linear regression. A good fit was observed curve obtained experimentally. The experimental values
with a regression coefficient of= 0.989. A value oft = of dH/dt cannot be fitted directly to the above expression,
45.8 kJ/mol was obtained. as the fractional conversian for each individual peak, and
the fractiony, are unknown. This expression can be trans-
formed and written as:

oyt (1) %2y (D (o) + (1~ YT ).
3.1. Kinetic model (12)

3. Theoretical part

This will be used in fitting the experimental data. In the
calculation procedure, the corresponding kinetic parameters
are computed by applying the downhill simplex algorithm
[27,28] (which generates a set of kinetic parameters) and,
the Runge—Kautta numerical method [29,30] to solve differ-
ential equations, and thus, to obtain the degree of conversion
for each peakd;) as a function of temperature. The com-

It has been assumed that the curing reaction of a UP resin
with a mixture of initiator and promoter, involves two inde-
pendent reactions. Therefore, the following assumptions
have been made:

(a) The resin system is formed by a set of two indepen-
dent cross-linking reactions. Each reaction obeys a rate law

of the form: . ! ) L PR
puting algorithm gives the set of kinetic parameters that
doxi =k(T)f(a) i=1,2, (6) minimizes thex%-merit function (also called the chi-squared
dt function) defined as:
where the dependence upenfrom the dependence updn N
has been separated. The rate congtdf for each reaction  x2@ = . [Zexpi — ZadTi» 1%, (13)
differs significantly, so that the position of exothermic peaks =1

for each individual reaction is not affected and can be WhereN is the number of experimental valuesepresents
clearly distinguished. The dependence upon the temperaturdhe reaction rate measuredy/dt (exp) or calculated (calc)

of ki(T) follows an Arrhenius-type equation: from the kinetic parameteis andT; denotes the tempera-
ture. A smaller value for the merit function denotes a better
ki(T) = A exp(— E/RT), @) agreement between the experimental data points and the
where A is the frequency factor anfl; is the activation theoretical model. This iterative calculation algorithm has
energy. been explained in previously (see Ref. [31]).
(b) Two different expressions fdfx;) have been used in
this study: 4. Results

nth — order reaction(1 — «;)",

The kinetic analysis of thermosetting cures involves a
autocatalysed:"(1— o;)". search for the kinetic parameters €, n, m) of the process,
(c) The relationship between the total hedtlz and the according to a mechanistic model that fits the experimental
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Table 2
Kinetic parameters, coefficient of correlationand chi-squared function for the different fits of experimental data realized considering one process and using
annth-order functionf (), at different heating rate$

B (°C/min) InA E (kJ/mol) n x2(@) r

0.2 23.88 81.8 1.44 1.2 1078 0.872
2 17.27 67.0 1.13 5.2% 1077 0.898
5 17.07 67.0 1.14 6.86 1077 0.949
10 14.51 61.0 0.86 2.7% 107° 0.945
15 14.79 61.7 0.78 7.7% 1078 0.942
20 14.23 61.2 1.00 1.24% 1075 0.901
30 14.82 64.0 0.76 2.2% 107° 0.940
50 15.40 66.0 0.97 7.2% 107° 0.920

data. For each non-isothermal DSC curing, the required Fig. 3 gives a comparison of the computeg/dt versus
properties (degree of conversianand reaction rate cddt the cure temperature curves, considering one single process
as time or temperature functions) were evaluated by usingand using annth-order functionf(a), with experimental
Egs. (1) and (2). It was assumed that the dynamic heatresults at different heating rates. As is apparent, the
obtained as the area of the DSC thermogram, representsalculated curves do not fit well with the experimental
the total reaction heat of polymerization. Therefore, a data at the beginning and the termination of the cure
100% conversion was reached in all curing reactions carried process. The peak temperatiigassociated with the calcu-
out at different heating rates. In order to compare the resultslated curves is shifted when compared with thgof the
obtained and to point out differences between them, two experimental curves. This effects are more pronounced at
types of adjustments were carried out. First, the low heating rates.

experimental data were fitted considering a single reaction. The kinetic parameters obtained at each heating rate,
Afterwards, another set of kinetic parameters correspondingwhen considering one single process and using an

to two reactions was also obtained. autocatalysed functiori(er), are given in Table 3. The
considerations made to theth-order function results
4.1. One single process apply here also. In the range of heating rate of 5€20

min, the energy of activation is practically constant, with
Table 2 gives the kinetic parameters obtained for each an average value of 52.9 kJ/mol. The reaction ordesnd

heating rate, considering one single process and using am, and the sunm 4+ m, are also constant, with average values
nth-order functionf(a). The chi-squared function?(a) of 0.15, 0.73 and 0.88, respectively. In this range, the fits of
and the coefficient of correlation, are also given. In  experimental data are better than those for other heating
general, the kinetic parameters are not constant andrates. In comparison with theth-order function, the fits
show a dependence upon the heating rate. In the rangeare better at low heating rates, but they are comparable in
of heating rate of 10—3C/min, the energy of activation the range ofs = 5-50C/min. Therefore, in this range, it is
E seems to be constant with an average value of 61.9 kJ/not possible to distinguish between the results obtained with
mol. For the logarithm of frequency factor f)p and the both models of(«). In Fig. 4, the curves of the computed
reaction ordem, the average values of 14.58 and 0.85 da/dt versus the cure temperature curves, and the
were obtained, respectively. In this range of heating experimental results at different heating rates, are given. It
rates, the fitting of experimental data is betterv@lues can be seen that the fit of experimental data at low heating
closer to unity) than those obtained at other heating ratesrates and using the autocatalysed funcf{as), is better than
(r values smaller). the one that considers timgh-order functionf(c).

Table 3
Kinetic parameters, coefficient of correlationand chi-squared function for the different fits of experimental data realized considering one process and using
an autocatalysed functidi{), at different heating rate®

B (°C/min) InA E (kd/mol) m n x(@) r
0.2 14.45 55.7 0.57 1.99 3.87107° 0.932
2 13.97 55.6 0.46 1.68 2.14 1077 0.937
5 13.42 53.5 0.24 1.17 6.28 1077 0.952
10 12.17 52.9 0.12 0.83 2.77 10°° 0.945
15 11.82 50.1 0.14 0.75 7.8410°° 0.941
20 10.69 55.1 0.11 0.63 1.10107° 0.902
30 12.28 60.8 0.13 0.73 2.27 107° 0.939

50 13.25 58.5 0.15 0.90 7.58 107° 0.919
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4.2. Two processes
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Table 4 summarizes the set of kinetic parameters

and using amth-order function of reactioffi() for each
process. The coefficients of correlatian, obtained have

average value of the activation energy corresponding to
one single processE(= 61.9 kJ/mol) is in the range of

Reaction rate Reaction rate X
Reaction rate

Reaction rate

Fig. 3. The calculated reaction rate/dt versus temperaturéQ) curves (= - o - o -) considering one single process and usingtarorder functiorf («), and the
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these energies of activation (50—90 kJ/mol). The fraction
y decreases as the heating rate increases.

In Fig. 5, the curves corresponding to the computeatid
obtained for each heating rate, considering two processesversus the cure temperature, using two kinetic peaksmnd
order functiond(«:;) andf(a,), and the experimental results at
different heating rates, are given. The two simulated peaks are
similar values as those obtained with one single process ofalso drawn in Fig. 5 for each heating rate. As can be seen,
reaction. Nevertheless, there is an improvement at low heat-there are still some discrepancies between the fitting curves
ing rates. The values of activation energy of the second peakand the experimental data. In addition, the beginning of the
seem to be constant, with an average value of 88.4 kJ/mol.first and the second curves are very close. This would mean
For the first peak, the activation energy depends on thethat the two reactive processes are simultaneous, and not dif-
heating rate, with an average value of 51.5 kJ/mol. The ferent processes, as has been assumed.

In Table 5, the kinetic parameters obtained for each heat-
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Table 4
Kinetic parameters for each individual reaction, fractiprroefficient of correlationt, and chi-squared function for the different fits of experimental data
realized considering two processes and usingtarorder functiorf(«), at different heating rate®

B (°C/min) A, (s E;(kJ/mol) ny y A, (s7H E, (kJ/mol)  n, x(a) r

0.2 7.06%x 10° 62.0 0.63 0.825 1.3% 108 73.4 1.12 1.42¢ 1078 0.852
2 5.80% 10° 56.7 0.95 0.735 8.0x 10% 87.6 1.05 5.10< 1077 0.896
5 1.83x 10° 53.4 0.90 0.684 1.0% 10 90.3 1.04 9.47x 1077 0.938
10 6.75% 10° 44.5 0.43 0.597 5.1% 10% 90.8 1.75 3.03x 10°° 0.939
15 1.71x 10* 47.7 0.31 0.564 7.6 10° 86.4 1.65 7.53x 107° 0.941
20 1.63x 10* 47.6 0.29 0.498 4.9% 10° 85.8 1.66 1.23< 107° 0.940
30 1.95x 10* 48.6 0.26 0.422 5.56& 10° 88.5 1.57 1.86x 107° 0.943
50 1.99% 10* 48.8 0.23 0.303 5.8 10° 89.9 1.66 6.03x 107° 0.941

H
)]
i
N
—
=1
|
w

9 J 8:0.2°C/min © 5 £:2°C/min
© . = 4=
~ 1.0E-4— s TE-d—
= . =
S ] § SE-4—
T 5.0E-5— = 3
g 1 fé 2E-4 —
x . & =
0.0E+0 —p* 0E+0 ARRERRRRRRRRS
0 50 100 0 50 100 150
Temperature Temperature
__?_é 2‘OE_B—;ﬂ:5°(3/min © 4E-3 Ejﬁ 10°C/min & !
~ 1.5E-3-3 € 3E-3-3
] = 3
S 1.0E-35 g 2E-3
3 3 =
$ 5.0E-4— $  1g-33
[0 = &
0.0E+0 ARRNRARRNRRERY 0E+0
0 50 100 150
Temperature
6E-3 ‘
2 3 £:15°C/min ,; ﬁ [} E
« 7 79 - =
= 4E-32 £ E
E = apos
- 2E-3 —] e =
g - g —
U = o |
= 3 3 =
OE+0— ‘
0 50 100 150 200 0 50 100 150 200
Temperature Temperature
1IE-2— 2.0E-2 —
(] — o, . # (] - o .
- — £:30°C/min 8 = 5 08 56°C/min
o BE—B—E ) © 1.8E-2 =
o 5 o -
° J S
< 4E-3 — S
@ 7 <
& = &
0E+0 —
0 50 100 150 200 0 50 100150200
Temperature Temperature

Fig. 4. The calculated reaction rate/dt versus temperaturéQ) curves (< - o - o) considering one single process and using an autocatalysed fuhtipand
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Table 5
Kinetic parameters for each individual reaction, fractiprroefficient of correlationt, and chi-squared function for the different fits of experimental data
realized considering two processes and using an autocatalysed fui(ef)oat different heating rate®

B8 (°C/min) A, (s E; (kd/mol) m, n, y Ay (s7h E, (kd/mol)  m, n, x*(a) r
0.2 3.89x 10* 46.1 060 164 0962 7.28 10° 86.8 057 124 3.4&% 10°° 0.933
2 3.70x 10* 437 070 201 0732 9.7% 10° 81.5 0.63 1.77 526 1078 0.969
5 2.74x 10* 43.6 055 157 0.696  2.58 10 87.0 0.45 1.30 1.74 1077 0.974
10 2.94x 10* 437 054 163 0597 258 10% 89.8 036 102 57107 0.974
15 3.08x 10* 43.4 058 1.71 0508 252 10% 91.3 031 098 16x10° 0.973
20 3.27x 10* 433 055 1.76  0.436  1.78 10% 91.5 0.16 086 2.1& 10°° 0.975
30 2.56x 10* 42.4 061 214 0402 7.16 10° 90.0 019 089 7.1%10° 0.966
50 1.19x 10 40.9 054 205 0305 2.8810° 79.6 024 103 46X 107° 0.948
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reaction and using an autocatalysed functiém), for each was found. These values of activation energy are in
process, are given. The correlation coefficients for each accordance with the values tabulated in the literature,
heating rate are greater than thealues for any other fitting  corresponding to a free-radical polymerization initiated by
at the same heating rates. In these fits, the fragiatso the redox decomposition of the initiator at low temperatures,
decreases as the heating rate increases. In this case, there aa@d a free-radical polymerization initiated by the thermal
two different reactive processes, as is shown in Fig. 6. For decomposition of the initiator at high temperatures,
each heating rate, the first peak always occurs before therespectively.

second peak. At low heating rates, the first peak is greater If we assume that these two reactions are two polymer-
than the second peak. On the contrary, at high heating ratesjzation processes with two initiation mechanisms: redox
the first peak is smaller than the second peak. The values ofdecomposition of peroxide at low temperatures and thermal
activation energy for each peak are practically constant with decomposition of peroxide at high temperatures, the results
B. For the first peak, an average value of 43.4 kJ/mol was obtained in this work can be explained. At low heating rates,
obtained, and for the second peak, a value of 87.2 kJ/molthe sample temperature increases slowly and a large period
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Fig. 6. The calculated reaction rate/dt versus temperatur@Q) curves (4 — + — + ) considering two processes and using an autocatalysed fufi¢diprand
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are also drawn.
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is required to reach high values of temperature, which second peak studied in the present paper, and the values of
induces thermal decomposition of the peroxide initiator. activation energies are in accordance with the values for the
Therefore, the redox decomposition of the peroxide initiator second peak found here.
is the prevailing phenomenon when the heating rate is low. When there is only a redox initiation, the value of the
On the contrary, the temperature of the sample increasesoverall activation energy is approximately one-half of the
strongly when high heating rates are used. In a short period,value for non-redox initiations. That is approximately 40—
the temperature reaches a high value and the thermal60 kJ/mol [34]. Among the three steps involved in the poly-
decomposition of the peroxide initiator begins rapidly. merization, the initiation activation energy is the only one
Thus, at high heating rates, the thermal decomposition com-that changes. The value of 40 kJ/mol for the activation
petes with and dominates the redox decomposition of the energy, might seen unrealistic of the UP resin curing. Nor-
peroxide initiator. mally, values of 60 kJ/mol, such as those found in this
paper, when only one process is considered, are more rea-
listic. However, when the polymerization is promoted by
5. Discussion free radicals as the UP resin curing, Odian [34] summarizes
values in the range of 40-60 kJ/mol for redox initiation.
DSC is a relatively simple technique that provides cure Grentzer et al. [35] studied a novolac-modified vinyl ester
kinetic information and allows the identification of one or initiated with benzoyl peroxide (BP), with-dimethylani-
more reactions. However, the disadvantage of this techniqueline (DMA) as the promoter, at different heating rates (40,
in the cure analysis, is that the heat of reaction does not30, 20, 10, 7.5, 5, 3.8 and 2@&/min). They found two
necessarily reflect the cross-linking formation. Each chemi- different exothermic peaks, which shift to lower tempera-
cal reaction produces heat, regardless of whether a crosstures as the experimental heating rate is decreased. For the
link is formed or not. In these cases, other techniques arefirst peak, which they attributed to the chemical decomposi-
required. tion reaction of BP by the DMA promoter, they found an
The curing of a UP resin is a free-radical polymerization activation energy of 46.1 kJ/mol. The second peak had an
in which the resin is transformed from the liquid state into a activation energy of 123 kJ/mol, which agrees very well
rigid cross-linked molecular structure. To induce the pro- with the activation energy reported for the thermal decom-
duction of free radicals in the system, either heat or a cat- position of BP.
alytic system is required [25,32,33]. It is customary practice  In several works, two distinctly different reactions have
to associate an overall activation energy to a steady-state been identified by DSC analysis, for UP resins catalysed
free-radical polymerization, such as the curing of UP resins, with an initiator and a promoter. The thermograms show
by combining three separate Arrhenius-type equations for that the exothermic peaks vary in size and position as the
each occurring process [initiation (d), propagation (p) and concentration of MEKP and cobalt octoate are altered. In
termination (t)] [34]. In this case, the temperature depen- the literature, there is controversy about the origin of these
dence of the rate constant is generally given by an Arrheniusexothermic peaks. Avella et al. [36] suggested that the first
constant relationship: peak was due to the copolymerization of the styrene with the
" polyester unsaturation,_ wh.ile the secgnd peak was qaused by
K(T) = A exp( B E) _Ad Apexp( (Eq+2E,— Et)/Z) styrene homopolymerization. That interpretation is argu-
RT AY? RT ’ able, since the copolymerization is the prevailing reaction
(14) [37—-39], because styrene monomer in the UP resins is
always present at a level stoichiometrically in excess to
whereE is the activation energy, R the gas constant,And  the polyester [39]. Moreover, the homopolymerization of
an Arrhenius constant. When the process of reaction is only polyester takes place at temperatures higher thariC,50
initiated by thermal decomposition of the initiator, the over- far from the range of curing temperatures for the greatest
all activation energy for most free radical polymerizations is number of DSC runs. For example, in the case of UP resin,
approximately 80—90 kJ/mol. (The valuesEj, E; andEy polymerization in the absence of an initiator occurs in a
for free-radical polymerization of styrene with peroxy- temperature range of 180-210C. The same occurs with
benzoate initiator, are 26, 8.0 and 134 kJ/mol, respectively the styrene homopolymerization. (Pure styrene, without any
[34].) Thus, the activation energy for the polymerization of initiator, polymerizes in a range of temperatures between
styrene isE = E¢/2 4+ E, — E/2 = 89 kd/mol. These results  140°C and 316C.)
suggest that the second reaction considered here could be Salla et al. [40] also studied the curing kinetics for UP
produced by a mechanism of thermal initiation. Recently, resins by varying the cobalt octoate concentration. They
Martin et al. [31] studied dynamically, by DSC, the curing attributed the first peak to polymerization initiated by a
of this resin, with MEKP as the initiator at different heating redox decomposition of MEKP, and the second to polymer-
rates. The polymerization was only initiated by thermal ization initiated by the thermal decomposition of MEKP at
decomposition of MEKP. The positions of DSC peaks high temperatures. Other investigators [17,35,41,42]
appearing in there work coincide with the position of the have made a similar interpretation in studies on vinyl ester
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resins and polyester resins. Recently, Cook et al. [43] attrib-  of energies of activation obtained with this model, are in
uted these peaks to the individual influence of temperature  accordance with the values tabulated for free radical
on each of the fundamental reaction steps in the free-radical polymerizations initiated by redox or by thermal perox-
polymerization. Jacobs and Jones [44] studied by DMTA, a  ide decomposition, respectively.

UP resin with MEKP and different concentrations of cobalt 3. The presence of more than one peak indicates the com-
octoate. They found the existence of a heterogeneous struc- plexity of the curing and reflects the importance that the
ture, which consists of highly cross-linked domains sur- catalytic system has, not only on the rate of cure, but also
rounded by less highly cross-linked areas, and arises as a in the final reaction extent. In our case, two reactions
result of the statistics of the free-radical cure of the resin.  have been assumed in the dynamic curing. Several con-
Given this controversy, other spectroscopic and structural troversial interpretations can be found in the literature
analysis should be made to know what is the correct inter-  about the origin of these reactions. Other studies that use
pretation about the origin of the two reactive processes spectroscopic and structural analysis techniques should
found here. be made, to find the cause of these reactions. Neverthe-
less, the mathematical, kinetic model used in this work,
is independent of these interpretations, and can be used
to fit the experimental data of other thermosetting sys-

6. Conclusions tems, which present more than one DSC peak.

The curing of a UP resin initiated with MEKP peroxide
and cobalt octoate as the promoter, has been studied by
DSC. Non-isothermal scanning was performed at different References
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