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Abstract

The curing kinetics of thermosets based on unsaturated polyester resin crosslinked with sty-
renc was studied by differential scanning calorimetry (DSC). The isoconversional kinetic analysis
was applied to non-isethermal data. The results abrained show a (ependence of the activation en-
ergy (F£,) on conversion (ar) that proves the existence of a multisicp process and a complex kinetic
scheme that must be interpreted in terms of chemical and physical mechanisms. The interrelation-
ship of the Arrhenius parameters obtained from the isoconversional kinetic data has been used as
atool to investigate the production of free radicals by the action of a promoter (cobalt ocloate) and
the temperature on the initiator {methyl ethyl ketone peroxide). An optimum promoter/initiator ri-
tio has been found.
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Introduction

Thermosets based on unsaturated polyester are crosslinked materials resulting
from free-radical polymerisation of unsaturaled polyester chains with a crosslinker
agent, usually styrene. To induce the production of free radicals, organic peroxides
are used that can be decomposed by (emperature or by chemical proemoters. The cur-
ing process 1s characteriscd by both chemical reactions and physical changes,
namely gelation and vitrification [1, 21.

Kinetic studies of thermally induced reactions are usually performed by thermal
analysis melhods such as differential scanning calorimetry {DSC) that measure the
heat flow of the reaction process in isothermal or dynamical (constlant heating ratc)
experiments. It is generally assumed that at any given time or temperature the rate of
cxchanged heal is proportional 1o the overall fractional conversion rate, da/dr.

The main experimental problem encountered when performing kinetic studies of
curing unsaturated polyester resins is the difficulty in finding a method that encom-
passes a wide experimental range of tlemperatures. If isothermal experiments are per-
formed, it is impossible to work at very high temperatures since some of the reaction
rale is lost during the stabilisation time, and so very low conversions cannet be stud-
ied. If work is done at very low temperatures some of the heat is likewise lost, since
it is below the sensitivity threshold of the instrument. Dynamic experiments do not
usually present these problems, since it is possible Lo reach high conversions, and al-
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though in some instances they are not equivalent to isothermal ones, it is possible to
derive kinctic parameters that have been shown to agree with those obtained in iso-
thermal experiments [3].

To apply the isoconversional kinetic analysis using multiheating rates (Ozawa’s
method [4]), it is not necessary to know the reaction model, f{a). It is possible to ob-
tain, at cach given conversion o, the activation cnergy E, and another paramcter that
contains the pre-exponential factor k, and the integral form of the reaction model
g(a). The main objective of the kinetic analysis is to obtain the kinetic triplet (E, .,
Sflo) or g(a)) in order to predict reaction rates and the degree of conversion with time
or temperature over the range of experimental chemical processes. In a previous
work |3], it was shown that neither the explicit form of o) or g(o) nor the values of
k, arc necessary to simulate the isothermal behaviour from experimental results ob-
tained with dynamical DSC runs. In fact, according to Vyazovkin [, 6], the mere de-
pendence of the actlivation cnergy on conversion is sufficient to reliably predict the
kinetic behaviour.

The kinetic analysis is also expected to provide some information about the reac-
tion mechanism, namely the steps which most contribute to the overall kinetic pro-
cess. [n the curing of unsaturatcd polyester resins, the chemical steps associated with
a free radical polymerisation cocxists with physical changes such as gelation and vit-
rification {7]. In the initiation stage, the production of initiation radicals by the de-
composition of a pcroxide can be tnduced by means of a promoter (chemical decom
position), although at some temperatures the peroxide decomposes spontancously
without the action of a promoter (thermal decomposition). As a result of all the
abovc factors, the scanning DSC curves exhibited multiple peaks as shown in Fig. 1,
revealing a multistep process. It is not easy from these experimental curves to ac-
count for the complexity of the process and identify individual kinetic steps.
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Fig. 1 Dynamic scans at different heating rates of the system 100/1/4 (polyester/initiator/pro-
motery
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In isoconversional kinetic methods, it is accepted that the reaction rate at a con-
stant conversion depends only on the temperature, and if there extsts a single reac-
tion mechanism, £, is independent of o and may have the meaning ol the intrinsic
activation energy. The dependence of E, on a proves the existence of several reac-
tion steps. The study of this dependence may help to elucidate the different reaction
mechanisms and possibic interactions of the chemical and physical process (4, 8, 9.

Furthermore, from isoconversional kinctic data it is possible to generate the arti-
ficial isokinetic relationship (IKR) and investigate the existence of the actual TKR.
An isokinetic relationship refers to the intersection point of the Arrhenius lines (i.c.,
Ink vs. 1/T) of a serics of reactions defining an isokinetic rate constant (ki) at an
isokinelic tlemperature {7} [10]. An isokinelic relationship is manifested as an in-
terrelationship of Arrhenius parameters (Ink, x=a+bEs} where the subscript x refers
to a lactor producing a change in the Arrhenius parameters and can be used as a ool
for understanding the reaction mechanism {11, 12].

In this paper we present the results oblained when the isoconversional Kinetic
analysis is applied 1o non-isothermal DSC data on the cure of an unsaturated polyes-
ler resin catalysed by the same amount of methyl cthyl ketone peroxide (MEKP) and
different proportions of cobalt octoate as a promoter. The dependence of the activa-
tion ¢cnergy (E,) on conversion (o) is analysed in order to elucidate the kinetic
scheme and the importance that the physical changes have in the curing kinetics.
With the iscconversional data, we also investigaie whether it is possible to assign a
physical meaning to the isokinetic relationship between the Arrhenius parameters.

Some theoretical expressions

It is widely accepted that the rale equation ol thermal transformations can be ex-
pressed as:

do _ 1
1, = k0 Ao (h

where flo) is the reaction model, a function of the conversion degree (o), k(T) is the
Arrhenins rate constant, T is the temperature and 1 is the time. For the kinctic analy-
sis in dynamic heating experiments, Lthe integral form of the rate equation g(a) is ex-
pressed as:

o T
_[do ke ~E/RT 4 (2)
g(()‘)"(,f(oc)"cbic !

where k, is the pre-cxponential factor, @ is the heating rate, I is the activation cn-
crgy, and R is the gas constlant.

In order to determine kinctic parameters trom DSC experiments, by expressing
the right-hand side of Eq. (2) with a polynomial function proposed by Doyle [13]
and rcarranging the lerms we oblain the well-known expression:
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ko

E E
I =log -2 —0.4567—
ogd I%{g(a)R] 315-04 67RT (3)

As is usual, we suppose that E and &, do not depend on o or on T and . Accord-
ing 1o Eq. (3), the activation energy F and the constant A'=[loglk E/g(a)R)-2.315]
can be determined from the slope and its intercept, respectively, of the linear rela-
tionship log® vs. 1/T for a constant conversion o (Ozawa’s method [4]). From the
intercept, it is also possible to obtain the constant A=In[4/g(e)], which is only a
function of the conversion degree (o).

From Eq. (1) with the only supposition that E and &, are independent of T and
@ it is also possible to obtain

do E
ln[m[ dTﬂ_ ln[kof(oc)}ﬁ 27 (4)
which in conjunction with DSC experimental data yields the activation energy £ and

the constant In[kf{a)] of the linear relationship In[® (da/dT)] vs. 1/T, for a constant
CONVErsion o.

Experimental
Materials

A commercially available general purpose UPE supplied by Reposa under the
commercial name Estratil.-A228 was used in this study. It is an orthophthalie-type
resin that contains phthalic anhydride, maleic anhydride and propylene glycol in a
molar ratio of 3:2:5 determined by 'H NMR. The average molecular mass of the
UPE is 1606 g mol™ and the equivalent molecular mass per mole C=C is 465 g mol ",
with 35 wt% of styrene as a crosslinking agent (molar ratio of styrene to unsaturated
polyester double bonds, §/E=2.4). As an initiator, a 50 wt% solution of methyi cthyl
ketone peroxide (MEKP) in dimethyl phthalate supplicd by AKZO (Butanox M-50)
was used. Cabalt octoate (as a 6 wi% solution of cobalt) supplied by AKZO
{NL51P) was used as a promoter.

Differential scanning calorimetry

The calorimetric measurements were made with a Mettler DSC 30 calorimeter
coupled 10 a Meltler TA4000 thenmoanalyser. The mass of the samples was 20 mg.
A standard sample was prepared by mixing 10 g of UPE resin with fixed proportions
of initiator (1% by mass of total resin) and different concentrations of cobalt octoate
(ranging rom 0 to 8% by mass of total resin) and rapidly stirring the mixture. Sev-
eral dynamic curings were made from —100°C to 250°C and at heating rates of 2, 5,
10, 15, 20 and 25°C min~' to delermine the total reaction heat associated with the
complete conversion of all reactive groups (AHR). We assumed that in these condi-
tions the material underwent complele curing. The reaction rate do/df and the degree
of conversion o reached at time t were obtained by means of the following expres-
S101I1S:
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do ] dH _AH;
dr T AHR dtT T Al

where AH7 is the heat flow released up to tlemperature 7 and AHg is the total heat of
the reaction, both obtained by intcgration of the calorimetric signal, dH/dr.

Results and discussion

Using Eqg. (3}, the isoconversional kinctic analysis was applied to the different
degrees of conversion, [or cach composition used. For cach degree of conversion the
logarithm of the heating ratc was correlated with lhc inverse of the temperature. Fig-
urc 2 shows the experimental curves logd vs. T for various degrees of conversion
for the system with 4% cobalt octoate. The slope (E) and intercept (A’} of the sct of
correlations shown in Fig. 2 were calculated for all the systems, which gave £, and
Ag for each formulation studied. A =In[k/g(a)] was derived from the intercept
A'=log(k.Elg(0)R)-2.315 and E. Figure 3 shows the values of E, for the different
concentrations of cobalt octoate (ranging from 0 to 8%) used. Very similar curves are
obtlained when A vs. o is represented.

The actual dependence of E, on o (Fig. 3) reveals a complex curing process
formed by a multi-step mechanism in both cases, withoul and with promoter. It can
be scen in Fig. 3 that the E, does not only vary with the degree ol conversion but it
also varies strongly depending on whether the promoter is used or not, and varies
slightly with the amount of promoter used. In a previous work | 14] we explained the
initial decreasing of E with o by the cffect of autoacceleration. It is not possible to
explain the increase of E with o, at a>0.5, only in terms of chemical kinetic mecha-
nisms and it is necessary Lo take into account the physical changes associated with
the increase in viscosity and gelification. In a previous work we obtained oy, =045
13]. The presence of promoter softens the initial decrease and final increase of £ with
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Fig. 2 Decimal logarithm of the heating rafc vs. the reciprocal temperature at different conver-
sion degrees for the system 100/1/4
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Fig. 3 Depcndence of activation energy on the conversion degree for different proportions of
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Fig. 4 In[k /g(c)] vs. activation energy at different proportions of promoter

a. The promoter appears to reduce the autocatalytic production of {ree radicals al the
beginning of the reaction and facilitates the reaction process at high levels of conver-
sion. In an carly work [15] dealing with the appearance of multiple exothermic peaks
(Fig. 1), we associated the lower temperature peak with polymerisation initiated by
the cobalt octoate and the second, higher temperature peak with thermal decomposi-
tion of the MEKP. Recently Cook et al. [16] provided results that were also contrary
1o the above mechanism. Although we arc still of the opinion that both processes (the
chemical and thermal decomposition of the initiator) actually occur, it is clear that
the physical environment and secondary reactions such as the homopolymerisation
of the styrene [3] and the dual role of the cobalt octoate/MEKP redox system | 16]
have a great mfluence on the overall kinetics. Figure 3 shows that increasing the
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amount of promoter (above 2%} also increases the energy of activation, suggesling
that the effectiveness of the promoter decreases. This result agrees with what was re-
ported in [16]; at high concentrations, the coball speeics dccomposcs the initiator but
also destroys the primary and polymeric radicals.

Table 1 Adjustment parameters ol linear regression of the branches in Fig. 4

BCoOe Branch 1 Branch I1
a h R a b R
0.00 -4.84 0.360 1.000 2.052 0.267 1.000
0.10 —6.60 0.453 1.000 1.925 0.264 1.000
0.50 =9.09 0.527 0.999 2.750 .250 1.000
1.00 -10.9 0.571 1.000 2.465 0.257 0.999
2.00 -8.53 0.516 0,999 3.550 0.235 0.997
4.00 -13.7 0613 0.998 2.654 0.252 0.999
6.00 -10.4 0.517 0.999 2472 0.264 (.999
8.00 —10.2 0.504 1.000 4.301 0.237 0.998
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Fig. 5 In{k /g{c)] vs. activation energy at different conversion degrees

The representation of plots of In[k/g(c)] vs. E, for cach proportion ol promoler,
Fig. 4, shows one type of isokinetic relationship: Inlk/g(a)]=a+EE, . The figure
suggests two very dilferent processes at the beginning and at the end of the reaction
(the two branches) and an intermediate process (the verlex) linking them. Table |
shows the adjustment parameters of linear regression of all the branches. Tt can be
scen that the slope of the branch associated with low conversion (branch I) varies
significantly from 0 to 1% cobalt ocloate, remaining constant or decreasing slightly

J Therm, Anal. Cal., 56, 1999
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Table 2 Adjustment parameters of linear regression of the lines in Fig. 5

o a b R
0.05 -1.387 0.387 0.985
(.10 —1.684 0.385 0,988
0.20 -1919 (.380 0,992
0.30 -1.997 0.374 0.993
0.40 -1.368 0.355 0.992
0.50 -0.113 0322 0.993
0.60 0.447 0.303 0.997
0.70 0.577 0.295 01.998
0.80 0.545 0.292 0.999
.90 0.218 0.292 0000
095 0.250 0.287 (.998
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'\, Ob1ained from the slopes of Fig. 5 vs. the conversion degree

at higher concentrations. However, the branch associated with a high level of conver-
sion (branch I has the same slope regardless of the amount of promoter, and it is
also the same as the sample without promoter. If an actual IKR exists, the slope
(b=1/RT,,,) of this relationship is inversely proportional to Ty, which in turn is as-
sociated with the vibrational energy exchange between the reactants and their mo-
lecular environment [5, 10]. The T derived from the low conversion and high con-
version branches are too low and too high respectively to adopt a physical meaning,
and thus no actual [KR exists. Another IKR was investigated by replacement of
Inlk/e(a)],, and E, for reactions with varying amounts of promoter at constant ¢,

I Therm. Anal. Cal., 56, 1999
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Figure 5 shows the linear relationships obtained and Table 2 the coefficient adjust-
ment of lincar regressions. Figure 6 shows the Ty, derived from the regression slope.
It can be seen that two levels of 1, were obtained, Tis,=140°C (0.7<o<1) and Ti=
43°C (D<a<0.4), which suggests that the reaction process takes place in three energy
stages, one at low level, another at high level and the third at an intermediate stage
that links the other two. When a promoter is used, the experimental curing process
lics in a temperature interval of 40 o 150°C, depending on the temperature raie.
Thus, it is now possible to assign some kind of physical meaning to the Ti5, obtained.
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Fig. 7 Ink, vs. the activation energy for difterent proportions of promoter

In order to eliminate the inftuence of g(c) or flo) on a possible TKR between £,
and £, we accepled, for all the samples evaluated, an awtocatalysed mexdel
fioy=o"(1-0,)" with m=0.428 and n=1.672, obtained from a previous work [ 17]. With
DSC experimental data, from the slope of the lincar relationship Infd(da/dT)| vs. /T
we obained the activation cnergy Ey and, from the intercept values [In(kgfle)}] and

Table 3 Adjustment parameters of linear regression of the lines in Fig. 7 and the values of T,
obtained from the slopes

% CoOc a b R T °C
0.00 1.373 0,284 0.999 151.1
0.10 0.525 0.302 0.999 124.9
0.50 0214 0312 0.999 1129
1.00 0.527 0.307 1.999 1183
2.00 -0.011 0.321 0.999 101.1
4.00 0.200 0.316 (.998 107.8
6.00 0.882 0.308 0.997 117.9
8.00 1.048 0.307 0,992 118.9
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using the preceding model, the constant &, for a constant conversion a. Figure 7
shows the EKR {Ink,=a+bE) that it is now possible to establish. Table 3 shows the cocf-
ficient adjustment of lincar regressions with a regression cocfficient ncar to | with-
out the need to separate branches associated with low and high levels of conversion.
Comparing Fig. 7 with Fig. 5 one can conclude that g(c) or fle) varies strongly from
low to high conversion owing to chemical and physical changes that take place with
the advance of the rcaction. The T, derived {rom the slope are also reported in Ta-
bic 3. For a sample without promoter, Ti=151°C; this falls to 101°C for a promoter
content of 2% and then rises 1o 118°C for 8% octoate content. We found that the
main thermal decomposition peak of MEKP appears in an 80-160°C interval [17].
The variation in Ti, is consistent with the explanations given above in that after an
oplimum concentration, the increase in coball octoate produces loss of eifcctivencess
because it destroys primary and polymeric radicals.

Conclusions

Isoconversional kinctic analysis applicd to the non-isothermal curing of an un-
saturated polyester resin based thermosct shows an cxperimental dependence of the
activation energy on the degree of conversion, which should he interpreted not only
in terms of the reaction mechanism but also in terms of the change of physical prop-
erties with the degree of curing,

The isoconversional method makes it possible to study the overall kinetics with-
out the need to separate or deconvolute the multiple peaks exhibited in DSC scan-
ning curves, which should be interpreted as a general response of the DSC instru-
ment 1o both chemical and physical changes.

From the isoconversional kinetic data it is possible lo obtain the interrelationship
of the Arrhenius paramelters, called the isokinetic relationship. Although their physi-
cal mcaning is questionable, they have been used as a too! o understand the cffect
produced by the variation of the amount of promoter with a constant initiator/resin
ratio. The results show that the effectiveness ol the promoter reaches a maximum at
a low level of promoter (<2%}) and decreases with higher proportions, probably ow
ing to side reactions of the MEKP/octoate redox system. In terms of Tig, and vibra-
tional energy, regardless of the amount of promaoter, the reaction process takes place
in three stages, one at low level (Deo<().3), another at high level (0.7<o<1) and the
intermediate stage that links the two.

When an autocatalytic model for o) is used to establish close relationships with
In{k,}-E. the scparatc branches of the In[k/g(a)1-E relationship are reduced 1o onc
for all o; thus, o) acts as a shape factor that varies strongly from low to high con-
versions. From this relationship, the same results are deduced as regards the effec-
tiveness of promoter, resulting in an optimum MEKP/cobalt octoate ratio. Conse-
quently, it is not necessary (o know flae} or ga) to use IKR as a tool to investigate
kinetics.
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