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Abstract

The free radical cross-linking copolymerization of an unsaturated polyester resin with styrene is
studied in isothermal conditions using temperature modulated differential scanning calorimetry
(TMDSC) and dynamic rheometry. The dynamic rheometry measurements show that gelation oc-
curs at a conversion below 5%, while TMDSC measurements show that an important auto-
acceleration starts near 60% conversion, giving rise to a maximum cure rate closely before the (par-
tial) vitrification of the system near 80%. This indicates that the autoacceleration is not due to the
sharp increase in bulk viscosity at gelation, but rather to a change in molecular mobilities at higher
conversion.
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Introduction

A characteristic phenomenon for the free radical polymerization of certain monomers is
that at intermediate-to-high conversions a dramatic increase in the rate of polymerization
occurs, often accompanied by a marked rise in temperature [1]. The term ‘gel effect” was
coined for this phenomenon due to the characteristic rise in viscosity accompanying the
rapid increase in monomer conversion [2]. Although this phenomenon was first noted
more than 50 years ago [3, 4], and although the gel effect is well understood in general
terms of a decrease in mobility of growing chains, its detailed mechanism is still a matter
of discussion [1].

According to Norrish and Smith [4], the most likely explanation for the gel effect is
a decrease in the rate parameter for chain termination, leading to an increased radical con-
centration. They postulated that the increased viscosity, caused by an increased conver-
sion of monomer to polymer, can be correlated with a decrease in the mobility of the
growing chains, making it more difficult for them to diffuse together and terminate.
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Trommsdorff et al. [5] showed that the gel effect occurs earlier when pre-dissolved poly-
mer is included in the initial reaction mixture. On the other hand, the gel effect onset
tends to be delayed for polymerizations performed in the presence of solvent [2, 6]. Both
observations corroborate the conclusion that the gel effect is caused by an increase in
bulk viscosity. This early work indicates the importance of a diffusion-controlled termi-
nation step: the bulk viscosity would not affect the termination rate parameter if this reac-
tion step was chemically-controlled.

The idea that the increasing bulk viscosity causes the gel effect has gradually
evolved over the years. Important concepts introduced include the notion of local resis-
tance-to-motion or ‘microviscosity’ (rather than bulk viscosity) [1], and the short-long
termination concept [7-10].

It should be stressed that ‘gelation’ and ‘gel effect’ are different phenomena. At
gelation, the material changes from the initial viscous state to a rubbery or energy-elastic
state because covalent bonds connect across the whole volume of the curing material
[11, 12]. The structure formed at the gel point is termed the critical gel. According to
Winter [13, 14], the gel point of a chemically cross-linking system is defined unambigu-
ously by the instant at which the mass average molecular mass diverges to infinity. Con-
sequently, the steady flow viscosity diverges to infinity and an equilibrium shear modu-
lus develops, at first for frequencies tending to zero [15].

Although gelation and the gel effect might be correlated for cross-linking free radi-
cal polymerizations, both phenomena can occur independently. Indeed, the formation of
a chemical gel is related to network formation and occurs in both step-growth and free
radical chain-growth cross-linking systems, but per definition not in /inear poly-
merizations. In contrast, the gel effect is limited to free radical polymerizations and oc-
curs in both linear and cross-linking polymerizations. As a matter of fact, it was first ob-
served and mostly studied for linear systems.

As summarized by te Nijenhuis [15], several methods are used for the determination
of the gel point. Discussions about specific aspects of equilibrium and dynamic
rheometry measurements can be found in [11-15]. Early rheological studies of unsatu-
rated polyester cure include [17, 18]. Later rheological data were combined with kinetic
studies using DSC [19-24].

Hsu and Lee [25, 26] used a solvent extraction procedure to determine the gel
fraction during the first stages of the unsaturated polyester-styrene copolymerization.
Their results point out that the gel point occurs before the crossover of G' and G”, at
overall monomer conversions lower than 2%. In general, gelation is observed at the
very beginning of the curing reaction, at a conversion lower than 5% [24-28]. After
the gel point, a continued increase in G' and a maximum in G" can be ascribed to vitri-
fication [17, 24, 29], which is the transition from a rubbery or liquid state to a glassy
state due to the increasing glass transition temperature [30]. The maximum in G"
shifts forward when the frequency is increased [29].

For the free radical copolymerization of unsaturated polyester or vinyl ester res-
ins with styrene, the gel effect is seldom mentioned or observed. For the modeling of
the reaction kinetics the termination reaction is often neglected: the system is treated
as if the gel effect is present from the start and there is never a balance between
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initiation and termination steps [28, 31-33]. If termination involving small radicals is
negligible, the termination reaction might be insignificant after gelation [31].

One of the main problems for accurate measurements of the gel effect is the dif-
ficulty of maintaining isothermal conditions in bulky samples. In a recent review,
O’Neil and Torkelson [1] point out isothermal DSC measurements might be advanta-
geous to achieve truly isothermal conditions. In this paper it will be shown that the
use of temperature modulated differential scanning calorimetry (TMDSC) in isother-
mal reaction conditions brings additional advantages over using the conventional
DSC technique, especially for indicating the location of the gel effect with respect to
the vitrification of the polymerizing system. In previous publications [34-38] it was
shown that TMDSC is very suited for studying vitrification, because the chemical re-
action and the vitrification phenomenon can be followed simultaneously using the
heat flow and heat capacity signals, respectively. First results on unsaturated polyes-
ter and vinyl ester resins were mentioned in [37].

Materials and techniques

Materials

An unsaturated polyester resin containing 45% by mass of styrene (Polylite 51383,
Reichhold) was cured with a peroxide initiator (Butanox M60, AKZO) and a cobalt
octoate accelerator (NL49S, AKZO) in a ratio of 100:2:1 by mass. A weight fraction of
200 ppm inhibitor (2-methylhydrochinon) was added for delaying the reaction during
sample handling.

The polyester prepolymer of the Polylite 51383 resin is made of fumaric acid,
maleic acid, tetrahydrophthalic acid, neopentylene glycol and diethylene glycol. Its num-
ber average molecular mass equals 1850 g mol™' (by GPC). The molar ratio of styrene vs.
polyester vinylene bonds equals 4.1:1 (by '"H-NMR and >C-NMR). The average number
of vinylene bonds per polyester prepolymer is 3.5. A small amount of inhibitor is present
in the resin. The glass transition of the fully cured material is 30°C+5°C and the transition
is ca 50°C wide.

Techniques
TMDSC

TMDSC measurements were performed in hermetic pans on a 74 Instruments DSC 2920
with MDSC® option, using a 0.5°C amplitude and a 60 s period. After (quasi-)isothermal
curing, the glass transition temperature of the isothermally cured material and the resid-
ual heat of reaction were determined by cooling the sample to —60°C and heating to
225°C at 5°C min™". In a second cool-heat cycle the final glass transition temperature was
determined. The conversion and rate of conversion are calculated as

_DH| dx _dg/dt
X = and —=
dt AH

(M

tot tot
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with AH,, and AH,, the partial and total reaction enthalpies, and dg/d¢ the measured
non-reversing heat flow. The total reaction enthalpy AH,, equals 320 J g .

The variation in the heat flow phase angle was always limited to a few degrees.
Thus, the modulus of the complex heat capacity and the in-phase component will (nearly)
coincide [36-38]. In this paper, the term heat capacity will be used, without further speci-
fication.

Dynamic rheometry

Dynamic rheometry measurements were made with a 74 Instruments AR1000-N rheo-
meter in parallel plates mode using disposable aluminum plates with a 4 cm diameter, at
an oscillation frequency of 1 Hz. A calibrated reference oil for viscosity (Poulten, Selfe &
Lee Ltd, 924.5 mPa s at 20°C) was used to check the calibration.

For the instrument setup employed, it is important to note that when the shear
modulus increases above approximately 5-10° Pa the results are not quantitative anymore
due to an important contribution of the instrument’s compliance. In order to avoid over-
loading of the normal force load cell due to polymerization shrinkage, the gap was re-
duced using 74 Instruments Navigator software.

To study the influence of frequency, measurements were performed at frequencies
of 0.1 and 1/60 Hz. Due to relatively long equilibration times at the lower frequencies,
few points can be measured before gelation.

Dynamic mechanical analysis

To quantify the properties of the fully cured material, dynamic mechanical analyses were
performed on a TA Instruments DMA 2980 in single cantilever mode using samples of
ca. 40x7x1 mm’. Isothermal measurements at selected temperatures for frequencies of 1,
0.1, and 1/60 Hz, and non-isothermal experiments at 1°C min ' at a frequency of 1 Hz
were performed.

Results and discussion

TMDSC study of the isothermal cure of unsaturated polyester
Autoacceleration

The evolution of the non-reversing heat flow for the curing of the unsaturated polyes-
ter resin at 30, 40 and 50°C is shown in Fig. 1. Some numerical data are summarized
in Table 1.

The heat flow evolution can be divided into three stages. At 30 and 40°C an inhibi-
tion period is observed.

Once the inhibitor is consumed, the free radical concentration quickly increases
and the polymerization accelerates, leading to the main reaction exotherm with a
maximum close to 12% conversion. The intensity of the maximum increases by more
than a factor 2.5 by increasing the temperature from 30 to 50°C.
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Table 1 TMDSC results for the cure of an unsaturated polyester system at different isothermal
cure temperatures (7¢,.). Time, conversion x, and non-reversing heat flow dg/dr at the
first maximum, the minimum, and the second maximum in the non-reversing heat flow.
tonset 1S the time at the onset of the main reaction exotherm

T First maximum Minimum Second maximum
cure’ onset’
oC min . dg/dt . dg/dt . dq/dt
t/min X W g’] t/min X W g’] t/min X W g’l
30 37 65 0.14 25 177 0.58 19 219 0.73 20
40 15 29 0.11 42 95 0.57 30 121 0.72 34
50 - 15 0.10 66 62 0.58 43 80 0.74 49

Near a conversion of 58% a minimum is reached, which is followed by an aufo-
acceleration towards a second heat flow maximum. At first sight, this auto-
acceleration might seem to be rather limited since the heat flow (and thus the reaction
rate) at the second maximum is only 10 to 14% above the minimum. However, one
should bear in mind that the concentration of reactive units is continuously decreas-
ing: in-between the autoacceleration onset and maximum the concentration of reac-
tive units decreases by more than a factor 1.5. This monomer depletion has an impor-
tant decreasing tendency on the rate of reaction, which is more than compensated by
the autoacceleration effect. To take the monomer depletion into account, the reduced
rate of conversion R, is calculated.

The reduced rate of conversion R; is calculated by dividing the rate of monomer
consumption by the monomer concentration:

_,_ 1 d[M] _dx/dr _
COIM] A (1-x)

ke, [R™] 2)

with [M] and [R "] the concentrations of monomer and propagating radicals, respec-
tively, and with x the conversion of monomer. Thus, the reduced rate of reaction re-
flects changes in the concentration of propagating radicals and in the (apparent) prop-
agation rate constant k.
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Fig. 1 Non-reversing heat flow for the isothermal cure of an unsaturated polyester at
30, 40 and 50°C
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Fig. 2 Reduced rate of reaction vs. conversion for the isothermal cure of an unsaturated
polyester at 30, 40 and 50°C

For the experiments of Fig. 1, the evolution of the reduced rate of conversion as
a function of conversion is given in Fig. 2. After the inhibition period, in which a few
percent of conversion occurs, R, sharply increases to a level which is higher with in-
creasing temperature. This sharp rise is due to the strong increase in the concentration
of propagating radicals when the inhibitor has been consumed. Once the plateau is
reached, R, increases slowly up to 50% conversion. Subsequently the autoaccele-
ration effect is observed as an almost threefold increase in R, caused by a further in-
crease in the concentration of propagating radicals due to diffusion limitations in the
termination step. The maximum value of R, is attained near 80% conversion. Diffu-
sion limitations on the rate of propagation will tend to decrease the (apparent) propa-
gation rate constant, thus reducing R, .The ultimate conversion attained isothermally
is less than unity (ca 95%), which points to the occurrence of vitrification during the
isothermal cure experiments.

Vitrification

The occurrence of vitrification is confirmed by a downward step in the heat capacity
C, which starts close to the autoacceleration maximum in the non-reversing heat flow
(indicated with a small circle) (Fig. 3). Afterwards C, evolves to a constant level.
This stepwise decrease in heat capacity is characteristic for vitrification [34, 35]. The
glass transition of the fully cured resin is shown in Fig. 4. It is observed as an increase
in C, and as a downward peak in the heat flow phase @. The transition midpoint is
close to 30°C, but the transition stretches at least from 10 to 60°C. At these tempera-
tures the fraction of material that is in the vitrified (glassy state) equals 90 and 10%,
respectively. This fraction, also termed degree of vitrification, was calculated using
reference lines for the glassy and the rubbery state (Fig. 4) and corresponds to 1-DF*
(with DF* the mobility factor as defined in [34, 35]). The cure temperatures studied
(30, 40, and 50°C) are clearly within the broad glass transition interval of the fully
cured material. Thus, at these temperatures the fully-cured material is in a partially
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glassy — partially rubbery state (for the modulation frequency used). At a higher tem-
perature less material is vitrified. Hence, the height of the step-wise decrease in C, de-
creases strongly with increasing cure temperature (Fig. 3). The final degree of vitrifi-
cation equals 50, 30 and 20%, for 30, 40 and 50°C, respectively. The term partial
vitrification was coined for this vitrification phenomenon in which the final state
reached isothermally is only partially glassy [37]. This occurs when a thermoset is
cured at temperatures within the glass transition region of the fully-cured resin. This
partial vitrification should not be confounded with a partially vitrified intermediary
state that occurs while the reaction is still continuing.

The partial vitrification can also be noted in the heat flow phase evolution. In
Fig. 3, @ starts decreasing at the onset of vitrification and then evolves to a constant

50°C
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Fig. 3 Heat capacity and heat flow phase for the isothermal cure of an unsaturated
polyester at 30, 40 and 50°C. The heat flow phase curves were shifted vertically
to avoid overlap. The symbols (0) denote the points at maximum cure rate in the
non-reversing heat flow
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Fig. 4 Heat capacity and heat flow phase for the glass transition of a fully cured unsatu-
rated polyester (TMDSC at 5°C min™")
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Fig. 5 Heat capacity and heat flow phase for the isothermal cure of an unsaturated
polyester at 0°C. No extra inhibitor added to formulation

level. The heat flow phase remains at a low (more negative) value because the cure
temperatures are above the temperature of maximum relaxation of the fully cured net-
work (Fig. 4). If the resin is cured at lower temperatures, e.g. at 0°C, the heat flow
phase passes through a minimum and increase again to its final, more glassy level
(Fig. 5). At 0°C, the rate of reaction is too slow for a quantitative analysis of the heat
flow. The evolution of heat capacity and heat flow phase, however, can still be mea-
sured accurately, illustrating an extra benefit of TMDSC to study isothermally slow
reacting systems (notice the extended time scale of Fig. 5).

Partial vitrification has already been discussed for epoxy resins [37], but the
temperature interval in which partial vitrification can be observed is much narrower
(Fig. 12 in [37]). More recently, Montserrat and Cima [39] presented similar epoxy
cure experiments, but their interpretation is somewhat misleading. The way the mo-
bility factor DF* was calculated is in contradiction with the fact that the final state is
only partially glassy for cure temperatures that are within the glass transition of the
fully-cured resin, as was explained in detail in this paper. Only with the correct defi-
nition of the reference states (same temperature and conversion [35]) the points for
which DF" equals 0.5 will correspond to the vitrification point for which T, . equals the
cure temperature.

Finally, attention is drawn to the slow decrease in C,, before the onset of vitrification
(Fig. 3). This decrease is linear with reaction conversion, with a slope equal to
—0.058+0.005 J (g K)™' per unit of conversion” . This decrease can be attributed to the
chemical changes upon curing: the heat capacity of the polymer (in the liquid and rub-
bery state) is lower than the heat capacity of the uncured, liquid resin. For epoxy resins
more complex changes in heat capacity before vitrification were attributed to reactions
with primary and secondary amine [37].

**  Average and standard deviation for experiments at 30, 40 and 50°C. Slope calculated from 0 up to 75%
conversion (just before vitrification sets in).
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Fig. 6 Complex viscosity for the isothermal cure of an unsaturated polyester at 30, 40
and 50°C. 0" is plotted both on a linear and a logarithmic scale. Above a certain
viscosity level the curves are not quantitative anymore (thinner lines, see text)

Rheological changes upon isothermal cure of unsaturated polyester
Evolution of the complex viscosity

Because the autoacceleration or gel effect is generally attributed to the strong increase in
viscosity upon polymerization, the rheological changes during cure were studied using
isothermal small amplitude oscillatory shear measurements or dynamic rheometry. For
cure experiments at 30, 40 and 50°C, the evolution of the complex viscosity n" is given
in Fig. 6, both on a linear and a logarithmic scale. A comparison of the evolution of (log)
n" and the non-reversing heat flow at 40°C is shown in Fig. 7 (for TMDSC at other tem-
peratures, Fig. 1). A first and strong increase in 1" occurs before the first maximum in the
heat flow, for less than 10% conversion. Close to the onset of autoacceleration (ca 60%
conversion) and slightly before the onset of vitrification, a second increase in n" is ob-
served (Figs 6 and 7). The level attained at the end of this second increase is underesti-
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Fig. 7 Comparison of complex viscosity and non-reversing heat flow for the isothermal
cure of an unsaturated polyester at 40°C. 1" is plotted on a logarithmic scale
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mated due to the contribution of the instrument’s compliance to the displacement mea-
sured.
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Fig. 8 Comparison of complex viscosity with conversion for the isothermal cure of an
epoxy — diamine system at 60°C (results from [40] and the isothermal cure of an
unsaturated polyester at 40°C. Viscosity plotted on a logarithmic scale

Before discussing the phenomena, it is interesting to point out that the observed
evolution is quite different from the evolution for step-growth polymerization thermoset-
ting systems. In a step-growth (bifunctional) epoxy-(tetrafunctional) amine system, the
viscosity rises continuously with extent of polymerization (Fig. 8); gelation occurs near
60% conversion [40]. The different conversion-dependence of 1" is related to the molec-
ular mass evolution and network development: for addition step-growth polymerization
systems the molecular mass of the polymer chains gradually increases, while for (linear)
free radical chain-growth polymerizations the highest average degree of polymerization
of the polymer chains is attained at the start of the reaction.

Gelation and gel point determination

The evolution of the storage and loss shear moduli, G' and G", and the mechanical loss
angle 0, gives additional information concerning the rheological changes (Fig. 9). With
increasing temperature, the transitions move forward, but the curve shape changes little.
Initially, the material behaves like a viscous liquid (0 close to 90°), with a complex vis-
cosity in the order of 10" Pa s. During the inhibition period (Fig. 1), G" increases slightly,
while G, first too small to be measured accurately, increases much faster. Then gelation
occurs: within a 5 min time span 6 drops from more than 85° to less than 5°, implying a
fast change of the rheological behavior from viscous-like to rubbery-like (entropy-elastic
behavior). At the same time, G', G", and " increase more than a factor 10%, 10, 10 re-
spectively, and crossover between G' and G" occurs (6=45°). The detailed data in Table 2
show that the complex viscosity is less than 10 Pa s at the crossover point. This value is
unexpectedly low for the crossover point to correspond to the gel point, since the zero
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Fig. 9 Storage and loss shear moduli and mechanical loss angle for the isothermal cure
of an unsaturated polyester at 30, 40 and 50°C at 1 Hz. Moduli plotted on a loga-
rithmic scale

shear rate viscosity should tend to infinity at the gel point [11-15]. However, if the ex-
trapolated evolution of the reciprocal complex viscosity is considered, the gel times ob-
tained correspond quite well with the time at the crossover point.

These results point in the direction of gelation at an extent of reaction below 5%,
which is in agreement with literature [24-28, 41].

Vitrification and final cure stages

As the cure continues, 0 increases again, and while & and G" attain a maximum, a step-
wise increase is observed for G' and n”. Both the stepwise increase in G', the maximum
in G", and a final mechanical loss angle close to zero are indications that vitrification
takes place [17, 24, 29] , in agreement with the TMDSC data.

The final storage modulus obtained by dynamic rheometry is too low for a
glassy solid: due to the high moduli, the instruments’ compliance dominates the re-
sponse, and the final evolution is not quantitatively measured. A non-isothermal
DMA experiment for fully cured samples resulted in storage moduli of 2.0 GPa
(30°C), 1.2 GPa (40°C), and 0.32 GPa (50°C). For the rubber plateau, a value of
3.9 MPa is obtained at 90°C. Thus, for the isothermal transition from the rubbery to
the glassy state an increase in modulus of at least three orders of magnitude would be
expected (30°C is at the lower limit of the transition zone), much larger than the in-
crease observed by dynamic rheometry.
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Table 2 Dynamic rheometry results for the cure of an unsaturated polyester system at different
isothermal cure temperatures (7,,.) and frequencies. Time, complex viscosity N, storage
shear modulus G', and TMDSC conversion at the crossover point of storage and loss
shear moduli G' and G". Time to onset of the final increase in storage shear modulus G'
and to onset of the final decrease in heat capacity (C,) measured in TMDSC

T Crossover G'and G" at 1 Hz Time onset vitrification in min
oC Time/ n/ G'/ N G'/ G'/ G'/ Cy/
min Pas Pa 1 Hz 0.1 Hz 1/60 Hz  1/60 Hz
30 44 7 33 3% 212 248
40 19 9 42 4% 108 131
50 9 7 29 2% 81 98 104 95

Although the final stages can not be quantitatively measured by dynamic rheo-
metry, the onset of the final increase in G’ (and d) can be used as a measure of the onset of
vitrification. Comparison of the numerical TMDSC and the rtheometry results (Table 2)
shows that the onset of vitrification in TMDSC (at 1/60 Hz) occurs later than the onset of
the increases in the moduli (at 1 Hz). One reason for this difference is the frequency de-
pendence of the glass transition and, by consequence, vitrification. Therefore, the effect
of frequency on the dynamic rheometry measurements was investigated (Fig. 10).

At low conversion, the frequency effect on the viscoelastic behavior is smaller than
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9.0E+5 |

6.0E+5

Mechanical loss angle /degrees

3.0E+5

Shear moduli G' and G"/Pa

0.0E+0

Time/min

Fig. 10 Influence of frequency: storage and loss shear moduli and mechanical loss angle
for the isothermal cure of an unsaturated polyester at 50°C for frequencies (f) of
1, 0.1 and 1/60 Hz. Moduli on linear scale to enlarge the effect of vitrification

at high conversion. For higher conversions, with increasing frequency the viscoelastic
behavior is shifted towards the energy elastic state and vitrification is shifted to lower re-
action times (Fig. 10). For a 1/60 Hz frequency, the mechanical loss angle & decreases
only slightly after the maximum, more closely resembling the heat flow phase behavior
observed in TMDSC at the same frequency (Fig. 3). For the same frequency (1/60 Hz),
the onset of vitrification is earlier in TMDSC than in the corresponding dynamic
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rheometry experiment (Table 2). However, when comparing these two techniques the
following remarks should be made:

(i) Due to the larger sample mass and the less accurate temperature control of the
rheometer, small deviations in the temperature profiles exist.

(i1) The reaction in the rheometer occurs in non-hermetic conditions. At the
outer circumference of the sample styrene can evaporate, changing the chemical
composition.

(iii) Even at the same frequency, differences in glass transition temperatures and in
onset of vitrification can be expected because the techniques solicit the material in a dif-
ferent way. Similar differences are noted between glass transitions obtained by TMDSC
and DEA (e.g. [42]).

For the final evolution, at lower frequencies (i) G' increases later and reaches a
lower final level, (ii) the maximum in G" (and d) shifts to higher reaction times, and (iii) &
(and G") remain at a higher final level. The qualitative evolution of the final levels are
supported by dynamic mechanical analyses of fully cured samples: the storage moduli
and mechanical loss angles measured at 50°C were 320 MPa and 27° (1 Hz), 88 MPa and
35°(0.1 Hz), and 75 MPa and 44° (1/60 Hz).

Conclusions

The combined use of TMDSC and dynamic rheometry is very beneficial for an isother-
mal study of gelation, vitrification and autoacceleration (gel effect) in terms of reaction
conversion of an unsaturated polyester resin. Comparison of dynamic rheometry and
TMDSC results indicates gelation occurs closely after the onset of the reaction exotherm,
at a conversion lower than 5%. The onset of vitrification observed in TMDSC by the start
of the final decrease in heat capacity and in dynamic rheometry by the final increase in G'
occurs at a conversion close to 80%.

An important autoacceleration occurs in between both transitions, the maximum
cure rate being closely before the onset of vitrification. The conversion at the heat flow
minimum, which can be considered as a measure of the onset of autoacceleration, is close
to 60%. Thus, the term gel effect for indicating the autoacceleration is somewhat mis-
leading and should be avoided in this case. The fact that autoacceleration occurs in the
later stages of the reaction, whereas gelation happens at the very beginning, indicates the
former is not due to the sharp increase in bulk viscosity at gelation, but rather to a change
in molecular mobilities at higher conversion. This effect of changing (decreasing) molec-
ular mobilities on the (increasing) reaction rate of the unsaturated polyester system is
caused by the specific features of a free radical chain-growth polymerization mechanism
and is in contrast with thermosetting systems, such as epoxy-amines, obeying an addition
step-growth polymerization mechanism.
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