Curing Kinetics and Thermal Properties of Vinyl Ester Resins
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ABSTRACT: The curing kinetics of dimethacrylate-based vinyl ester resins were studied
by scanning and isothermal DSC, gel time studies, and by DMTA. The rate of polymer-
ization was raised by increased methyl ethyl ketone peroxide (MEKP) concentration
but the cocatalyst, cobalt octoate, retarded the reaction rate, except at very low concen-
trations. By contrast, the gel time was reduced for all increases in either peroxide or
cobalt concentration. This contradictory behavior was explained by a kinetic scheme
in which the cobalt species play a dual role of catalyzing the formation of radicals from
MEKRP and of destroying the primary and polymeric radicals. The scanning DSC curves
exhibited multiple peaks as observed by other workers, but in the present work, these
peaks were attributed to the individual influence of temperature on each of fundamental
reaction steps in the free radical polymerization. Physical aging appeared to occur
during the isothermal polymerization of samples cured below the “fully cured” glass
transition temperature (T,). For these undercured materials, the difference between
the DSC T, and the isothermal curing temperature was approximately 11°C. Dynamic
mechanical analysis of a partially cured sample exhibited anomalous behavior caused
by the reinitiation of cure of the sample during the DMTA experiment. For partially
cured resins, the DSC T, increased monotonically with the degree of cure, and this
dependence was fitted to an equation related to the Couchman and DiBenedetto equa-

tions. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 769-781, 1997
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INTRODUCTION

Vinyl ester resins are formed by the copolymeriza-
tion of styrene monomer and a dimethacrylate
monomer based on the diglycidyl ether of bisphe-
nol-A (see Fig. 1). Their resistance to degradation
by corrosive and hostile environments leads to
their use in many applications, such as in swim-
ming pools, sewer pipes, and solvent storage
tanks, and thus, vinyl ester resins are of consider-
able commercial interest.’

Despite their increasingly widespread usage,
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the interrelationship between their chemistry, re-
action kinetics, morphology, and properties is not
well understood because of the complexity of their
formulation. For example, the nature of the copo-
lymerization of the styrene and dimethacrylate
monomers and the resulting morphology could be
influenced by reaction conditions such as temper-
ature and initiator concentrations. Previous stud-
ies of these materials have investigated the curing
behavior of vinyl ester resins®® and their chemo-
rheology* and have related their mechanical prop-
erties® to the cured structure. Infrared and '*C-
NMR studies®” of the cure of vinyl ester resins
have indicated that the polymerization is initially
random, but that as cure progresses, styrene ho-
mopolymerization tends to dominate and, on com-

769



770 COOK ET AL.

CH2=?—@——o-ECHZ—c[:E——CHZ—o—@—E:—:@fo}fHZ—E::{—cnz—o—g—izcnz

CH, o

Figure 1 Structure of monomer system.

pletion of the reaction, significant amounts of un-
reacted methacrylate can be found. The properties
of the cured resin appear to depend® on the initia-
tor system, but no in-depth study of the mecha-
nism appears to have been made. In the present
study, an understanding is sought for the manner
in which the initiation system and curing temper-
ature controls the polymerization kinetics and,
thus, the final extent of cure and glass transition
temperature of the network via the underlying
structure.

EXPERIMENTAL

The vinyl ester resin used in this study, Hetron
922, was supplied by Huntsman Chemical Com-
pany, Australia. This resin contains approxi-
mately 45 wt % styrene and 55 wt % of a dimeth-
acrylate based on an oligomerized diglycidyl ether
of bisphenol-A. The molecular weight of the di-
methacrylate is approximately 1080, and its ge-
neric structure is shown in Figure 1. Whenn =1
in Figure 1, the resin is known as bisGMA or bis-
phenol-A diglycidyl methacrylate. In the present
study, the resin was usually used as a two-compo-
nent system with part A containing vinyl ester
resin and varying amounts of MEKP (methyl
ethyl ketone peroxide as a 40 wt % solution in
dimethylphthalate ), and part B containing vinyl
ester resin and varying amounts of cobalt-II oc-
toate (as a 6 wt % solution of cobalt in white oil).
These two components were stored at 4°C until
required and were mixed in equal parts to initiate
the reaction. In the mixed and activated resin, the
concentration of MEKP solution varied from 0 to
2.4 wt % (1.2 wt % was the standard level, equiva-
lent to 0.48 wt % of pure MEKP) and the concen-
tration of the cobalt-II solution ranged from 0 to
3.2 wt % (0.2 wt % was the standard level, equiva-
lent to 0.012 wt % Co-II). In some cases the acti-
vated resin was prepared in one stage by dissolv-
ing the required quantity of cobalt salt solution
in the resin and then adding the requisite MEKP
solution and rapidly stirring the mixture. In this
article, all descriptions of cobalt and MEKP con-
centrations are expressed as wt % of the catalyst

or MEKP solutions mixed into the vinyl ester
resin.

The kinetics were monitored on a Perkin—El-
mer DSC-7, using both isothermal and scanning
(10°C/min) modes, in sealed aluminium pans
with a sample mass in the range of 10—15 mg.
In some cases, the Perkin—Elmer Intracooler was
also used for subambient runs. The data was con-
verted from heat flow (dq/dt in W) to fractional
conversion rate (da/dt in min~') by use of the
expression:

da/dt = (dq/dt)/m-AH,, (1)

where m is the sample mass (in g) and AH, is
the total heat of polymerization. The heat of poly-
merization has been determined to be 67.4 kJ /mol
by Tong and Kenyon® for styrene and to be 57.8
kJ /mol'® for methyl methacrylate. Thus, a simple
molar average for the vinyl ester resin would be
65.5 kdJ/mol. A better estimate can be obtained
by interpolation of the copolymerization data of
Suzuki et al.'* for styrene/methyl methacrylate.
This yields a value of 67.3 kdJ/mol (360 J/g) for
the monomer composition in the vinyl ester resin,
and this value was used for AH, in eq. (1). The
use of a single value of the heat of polymerization
to calculate the overall rate of conversion of unsat-
uration in the copolymerization is justified be-
cause the styrene and methacrylate units have
similar AH, values and because the copolymeriza-
tion of styrene with phenyl glycidyl methacrylate
(which may be considered the monomeric version
of the dimethacrylate in Fig. 1) has been shown
to be almost random.'? The rate data calculated
from eq. (1) was integrated numerically to obtain
the conversion data.

Gel times were determined at 23°C by measur-
ing the time from the start of mixing until the
first appearance of a gel as determined by a
TECAM gel timer (Townson and Mercer).

The dependence of T, on conversion was evalu-
ated by partially curing samples in scanning mode
(i.e., scanning to various predetermined tempera-
tures), rapidly cooling and rescanning the sample
through the glass transition region to determine
the T,. The dependence of T, on curing tempera-



ture (T...) was obtained by curing the sample
isothermally in the DSC until no further heat was
evolved, rapidly cooling, and rescanning the sam-
ple through the glass transition region.

Dynamic mechanical thermal analysis (DMTA)
of the blends was performed with double canti-
lever geometry using a Polymer Laboratories Mk
IT DMTA operated at 1 Hz and scanned at 2°C/
min. Samples of vinyl ester resin were cured at
23°C for 16 h with or without a postcure at 90°C
for 90 min and then were scanned as a function of
temperature through the glass transition region.

RESULTS AND DISCUSSION

Reaction Scheme

Based on the steady-state assumption for radical
concentration, the rate of polymerization of a
monomer is given by '3:

—d[M1/dt = k,[MI1[M;]
= kIMUfR; [k}, (2)

where [M] and [M; ] are the monomer and radical
concentrations, fis the initiation efficiency, R; is
the rate of initiator decomposition, and %, and %,
are the propagation and termination rate con-
stants, respectively. For the cobalt octoate/MEKP
redox system, the molar ratio of cobalt to hydro-
peroxide groups is approximately 0.02 for the
standard levels used here. For these levels, the
postulated mechanism for initiation is'*:

k 1
R—OOH + Co%> > RO" + OH™ + Co® (3)
k

d2
R—OOH + Co®" —» ROO* + H* + Co®", (4)

where R—OOH and Co represents the MEKP and
cobalt species and k;; and kg, represent the rate
constants for the formation of the alkoxy (RO ") and
peroxy (ROO®) radicals, respectively. Beaunez et
al.'® have noted that the alkoxy radical is much
more reactive to ethylenic monomers that the per-
oxy radical and so eq. (3) determines the rate
of initiation. Equation (4) is important, however,
because in this step Co?* is regenerated, which
results in a pseudosteady state for the Co?* con-
centration. As a result, the rate of formation of
alkoxy radicals is predicted to be approximately
constant until the MEKP concentration is se-
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verely depleted as indicated by the reaction ki-
netics:

d[RO"1/dt = k;n[Co* I[R—OOH].  (5)
Assuming that a steady state exists for the forma-

tion of Co?", the equilibrium concentration of
Co?" is thus:

[Co®*] = kol Co®" 1,/ (kar + kaz), (6)

where [Co2"], is the initial cobalt octoate concen-
tration. Thus, the rate of initiation is given by:

R; = kgikg ol R—OOHI[Co** 1,/ (kay + kag). (T)
Combination of eq. (7) with eq. (2) indicates

that the rate of polymerization should increase
with increased cobalt and MEKP levels:

_d[M]
dt
fkarksl R—OOH] [COQ+]O> 1/2
= kIM (8
p[ : ( kt(kd1+kd2) (8)

In practice, the above scheme is complicated by
the fact that commercial MEKP consists of several
different peroxide molecules of differing reactivi-
ties.'® In addition, the initiating radicals may
themselves be consumed by side reactions such as
reduction by Co?*:'*

RO® + Co* - RO~ + Co?", (9)

and the propagating radicals may be lost by simi-
lar side reactions'”:

M, + Co®>" > M, + Co?* (10)
M. + Co®* —» M; + Co?", (11)

which further complicate the kinetics.

Effect of Initiator Concentration

To investigate the curing kinetics, the vinyl ester
resin was cured in scanning mode using various
MEKP/Co octoate ratios. Figure 2 shows the ef-
fect of MEKP on the cure and indicates that with
an increase in the MEKP concentration, the
exotherm peak (corresponding to the maximum
reaction rate) is shifted to lower temperature as
would be expected for a faster reacting system.



772  COOK ET AL.
1.5
2.4% MEKP
]
x
q) l-
~ 10 e 1.2% MEKP £ 03% MERP
o0 1.0 | *
= 0.6% MEKP # "¢
N ’ # \% 0% MEKP
< PO
<
E R 0% MEKP
: i AR .4% MEKP
S 0.5 N, 5 e
3 NS \h  —0.6% MEKP
aw \ a. )\\ ANCREITEED 1.2% MEKP
1 N Nv.---- 1.2% MEKP
\ ) Nt
3 L
0.0 T e T T =
50 150 200 250 300

Temperature (°C)

Figure2 Heat flux vs. temperature using 0.2 wt % cobalt octoate solution and varying

levels of MEKP solution.

This is consistent with the prediction of eq. (8),
which shows that the rate should increase as the
peroxide concentration is raised. The effect of
MEKP concentration on the isothermal kinetics
at 70°C is shown in Figure 3. In some cases, a
small maximum (or shoulder) was also observed
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in the early stages of the reaction (less than 5
min ), prior to the major exotherm due to the main
reaction process. This initial maximum is proba-
bly due to small traces of H,O, because H,0, is a
known MEKP contaminant?® that reacts with the
cobalt catalyst to form radicals more readily than
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Figure 3 Heat flux vs. time using 0.2 wt % cobalt octoate solution and varying levels

of MEKP solution at 70°C.
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Figure4 Heat flux vs. temperature using 1.2 wt % MEKP solution and varying levels

of cobalt octoate solution.

MEKP, and this may cause the early (but limited)
initiation of vinyl resins.? Even though the reac-
tion is accelerated by increasing MEKP concen-
tration (Figs. 2 and 3), the dependence of rate on
concentration is not in accord with eq. (8) because
the maximum isothermal rate obtained from
the data in Figure 3 is not proportional to
[R—OOH]"? but, in fact, is approximately pro-
portional to [R—OOH]?/2.

Figure 4 illustrates the effect of varying the
cobalt octoate concentration on the DSC traces. It
is surprising to note that with the exception of
very low levels (=0.1 wt %), the exothermic maxi-
mum in the DSC trace (corresponding to the max-
imum rate) occurs at higher temperatures as the
cobalt octoate concentration is raised, suggesting
that the cobalt salt actually retards the reaction.
Similar results have been observed by Salla et
al.,'® as discussed below. Figure 5 shows the corre-
sponding isothermal kinetics. In this data, large
induction periods (20 and 140 min ) were observed
for the systems containing 0 and 3.2 wt % cobalt
octoate, respectively. These induction periods
were probably due to inhibition of the polymeriza-
tion by dissolved trace oxygen or by the cobalt
ions themselves. To aid comparison of the data in
Figure 5, this induction period has been sub-
tracted from the time axis in each graph. The data
in Figure 5 indicates that at intermediate catalyst
levels, an increase in the Co?* concentration re-

sults in a reduction in the rate of polymerization,
in agreement with the scanning DSC data, but in
conflict with the proposed mechanism [eq. (8)].

The time for gelation is very important to the
resin application because it gives an indication of
the working time of the resin, which in turn, can
be manipulated by variation in the concentration
of the initiator.'* Figure 6 shows the gel time vs.
the MEKP or cobalt salt concentration. In this
figure, an increase in the MEKP concentration is
seen to reduce the gel time, which is in agreement
with gel time results of other workers'* and the
above kinetic scheme [eq. (8)]. On the assump-
tion that the gel time is reciprocally related to
the reaction rate, these results are also consistent
with the observed accelerating influence of MEKP
on the polymerization rate (Figs. 2 and 3).

The data in Figure 6 also shows that increasing
the cobalt salt concentration also reduces the gel
time, whereas cobalt was found to decelerate the
rate in the DSC studies (Figs. 4 and 5). The gel
time data shown in Figure 6 is similar to that
reported by Kamath and Gallagher'* for the cur-
ing of unsaturated polyester resins; however, Cas-
soni et al.'® found that the gel time showed very
little dependence on Co?* concentration within
the range 0.2—0.8 wt % of cobalt salt solution (for
cobalt solutions of the same strength as in the
present work) in vinyl ester resins. The reasons
for the different effects of cobalt concentration on
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Figure 5 Heat flux vs. time using 1.2 wt % MEKP solution and varying levels of
cobalt octoate solution at 70°C. To aid comparison of the data, the induction periods
have been subtracted from the time axis for the samples with 0 and 3.2 wt % cobalt

octoate solution.

the gel time (Fig. 6) and reaction rate (Figs. 3
and 5) are not readily apparent. It is expected
that the gel time should be inversely related to the
reaction rate because the gel point corresponds to
the first formation of an infinite network, and this
usually occurs at a fixed conversion for the partic-
ular resin system.?® It could be argued that the
above interpretation is in error because an in-
crease in initiator level will decrease the kinetic
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Figure 6 Gel time vs. concentration of cobalt octoate
solution at a constant 1.0 wt % MEKP concentration
(squares) or vs. concentration of MEKP solution at a
constant 0.3 wt % cobalt octoate concentration (circles).

chain length' and retard the gel point, thus af-
fecting the time to gel. However, both the recipro-
cal gel time and the reaction rate increase with
increasing MEKP concentration, so that these re-
sults do not support this idea. Because the gel
point for the current vinyl ester resins is expected
to be only a few percent (by comparison with the
data for other vinyl/divinyl systems?!), it is possi-
ble that cobalt salts accelerate the reaction in the
initial stages encompassing the gelation process,
but at higher extents of conversion, which are
more clearly observed in the reaction rate studies
by DSC, the metal acts as a retarder. This inhibi-
tion role could be manifest in eq. (9) where the
alkoxy radical is destroyed or in eqs. (10) and
(11) where the methacrylate or styryl radical are
deactivated by cobalt salts.

The scanning calorimetry traces shown in Fig-
ures 2 and 4 appear to be composed of at least two
exothermic peaks that vary in size and position as
the concentrations of MEKP and cobalt octoate
are altered. This indicates that the polymeriza-
tion kinetics are quite complicated and suggests
the occurrence of two separate reaction processes.
These observations are also supported by the iso-
thermal kinetic studies most clearly shown in Fig-
ure 5 where the reaction rate curve appears to be
the superposition of two curves and so is sugges-



tive of two reaction processes. Avella et al.?? have

also noted multiple peaks in the scanning DSC of
Co?"/MEKP-initiated styrene/unsaturated poly-
ester resins and suggested that the first peak was
due the copolymerization of the styrene with the
polyester fumarate unsaturation, while the latter
was caused by styrene homopolymerization. The
results in Figures 2—5 are not consistent with this
interpretation unless variations in initiator con-
centration can drastically alter the copolymeriza-
tion process. Salla et al.'® also studied the curing
kinetics for unsaturated polyester resins by vary-
ing the cobalt octoate concentration. In their in-
vestigation, Salla et al.'® attributed the lower tem-
perature peak to polymerization initiated by the
redox pair and the second, higher temperature
peak to polymerization initiated by the uncata-
lyzed decomposition of MEKP. A similar interpre-
tation was made by Lem and Han? in studies on
vinyl ester resins and polyester resins. The data
in Figures 2 and 4 are not consistent with the
reaction scheme of Salla et al.’® For the systems
where the MEKP concentration is varied (Fig. 2),
the lower temperature peak (which is supposedly
due to the redox initiated polymerization'®) is
maximized by a high ratio of peroxide to catalyst,
whereas the upper peak (attributed to homolytic
fission of the MEKP'®) is largest for low ratios of
MEKRP to cobalt. For the systems where the Co?*
concentration is varied (Fig. 4), the high tempera-
ture peak is dominant at both high and low cata-
lyst concentrations but not for intermediate lev-
els. Thus both observations are contrary to the
proposed mechanism of Salla et al.'®

It should be noted that multiple exothermic
peaks have also been reported in isothermal stud-
ies of the peroxide-initiated polymerization of sty-
rene/MMA* and in the photochemical homopoly-
merization of dimethacrylates,?* even though only
one initiation system is present, and it has been
suggested®* that this is caused by complex varia-
tions in &, and &, [eq. (8)]. Thus, the apparently
anomalous data shown in Figures 2 and 4 may be
due to the complex variation in rate constants as
the polymerization proceeds (for isothermal cure)
and in addition when the temperature is varied
in scanning experiments.

Effect of Cure Temperature

To further investigate the curing kinetics, the vi-
nyl ester resin was isothermally cured at a range
of temperatures but with constant initiator con-
centration. Figure 7 shows the rate as a function
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of the degree of conversion for a range of isother-
mal cure temperatures. As discussed earlier, in
the early stages of the reaction, small peaks were
observed which may be caused by the H,O, impu-
rity in the MEKP.? In most cases, the initial maxi-
mum is followed by a broader maximum in the
reaction rate. This appearance of a rate maximum
and the general variation of the rate during cure
is not uncommon and is generally observed in free
radial polymerizations of divinyl monomers as a
result of diffusional influences on the kinetic
steps.?*=2® At low conversions, termination of
chain radicals occurs by chain translation or seg-
mental diffusion. However as the polymerization
proceeds, a gel structure develops which, in the
present system, is expected to occur after a few
percent reaction.?! This three-dimensional gel re-
stricts the diffusion of the long chain radicals,
thus dramatically slowing bimolecular termina-
tion. As a result, eq. (8) predicts that the polymer-
ization rate should rise producing the Tromsdorff
or gel effect.’® When the segmental mobility is
reduced by further reaction, another termination
mechanism known as “reaction diffusion” starts
to dominate. In this process, two radicals are
brought into proximity by a series of propagation
steps, thus enabling termination. Because reac-
tion diffusion is less sensitive to changes in molec-
ular mobility, the rate constant for termination
approaches constancy. However, the decreased
mobility also leads to a reduction in the rate of
primary radical diffusion from the radical cage,
resulting in a decrease in initiation efficiency.?®
The near-constancy of k£, and the reduction in ini-
tiation efficiency (/) thus causes a maximum in
the overall rate of reaction. As the network contin-
ues to develop, the increased crosslinking may
even reduce the mobility of the monomers causing
a reduction in propagation rate and thus a further
decline in overall rate. In the final stages of reac-
tion, the depletion of monomer will also lower the
polymerization rate.

The data in Figure 7 are in general agreement
with the kinetic scheme discussed above. For low
curing temperatures, the rate is initially low but it
passes through a broad maximum as the reaction
proceeds. The reaction then slows and finally
ceases before all of the monomer has been con-
sumed. The cessation of polymerization prior to
total monomer consumption has been widely ob-
served in the cure of glass-forming networks 2326:2°
and is due to diffusion control of the curing pro-
cess when the glass transition temperature (T,)
approaches the curing temperature (T...). At
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Figure 7 Conversion rate (da/dt) vs. conversion at various isothermal temperatures,
using 1.2 wt % MEKP solution and 0.2 wt % cobalt octoate solution.

higher curing temperatures, the final degree of
cure is increased because the material can poly-
merize further before the T, rises above T\oye. As
indicated in Figure 7, when the curing tempera-
ture is between 80 and 90°C, the final degree of
conversion is relatively constant and the system
is close to complete cure. However, at the highest
curing temperatures (100 and 120°C), the final
degree of cure appears to be lower than that found
at the intermediate curing temperatures. This
may result from partial degradation of the net-
work caused by depolymerization of the dimeth-
acrylate, as has been suggested for similar di-
methacrylates elsewhere.”® Alternatively, at the
high curing temperatures, the accelerated decom-
position of the initiator may result in its total con-
sumption prior to full polymerization of monomer.
This phenomenon is known as “dead end polymer-
ization”®’ and can result in lower degrees of con-
version than anticipated.

Curing and Physical Aging

During their cure in bulk, vinyl ester resins un-
dergo an exotherm and so it is instructive to study
how the cure temperature (7,,.) determines the
degree of cure and the resulting 7,. The depen-
dence of T, on the curing temperature (T,.) Was
obtained by curing samples of the resin isother-
mally in the DSC until there was no further sign

of reaction (over a period of 6 h). The sample was
then cooled rapidly (at ca. 100°C/min) to below
0°C and subsequently scanned up through the
glass transition region. The DSC traces obtained
during this rescan are shown in Figure 8. Samples
cured isothermally below the maximally attain-
able T, (=100°C) were found to exhibit an endo-
thermic maximum in the glass transition region,
whereas samples that had been isothermally
cured above 100°C exhibited the classic sigmoidal
shape of the heat capacity curve (see Fig. 8). Also
included in Figure 8 are DSC traces on samples
that had been partially cured by scanning up to
a certain temperature, rapidly cooled and re-
scanned to determine the 7T,. In each of these
cases, no maximum is observed in the second DSC
scan until well after the glass transition region
where additional polymerization caused an exo-
therm.

The maximum observed in Figure 8 for the iso-
thermally cured samples (e.g., the sample isother-
mally cured at 40°C) may result from the superpo-
sition of the heat capacity step of the T, with an
exothermic peak (due to further reaction) and this
could cause a minimum shortly after the glass
transition. In addition, the maxima in the transi-
tion region may also be associated with physical
aging during cure.?’~% The cause of aging and its
effect on the DSC traces can be understood as
follows. If a sample is isothermally cured at a tem-
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Figure 8 Heat flux vs. temperature in the glass transition region (indicated by
arrows). In the top group, the resins were cured isothermally at the indicated tempera-
tures (resulting in the indicated degree of cure) and were then rescanned as shown by
the DSC trace. In the lower group, the samples were scanned up to the indicated
temperature (at 10°C/min, resulting in the degree of cure as indicated) and were then

rescanned as shown by the DSC trace.

perature above its maximal T, the material re-
mains in the liquid-like state during cure and the
enthalpy of the system is at its equilibrium value.
As a result, when this sample is rapidly cooled
through the T, and then heated, the enthalpy ex-
hibits a change in gradient at the T, and the heat
capacity (the derivative of enthalpy with respect
to temperature ) undergoes a sigmoidal shaped in-
crease. However, if the sample vitrifies during
cure and remains in this glassy state for several
hours, the sample may age by slow segmental mo-
tion. If this sample is then cooled and rescanned,
the relaxation rate of the molecular segments will
be too slow for the materials to reach the equilib-
rium state during the temperature ramp until the
glass transition is reached. At this temperature,
the material will rapidly adjust to the equilibrium
liquid enthalpy by a rapid rise. As the tempera-
ture is further raised, the enthalpy will show a
more steady rate of increase associated with the
liquid state. As a result, the enthalpy passes
through a step and the heat capacity exhibits a
maximum superimposed on the classic sigmoidal
step-like curve. In contrast, samples cured by the
scanning method never vitrify during the temper-

ature ramp and so do not have an opportunity to
undergo physical aging and thus exhibit only the
classic sigmoidal shaped curve.

Effect of Cure Temperature on T,

Figure 9 indicates that for isothermally cured
samples, the difference between T, and T is

110
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90 u

80

T, (°O)
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T T T T T T T 1
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Figure 9 T, obtained by DSC versus isothermal cure
temperature (Teyre).
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constant (and equal to ca 11°C) up to 80°C, and at
higher cure temperatures the T is approximately
constant (ca 100°C). Similar results have been
obtained for epoxy resin cure®**!~33 where the dif-
ference between the DSC T, and T.,. has been
found to range from 10 to 30°C. Tungare and Mar-
tin* have investigated this issue with DSC stud-
ies of bismaleimide resin cure and found that, in
this case, Ty—T ... ranges between 4 and 23°C.
When dynamic mechanical spectroscopy (at 1 Hz)
is used to characterize the glass transition in ep-
oxy resins, the T, defined by the inflection in the
modulus has been found to be from 15 to 30°C
higher than the curing temperature® while the
T, defined by the tan 6 maximum is 20 to 70°C
higher than T,,..*® Similarly, Kloosterboer and
Lijten®® found the difference between the T, (tan
6) and T, to be 70°C for a diacrylate network.

It is of interest to compare the experimental
difference between T, and T'.,.. and the prediction
of the theory of chemico-diffusion kinetics.?® In
this theory, the diffusion rate constant is ex-
pressed by the WLF equation:

2.303¢; (Teure — Ty)

12
(Tcure - Tg + CZ) ( )

kaitr = Rairrre) €XP

where kg (1g) is the diffusion rate constant at 7.
When T, is equated to the value determined by
dilatometry (which is also close to that obtained
by DSC), the average values of ¢; and c; are 17
and 50°C.?” Equation (12) predicts that the diffu-
sion rate tends to zero when Ty—T.u. equals cs.
However, for chemical reaction to occur, the re-
acting groups must diffuse within the collisional
radius prior to reaction, so that the curing process
will be completely arrested if the diffusion rate is
zero. Because the average or “universal” value of
¢y is 50°,%7 eq. (12) predicts that curing should
cease when the T, is 50°C above the curing tem-
perature, rather than at the experimentally ob-
served value of T, + 11°C. Three reasons can be
used to explain this discrepancy. The first reason
is based on the variability of ¢,. While the univer-
sal value of ¢y is 50°, experimentally it has been
found to vary over the range of 20—130°C?" so
that cessation of cure is predicted to occur at a
temperature ranging from 7, + 20 to 7, + 130,
depending on the network-forming system. The
second explanation relates to the time scale of the
reaction kinetics experiment. When vitrification
starts to occur, the curing process will be severely
retarded and experimentally the reaction may ap-

pear to have ceased. However, this is only true
over the time scale of the observation (approxi-
mately 6 h) so that over a much longer time scale,
further reaction can occur, thus raising 7, above
the experimentally determined value. Finally, it
should be recognized that after isothermal curing,
the material may cure further during the subse-
quent DSC scan, thus raising the measured T,
above the value during the isothermal cure. This
effect would increase the difference between T,
and T.ye.

Effect of Partial Curing on DMTA

The effect of cure temperature on the dynamic
mechanical properties are shown in Figure 10.
For the sample cured at 23°C, the modulus and
tan 6 curves appear to show two glass transitions
at approximately 65 and 115°C. In contrast, the
sample cured at 23°C and postcured at 90°C exhib-
its only one glass transition region. The anoma-
lous behavior exhibited by the room temperature
cured material has been reported for related stud-
ies of bisphenol-A based polyester resins® and can
be explained in terms of the additional cure of the
sample when the temperature is being scanned in
the DMTA as originally discussed by Gillham et
al.®® The observed behavior depends on the compe-
tition between the rate of temperature rise and
the rate of cure and hence increase in T,. Thus,
prior to measurement by DMTA, the 23°C cured
material was only partly cured, having vitrified
during the curing process at room temperature.
As the sample is heated, it enters the glass transi-
tion region. The start of the transition region (as
defined by the modulus inflection) is approxi-
mately 55°C, which is 22°C higher than the cure
temperature—this compares well with the 11°C
difference between T.,. and T, discussed above.
As the temperature is raised further, the thermal
energy provides sufficient molecular mobility to
recommence the curing process, causing a shift
in the transition region and an increase in the
modulus. As the temperature is raised still fur-
ther, the reaction finally ceases as the system ap-
proaches full cure. At this point, the modulus de-
creases again as the material passes out of the
transition region and into the rubbery region. The
tan 6 curve can be interpreted in a similar man-
ner. It is interesting to note that the temperatures
of the final tan 6 maxima and the values of the
rubbery moduli of the two samples are very simi-
lar, indicating that both have the same final struc-
ture, independent of the cure cycle.
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Figure 10 Flexural modulus (unfilled symbols) and tan 6 (filled symbols) vs. temper-
ature for a vinyl ester resin cured at 23°C (squares) and for an identical sample cured
at 23°C and postcured at 90°C for 1.5 h (circles).

T, and Conversion

The relationship between the degree of conversion
and the T, is important practically for the opti-
mum use of the material and is of theoretical in-
terest. A number of workers have demonstrated
that there is a unique relation between 7, and the
degree of conversion for epoxy resins®~*' and for
cyanate resins,*? which is independent of cure
path, provided that secondary reactions are not
significant.*! In the present study, T,-conversion
data was obtained by scanning samples in the
DSC from 0°C up to a fixed temperature so that
the resin was partially cured. The extent of cure
was determined by integration of the partial exo-
therm from the start of the scan up to its termi-
nation at the upper temperature. The sample was
then rapidly cooled to —50°C and rescanned at
10°C/min to give the T, of the partially cured sam-
ple. In undercured samples, an additional exo-
therm occurred after this glass transition. Sum-
mation of the polymerization enthalpies of the
first and second exotherms were approximately
constant as expected. Figure 11 shows the depen-
dence of T, on the degree of conversion obtained
by this technique. The resulting curve has the
same positive curvature as has been found for no-

volac vinyl ester resins,*® epoxy resins,?~*' ure-

thanes,** cyanate resins,* and bismaleimides,*
but the degree of curvature is less.

Pascault and Williams* have recently com-
pared the predictions of Couchman and of Di-
Benedetto for the dependence of T, on curing and
have shown* that under certain conditions these
theories have the same formalism that can be rep-
resented by the equation:

120

| T, = -55£7°C
100 T, =119+8°C .
1 2=076+0.16

T, (°C)

0.0 0.2 04 0.6 0.8 1.0
Fractional conversion

Figure 11 T, vs. conversion for partly cured samples.
The curve is the fit to the data using eq. (13).
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(Tg_Tgo) _ )\a
(Tye —T,) 1—(1-Na’

(13)

where Ty, and T,.. (in K) are the glass transition
temperatures of the original uncured resin and
the fully cured polymer, « is the fractional conver-
sion and \ is a glass transition parameter. In one
interpretation of the theory,* \ is given by:

N =Ty/Ty.. (14)

Equation (13) was used to fit the T,-conversion
data in Figure 11. The extrapolated values of T,
and T,.. are —55 and 119°C, respectively. The value
for \ of 0.76 obtained by fitting the data to eq. (13)
is similar to but larger than the theoretical value
of 0.56 obtained from the ratio 7Ty,/T.. in eq. (14).*

CONCLUSIONS

The reaction kinetics and the relaxational behav-
ior of a vinyl ester resin has been studied using
thermal techniques as a function of cure tempera-
ture and of peroxide and cobalt catalyst concen-
trations. It has been found that the reaction rate
(determined by DSC) was raised and the gel time
reduced with increasing concentrations of MEKP.
However, while the gel time was also reduced by
increases in the cobalt level, the reaction rate was
lowered. This was attributed to a dual nature of
cobalt in the polymerization process and the dif-
fering sensitivity of the gel times and DSC data
to these roles. These results caution the use of a
single technique to characterize the effect of com-
mercial additives on the cure of vinyl ester resins.

The reaction process was shown to be complex,
as indicated by the presence of multiple peaks in
the scanning DSC data. For the isothermal stud-
ies, an initial short term polymerization rate, at-
tributed to H,O, initiation, was followed by a
broad maximum in the polymerization rate due
to the Tromsdorff effect. The rate of polymeriza-
tion and the final degree of reaction increased as
the curing temperature was raised and then
reached a maximum—at the highest tempera-
ture, the degree of cure was reduced due to degra-
dation or premature loss of initiator.

During isothermal cure, samples appeared to
exhibit physical aging when vitrification occurred
during the curing process. For low and intermedi-
ate cure temperatures, the T, was found to be
11°C above the cure temperature due to the influ-

ence of diffusion on the polymerization rate. At
higher cure temperatures, the T, approached an
upper limit as a result of near-complete cure.

The role of the cure temperature in defining
the T, was also demonstrated by DMTA studies.
For the sample cured at room temperature, two
apparent glass transition region were exhibited
in the DMTA trace but only one transition was
observed for the “fully” cured sample. This anom-
alous behavior was explained in terms of the in-
fluence of the additional cure that occurred during
the DMTA experiment.

The T, was found to strongly depend on the
degree of cure in the vinyl ester resin. The T,-
conversion relation of Pascault and Williams*®
was applied to the data and was found to give an
adequate representation of experimental results.
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