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The Cure Behavior of Vinyl Ester Resin with Low Profile Additive
I. Cure Kinetics and TTT Cure Diagram
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ABSTRACT:

The isothermal cure of vinyl ester resins proceeds through several processes such

as gelation, vitrification and behavior similar to autocatalysis. The cure kinetics of vinyl ester resins
with poly(methyl methacrylate) or poly(vinyl acetate) as a low profile additive was analyzed by
introducing a new kinetic model based on those processes. After the parameters in the model were
determined through dynamic differential scanning calorimetry, the kinetic model was compared
with isothermal DSC results. By using this model time-temperature-transformation (TTT) cure
diagram was also plotted. The gelation time and vitrification time calculated from the kinetic model
show good agreement with experimental values. Vinyl ester resin with a compatible low profile
additive (i.e., PVAC) showed faster gelation but slower vitrification than the vinyl ester resin with
an incompatible low profile additive (i.e., PMMA).
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Vinyl ester is a reaction product of an epoxy
resin with an ethylenically unsaturated carbox-
ylic acid such as methacrylic acid or acrylic
acid.'*? It can be dissolved in styrene to give a
liquid resin which is used like a styrenated
unsaturated polyester resin. This liquid resin is
called “vinyl ester resin.”

Generally the vinyl ester resin is better in
toughness and chemical resistance® and has
the lower volumetric shrinkage than un-
saturated polyester resin. But it has the higher
shrinkage than the parent epoxy resin. So, its
shrinkage should be prevented during the cure
reaction and the additives for this purpose is
named a low profile additive.*>

The isothermal cure of vinyl ester resin is
characterized by gelation and vitrification like
a general thermosetting polymer. The cure of
thermosetting resins is complicated by the
interaction of chemical kinetics and changing

* To whom all correspondence should be addressed.

physical properties with the cure.® Several
researchers have studied the curing kinetics of
thermosetting resin under isothermal condi-
tion.”®

In our study, a new kinetic model was
developed on the cure behavior such a
autocatalysis, gelation, and vitrification and
the parameters were determined through
dynamic DSC experiment for the neat vinyl
ester resins and mixtures with low profile
additives. Then this model was compared with
isothermal DSC experiment and applied to
TTT cure diagram.

THEORY

Modeling of Cure Kinetics

Isothermal cure of vinyl ester resin as a
general thermosetting resins involves processes
such as gelation and vitrification,®° to which

747



M. S. HoNG and 1. J. CHUNG

one more process, autocatalysis, is added.
Therefore, three processes of gelation, vitrifica-
tion and autocatalytic behavior should be
considered at the same time to develop a cure
kinetic model of vinyl ester resin. Vitrification
starts to occur when the glass transition
temperature (7,) reaches the cure temperature
(T,,..) and a rubbery state transforms to a
gelled glass or a liquid state transforms to an
ungelled glass even if gelation has not
occurred.'®!! Since T, increases with the
degree of cure, the rate of cure will be
dependent on the difference between T, and
cure temperature. The relationship between
T, and degree of cure is presented by Di
Benedetto’s equation.'?

Tg - TgO _ (Ex/Em - Fx/Fm)X
T 1—(1—F/F)X

g0

M

where T, is the glass transition temperature
of the unreacted material, E,/E,, is the ratio of
lattice energies for crosslinked and un-
crosslinked polymer, X is the degree of cure at
T,, and F,/F, is the corresponding ratio of
segmental mobilities, a function of the distance
between crosslinks.

For cure temperature below 7, the reactant
is converted to glassy state and the reaction is
retarded or quenched due to low diffusional
and segmental mobilities. These mobilities are
proportional to the available free volume of
polymer at any temperature above and below
T,.'>'* Since the generalized WLF equation
has been derived based on the free volume, it
can be used as the frequency factor of the
kinetic equation to represent the change of the
intermolecular segment motion during curing
reaction. Vitrification does not indicate nec-
essarily the complete termination of reaction.
‘Subsequent exposure to temperature, o degree
higher than T, (T,,,.=T,+®) could result in
further reaction.®

Behavior similar to autocatalysis is also
observed in the cure of vinyl ester resin. It is
confirmed through experiments by DSC.
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On the basis of the above, curing reaction
kinetics can be written as follows:

dx
I=(K1 + K X711 —-Xx)"

K
=K1<1 +F2X”>(1—X)"' )

1

where n and m are reaction orders, and K, and
K,, as follows

B(T—-T,—a) ]
K,=K,,expl ———& — |exp(—E{/RT
1 10 p[A+|T—Tg—ot| p( 1/RT)
B(T-T,—a)
K,=K,,expl ————& " |exp(—E,/R
2 20 p[A+|T—Tg—oc|:| p( »/RT)

Here K,, and K, are the frequency factors,
and 4 and B, the WLF constants.
When the heating rate (d7/dt=H) is

constant, the reaction rate is given
dx dx
—=H— 3
ds dT

The substitution of eq 3 to eq 2 gives the
following equaton:

dX Ky, xp<_E1>exp{ B(T—T,—q)
“\ RT A+|T—T,—q

—=——¢
dT H
K20 —(E;—E) -
X |:1 +k~1—oexp{T}X":|(l —-X)
(C))

The reaction orders, frequency factors,
activation energies and WLF constants were
determined from experimental data (7, X,
dX/dt, a, T,, H) by Marquardt’s multivariable
nonlinear regression method'® and Runge
Kutta integration method.!3

Time—Temperature—Transformation (TTT)
Cure Diagram
Estimation of the elapsed time to reach
gelation and vitrification is very important and
essential to thermosetting polymer processing.
Therefore, it is important to plot a time—
temperature—transformation (TTT) cure dia-
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gram which indicates the relation of the elapsed
time and cure temperature.'®

The differentiation of eq 1 gives
1 E/E —

a7 - BlEn—FJFo)

Tgo g—{l_(l—Fx/Fm)X}z

In the isothermal cure, the glass transition

)

temperature changes with the reaction, and
vitrification starts to occur when the tempera-
ture of the glass transition approaches the cure
temperature i.e., T,=T,,,.'” Therefore the
elapsed time to the vitrification is calculated as
follows:

From eq 3 and eq 4

dx

1 [Xe
tvit=-—j‘
K _ —_T — —(E, —
1040 exp( El) exp{M}[l +@ exp{M X" (1 _X)m
RT A+ T-T—alfl Ko RT

where X, is the degree of cure at 7, and
calculated from eq 1. In order to substitute the
conversion term (X) of eq 1 and eq 6 into the
temperature term (T,), eq 1 and eq 5 apply to
eq 6. After these rearrangements, the time to
vitrification can be calculated as a function of

(6

curing temperature from modified eq 6. Also,
gelation occurs at a fixed extent of reaction as
long as the reaction mechanism is not a
function of temperature.!® Similarly the
elapsed time to gelation, #,,, can be calculated
by putting X, =X, in eq 6.

dx

B(T—T,—q)

()

1 Xge1
tgcl:'_'J
—F
KioJo exp( 1>ex{

RT

The critical degree of cure at the gel point is
obtained from viscosity measurement.

From these relationships, TTT cure dia-
grams of vinyl ester resins are obtained.

EXPERIMENTAL

Materials

Vinyl ester was prepared from epoxy resin
(DGEBA, Kuk Do Chem., epoxy euivalent
185—190 g/eq.) and methacrylic acid (Aldrich
Chem.). 1 mol of epoxy resin and 2mol of
methacrylic acid were mixed stoichiometrically
with promotor, and inhibitor. N,N-dimethyl
aniline (Aldrich Chem.) was used as a
promotor. Hydroquinone was used as an
inhibitor of methacrylic acid homopolymeriza-
tion. Vinyl ester was synthesized at 90°C from
the mixture with the ratio of (DGEBA +
methacrylic acid)/promotor/inhibitor=100/1/
0.005 by weight. After synthesis, the vinyl ester
was dissolved into styrene at a molar ratio of
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—(E,—E
p }[1 _,_@ exp{g__l)} Xﬂ](] X"
A+|T—T,—a| Ko RT

vinyl ester/styrene=1/2. Two different types
of low profile additives were used: 40wt%
poly(methyl methacrylate) and 40 wt% poly-
(vinyl acetate) dissolved in styrene. Benzoyl
peroxide (Aldrich Chem.) and N,N-dimethyl
aniline were also used as an initiator and
promoter, respectively. Their compositions
were controlled to have a ratio of vinyl ester
resin (vinyl ester + styrene)/initiator/promo-
tor=100/2/1 by weight for the cure reaction.

ANALYSIS

Differential Scanning Calorimetry

Differential scanning calorimetry (Du Pont
model 910) was used to study the curing
kinetics and determine the physical property
such as glass transition temperature. Comple-
tion of the isothermal curing reaction was
determined by the isothermal thermogram (i.e.,
the plot of the generation rate of heat vs. time)
when it leveled off to the base line very close
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to the initial baseline.!® After completion of
the isothermal curing reaction at a pre-
determined temperature, the sample was
scanned with the heating rate of 1°C min~!
from 20°C to 200°C and residual heat (Qg) was
gained. Thus, the total amount of heat (Qr,,)
generated by the cure reaction is the sum of
heat generated during the isothermal cure (Qy)
and residual heat (Qy), i.e., Q1o =01+ Ok.

From DSC data the following properties are
determined.

1) Rate of Cure

dx 1d
_=_& ®)
dt QTot dt
2) Degree of Cure
¢
x=_1 J 40r 4, ©)
Orodo dt

3) Vitrification Time

The time required to reach vitrification was
determined by the isothermal thermogram at
various temperatures. Vitrification refers to the
phase transition from liquid or rubbery state
to glassy state, which results in retardation and
quenching of curing reaction. Hence the
vitrification time was defined as the time when
cure reaction is completed under isothermal
condition and in turn, the isothermal thermo-
gram leveled off to the baseline very close to
the initial baseline.

4) Glass Transition Temperature (T)

After completion of the isothermal curing
reaction at a predetermined temperature, the
sample was quenched to room temperature.
Then the sample was heated from room
temperature to 200°C with the heating rate of
1°Cmin~"*. The glass transition temperature is
defined as the temperature at which the
dynamic thermogram (i.e., the plot of the
generation rate of heat vs. temperature) returns
to the initial baseline after peak generation.

5) Kinetic Parameters

Kinetic parameters such as reaction orders
(m, n) frequency factors (K, K,,) and activa-
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tion energies (E,, E,) were determined by
dynamic experiment. Dynamic experiment was
carried out from 20°C to 200°C at the heating
rate of 1°Cmin~!. The detailed procedure
evaluating the kinetic parameters has been
described already.

Viscosity Measurement and Gelation Time

The viscosity of vinyl ester resins was
measured at various temperatures by a
Brookfield viscometer with a temperature
controlled heating chamber. The spindle was
used at a steady shear rate of 9.3s71,

Gelation time was defined as the time when
the viscosity increased very rapidly toward an
infinite value.*

RESULTS AND DISCUSSIONS

Modeling of Cure Kinetics

Figure 1 describes the amount of heat
generated (Q) during the isothermal cure of
vinyl ester resin, neat and with low profile
additives of 20wt%. Since the reactant does
not totally cure under isothermal conditions,
residual heat (Qg) is released when the resins
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Figure 1. Heat generated during isothermal cure for vinyl
ester resins, neat and with low profile additives of 20 wt%:
isothermal heat (closed), residual heat (opened), total heat
(semi-closed); neat (@), PMMA (A), PVAC (00).

Polym. J., Vol. 23, No. 6, 1991



Cure Kinetics of Vinyl Ester Resin

10

DEGREE gF CURE
o

N e .

30 60 90 120
CURE TIME(min)

Figure 2. Degree of cure versus cure time for neat vinyl

ester resin at various temperatures (°C): 85 (@), 90 (W),

95 (A), 100 (O), 110 (O).
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Figure 3. Rate of cure versus degree of cure for neat vinyl
ester resins at various cure temperatures (°C): 85 (@), 90
(), 95 (), 100 (O).

are exposed to a higher temperature than the
isothermal cure temperature. The total heat
(O100), the sum of isothermal heat and residual
heat, is constant as shown in Figure 1. On the
basis of the total heat and isothermal heat, the
degree of cure is defined according to eq 8 and
eq 9 respectively.

Figure 2 describes the degree of cure versus
cure time for neat vinyl ester resin at various
cure temperatures. Incomplete cure under
isothermal condition and the increase in the
final degree of cure along with cure temperature
are due to vitrification which occurs when the
glass transition temperature approaches the
cure temperature. Vitrification gives rise to
structural change from a liquid or rubbery state
to a glassy state, which retards or quenches the
molecular mobility. Hence the phenomena as
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Table I. Total heat and parameters of
Di Benedetto’s equation

SAMPY 01 igT EJEn i TolK Tou/K

VS 3239 0.97 0.6 261 422
PMMAL10  284.1 0.95 0.58 262 429
PMMA20  235.1 0.95 0.58 263 431
PVAC10 292.8 0.98 0.61 259 416
PVAC20 267.1 0.98 0.61 257 413

Remark: VS, neat Vinyl ester resin; PMMAIOQ, vinyl
ester resin with poly(methacrylate) of 10 wt%; PMMA20,
vinyl ester resin with poly(methy! methacrylate) of 20 wt%;
PVACIO, vinyl ester resin with poly(vinyl acetate) of
10 wt%; PVAC20, vinyl ester resin with poly(vinyl acetate)
of 20 wt%.

DEGREE gF CURE
0
=

o A
50 100 150
TEMPERATURE(°C)

200

Figure 4. Degree of cure versus cure temperature for
vinyl ester resin, neat and with low profile additives: neat
(©), PMMAI10 (J), PMMA20 (H), PVAC10 (A),
PVAC20 (A). lines were evaluated from the kinetics model.

shown in Figure 2 take place.

Figure 3 describes the rate of cure versus
degree of cure for neat vinyl ester resins at
various cure temperatures. The figures show
maximum rates which exhibit increasing values
with cure temperature. Such behavior is ob-
served in the autocatalytic reaction.®

Isothermal cure proceeds through several
processes such as gelation and vitrification.
Therefore, it may be necessary to investigate
the relation between the glass transition
temprature (7T,) and degree of cure (X). This
relation is expressed by using Di Benedetto’s
equation. Table I shows the experimental
values of parameters in the equation.
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Table II. Kinetic parameters evaluated from kinetic model
Sample E E,

code m n Ko K, a

calgmol !

AN 0.77 0.69 8.32x 101! 7.79 x 101° 24010 21320 —10
PMMAI10 0.66 0.54 7.18 x 10** 5.57x 101 24030 21350 —10
PMMA20 0.65 0.52 7.01 x 1011 5.43x 101° 24070 21380 —10
PVACI0 0.71 0.61 7.53 x 1011 5.99 x 101° 24050 21260 —10
PVAC20 0.69 0.59 7.23 x 101 5.52 x 101° 24080 21240 —10

Figure 4 describes dynamic curing behavior
at a heating rate of 1°C min~'. From these
dynamic thermograms and relations between
T, and degree of cure, the parameters in eq 4
can be calculated. From experimental data (7,
X, dX/dT, T,, H, o), kinetic parameters such
as reaction orders (m, n), frequency factors
(K10, K50), activation energies (E,, E,) and
WLF equation constants (A, B) were de-
termined by Marquardt’s multivariable non-
linear regression method and Runge Kutta
integration method.

The kinetic parameters are summarized in
Table II. The constants (A and B) in WLF
equation are regressed to unity. The lines in
Figure 4 are calculated from the kinetic model
with experimentally determined parameters.
They show good agreement with the experi-
mental data.

The cure of vinyl ester resins occurs mostly
through free radical copolymerization between
the vinyl group of vinyl ester and styrene. The
addition of low profile additives affects the cure
kinetics to give lower values of the reaction
rate constant, frequency factor, and OQr,,
because of the topological resistance to the
molecular contact of reactive vinyl ester and
styrene. The vinyl ester resin with PMMA has
two phases, the continuous phase and dispersed
phase, even before the cure begins.* The
continuous phase contains the vinyl ester
and the styrene, and the dispersed phase
contains the styrene and PMMA.

The restriction to molecular contact of
reactive vinyl ester and styrene in the con-
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tinuous phase, becomes more pronounced
as the curing reaction proceed, because of the
increase in viscosity. As the diffusion control
becomes progressively more prominent, the
reactive vinyl ester and styrene in the vicinity
of low profile additives are shielded and hence
are more difficult to encounter each other than
the reactive species in the neat vinyl ester resin.
This seems to bring about low values of cure
rate, freqeuncy factor and reacton order in
vinyl ester resins with low profile additives.

Gelation and TTT Cure Diagram

Gelation occurs at a certain extent of
reaction under isothermal conditions by the
formation of a crosslinked network.!® The
curing reaction in the mixture of vinyl ester
and styrene monomers is a free radical chain
growth polymerization. There are four possible
reactions: 1) Intermolecular crosslinking be-
tween C=C bonds of vinyl ester and styrene
monomer, 2) intermolecular crosslinking be-
tween C=C bonds of vinyl esters, 3) branching
on the vinyl ester by styrene, and 4) styrene
homopolymerization. Although all the reac-
tions affect the cure kinetics, mainly reaction
1) and 2) contribute to crosslinked network,
which results in the gelation.

Gelation time was determined by measuring
viscosity change. Figure 5 gives plots of
viscosity versus cure time at a 90°C cure
temperature for the mixture of vinyl ester resin
and low profile additives. The viscosity was
measured at steady shear rate of 9.3s71. As
shown in Figure 5 the viscosity increases slowly

Polym. J., Vol. 23, No. 6, 1991
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VISCOSITY (POISE)

CURE TIME (min)

Figure 5. Viscosity versus cure time for vinyl ester resin,
neat and with low profile additives at 100°C: neat (O),
PMMAI10 (O), PMMA20 (H), PVAC10 (A), PYAC20
(M)
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Figure 6. Viscosity at different shear rate versus cure time
for neat vinyl ester resin at 90°C: Shear rate; 4.65 s-1 (A),
9.3571 (Q), 18.6s~ (O).

during the early stage of cure and then increases
very rapidly. Similar phenomona are shown at
different temperatures. We defined from this
experiment the gel point (¢,,) at which the
.viscosity changes abruptly.* Figure 6 shows
viscosity changes for different shear rates. The
point at which the viscosity changes abruptly
was constant, irrespective of the steady shear
rate. This implies that gel point is reasonably
accepted although it was measured from the
rheological property such as viscosity.

Table III presents values of ¢,,, for various
temperatures. The gelation time for neat vinyl

Table III. Comparisons of gelation times
and critical degrees of cure (Xg.,)

Experimental values/t,, Kinetic model

Temp./°C 90 100 110 90 100 100
Sample code Xger

\A) 499 204 92 062 43.6 188 84

PMMAI10 555 225 10.1 0.63 51.0 219 9.8

PMMA20 64.3 252 10.7 0.64 549 23.5 10.6

PVACIO 551 221 95 0.62 475205 92

PVAC20 56.1 224 9.7 0.63 503 21.8 98

10

DEGREE °OF CURE
0

1 R
30 60 90 120

CURE  TIME(min)

Figure 7. Degree of cure versus cure time for neat vinyl
ester resin at various temperatures (°C): 85 (@), 90 (W),
95 (A), 100 (O), 110 (7). lines were evaluated from the
kinetics model.

ester resin is shortest, whereas the time for
PMMA20 sample is longest. The gelation time
becomes longer when the content of additives
increases. This may be explained as Han’s
description* and our experimental results!®
that PMMA and styrene monomer are
coagulated and form small droplets. Both
promotor and initiator may be absorbed into
those droplets causing low concentrations of
promotor and initiator available for the
copolymerization of vinyl ester with styrene.
This will bring about a slow cure.

Figure 7 describes the cure time versus degree
of cure in neat vinyl ester resin and compare
kinetic model and isothermal DSC presults.
When the temperature is low, the line
calculated from the kinetic model deviates
a little from the isothermal DSC results.
However, as the curing temperature increases,
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Table IV. Comparisons of vitrification times

Kinetics model Isothermal DSC

Temp/°C 80 90
Sample code

100 110 80 90 100 110

VS  169.0 75.5 35.6 17.7 155.5 69.0 329 159

PMMAI10 189.5 83.9 39.1 19.1 185.0 76.8 33.8 16.2
PMMA20 198.1 87.6 40.7 19.8 195.3 83.7 36.8 17.8
PVACI0 189.6 85.1 40.3 20.2 191.3 86.1 37.8 17.9
PVAC20 200.8 90.3 429 21.6 199.4 87.5 39.2 18.9
10° ‘
10‘ gelled glass i
E10 | 5
w o | 8
= s 2
Siwof 2 | 3
2 3
o & | liquid i
10 ° |
.loz Il ! ) i L | | \l | | "
08 Too wls 14 T 20
T
Ta.

Figure 8. TTT cure diagram of neat vinyl ester resin.

the kinetic model fits very well the isothermal
DSC results. They show good agreement in the
region where gelation starts to occur and then
vitrification take place.

Therefore we can estimate the gelation time
and vitrification time from the new kinetic
model as shown in Tables III and IV. The new
kinetic model is considered a powerful method
for TTT cure diagram, which can predict the
physical states of reaction mixture depending
on the temperature and degree of cure. Hence
the TTT cure diagram plays a key role in
estimation of the elapsed time to reach gelation
and vitrification which is very important and
essential to thermosetting polymer processing.

Figure 8 is a TTT cure diagram for neat vinyl
ester resin. Other diagrams for vinyl ester resins
with low profile additives are almost in-
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distinguishable and hence not drawn.

The TTT cure diagram is characterized by
three principal temperature'®: T,,, glass
transition temperature at the initial stage of
cure; .7, temperature at which the gelation
and vitrification times are the same; and T,
maximum glass transition temperature of the
fully cured system. In the region of T, < Ty,
no reaction occurs because the reactive species
are immobilized in the glassy state. In the
region of Ty < Toype < Ty the system exists as
liquid phase until gelation or vitrification
occurs. Then below T, if gelation has not
occured, the liquid phase transforms the
ungelled glass, whereas if gelation has occured,
it transforms the gelled glass. Above T, the
liquid phase trasforms the gelled rubber after
gelation and then the gelled glass after
vitrification. In the region of T > Ty, it
transforms the gelled rubber after gelation and
does not vitrify. Thus there are four physical
states, which are liquid, ungelled glass, gelled
rubber, gelled glass states during curing
reaction.

Table III also present the gelation time
evaluated from kinetic model after the
parameters were calculated from the dynamic
experimental data. Vitrification times deter-
mined from kinetic model and isothermal
DSC experiment are compared in Table IV and
show good agreement.

The addition of PVAC gives the shorter
gelation time but longer vitrification time than
the addition of PMMA. In other words,
compatible and more flexible low profile
additives (i.e., PVAC) give faster curing times
than the incompatible low profile additives (i.e.,
PMMA) until gelation, whereas after network
formation by gelation, it may be less glassed
and then later quenched.

It seems that differences in curing behavior
among the vinyl ester resin, neat and with
PVAC or PMMA depend on structure and
morphology due to the compatibility of the
respective low profile additives with the vinyl
ester resin.

Polym. J., Vol. 23, No. 6, 1991



Cure Kinetics of Vinyl Ester Resin

Therefore, we shall discuss the structure,
morphology and mechanical property of vinyl
ester resin with low profile additives in next
publication.®

CONCLUSIONS

A kinetic model based on the phenomena of
gelation, vitrification, and behavior similar to
autocatalysis was developed. Time—temper-
ature-transformation cure diagram was plot-
ted from the kinetic model. The kinetic model,
the parameters of which were calculated from
dynamic DSC experiment, was comparatively
coincident with isothermal DSC results. Also,
the gelation time and vitrification time
calculated from the kinetic model showed a
good agreement with experimental values. The
addition of low profile additives slowed the
cure rate of vinyl ester resin. In the vinyl ester
resin with low profile additives, compatibili-
ty between vinyl ester resin and low profile
additives had effect on the cure reaction. Vinyl
ester resin with a compatible low profile ad-
ditive (i.e., PVAC) showed faster gelation but
slower vitrification than the vinyl ester resin
with an incompatible low profile additive
(i.e., PMMA).
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