PolymerVol. 39 No. 22, pp. 5431-5439, 1998
© 1998 Elsevier Science Ltd.
All rights reserved

Pll: S0032-3861(97)10263-4 0032-3861/98/$ - see front matter

ELSEVIER

PVAc phase precipitation in vinyl ester and
polyester resins

Wayne D. Cook®"*, Marcus D. Zipper® "+ and Andrew C. -H. Chung®"
Department of Materials Engineering Monash University, Notting Hill, Melbourne,
Victoria, Australia 3168

®CRC for Polymers, 32 Business Park Drive, Nottinghill, Melbourne, Victoria,
Australia 3168

(Received 25 July 1997; accepted 29 September 1997)

The precipitation of poly(vinyl acetate) (PVAc) during the cure of vinyl ester resins and unsaturated polyester
resins has been studied. The rate of polymerization, measured by differential scanning calorimetry, was virtually
independent of the PVAc additive and the activation energy (at the peak rate) was approximately constant at
70 kJ mol™!, in agreement with theoretical estimates. A turbidity technique was found to be useful in studying the
phase precipitation process. The start of phase precipitation was found to be strongly correlated with the start of
the polymerization process and the end of the induction stage. The induction stage was shown to be caused by
radical consumption by the inhibitor in the resin. The onset time for phase precipitation was shown to be
proportional to inhibitor concentration and reciprocally related to the initiator concentration. The activation
energy for the onset of phase precipitation, calculated by isothermal or scanning techniques, was close to the
activation energy for initiator decomposition as predicted. Dynamic mechanical thermal analysis confirmed the
occurrence of phase separation in the cured resins and suggested that a co-continuous morphology was developed
around 5 wt% PVAc© 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION Network formation in polyester and vinyl ester resins is
L£ven more complex, due to the presence of two different
reactive unsaturation sites—the vinyl group on the mobile
styrene monomer and the unsaturation in the less mobile and
readily crosslinked polyester or dimethacrylate resin. Lee
and coworker§"'® have extended the concept of hetero-
geneity in chain-growth polymerized networks by propos-
ing the formation of microgels during the g)olymerization of
unsaturated polyester resins, and kiual*° have recently
reported gel permeation chromatography (g.p.c.) evidence
for these particles. The microgel particles are believed to
develop by hyper-branching of the polyester molecules
during the copolymerization process causing spherical
structures to develop with unsaturation sites trapped
inside. Styrene monomer is free to diffuse into the internal
egions of these growing microgel particles and further
copolymerizé**® As the reaction proceeds, the microgels
can agglomerate to form larger structures which interpene-
, trate the liquid phase leading to macroscopic geldfion
When an additional component, such as a LPA, is
incorporated into the system, the relative differences in
: L : olarity of styrene, unsaturated polyester and the LPA
proceeds, branching leads to a rapid increase in molecular?urther complicate the issue. Hai al® have shown by

weight and a decrease in entropy of the system. This scanning electron microscopy (SEM) that, at low degrees of
reduction in entropy causes the free energy of mixing to be 9 Py e grex
onversion, a nodular structure of spherical particles

less favourable and, as a result, phase separation may ensue.

In chain-growth network formation, such as occurs with the Fg\I/?ArZ)et(\a/\;hCeE:e alsutrﬁt)e Sr?f\illfggjprseslirr]] sLhF;'?/\v eij?)tl?nlmsa ((:v(;/grse
copolymerization of vinyl and multivinyl monomers, the ’ y '

situation is complicated as there is considerable evidenceﬂake'Ilke appearance. These differences in microstructure

for heterogeneity in the development of the netwér¥ may reveal how the presence of the PVAc enhances the
' propensity of the chain growth crosslinking process for

*To whom correspondence should be addressed heterogeneity. According to the most commonly accepted

t Current address: Huntsman Chemical Company Australia Pty Ltd, mOdel_for phase precipitation_ in LPA SySte:?ﬁjs_Oa the
Sommerville Road, PO Box 62, West Footscray, Victoria, Australia 3012 formation of high molecular weight microgel particles and

Styrenated unsaturated polyesters are a widely used matri
in sheet moulding and bulk moulding compounds in the
aeronautical and automotive industries. As with most
unfilled thermosetting systems, the large polymerization
shrinkage (7—10%) during cure is a major problem leading
to poor surface quality and lack of dimensional stability
Several techniques (such as in-mould coating, inclusion of
5-20wt% low profile additives (LPAs) and finishing opera-
tions) have been developed to alleviate these protieins
Many different LPAs have been investigated with varying
success, some of the more common being poly(vinyl
acetate) (PVACc), poly(styrene) and poly(methyl methacry-
late)2. Many LPAs are soluble in the uncured polyester
resin but undergo phase separation at some stage durin
curé*? The exact mechanism of shrinkage reduction by
LPAs is still a topic of debate and many publicatibng
have been devoted to its understanding.
Reaction-induced phase precipitation in step growt
polymerization is a result of the effect of network formation
on the free energy of the systét-as the reaction
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the concomitant decrease in entropy causes the system t@xact function are matters which are still uncertain and
begin phase separation into a crosslinked polyester richrequire further research. In the present work, we extend a
phase and a PVAc/styrene rich phase. As the reactionprevious studf of the curing behaviour of vinyl ester resins
proceeds and the density of microgel increases, the particlesy investigating the kinetics of precipitation of PVAc from
coalesce to form a continuous phase causing the material tovinyl ester and polyester resins. To our knowledge, the
show the macroscopic characteristics of gelation. Further present study is the first to investigate this process in vinyl
reaction may lead to the development of a co-continuous ester resins.
structure of PVAc and styrene-unsaturated polyester or a
polyester resin matrix with dispersed PVAc particles,
depending on compositional factors. In some cases theEXPERIMENTAL
morphology is even more complex—Bucknetlal*’” have Two thermosetting systems, supplied by the Huntsman
observed PVAc panicles with polyester network sub- Chemical Company, Australia, were used in this study. The
inclusions. It is interesting to note that although low levels vinyl ester resin, HETROR 922 (a registered trademark of
of PVAc have been fourd to toughen unsaturated Occidental Chemical Corporate), contains approximately
polyesters, higher levels which resulted in a change in 45 wt% styrene and 55 wt% of a dimethacrylate based on an
morphology to a co-continuous structure had impaired oligomerized diglycidyl ether of bisphenol-A. The mole-
properties. cular weight of the dimethacrylate is approximately 1000
The development of a two phase structure is consideredand its generic structure is showrfigure L Whenn=11in
essential for low profile action. Several studidshave Figure 1, the resin is known as bisGMA or bisphenol-A
shown that the thermal and polymerization shrinkage is di(glycidyl methacrylate). The unsaturated polyester resin
offset by microcracking at the interface and cavitation used Figure 1), AROPOL™ 4021P (a registered trademark
within the LPA phase approximately mid-way through the of Ashland Qil Inc.), is a pre-promoted orthophthalate based

reactiort’. However, Suspee et al° have concluded that
although the phase precipitation model qualitatively

product containing approximately 35 wt% styrene. The
levels of hydroquinone (HQ) stabilizer in the polyester and

describes the mechanism of LPA action, the actual structurevinyl ester resins were reported to be 0.002 and 0.035 wt%,

and morphology which develops is controlled by the

specific kinetics of polymerization and phase separation.

In addition, Suspree et al'° note that the exact correlation

between the extent of microvoid formation and volume
control is still to be determined. Related to this, Kinkelaar
et al2 have also concluded that while the morphology of the

respectively. Curing was performed at elevated temperature
with typically 1wt% cumene hydroperoxide (CHP), a
common initiator for polyester systems, also provided by
the Huntsman Chemical Company, Australia. The HQ and
CHP levels are expressed as a percentage of the mass of
resin.

dispersed phase affects shrinkage, it does not completely PVAc (Vinnapas B60, Wacker Chemie) with a weight-

determine the reduction in shrinkage.

average molecular weightA,,) of 74,000 g mol* was used

Thus the mechanism and kinetics of phase precipitation for all differential scanning calorimetry (d.s.c.), optical
of LPAs, their influence on thermoset morphology and their microscopy studies and dynamic mechanical thermal

Polyester resin
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Figure 1 Structures of monomers used
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analysis (DMTA) measurements. Solutions of the PVAc
were prepared in each resin and after complete dissolution,
the initiator was added.

The curing kinetics were monitored in duplicate on a
Perkin Elmer DSC-7, calibrated with indium and zinc
standards. Resin samples with a sample mass in the range of
5-10 mg were sealed in aluminium pans and studied in
dynamic mode at scan rates ranging from 1 téC2in .

In some cases, the Perkin Elmer Intracooler was used for
sub-ambient runs.

The phase precipitation of the PVAc from the thermo-
setting resins was monitored in duplicate by a turbidity
measurement technique using a Mettler ZU FP82 photo- 0.0 pepees prospmey EEIET L e,
monitor attached to a Mettler FP80 microscope hot-stage 60 80 100 120 140 160 180
and Olympus BHSP microscope. A disc of the resin was Temperature (°C)
pressed between a glass slide and a cover-slip and this
assembly was placed inside the hot-stage. The thickness of igure 2 -Dynamic d.s.c. traces at ¥Dmin *for the cure of the polyester
the resin disc was varied from 0.14 to 1 mm, however 1 mm and vinyl ester resin with 1 wt% CHP and containing 0 or 20 wt% PVAc
was standard. Since varying samples had different light
transmission, all data was normalized to the initial
transmission of the resin. The relative light intensity was  To improve storage life and for ease of application, resin
either monitored as a function of time (for isothermal systems contain varying levels of inhibitoX)( whose
experiments) or temperature (for dynamic experiments) andpurpose is to consume adventitious radicals (R-) during
the data were acquired at one datum per second by astorage and to provide an induction time in the early stages
personal computer. Dynamic scans were made from 25 toas shown by the reaction:
200°C at various heating rates (1-0min~%). By inserting ‘

a thermocouple into the curing solution during isothermal R-+X-=>RX: 4)
cure, the equilibration time was estimated to be less than

60s. For dynamic experiments, the thermal lag was where RX- is an inactive radical, ard is the rate of
estimated to be°C at C min~! and 5C at 20C min™™. inhibition.

The data was not corrected for these thermal lags. Figure 2 shows the scanning d.s.c. traces for polyester
DMTA of the blends was performed with double and vinyl ester resins with and without PVAc. In the early
cantilever geometry using a Rheometrics Mk Il DMTA stages of the scanning d.s.c. run, little heat is evolved but as
operated at 1 Hz and scanned & Min~*. Samples forthe  the temperature rises, the curing reaction accelerates and
DMTA, 2 mm thick and 5.5 mm wide and effective span of heat is generated at a steadily increasing rate. The increase
32 mm, were prepared by curing in aluminium moulds. The in the rate of heat generation is due to changes in the rates of
polyester resin was cured at °8for 270 min and then initiator decomposition, monomer propagation and radical
postcured for 60 min at 10Q, while the vinyl ester resin  termination with temperature and conversion. After the
was cured at 10 for 180 min and then 13Q for 120 min. induction stage, the concentrations of initiator and monomer
are relatively constant, so that the rate of polymerization
depends primarily ok, k; andR;. As the temperature rises
further, the concentration of monomer and possibly initiator

- === Vinyl ester resin

2.0F === Vinyl ester resin/20 wt% PVAC S
Polyester resin P
[ Polyester resin/20 wt% PVAc i \‘ \

€X0 —

Heat flow (W/g)

RESULTS AND DISCUSSION

Dynamic curing behaviour begins to be dgpleted and_the rate of pqumeriza’gion passes
The rate of free-radical polymerization (d[Mfjccan be through a maximum and finally results in cessation of the
written ad®: reaction as illustrated ifigure 2
The data shown ifrigure 2 also indicate that the vinyl
d[M] R\ Y2 ester resin requires higher temperatures to cure and thus
TTa - PUk MI @ polymerizes at a lower rate in comparison with the polyester

) . ) resin. This is probably due to the presence of a co-catalyst
where [M] is the concentration of vinyl grougs, andk; are (promoter) in the polyester resin which produces an
the rate constants for propagation and terminatfds,the acceleration in the rate of hydroperoxide decomposition.
initiation efficiency andR; is the rate of initiation. For | aqdition, the higher level of inhibitor in the vinyl ester
uncatalysed decomposition of a hydroperoxide (ROOH) 10 resin and differences in the reactivity of styrene with the
alkoxy (RO-) and hydroxy (-OH) radicals, the reaction pro- fymarate and methacrylate unsaturation might also play a
cess can be written & role in this behaviour.

kg The presence of the PVAc phase does not appear to have
ROOH— RO+ -OH ) any significant influence on the polymerization process as
indicated by the data irFigure 2 This observation is
confirmed in Table 1 which shows that the heat of
R = ky[ROOH (3) p_olymeri_zation for the polyester and vinyl ester resins are
virtually independent on the level of PVAc in agreement
where kq is the rate constant for the production of free with the results of Ruffieret al’. These observations
radicals and [ROOH] is the concentrations of peroxide. contrast with those of Lem and Hdhwhere the addition of
For catalysed systems, the rate expression would alsoPVAc was reported to decrease the heat of polymerization.
include the concentration of the reducer, but for our pur-  Due to the temperature sensitivity of the various reaction
poses the form of equation (2) will suffice. processes, the heat flow curve is affected by scanning rate.

and the rate of radical production is:
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Table 1 Heat of polymerization and activation energy obtained by scanning d.s.c. measurements. The resins contained 1 wt% cumene hydroperoxide

Resin PVAC (wt%) AH,, (J per g of resin) Ea (kJ mol™)? from peak E. (kJ mol™)? from onset
Polyester 0 354 6% 5

Polyester 10 32% 366", 366", 350° 68+ 5 105+ 7

Polyester 20 345

Vinyl ester 0 389

Vinyl ester 10 394, 378, 342, 380° 73+ 2 100+ 4

Vinyl ester 20 388

@Average=+ standard deviation from the fitted line

Determined at scan rates of 2, 5, 10 andCmin~. All other values obtained at scan rates atCLénin~*

€X0 —

Heat flow (W/g)

——20°C/min
1

—

C 1 " 1 n 1 1 n ]
80 100 120 140 160 180 200

Temperature (°C)

Figure 3 Effect of scan rate on the heat flow traces during cure of vinyl ester resin with 1 wt% CHP and containing 10 wt% PVAc

The influence of scan rate on the d.s.c. curves is illustrated 8 kJ mol™ (see Ref. 19), but when the reaction is controlled
in Figure 3for the cure of the polyester resin containing by reaction diffusion, the termination rate is determined by
10 wt% PVAc. Similar results were obtained for the vinyl the propagation raté=®and SoE agermination)iS €qual toE s
ester resin. As the scan rate is increased, the temperature anglgaion) Thus the overallea IS Predicted to lie between 64 and
magnitude of the exotherm peak is raised but the heat of 73 kJ mol™* which is in good agreement with the experi-
polymerization is virtually independent of scan rate (see mental observationsTéble 1J.

Table 1. The activation energyH;) of the polymerization If the inhibitor is efficient and one can ignore the loss of
process was calculated from the dependence of peakradicals by bimolecular termination, then radicals produced
temperature on scan rate¢? and these values are also by the mechanism in equation (2) will be almost
tabulated inTable 1 The activation energyH;) does not immediately consumed by inhibitor (equation (4)) and a
appear to be influenced by the presence of PVAc and issteady state concentration of radicals will exist. Thus the
similar for the vinyl ester resin and the polyester resin. From rate of change in radical concentration will be:

equation (1), the activation energy for the polymerization

process can be broken up into the components for d[R}/dt = ky[ROOH — k,[R][X] =0 (6)

decomposition of the initiator, propagation and termination: and so:

Ea = Ea(propagatiom + 1/2Ea(decompositio)1 - l/ZEa(terminatior) [R] — kd[ROOFﬂ/kX[X] (7)

) Thus the rate of loss of inhibitor, as shown by the reaction in
Assuming that the activation energy for decomposition of equation (4), is given 53?'2?

the cumene hydroperoxide is unaffected by the promoter in

the Eolyester resing, (gecomposiionis 101 kJ mol? in 52/ - — d[X}/dt = k[R][X] (8)
ené” (and varies from 99 to 122 kJ mdiin other medid®). — KIROO
Since the majority of the monomer unsaturation is in the =kl H

form of styrene E, (propagaionc@n be assumed to be that for When the inhibitor is finally consumed, the polymerization
the polymerization of styrert& 26 kJ mol ™. The activation reaction can commence. Thus the ‘onset’ of polymerization,
energy for termination is a poorly defined quantity because as shown in the initial stages of the dynamic d.s.c. curves in
the initiation efficiency and the termination mechanism Figure 3 is controlled by this inhibition reaction. From
change through the reactitt¥>?% In the early stages of  equation (8), the rate of consumption of inhibitor is deter-
the reaction,E, for termination of styrene radicals is mined byky and [ROOH] so the duration of the induction
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Fractional Transmission

Temperature (°C)

Figure 4 Effect of film thickness on dynamic turbidity curves for the polyester resin with 1 wt% CHP and 10 wt% PVAc, scanf@dran5". The initial
transmissions have been normalized to unity
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Figure 5 Correlation of dynamic turbidity traces and dynamic d.s.c. traces for the polyester resin with 1 wt% CHP and 10 wt% PVAc

period depends on the rate of CHP decomposition (which This transition temperature was also found to be relatively
varies with heating rate) and the CHP and HQ concentra- constant (to within+2°C) and independent of the PVAc
tions (which are constant). In the same way that the scan rateconcentration. However, the final degree of turbidity during
dependence of the peak temperature can yield the activationcure depended on the amount of PVAc in the resin.
energy for the polymerization process, the temperature atUninitiated samples did not show these turbidity changes
the ‘onset’ of polymerization can be analysed by the scan during temperature scanning until much higher tempera-
rate metho@™“?to give the activation energy for the rate tures were reached. This confirms that the change in light
process operative in this region of the d.s.c. trace. Becauseransmission is associated with the phase precipitation of the
the rate of loss of inhibitor is determined ky, the E, thus PVACc during the cure process and is not caused when
calculated is the activation energy for the hydroperoxide the system reaches the lower critical solution temperature of
decomposition. Thus thg, values from dynamic d.s.c. stu- the unpolymerized solution. Since the refractive indices
dies and listed iMable lare close to the literature value for  of the uncured unsaturated polyester and vinyl ester resins
the decomposition of cumene hydroperoxide in styrene were 1.533 and 1.5707 at 3 which differ considerably

(101 kJ mol)?3, from that of 1.467 for PVAc, it can be assumed that once
o phase separation commences, the material starts to loose
Turbidity clarity.

Figure 4 shows typical dynamic turbidity curves for the As shown inFigure 5 the dynamic turbidity traces for the
polyester resin with 10 wt% PVAc. Initially the light polyester resin exhibit a strong dependency on scan rate
intensity is approximately constant but as the temperaturewhich is similar to the scan rate dependency of the
increases, the intensity suddenly plummets and then appearsorresponding d.s.c. results. Similar behaviour was also
to level out. Although the final transmission varies with observed for the vinyl ester resin system. In addition,
thickness, the initial reduction in transmission occurs at a Figure 5illustrates that a good correlation exists between
constant temperature (at 332°C for the data irFigure 4). the temperature where polymerization rate becomes

POLYMER Volume 39 Number 22 1998 5435



Phase precipitation in thermosets: W. D. Cook et al.

Table 2 Activation energies for the onset of phase precipitation as turbidity occurs when most of the inhibitor is consumed, i.e.
obtained by dynamic and isothermal turbidity measurements. The resins gt virtually zero conversion, then the activation energy

contained 10 wi% PVAC and 1 wi% cumene hydroperoxide calculated in this way is that for the rate process operative
Resin system  Added inhibitor E, (kd mol™)?  E, (kJ mol™? up to that timej.e. the E, value for the rate constaht for

(Wt%) from scanning  from isothermal hydroperoxide decomposition. However, if a small amount
Polyester 0 90+ 4 of polymerization has occurred prior to the point of phase
Polyester 0 76+ 2 precipitation, then the calculatéf], would be a mixture of
Eg:zg:g 8-825 1(?%2 the activation energy for hydroperoxide decomposition and
Polyester 0.015 102 1 the overall polymerization process. THg, values from
Polyester 0.02 105 9 dynamic turbidity studies are listed Trable 2and are mid-
Vinyl ester 0 88+ 3 way between that found for the hydroperoxide decomposi-
Vinyl ester 0 85+ 5 tion (ca. 100 kJ mor®) and the polymerization processa(
aAverage+ standard deviation from the fitted line 70 kJ molY).

Figure 6 shows isothermal turbidity curves as a function

of cure temperature for the polyester resin. Similar data was
noticeable (as measured by d.s.c.) and the onset of the PVA®btained for the vinyl ester resin. With increased tempera-
precipitation in the dynamic turbidity results. This result is ture, the onset time for phase precipitation decreases due to
in good agreement with the work of Hetial® and Suspee the acceleration of the hydroperoxide decomposition. For an
et al1° which showed major changes in light transmission isothermal polymerization and assuming that the initiator is
just prior to significant variations in the degree of cure. A not significantly depleted, equation (8) shows that the
similar correlation was also observed for the vinyl ester radical concentration will decrease with time, according to
resins, however the onset of precipitation occurred at a Refs*®%"2?
temperatureca. 1°C above the observable start of _ .
polymerization. A related anomaly is also evident in the [X]=[X]o — ky[ROOH ©)
data of Hsuet al®. It would appear that the discrepancy in  where [X], is the initial concentration of inhibitor. For
temperature between the start of cure and the onset of phas@ctive scavengers, the polggns%rization is effectively delayed

precipitation is due to the difference in oxygen availability until [X] approaches zer§?"*° Therefore, from equation
in the d.s.c. and turbidity samples. It is knotn® that (9), the polymerization induction time is given by:
phenolic stabilizers and oxygen have a synergistic effect in t = [X]./ks[ROOH (10)

inhibiting free radical polymerization and prolonging the
induction period. In the d.s.c. experiment, there is an oxygen If phase precipitation is considered to occur shortly after the
reservoir in the air sealed in the d.s.c. pan which is capablestart of polymerization, the reciprocal of the onset time of
of retarding the polymerization. In contrast, the larger phase precipitation can be used as a measure of the hydro-
turbidity sample is sealed between glass slides and isperoxide decomposition rate and so an Arrhenius plot will
effectively separated from the atmosphere so that theyield the activation energy for this reaction. Thgs calcu-
induction period is only influenced by the concentration of lated from isothermal experiments similar to that shown in
oxygen dissolved in the resin. This discrepancy between theFigure 6 are listed inTable 2for the polyester and vinyl
d.s.c. and turbidity results was not observed for the polyesterester resins. In many cases the isotherfalalues are close
resin system because it contained a much lower concen-to the value for CHP decomposition.
tration of phenol-based inhibitor than in the vinyl ester resin ~ Equation (10) also predicts that the onset time will
system, thus lessening the synergistic effect. increase with raised inhibitor levels and will be reduced
The dependence of the onset of phase precipitation on thewhen the peroxide concentration is raised. This prediction is
scan rate, shown iffigure 5, can also be analysed by the confirmed inFigure 7 where the changes in turbidity are
scanning methadd 2 giving an activation energy, and these retarded or accelerated as the HQ and CHP levels are varied.
values are listed iffable 2 If it is assumed that the onset of In Figure 8 the phase precipitation onset time for the

30°C

35°C

40°C
45°C

Fractional Trahsmission

Time (min)

Figure 6 Isothermal turbidity scan at various temperatures for polyester resin with 1 wt% CHP and 10 wt% PVAc
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Figure 7

Isothermal turbidity scan at 36 for polyester resin with 10 wt% PVAc and varying levels of HQ (dotted curves) and CHP (dashed curves). The

concentrations of inhibitor and initiator (based on the mass of polyester resin) are printed adjacent to each curve as the ratio of wt% HQ added to CHP

_
.g
é 401
Q
g
= 304
)
g
H 1 wt% CHP, 30°C
[ ] 1xt% CHP, 35°C o
A 1 wt% CHP, 40°C 20
v 1 wt% CHP, 45°C
Vv 0wt%HQ, 35°C
T T A T T 1
-0.02 -0.01 0.00 0.01 0.02 0.03
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Figure 8 Isothermal turbidity onset timgersuslevel of additional HQ

inhibitor (at 1 wt% CHP, filled symbols) or CHP initiator (at O wt%
additional HQ, open symbols) added to the polyester resin containing
10 wt% PVAc. The lines are fits to equation (10)

polyester resin is plottedersusthe concentrations of added
CHP initiator or hydroquinone inhibitor, according to
equation (10). The data related to varying CHP concentra-
tion are reasonably well fitted by the hyperbolic least-square
fit in accordance with equation (10). When additional HQ
was added, the onset time is well fitted by linear regressions,
as predicted by equation (10). Theoretically, the initial
concentration of hydroquinone in the resin ([X]is given
by the X-axis intercept, however this value is not constan
and is larger than the 0.002 wt% claimed by the manufac-

log(Modulus) (Modulus in Pa)

7

0 wt% PVAc
5 wt% PVAc
10 wt% PVAc RN
20 wt% PVAc -

T T
50 100
Temperature (°C)

Figure 9 Flexural storage modulus and tawersustemperature for
t polyester resin with 0, 5, 10 and 20 wt% PVAc

turer.

DMTA

of PVAc is increased, the lower temperature étgpeak
increases slightly in temperature and increases in magnitude
due to the increased fraction of a PVAc phase. The glass

Figures 9and 10 show the temperature dependence of transition of the network is observed at a temperature near
tans and storage modulus for the fully cured polyester and 120°C which shows some variation with PVAc content, but
vinyl ester resins containing varying amounts of PVAc. For this does not appear to be systematic. It is interesting to note
both thermosets, a relaxation is observed as a maximum inthat the modulus in the rubbery region for both the polyester

tans and a step in the modulus curveat 40°C which is
slightly higher than theT, of 33C at 1 Hz for PVAG™.
Similar results have been observed by otfiéras the level

and the vinyl ester resins shows a substantial drop at PVAc
levels higher than 5 wt%—this is more clearly illustrated in
Figure 11 For a single phase polymer, the rubbery modulus
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1.2 4 network phase, thus reducing the connectivity of the
10.10 thermoset phase through the sample and thus lowering the
1.0+ modulus. FronFigure 11, it would appear that this occurs
0‘8_'005 around_ 5wt%. This Igvel might appear low for_ the
1 formation of a co-continuous structure. However, it has
w 0.6 been suggestéd®that during cure, the PVAc is pushed to
8 0.00 the surface of the growing microgel particle which reduces
0.4+ the tendency of the polyester gel particles to coalesce thus
0.2 enhancing the formation of a continuous PVAc phase
| interpenetrating the network phase. Buckretlal® have
0.0 also observed co-continuity in cured polyester resins with

PVAc levels around 5 wt%. It is interesting to note that in
177=== the precipitation of PVAc from step-growth polymerized

epoxy resins, co-continuous morphology has also been
reported’ to occur around 10 wt%.

CONCLUSIONS
Scanning d.s.c. studies have shown that the curing

84 ——O0Owt% PVAc 3 ) 7 i o
_____ 5 wWt% PVAc | behaviour of either the polyester or vinyl ester resin is
------- 10 wt% PVAc R virtually unaffected by the presence of the PVAc or its phase

-------- 20 wt% PVAc Il precipitation. Similarly the activation energy measured at
RS the maximum polymerization rate was independent of the
. . . : PVAc level and was close to that predicted for cumene
50 100 150 hydroperoxide initiated free radical polymerization.
Temperature (°C) A simple turbidity method was found to be useful for
monitoring the phase precipitation process in isothermal as
Figure 10 Flexural storage modulus and tanversustemperature for well as dynamic curing experiments. The observed correla-
vinyl ester resin with 0, 5, 10 and 20 wt% PVAc tion between the start of curing and the start of phase
precipitation reinforces the important role that inhibition
is proportional to the concentration of elastic network plays in determining the kinetics of phase precipitation. As a
strands and hence crosslinks in the network struétutide result, the activation energy for the onset of phase separation
three-fold reduction in the rubbery modulus, shown in was close to thé&, for decomposition of the initiator. The
Figure 11, cannot be simply explained by the volume of the onset of polymerization and thus phase precipitation was
matrix occupied by the soft (above %) PVAc particles also controlled by the concentration of initiator and inhibitor
but may be interpreted in terms of phase morphology. At as described by a simple inhibition model.
low levels of additive, the PVAc phase may be assumed to  The dynamic mechanical properties of cured PVAc/resin
be dispersed throughout the matrix and so the rubberyblends clearly revealed two phases, corresponding to the
modulus is approximately that of the network phase alone. PVAc and thermosetting resin. The modulus in the
However, at sufficiently high concentrations the PVAc rubbery region decreased abruptly as the PVAC concen-
phase would be expected to become continuous with thetration approached 5 wt% PVAc additive, suggesting that a

log(Modulus) (Modulus in Pa)

7x10"
.£ .
6x10’ I B Polyester resin
r ® \Vinyl ester resin
< 5x10° [
& I
2 410 |
= [ J
3 S . e
S , R
g 3x10 ~
= ®
-
% 210" | _
2 e °
1x10" [
0 1 1 I ]
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Figure 11 Flexural storage modulus in the rubbery region (determined &CLB06m the data irfFigures 9 and 1Pversuswt% PVAc for the vinyl ester and
polyester resin
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co-continuous structure had developed. This behaviour was10.
interpreted in terms of the microgel model for the

development of the network.
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