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Micro-heterogeneity of urethane vinylester resin networks
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Abstract

The morphological structure of a fully cross-linked vinylester Atlac 580 resin has been studied by using modulated differential scanning
calorimetry (MDSC). The results show that the networks exhibit a diphasic structure, characterised by the presence of two glass transition
temperaturesl). Itis believed that the two phases are composed of a polystyrene-rich phase and a vinylester-rich phase, which results from
phase segregation during radical copolymerisation. An annealing process below the glass transition temperatures can make the separate
phases readily visible. Furthermore, the results demonstrate that MDSC can offer better resolution and sensitivity than conventional DSC and
dynamic mechanical thermal analysis. This enables overlapping glass transitiong,évalibser than 11T) to be distinguished successfully.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction linking density cannot explain the disintegration of swollen
samples under weak mechanical forces [4]. Jones and
The structure of a urethane vinylester resin [1] contains Jacobs [5] favoured a two-phase structure for isophathalic
both external methacrylate and internal fumarate double UP resin to interpret its non-Fickian water absorption
bonds (Fig. 1). The curing of the resin can be described asbehaviour. Thus, it is assumed that this inhomogeneous
a free radical copolymerisation between these unsaturatedsystem consists of highly cross-linked domains embedded
groups and styrene monomer molecules, which is similar in a loosely cross-linked matrix [5,6].
to cross-linking processes of typical vinylester resins and Experimental evidence [7] showed that micro-gel
unsaturated polyester resins (UP). Although it has long particles can form at an early stage in the polymerisation
been used as a matrix for making fibre reinforced composite of a styrenated UP resin, because of the intramolecular
materials (because it possesses good chemical resistanceross-linking amongst pendant polyeste=@ bonds.
and physical properties plus the improved glass wettability Then interparticle cross-links may occur through theQC
and adhesion due to the introduction of urethane groups indouble bonds at or near the surface of the micro-gel particles
its backbone [2]); nevertheless, the morphological structure with styrene monomer acting as chain extender. More
of the cross-linked vinylester resin has not been studied in recently, Ganem et al. [8] revealed, by the kinetic data of
detail. This may play a significant role in determining the copolymerisation, that the structure of a diglycidylether of
stress-corrosion and environmental resistance performancedisphenol A (DGEBA) vinylester cross-linked with styrene
of its glass reinforced composites. is a two-phase system. However, this phase separation has
A number of workers have investigated the structure not been clearly observed even though the development of
formation [3-7] of unsaturated polyester resins. It is heterogeneous structures within vinylester and polyester
generally believed that the cross-linking reaction in these resins has become increasingly accepted [1,3-8].
systems results in heterogeneous networks. For example, by Studies of the morphological states of multicomponent
examination of the hydrolytic degradation of cured UP polymers can be conducted by a number of methods [9].
resins, Funke [3] found that the final conversion was Amongst these, determining the glass transition tempera-
dependent upon the initial radical concentration, which is ture, T;, is the most convenient and unequivocal way to
not in an agreement with the development of a homo- judge the homogeneity of such polymers. For amorphous
geneous polymer. The assumption of a uniform cross- polymers, T, can be characterised by differential scanning
calorimetry (DSC), dynamic mechanical thermal analysis
* Corresponding author. (DMTA) and dielectric relaxation methods. However,
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Fig. 1. The chemical structure of Atlac 580 vinylester resin.

these techniques often suffer some limitations. Sometimes itsheet was obtained after curing at room temperature over-

is very difficult to resolve components that have very similar

night.

glass transition temperatures. Also, if the phase-separated The sample sheet was then cut into small specimens

domain sizes are too small, the sensitivity of the above
mentioned techniques will not allow them to be detected.
With the recent advent of modulated temperature differ-
ential scanning calorimetry (MDSC), these difficulties may
be overcome by its improved resolution and sensitivity [10].
In this work, the morphology of urethane vinylester resin
cross-linked with styrene was investigated using MDSC,

suitable for DMTA thermal scans using a diamond saw.
Post-curing was then carried out in an air-circulating oven
at 100C for 3 h and 158C for 1 h. Layers of aluminium foil
were used to wrap around the specimens during post-curing
to minimise possible oxidation. A DSC thermal scan over
the temperature range 6f30 to 170C indicated that the
resin had completely cured.

and the results obtained compared with those from DSC Samples weighing about 10 mg (cut from the post-cured
and DMTA. The main aim is to study the heterogeneity sheets) were placed into DSC aluminium crucibles. They
of the cross-linked resin by directly observing its glass were equilibrated at 17C for 10 min in a DSC cell to
transition temperatures. eliminate previous thermal history, and subsequently
guenched in liquid nitrogen for 10 min. They were then
removed and allowed to reach room temperature prior to
testing.

Some of these samples were isothermally annealed at
85°C under a N atmosphere in the DSC cell for 16, 24
and 50 h, respectively. Samples for DMTA analysis with
nominal dimensions of 2& 10x 2 mnt were subjected to
the same annealing conditions, but using a DMTA furnace.

2. Experimental
2.1. Sample preparation

Atlac 580 (DSM Resins) resin was catalysed using
1.5 phr (per hundred resin) methyl ethyl ketone peroxide
(concentration: 50 wt.%), and accelerated using 0.5 phr
cobalt octoate (6 wt.%) and 0.9 ph;N-dimethyl aniline.
After air trapped in the resin was removed by the application 5 5 |nstrumentation
of a vacuum, the liquid resin was cast into a glass mould,
consisting of two glass sheets separated by a thin rubber
strip arranged along the edges. A transparent cast resinsamples from-30 to 170C at a heating rate of°8 min~

An MDSC 2910 (TA Instruments) was used to run the
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Fig. 2. DSC heat flow curves for samples quenched and annealed for different times.
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Fig. 3. MDSC heat capacity vs. temperature curves for samples quenched and annealed for different times.

under a N atmosphere. The oscillation amplitude and only “one step” changes are observed, which indicate a
period were IC and 60 s, respectively. DSC heat flow single glass transition. The (b), (c) and (d) endotherms are
signals were directly obtained from MDSC by averaging typical of the normal non-equilibrium behaviour of glassy
the modulated heat flow signals. A Polymer Laboratories polymers [11]. They are caused by relaxation of excess
MK (( DMTA instrument was also used to run the samples enthalpy during the annealing process. The post-curing
from 30 to 200C at a heating rate of°€ min~! at 1 Hz regime used made it certain that the samples had been
frequency and % strain level. fully cured before further investigation started, as indicated
in Fig. 2; curve (a) where no exothermic peak occurred. This
eliminated the possibility of any further polymerisation in

3. Results and discussion the later annealing and thermal scanning processes.
Studying the miscibility of polystyrene (PS)/styrece-
3.1. DSC and MDSC characterisation methyl methacrylate (S-MMA) copolymer blend by DSC,

Feijoo et al. [12] comment that it is very useful to ascertain,

Fig. 2 shows the MDSC total heat flow curves of the by physical ageing or annealing, if the polymers are
samples. They are equivalent to the heat flow graphs from miscible or immiscible. They observed two glass transitions
a conventional DSC. Curve (a) was obtained from the for physically aged PS/S-MMA blends, which were marked
quenched sample whilst curves (b), (c) and (d) were from by the presence of two “step changes” on heat flow curves.
the samples which had been annealed &E86r the various ~ However, this method did not appear to work successfully in
times shown in the figure. From this figure, it seems that the current investigation. Even worse, fys were obscured
by the endotherms, making it difficult to determine the glass
transition temperature accurately. This was because DSC
measures the sum of all thermal events in a sample.

However, MDSC, by its definition [10],
dQ dT
i C, @ +f(t,T)
whereQ is the total heat evolved;, the thermodynamic
heat capacityT the absolute temperaturethe time, and
f(t, f) the kinetic response of any physical and/or chemical
transformation, can separate the thermodynamic events and
kinetic responses. Fig. 3 shows that tys for annealed
samples can be clearly derived from the heat capacity versus
60 80 100 120 180 160 temperature signal from MDSC without any interference
from different thermal histories of the samples. There was
still only oneTg observable for both quenched and annealed

Fig. 4. A comparison of heat capacity and the differential of heat capacity Samples.
vs. temperature for the quenched sample in MDSC. As a point of fact, the glass transition is thermodynamically
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Fig. 5. €C,/dT vs. temperature curves for: (a) quenched sample; and samples annealed for (b) 16 h; (c) 24 h and (d) 50 h.

not a true transition but a spectrum that reflects the seg-that two phases exist in these networks. However, the glass
mental motions of different lengths [13], represents the  transition temperatures of these phases are so close that
temperature at which segmental motions with an averagethey nearly completely overlap. This is the reason why the
length begin, which corresponds to the inflection point of separated phases of the vinylester cannot be sensed by the
the heat capacity versus temperature of the polymer.conventional DSC even for annealed samples (Fig. 2),
Alternatively, this inflection point can be measured by the whilst the same phenomenon can be easily observed for
differential of heat capacity with respect to temperature, aged PS/S-MMA blends [12] using the same method.
dCy/dT (see Fig. 4). A glass transition temperature at half Conversely, this minor change cannot be discerned
vitrification measured by the GY/dT maximum is only from the C, signals (Fig. 3). It is the @,/dT signal that is
governed by the time scale of modulation in MDSC [14]. capable of clearly disentangling these overlapping
Thus, the glass transition temperature of a polymer can beprocesses.
expressed by the temperature where tlg/dll reaches a As mentioned above, the phase segregation results from
maximum. Hourston et al. [13,15,16] have successfully used the inhomogeneous course of the vinyl-divinyl cross-
this technique to study polymer glass transitions, physical linking copolymerisation such as in styrenated UP and
ageing and morphology of interpenetrating polymer vinylester resins. The primary microgel particles due to
networks. intermolecular and intramolecular reactions tend to develop
Fig. 5 shows @/dT vs. temperature data for the same a higher cross-link density than the external regions linking
samples as those presented in Figs. 2 and 3. Itis very evidenthese primary regions [7]. The external regions contain a
now that there are two peaks in Fig. 5(b)—(d), which higher content of styrene-based blocks since the metha-
represent two glass transitions. The results strongly suggestrylate copolymerisation in a styrene—vinylester mixture
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Fig. 5. (continued

stops long before complete consumption at a certain may be very small as is indicated by the transparency of the
stage whereas styrene continues to react to form largesheets.
It is worthwhile to point out that in the current investiga-

homopolymer sequences [8].

Atlac 580 urethane vinylester may have the same phasetion the segregation phenomenon is not the result of the
segregation mechanism as DEGBA and UP resins since itisothermal annealing. The annealing process can only result
contains both the fumarate groups which exist in the UPs, in conformation rearrangement of a polymer, leading to the
and the methacrylate groups which exist in vinylester resins excess enthalpy and volume relaxation [11]. However, it can
generally. This could mean that a higher cross-link density be seen that the process can make the overlapping two-
region was formed in a vinylester-rich phase whereas aphase structure more clearly identified if one compares
lower cross-link density was formed in a polystyrene-rich Fig. 5(a) with Fig. 5(b)—(d). This is because the relaxation
phase. It is well known that a glass transition temperature is rate of the two phases is different. Generally, the width of a

proportional to a cross-link density. Thus, it is reasonable to glass transition temperature range will become narrower

assign the lower peak in Fig. 5(b)—(d) to a polystyrene-rich and the peak of @/dT becomes higher as the isothermal
phase with a loweT, and the higher peak to the vinylester- annealing progresses. This is because, the increment of heat
capacity, AC, in the transition region remain relatively

rich phase with a highef,,.
It should be noted that the difference between the Ty unchanged [15]. As indicated in Fig. 5, whilst the height
of the dC/dT peak increases with increase in the annealing

is only about 10C. This might imply that the extent of the

separation is very limited probably because of the restriction time, the width of theT transition decreases from about 30

of the cross-linked network on the simultaneously occurring to 25°C for the whole network. Individually, the relaxation

phase segregation process. Additionally, the intringjc rate of the polystyrene-rich phase is faster than that of the

value of the pure vinylester network may be close to that vinylester-rich phase. In other words, if the network were a
one-phase structure, there should only be one peak, even

of polystyrene. It is difficult to obtain fully cured vinylester
homopolymer experimentally and the size of the domains after the isothermal annealing (Fig. 5).
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Fig. 6. DMTA data for the quenched sample and the sample annealed for 50 h.

On the other hand, it appears that there is only one peak4. Conclusions
present in Fig. 5(a) for the quenched sample. However,
looking at the asymmetric shape of the curve with the left It has been found that urethane vinylester cross-linked
part being less steep than the right, it may be concluded thatwith styrene monomer is a diphasic structure with one
a multi-component structure exists and they just simply phase probably being polystyrene-rich, and the other
closely overlap. Experimental evidence indicates that, for vinylester-rich. This is indicated by the presence of the
pure polymers or miscible polymer systems, the distribution two characteristic glass transition temperatures associated
complies with a Gaussian function [16]. with the system. The two-phase structure is consistent with
The difference in the relaxation rate of the two phases the free-radical copolymerisation mechanism proposed in
also support the formation of the two domains with the the literature [6—8]. The glass transition temperatures for
two differing cross-link densities. Because the lower these two phases are only approximatelyQ@part. The
cross-link density domains tend to have statistically more differential of heat capacity signal enables MDSC to
molecular segments which can involve conformation resolve micro-heterogeneity of polymers in contra-
rearrangement due to a less restriction from cross-link distinction to DSC and DMTA, which cannot detect such
joints; whilst the case is reverse for the higher cross-link @ minor change.
domains. Accordingly, the polystyrene-rich phase with a
lower cross-link density will relax faster as opposed to the
vinylester-rich phase with a higher cross-link density, which Acknowledgements

is showed explicitly in Fig. 5.
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