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Electron-beam curing of thick thermoset composite matrices
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Abstract

Electron-beam (EB) curing of two epoxy resins, one acrylated and one methacrylated, has been investigated. The change in thermo-
mechanical properties, such &g and the change of residual unsaturation have been studied as a function of dose. These results, in
combination with in situ measurements of the temperature during cure, have shown the importance of sample geometry for the final
properties of the thermoset. The thermal history of the sample during cure greatly affects the properties of the cu@d98Siklsevier
Science Ltd. All rights reserved.
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1. Introduction mechanism, where the initiating species are formed by
bond cleavage within the resin structure. Numerous other

High energy electron beams (EBs) have found numerousreactions also occur as side reactions to various extents
applications since their first use in the 1950s. Applications during the polymerization, making the overall system diffi-
range from sterilization of medical equipment to curing of cult to evaluate. EB curing is sensitive to oxygen inhibition,
coatings or composites [1]. The use of electron beams tolike other free-radical curing process, such as UV curing.
initiate polymerization reactions is one area on which much This problem, which is of much importance for the coating
interest has focused. EB curing possesses some speciahdustry, is of less importance in the case of thick compo-
features compared with conventional curing, for example, sites. EB curing can also proceed via a cationic mechanism
when curing thick composites, much lower temperatures areby using suitable onium salts as initiators. Crivello et al.
reached and the curing process can be better controlled tharj10], for example, studied the cationic curing of epoxy
with thermal curing [2]. resins using onium salts as initiators.

Work on electron-beam curing of polymers has been The present study investigates the network formation
conducted since the 1960s, mainly by Charlesby [3,4] and when EB curing acrylate and methacrylate resins in order
Chapiro [5]. The specific field of EB curing of thermoset to obtain a better understanding of how some of the curing
composites has been studied since the 1970s. Saunders anmghrameters affect the structure build-up. The resins used in
coworkers [6,7] and Singh et al. [8] have been working on this study were selected because they were simple, well-
EB curing of numerous resins, such as acrylated epoxies.defined and differ only in their reactive groups, so that
They have not only studied the properties of the EB cured some conclusions about the effect of resin structure can be
composite, but also investigated the effect of the electron drawn.
beam on the resin as well as on the fiber and its sizing. Both
carbon, glass and aramid fiber reinforcements have been
evaluated. Beers et al. [9] have been working on EB
curing of composites since the 1970s and have published
papers on the curing of filament wound composites. Their 5 1 Instrumentation
work dealt with epoxy acrylates and bismaleimide resins.

The curing of vinyl monomers such as acrylates, metha- g cyring was performed with a pulsed sweeping elec-
crylates and maleimides by means of high energy electronyyon peam, which was produced by a microtron accelerator
beam irradiation normally proceeds via a free-radical jth an energy of 6.5 MeV and a current of 80 mA. The

dose could be varied between 1 and 3 Mrad per sweep by

* Corresponding author. changing the length of the pulse. The dose calibration of the

2. Experimental
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Fig. 1. Structure of the two monomers based on epoxy bisphenol-A. They are distinct by their reactive groups, EB600 being an acrylate, whereas EB610 is
methacrylate. SEC runs give= 1-2 and low polydispersity for both monomers.

instrument was performed with a Risg calorimeter. The epoxide, were investigated. One was acrylate functionalized
temperature of the resin during cure was measured with a(Ebecryl 600, or EB600), whereas the other one had metha-
thread thermocouple and recorded by a Combilab equip- crylate reactive groups (Ebecryl 610, or EB610). Their
ment from Chipzobits Digitalteknik AB. The thermo- structure can be seen in Fig. 1. SEC runs show a low poly-
mechanical properties were measured with a Dynamic dispersity and similar values for both resins (EB6BD:=
Mechanical Thermal Analyzer (DMTA) Mk Il from Poly- 700 Da,M,, = 790 Da, PDI= 1.13; EB610:M, = 710 Da,

mer Laboratories. The FT-Raman spectra were measuredVl,, = 780 Da, PDI= 1.10). No initiator was used. The
with a FT-Raman Spectrometer 1700X from Perkin release agent (Water-release), used when curing in an
Elmer. The UV spectra were recorded with a Diode Array aluminum mold, was supplied by Zywax Inc.
Spectrophotometer HP 8451A from Hewlett Packard. The

SEC runs were performed at room temperature on a Waters2 3. Methods

6000A pump equipped with two PL gel 10m mixed-B e

columns (300x 7.5 mnf) from Polymer Labs and a refrac- Two types of samples were made, one with a thick and
tive index detector. Chloroform was used as mobile phase gne with a thin geometry, as described in Fig. 2. The thick
using a flow rate of 1 ml/min. Calibration was performed samples were cured in 10 ml glass vials (@ 2 cm). Test
with linear polystyrene standards in the molecular weight specimens (x 2 x 40 mnt) were cut out of the center of

range 2000-% 10° g/mol. the cured cylinder. Thin samples were polymerized as
plaques (100« 100 x 2 mm®) and cured in a 10 mm thick
2.2 Materials aluminum mold. A Mylar film covered the sample to avoid

oxygen inhibition at the surface. Test specimens<(2 x
Two resins from UCB, Belgium, based on a bisphenol-A- 40 mnt) were cut out of the plaque. Samples were cured

e

Fig. 2. Sketches of the two types of molds used in this study. The test sampi@€sq(20 mnt) are represented by the dark gray rods. Samples cured in a glass
vial (@ 20 mm) and cut out of the center of this cylinder are named ‘thick’ samples. The ‘thin’ samples are cut out of a pkaj08%2L00 mnT) and have
one face in contact with the aluminum mold (10 mm thick) during cure. The opposite side is covered by a Mylar film in order to prevent oxygen inhibition.
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Fig. 3. Thermogram of EB600 and EB610, cured witk 2.5 Mrad. The strongest exotherm occurs during the first sweep. The following irradiations only give
small temperature increases, mainly due to the slowing down of the electrons by the resin.

with one, two, three or four sweeps of 2.5 Mrad each, where former [11]. Transferred to the system studied in our case,
the dose of 10 Mrad was considered to be sufficient for a this means that the acrylate functional resin may produce
complete cure. The received dose was measured by cellu-more heat and polymerize more rapidly. For a crosslinking
lose triacetate (CTA) films placed on top of each sample. system, vitrification will/may occur at some stage during the
The change in absorbance of the film at 280 ¢rwas reaction and thus become an additional factor to take into
measured with a UV spectrometer. The storage modulusaccount in the network formation. This factor is related to
(E"), the loss modulusH"), and tand were measured versus the physical state of the system, i.e. temperature Tyruf
temperature by DMTA with a double cantilever geometry at the network. Polymethacrylates generally exhibit a higher
afrequency of 1 Hz and a heating rate 82min. The glass T, compared with polyacrylates due to a stiffer main chain
transition temperatureTf) was defined as the peak of the [12], which will be of importance if the polymerization
tané curve. The residual unsaturation was measured by FT- proceeds into the vitrified state. Another difference between
Raman spectroscopy by monitoring the unsaturation peak atpolyacrylates and polymethacrylates when they are
1635 cm . The peak of the aromatic rings at 1609¢m  subjected to high energy irradiation is that chain scission
was used as an internal reference. A peak deconvolutiondominates over chain coupling for polymethacrylates while
was performed, minimizing the quadratic error between the opposite holds for polyacrylates [13]. The amount of
the measured spectra and the sum of three peaks given bghain scissions/couplings is, however, small compared
the Lorentz formula. with the addition reactions in the polymerization process.

3.1. Temperature evolution
3. Results and discussion
It is often said that EB curing proceeds at ambient

Both monomers used in this study undergo a free-radical temperature. However, this is not entirely true since heat
polymerization when subjected to an electron beam. The evolves from the curing reaction as can be seen in Fig. 3.
two resins differ only in the structure of their reactive The heat formation during the cure is mainly governed by
groups, one acrylate and one methacrylate (cf. Fig. 1). the enthalpy of polymerization and the heat dissipation to
Since it is likely that the initial scission of a bond, which the environment or the mold. The exotherm due to the poly-
will give an initiating species, occurs in the vicinity of the merization occurs mainly during the first sweep of the elec-
carbonyl group, it can be speculated that these resins willtron beam [14]. Each new sweep gives rise to a small
have similar initiation mechanisms. The main differences exotherm which is mainly due to the slowing down of the
between the resins is their difference in reactivity and, at incoming electrons. This can be shown by subtracting the
later stages of the reaction, their difference in mobility of the curve shown in Fig. 3 with the thermogram obtained when
monomer in the partly crosslinked system. Comparing the simultaneously re-irradiating a fully cured sample. The
polymerization of methylacrylate with methylmethacrylate ‘reboosting’ of the free-radical polymerization by the subse-
monomers, it has been shown that both heat of polymeriza-quent sweeps does not give an exotherm large enough to be
tion and propagation rate are substantially larger for the detected by the thermocouple.
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Table 1
Highest temperature during curgg,), glass transition temperature and residual unsaturation (res. unsat.) for both thick and thin samples cured with different

doses. * For thin sampl€eE, ., variation is large, but in all cases lower than with thick samples

Acrylate Methacrylate
Dose (Mrad) Tmax (°C) T, (°C) Res. unsat. (%) Tmax (°C) Ty (°C) Res. unsat. (%)
Thick samples
25 150 150 13 110 156 25
5 150 158 11 110 169 18
7.5 150 159 8 110 173 16
10 150 159 7 110 177 15
Thin samples
25 * 81 13 * 117 25
2.5 re-run — — — — 123 —
5 * 104 11 * 130 18
7.5 * 108 * 136 16
10 * 117 7 * 141 15

The geometry of the sample and the mold is of great especially when using a fairly good thermal conductor
importance since it affects the heat dissipation rate from such as carbon fibers. Since the first sweep gives, by far,
the specimen. The maximum temperature reached duringthe highest temperature rise, it can be considered to domi-
the cure varies with the geometry, as can be seen in Table 1nate, if a high dose rate is used, the thermal history of the

A thin sample will be cooled much faster, thus decreasing newly cured samples. The structure of the monomers will
the propagation rate of the polymerization and reducing the also affect the thermal history of the system by intrinsic
mobility of the reactive species in the vitrified system, hence differences in reactivity between the monomers. When
slowing down the overall curing rate. The thin sample in this comparing the different resin systems in the current study,
study is cured in an aluminum mold, which by its high heat higher heat of polymerization and propagation rates of the
conductivity increases the heat dissipation rate comparedacrylate resin will result in higher temperatures than the
with a thick sample. The aluminum mold produces some more slowly reacting methacrylate resin [12].
heat by slowing down incoming electrons, but this effect is
negligible compared with the exotherm of the polymeriza- 3 5 Network formation
tion. These results transferred to the case of composites
indicate that the fiber content is an important parameter For the acrylate a steady decrease of residual unsaturation
because the heat production per cubic centimeter is reducedcan be seen, as shown in Table 1. Once the material
The heat dissipation by the fiber leads to extra cooling, approaches the ‘fully cured’ state, the residual unsaturation
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Fig. 4. For the acrylate resin the tarpeaks are shifted to a higher temperature with increasing dose. Between 5 and 10 Mrad the change is only marginal.
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Fig. 5. Tans peaks for thin samples of EB610 cured with increasing doses. When using low doses a bump due to trapped reactive species can be noticed. This
effect disappears when reheating the sample.

levels out since the reduced mobility of the remaining reac- 3.3. Vitrification
tive groups restricts further reactions. The methacrylate
follows the same kind of trend, though leveling off at a ~ When making thin acrylate samples, lower valuesTpf
higher value since the monomer has a lower mobility in are reached (cf. Table 1). Since these samples were
the formed network, i.e. the crosslinking of the methacrylate subjected to lower temperatures during cure, the mobility
continues into the vitrified state. of the monomer was reduced. It can be seen that the residual
Fig. 4 shows a shift of the tah peak for the acrylate as a  unsaturation is higher, and subsequently the loly@an be
function of dose, to higher values with increasing dose. The attributed to a lower crosslink density. When testing thin
propagation of the crosslinking reaction leads to the forma- samples of the methacrylate resin, a ‘bump’ can be seen on
tion of a tight and rigid network. Th&, of the material the tané curve of the sample subjected to a dose of
increases at the investigated doses up to a maximum value2.5 Mrad, as can be seen in Fig. 5. When performing a
where it levels out. temperature scan on this partially cured material in the
The methacrylate shows the same trend but reaches eaDMTA, the trapped radicals and the unreacted methacrylate
higherT,, as expected considering the more rigid backbone groups acquire enough mobility to meet each other, induc-
structure. Itis worth noticing that in this case the ultimgje  ing further crosslinking. This post-curing resulted in an
is much higher than the highest temperature reached duringincrease inly while testing the material.
the cure Tmay- On the contrary, the curing of the acrylate A second DMTA run (cf. Fig. 3, 2.5Mrad re-run)
resin occurs at temperatures above the fiRalf the cured conducted on the same material shows that the bump has
network, hence in a less rigid environment. This difference disappeared and that tfig has increased. The vitrification
in the temperature profile during the crosslinking process is point of the curing system occurs at an earlier stage of the
one reason for the higher level of residual unsaturation in reaction in the case of the thin geometry due to lower
the case of the methacrylate resin. temperatures in the samples. This leads to a larger fraction
The higher amount of residual unsaturation in the metha- of unreacted double bonds in the system compared with the
crylate resin also indicates a lower crosslink density of the thick samples. When the cured sample is heated aboVg its
network since the only difference between the monomers is for a sufficient time, unreacted double bonds will react with
the type of reactive group and not the size or the function- one another, decreasing the residual unsaturation and
ality. The higherTy of the methacrylate network can be increasing the mechanical properties. This effect is not
attributed to a higher chain stiffness induced by the methyl seen to the same extent on ‘fully cured’ samples, since the
group. The fact that for the methacrylate re$jn> Tnax crosslinking is forced to occur in the vitrified state. Vitrifi-
shows that molecular diffusion plays a smaller role in EB cation occurs early in all samples, but is not seen as clearly
curing than in thermal curing, where the reaction rate as in the sample discussed above. The re-run shows that
rapidly slows down wheffy of a crosslinking resin reaches there are reactive species trapped in the vitrified network
the temperature of cure. On the other hand, the largerof a partially cured resin, and that they are able to initiate
amount of residual unsaturation whgn> T, (Methacry- crosslinking when ‘devitrified’. Comparing fully cured
late) compared with wheify < T, (acrylate) indicates  samples with a thick and a thin geometry, it is seen that
that, although the effect of diffusion is reduced, it still affects an early vitrification will reduce the finaly and increase
the final properties of the material. the residual unsaturation.
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