Bull. Mater. Sci., Vol. 28, No. 6, October 2005, pp. 603–607. © Indian Academy of Sciences.

Electron-beam curing of epoxy resins: effect of alcohols on
cationic polymerization
N N GHOSH* and G R PALMESE†
Chemistry Group, Birla Institute of Technology and Science, Pilani (Goa Campus), Zuarinagar, Goa 403 726, India
Department of Chemical Engineering, Drexel University, USA

†

MS received 31 December 2004; revised 5 August 2005
Abstract. Electron-beam (e-beam) induced polymerization of epoxy resins proceeds via cationic mechanism
in presence of suitable photoinitiator. Despite good thermal properties and significant processing advantages,
epoxy-based composites manufactured using e-beam curing suffer from low compressive strength, poor interlaminar shear strength, and low fracture toughness. A detailed understanding of the reaction mechanism involving e-beam induced polymerization is required to properly address the shortcomings associated with ebeam curable resin systems. This work investigated the effect of hydroxyl containing materials on the reaction
mechanism of e-beam induced cationic polymerization of phenyl glycidyl ether (PGE). The alcohols were
found to play important roles in polymerization. Compared to hydroxyl group of aliphatic alcohol, phenolic
hydroxyl group is significantly less reactive with the oxonium active centre, generated during e-beam induced
polymerization of epoxy resin system.
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Introduction

There has been a growing interest in radiation (ultraviolet
or electron-beam [e-beam]) curing of resins and composites
(Benziers and Capdepuy 1990; Saunders et al 1993, 1995;
Goodman et al 1996; Janke et al 1996, 1997; Lopata et al
1996). E-beam curing of composites offers significant
advantages over traditional thermal cure, including shorter
curing times, low energy consumptions, low cure temperature, reduced VOC emissions, reduced manufacturing cost, and unlimited shelf life. Complex part can be
made with inexpensive tooling, and part throughput is
extremely fast. E-beam processing allows the use of low
cost fabrication tools made from reusable or disposable
materials. Over the past several years, e-beam curing has
been actively explored as a means to reduce the processing and fabrication costs of military systems, including
fixed-winged and rotor aircraft, ground vehicles, and spacecraft.
E-beam curing is accomplished via the formation of
activated initiating species for polymerization. The ebeam accelerator is a source of ionizing radiation that can
generate ionic species, free radicals, and/or molecules in
excited states capable of initiating and sustaining polymerization. Depending upon the chemistry of the resin

system being irradiated, polymerization can occur by free
radical or ionic mechanisms. Epoxides are polymerized
cationically in presence of appropriate initiator under ebeam irradiations. Several onium salts, e.g. diaryliodonium
salts, triarylsulfonium salts, and phenacylsulfonium salts,
serve as cationic photoinitiator (Crivello and Lam 1977;
Fouassir et al 1994).
The thermal curing of epoxy resins by cationic polymerization has been investigated by several authors (Bednarek et al 1989, 1991; Bouillon et al 1990). BF3-amine
complexes are often employed as initiators of cationic
polymerization. The mechanisms associated with cationic
polymerization initiated by BF3-amine catalysts have
been reported in the literature (Chabanne et al 1994;
Matejka et al 1994, 1997). The cationic polymerization
of these systems is akin to e-beam induced polymerization, and understanding the polymerization of these systems provides a basis for investigating e-beam induced
cationic polymerization of epoxy resins.
The salt R′NH3+ BF4– is thought to activate the epoxy
monomer (M) by forming an oxonium ion active centre
(MH+) as shown below:
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The propagation in such cationic polymerization proceeds via two competing mechanisms known as the activated chain end (ACE) and activated monomer (AM) given
in (2) and (3) below:
ACE mechanism:

AM mechanism:

In ACE, growing chain cyclic tertiary oxonium ions
(OHMM+) are formed, and polymerization proceeds by
chain addition of monomer. On the other hand, the AM
mechanism proceeds via the addition of molecules containing hydroxyl groups to the activated monomer. This
is accompanied by a transfer of charge to regenerate
MH+. During the initial stages of reaction and in systems
with low initial concentration of hydroxyl groups, ACE
mechanism is predominant. However, the presence of
hydroxyl groups, i.e. water, alcohol, polymer chain ends,
and comonomer, can favour the AM mechanism.
Other reactions include the chain transfer reactions as
shown below in which an activated chain end reacts with
hydroxyl moiety, water or alcohol. The transfer reaction
via OH group containing compound results in an inactive
oligomer, as shown in (4) below.

Despite good thermal properties and significant processing advantages, composites manufactured using ebeam-curable resin systems suffer from low compressive
strength, poor interlaminar shear strength, and low fracture
toughness. The reaction mechanisms of e-beam induced
cationic polymerization of epoxides and the influence of
hydroxyl group containing species (e.g. absorbed water
in resin system, intermediates formed during reactions,
monomers and comonomers) on the kinetics of reaction
and polymer network formation must be well understood
to properly address the resin dominated shortcomings
associated with the e-beam-curable systems. Commercially available epoxy resins absorb a significant amount
of water from the air, and water is often found on the surfaces of reinforcements. Such absorbed water plays an
important role in the polymerization reaction.
In this work, we investigate the effect of presence of
water and alcohols on the e-beam induced polymerization
of epoxides. This is motivated by the understanding that
OH group containing intermediates, generated during the
cure reactions by the creation of growing chains, or the
reaction of absorbed water with active centres as well as
hydroxyl containing comonomers, and modifiers, can significantly influence the reaction pathways in these systems.
In this communication, we report the effect of primary
aliphatic alcohol, phenol and water on the e-beam induced
cationic polymerization of a model epoxy system, phenyl
glycidyl ether (PGE). PGE was used as a model epoxy
because it contains only one epoxy group per molecule;
consequently, it polymerizes to linear soluble products,
which are easily analysed by size exclusion chromatography
(SEC) to provide insight concerning reaction pathways.
2.

Experimental

The materials used were (i) phenyl glycidyl ether (PGE)
(Aldrich Chemical Company Inc. USA), (ii) 2-cyclohexyl
ethyl alcohol (CHEA) (Aldrich Chemical Company Inc.
USA), (iii) phenol (Aldrich Chemical Company Inc.
USA) and (iv) double distilled water. The photoinitiator
diphenyl iodonium hexafluoroantimonate (DPI-1) was
obtained from Applied Polymeric Inc., USA. All the
chemicals except water and DPI-1 were dried using 4 Å
molecular sieves obtained from Aldrich Chemical Company Inc. USA. The sieves were activated at 175°C for
24 h prior to use. Such drying limits water concentration
below 0⋅1% in the reactants.
3 wt% DPI-1 was mixed with PGE, and two types of
samples were prepared by adding CHEA and phenol to
this mixture while keeping PGE : alcohol molar ratio
1 : 1. All the samples were sealed in polypropylene bottles containing additional molecular sieves. Another
sample was prepared by mixing 2 wt% water with PGE
and DPI-1 mixture and sealed in a polypropylene bottle.
The samples were irradiated by e-beam at 20 MRad using

Electron-beam curing of epoxy resins
5-MeV accelerator. 0⋅1 g samples of initial reaction mixture and samples after e-beam irradiation were dissolved
in 10 ml tetrahydrofuran (THF) (chromatographic grade,
from Aldrich Chemical Company Inc. USA) for size exclusion chromatography (SEC) analysis using Perkin
Elmer HPLC, model 200, equipped with refractive index
detector. The column used is 5-micrometer PL gel-mixed
C column (packed by highly cross linked spherical polystyrene–divinyl benzene matrix). The standardization of
SEC was performed by using polystyrene standards having
molecular weight 2930, 10850, 59500, 148000, 320000
and 841700. THF was used as the mobile phase, and elution
was carried out at 1 ml/min flow rate. SEC was employed
to measure the depletion of reactants and the formation of
products resulting from e-beam induced cationic polymerization products.
3.

Results and discussion

Diphenyl iodonium hexafluoroantimonate undergoes photolysis during e-beam irradiation and releases a powerful
Bronsted acid (Crivello and Lam 1977; Fouassir et al
1994). In subsequent steps, this strong protonic acid (H+)
initiates the polymerization of epoxy group containing
monomer (M). The H+ ion, produced during e-beam photoinitiation, reacts with the epoxy group of the monomer
and produces an active species MH+.
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The experiments conducted using PGE and alcohols
were designed to gain some understanding concerning the
relative rates of reaction of the oxonium ion with epoxy
group versus that of the oxonium ion with an organic
hydroxyl group. The reaction scheme shown in figure 1
summarizes the complex reaction pathways for a cationically cured mixture of epoxy monomer (M) and with an
alcohol (ROH). The nomenclature used here follows the
convention adopted in (1) to (4), where the mechanism of
cationic polymerization has been described. The left
branch, denoted as path 1, represents polymerization by
the ACE mechanism, and the branch to the right, denoted
as path 2, represents polymerization via the AM mechanism. The chain transfer reactions are represented by the
cross-arrows of the diagram. The molecular weight of the
products is greatest when the overall reactivity favours
path 1. This will happen in the absence of alcohol or
when the intrinsic reactivity of the hydroxyl group of an
alcohol with an active centre is much less than that of an
epoxy moiety with the same centre. In fact, in case of an
equimolar mixture of monoepoxy monomer and alcohol,
two limiting cases are apparent. First, if the alcoholactive centre reactivity is much less than the epoxy-active
centre reactivity, the polymer of the highest molecular
weight should form. Second, if the alcohol-active centre
reactivity is much greater than the epoxy-active centre
reactivity, then only oligomeric products will form and a
significant fraction of the alcohols will be consumed.

Figure 1. Scheme showing reaction pathways of cationic polymerization of epoxies in
the presence of alcohol. Path 1 represents ACE mechanism, yielding the highest molecular
polymers. Path 2 represents polymerization by the AM mechanism and leads to lower
molecular weight products. Chain transfer reactions are indicated by the cross-arrows.
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Figure 2 shows the SEC chromatogram of pure PGE
and the products, formed due to the e-beam irradiation of
dry PGE and PGE mixed with 2 wt% water. SEC separates mixtures by size, with molecules possessing higher
molecular weight eluting first. The broad peaks appearing
in the chromatogram represent the polymeric products

Figure 2. SEC of (a) PGE, and e-beam induced polymerization products of (b) dry PGE and (c) PGE and 2 wt%
water. Note that higher molecular weight materials elute at shorter
times.

having high molecular weight. In case of the product of
dry PGE irradiated by e-beam, a broad peak is observed
from 11–14 min, having highest peak height at ~ 12 min.
But in case of the reaction mixture where dry PGE is
mixed with 2 wt% water, a broad peak is observed from
11⋅5–14⋅5 min, having highest peak height at ~ 13 min
after e-beam irradiation. It is clear from these results that
water, at a concentration comparable to that found in epoxy
resin exposed to typical ambient conditions, reduces the
molecular weight of the resulting polymeric product.
Results of SEC analysis for the e-beam irradiation products of PGE and CHEA (1 : 1 molar ratio) and PGE and
phenol (1 : 1 molar ratio) are shown in figures 3 and 4,
respectively. Each plot contains chromatograms of the
starting mixtures and final products after e-beam irradiation. In figure 3, peaks appearing at 15⋅9 and 16⋅5 min
have been assigned to CHEA and PGE, respectively. After
e-beam irradiation, all PGE is consumed and ∼ 70% of
CHEA is reacted. It is clear that this combination of the
reactants does not generate polymeric products having
high molecular weight. The peaks at 14⋅9, 14⋅4 and 14⋅1 min
correspond to the oligomeric products of CHEA and PGE
as described in figure 1 by reaction path 2 (i.e. HOMOR,
HOM2OR, HOM3OR, respectively).
Figure 4 shows the SEC chromatogram for the initial
reaction mixture and irradiation products of PGE and
phenol system. In contrast to the PGE-CHEA reaction, a
broad peak is observed from 12–15 min that corresponds
to the polymeric product. Moreover, ∼ 50% of the phenol
remains unreacted. Thus it can be concluded that compared to the CHEA the OH group of phenol is less reac-

Figure 3. SEC of (a) initial reactants and (b) final products of
e-beam induced cationic polymerization of an equimolar mixture of PGE and CHEA showing the formation of oligomeric
products.

Figure 4. SEC of (a) initial reactants and (b) final products of
e-beam induced cationic polymerization of an equimolar mixture of PGE and phenol showing the formation of polymeric
products.
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tive with the oxonium active centre allowing a significant
portion of the reaction to follow reaction path 1 in figure 1.
4.

Conclusions

From the results of the experiments described, it has been
found that the presence of materials having hydroxyl
groups, whether derived from impurities in the system or
as part of the monomer system play an important role in
the e-beam induced cationic polymerization of epoxy
resins. The aliphatic hydroxyl group was found more
reactive with the oxonium active centre than that of phenolic OH group. These findings have significant implications regarding the formation of networks in cationically
cured multifunctional epoxides. In addition, the results
indicate that potential exists to tailor the network structure of such systems based on intrinsic differences in
hydroxyl group reactivity. Current work is directed towards the investigation of network formation by e-beam
curing of diepoxy based systems (e.g. diglycidyl ether of
bisphenol A) and the effect of presence of different OH
containing species on the structural as well as mechanical
properties of the e-beam cured materials.
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