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Abstract: Cationic photo-initiated and polymerized epoxies are characterized by good adhesion, high
modulus, zero volatiles, low shrinkage and living polymerization characteristics. Radiation—cured
acrylate resins are characterized by rapid initial curing with increased initial strength. The combina-
tion of radiation-cured acrylates and epoxies may present advantageous attributes. Thus, the system
investigated is a hybrid epoxy/methyl acrylate and three different initiators for cationic polymer-
ization of epoxies, the radical reaction of acrylates and the thermal initiator. When incorporating
additives like opaque WS2 nanoparticles (NPs), absorption of the photo radiation takes place, which
may lead to low photo activity. Curing kinetics measurements revealed that the absorbing/masking
effect of WS2 was insignificant, and surprisingly, the level of curing was enhanced when the WS2

NPs were incorporated. FTIR results demonstrated that covalent bonds were formed between the
inorganic fullerenes (IF-WS2) and the crosslinked matrix. Viscosity measurements showed a surpris-
ing reduction of five to ten times in the low-shear viscosity upon NPs incorporation compared to
neat resins. It was concluded that the decrease of viscosity by the inorganic NPs, in addition to the
enhanced level of conversion, has profound advantages for structural adhesives and 3D printing
resins. To the best of our knowledge, this investigation is the first to report on a radiation-induced
curing system containing opaque WS2 NPs that leads to an enhanced degree of curing and reduced
shear viscosity.

Keywords: cationic curing; radiation-induced; epoxy; acrylate; nanocomposite; tungsten disulfide
nanoparticles

1. Introduction

Epoxy resins are well known and widely used in a wide range of industries such as
aerospace, automotive, construction, microelectronics, defense, additive manufacturing,
marine and more. Epoxy resin’s popularity is attributed to its large variety of properties
and enhanced adhesion to meet a wide range of end-product applications.

Cationic curing (CC) of epoxy gained attention in the past three decades. During this
time, photoinitiator systems of the cationic polymerization reaction have been studied,
offering advantages compared to the thermal curing of epoxies. The advantages include
low energy consumption required for curing, rapid curing cycles, no need for solvents and
curing upon demand. CC epoxy cures through a ring opening mechanism (ROP) [1–7]
initiated by radical or cationic moieties [8,9] generated by the photolysis of photoinitiators
(PIs). The photolysis-based products essentially generate a cationic moiety that initiates
the ROP curing of the epoxy. Each PI has its intrinsic absorbance spectrum, which makes
the CC process highly selective [8,10]. The selectivity of the PIs makes the CC resins ideal
for applications requiring long pot life and curing on demand. The mechanism of the PIs
was depicted in the 1970′s [11,12]. The photolysis products generate a cationic moiety that
initiates the ROP curing of the epoxy by charge transfer. The activated monomer reacts with
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adjacent monomers to form a polymer network; hence propagation and chain-growth poly-
merization is initiated. For cationic curing to take place, the monomers must be nucleophilic
and must form a stable cation during polymerization by protonation. PIs for cationic curing
of epoxies were studied by Crivello during the 1970′s [11,12]. Photo acid generators (PAGs)
are a key component for successful radiation cationic-cured epoxy. PAGs are composed of
an anion moiety and a cation moiety. The cation moiety determines the photo-reactivity
of the PIs and the efficiency of the radiation absorption. The anion moiety controls the
strength of the photo acid, which influences the curing kinetics. The more stable and non-
nucleophilic cation generated, the faster will be the curing reaction. Initially, Crivello used
3 PIs for cationic photocuring of epoxy: ArylDiazonium salt, TriarylSulfonium salt and
DiphenylIodonium. ArylDiazonium salt is a strong Lewis acid, which generates N2 as a
byproduct and limits its use for thin coating only. TriarylSulfonium and DiphenylIodonium
salts are strong Bronsted acids. Triaryl sulfonium salt and DiphenylIodonium salt are
widely applied due to their high efficiency and stability during storage and upon heating.
These initiators also exhibit high stability during storage in reactive epoxide monomers [13].
Triaryl sulfonium salt and DiphenylIodonium salt were also reported by Chen et al. [14].
Triaryl sulfonium salt and DiphenylIodonium salt absorb radiation at a wavelength range
of 220–310 nm [8]. Known anionic moieties for PAGs (per-fluorinated compounds) are
classified according to their reactivity [11]: BF4

- < PF6
- < AsF6

- < SbF6
-. Cationic curing

process proceeds by different mechanisms. The mechanisms controlling the curing are set
by the PI systems that are activated in a wide range of wavelengths. New PIs chemistries
and their combinations were proposed over the years. Figure 1 summarizes the cationic
mechanism, as described by Crivello for Ar3S+X− initiator [11]. Cationic polymerization
starts by generating reactive species from the PIs. Specifically, upon direct photolysis of
the PI (Step a), the onium salt dissociates into an anionic moiety (Step b) which evolves
into a strong acid by abstracting hydrogen from adjacent monomer (Step c) and forming
a cationic moiety. Onium salt dissociations are very efficient [8,9]. The anionic moiety
stabilizes the positive charge generated on the epoxide ring. At this point, propagation
starts with a nucleophilic attack of adjacent oxygen by the positively charged oxirane ring.
The propagation step is efficient due to a combined effect of the positively charged oxirane
ring and thermodynamically driven ring opening. The epoxy ring opening mechanism
can theoretically keep on until no free monomers are left. This mechanism can be referred
to as a living polymerization. Thus, polymerization may continue even in the absence of
radiation after the initiation stage.

Figure 1. Cationic photocuring initiation mechanism. Reprinted (adapted) with permission from
Crivello, J V (General Electric), “The Photoinitiated Cationic Polymerization of Epoxy Resins”.
Copyright (1979) American Chemical Society.
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Where X is the anion moiety and YH is the monomer. At stage d, the release of proton
H+ takes place, thereby creating X− the strong Bronsted acid required for cationic curing
of the epoxy resin. Termination may be obtained as described by step e or continue to
propagate as displayed by step f.

A summary of the initiator photolysis mechanism and the resulting epoxy curing
process is described in Figure 2 through steps g, h, and i:

Figure 2. Cationic photocuring mechanism. Reprinted (adapted) with permission from Crivello, J V
(General Electric), “The Photoinitiated Cationic Polymerization of Epoxy Resins”. Copyright (1979)
American Chemical Society.

Crivello suggested that the existence of acids in their anhydrous state is improbable.
More likely, immediate protonation of the monomer [M] occurs to create HM+ X− moiety,
which is the start of the propagation stage. Others also reported on such curing mecha-
nisms [14,15]. Due to the CC’s inherent advantages, many studies were carried out to enrich
the database of monomers and PIs used in the curing process [1,5,7,10,13,16–43]. The suc-
cessful improvements of the CC process enabled its use in various industrial applications,
such as in food packaging, adhesives, coatings, dental and 3D printing [14,19,44–50], and
enlarged the resin selection [51]. The disadvantage of CC epoxy resins is their brittleness
and low fracture toughness. Hence, a few studies were conducted aiming to improve
the toughness of the CC epoxies [52]. Among a variety of methods, nanoparticles (NPs)
were investigated as means to enhance the toughness of epoxies. It was shown that the
dispersion quality of the NPs strongly affects the final CC resin properties [52–55]. The
dispersion techniques used were high shear mixers, three roll mills [56,57], sonication and
more. In several works, combinations of dispersion techniques were employed in order to
achieve maximum dispersion quality. The modification of NPs surface chemistry may also
affect the nanocomposite’s final properties and length of shelf life, according to different
reports [2,22,58–62]. Some reports showed improved compatibility of the NPs achieved
through a surface modification that led to improved dispersion quality but led to inferior
mechanical properties of the nanocomposites [58]. Improved toughness characteristics
were reported in cases where the NPs were prepared insitu in the resins [2,3,21,63,64]. Since
the IF-WS2 NPs are opaque, the masking effect of this class of NPs could possibly introduce
a major challenge. Thus, the dispersion techniques, dispersion quality and curing kinetics
were major objectives of the present study.

2. Materials and Samples Preparation
2.1. Materials

Epoxy resin—(EPV 3420TX, supplied by Polymer Gvulot, Gvulot, Israel) was used
and designated as PGE. EPV 3420TX without the thermal additive (Supplied by Polymer
Gvulot, Israel) was designated as PGEnTA. The resins were composed of aliphatic epoxy
(50 wt.%), methyl acrylate (10 wt.%), epoxy acrylate (15 wt.%), polyester polyol (15 wt.%)
and fumed silica (5 wt.%). A special tri-photo-initiator blend (5 wt.%) was used consisting
of sulfonium-based cationic PI, radical PI and thermal cationic initiator. The latter was
removed for the PGEnTA resins. As can be seen, the resin is a hybrid epoxy/acrylate blend.
The acrylate portion was designed for rapid initial curing. These resins were designed to
cure in 395 nm wavelength irradiation of a light-emitting diode (LED).
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Inorganic fullerenes, which are composed of hollow multi-layer nanoparticles– shortly
designated as IF-WS2 NPs from two suppliers were used: WS2-TO (prepared at the Weiz-
mann Institute of Science, Israel). These (quasi) spherical NPs were synthesized and used
in another study [65]. The NPs have an average diameter of 80 nm and a hollow core with
an interlayer spacing of 6.26 Å. A commercial powder of WS2-C NPs with an irregular oval
shape was purchased (M K Impex Corp, Missisauga, Canada). Sequential scanning electron
microscopy (SEM) and powder X-ray diffraction (XRD) analyses revealed that these NPs
had oval shapes with many irregularities (defects), and the interlayer spacing was 6.22 Å.
The average particle size specified by the manufacturer is 90 nm (MKN-WS2-090).

The NPs were used as received and analyzed by a variety of methods, as summarized
in Table 1.

Table 1. Intrinsic properties of the WS2 NPs.

Comparison Criteria WS2-TO WS2-C

Geometry (d-space- interlayer
layer spacing according to XRD) Spherical (2θ = 14.1◦; 6.26 Å) Oval (2θ = 14.2◦; 6.22 Å)

Diameter 80 nm 90 nm

Moisture Content 6.7% weight loss 1.5% weight loss

pH value 4.9 7.2

Oxygen/Tungsten ratio by XPS 0.55 0.83

2.2. Dispersion and Distribution Techniques

Two distinct procedures were utilized to study the dispersion and distribution of the
WS2 comprising Sonification/Vortex and masterbatch preparation. Results were evaluated
by optical microscope (Coolpix MDC Lens by Nikon Japan, Tokyo, Japan). The optical
microscope resolution can identify NPs of 0.8 µm in size.

2.3. Sonication/Vortex Multistage Dispersion Technique

The NPs were initially ground by mortar and pestle and then added to the resin
in the desired quantity. A multistage combination was used employing a high-intensity
horn-sonicator (Q700, Qsonica L.L.C, Newtown, CT, USA). Sonication resulted in a good
dispersion. The distribution was accomplished by intensive Vortex mixing (Wizard IR
Infrared Vortex Mixer, VELP Scientifica, Usmate, Italy) for a duration of 2 min at 3000 RPM.
Ice-cooling was employed during this multistage dispersion procedure in order to keep the
viscosity as high as possible under the high shearing rates used for the dispersion of the
NPs. Ice-cooling was also exercised to prevent pre-curing of the resins during dispersion.
Several repetitive stages were applied to enhance the dispersion quality.

2.4. Master-Batch Technique

In this method, 33,000 RPM was used by a grinding tool with an adequate vessel
(Dremel 3000, Robert Bosch Tool Corporation, IL, USA). The attribute of the tool is its high
shear mechanism. High-density compound (2:1 ratio of resin to NPs, respectively) was
processed at 33,000 RPM for 20 min. This process was followed by 6 stages of Vortex/Horn-
sonication for final dispersion. Samples were ice-cooled to avoid an increase in the temper-
ature. The high-concentration master-batch method proved to be short 10 times compared
to the multistage sonication/vortex method. Upscaling of the master-batch method could
be easily achieved.

All prepared formulations were stored in a dark refrigerated environment to avoid a
pre-curing reaction.

2.5. Curing System

The curing was done under 395 nm wavelength LED irradiation. Curing of all samples,
excluding the sheared specimens, was done in a transparent silicone mold (SORTA-Clear 40,
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Smooth-On, PA, USA) with specifically designed cavities covered by the same transparent
silicone cover. A schematic illustration of the curing system can be found in Figure 3. The
distance of the mold from the LED source was ~40 mm (near the side). A reflecting mirror
was placed below the specimen and affected the curing of the bottom side of the sample
(far side). The LED radiation intensity, according to the technical specification, is 7 W/cm2.

Figure 3. Schematic illustration of the curing system.

2.6. Kinetic Analysis of the Curing

The conversion level of the near side and the far side was followed by FTIR (Fourier
transform infrared) spectra, and the difference between the near and the far sides were
evaluated in order to analyze the masking effect. Attenuated Total Reflectance (ATR) FTIR
(Bruker Alpha-T, Billerica, MA, USA) was employed to investigate the curing kinetics.
Scanning ranged from wave number 375 to 4000 cm−1. The spectrum was gathered by
averaging over 40 scans at a resolution of 2 cm−1.

The degree of conversion (DC) was calculated according to Equation (1).

DC = 100 X
(

1− normalized polymer oxirane ring
normalized monomer oxirane ring

)
(1)

The data were normalized with respect to the unchanging alkyl group peak at 2820–
2960 cm−1. The oxirane peak is located at 770–830 cm−1. The accuracy of the degree of
conversion was determined as 0.5% to 1.0%.

The weight fractions of WS2 were: 0, 0.3, 0.5, 0.75 and 1.0 wt.%. In order to study the
curing kinetics, the duration of the radiation was varied as follows: 10, 20, 30, 60 and 120 s.
Samples dimensions were 25 × 6 × 0.3–0.4 mm.

2.7. Thermal Curing Procedure

Thermal curing analysis was based on the differential scanning calorimetry (DSC)
technique (~4 mg resin specimens). The DSC ramp was at 20 ◦C/min from 0 to 200 ◦C and
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cooling at the same rate (DSC Q200, TA Instruments, New Castle, DE, USA). Following the
DSC procedure, the cured resin was evaluated by FTIR to determine the DC.

2.8. IF-WS2/Epoxy Interphase Analysis

In order to observe possible S-C and S=C covalent bonding, special specimens were
prepared to contain 10 wt.% of IF-WS2 NPs, which led to an enhanced FTIR signal. The
samples were cured for 120 s.

2.9. Rheometry

The rheological properties of the various formulations at 25 ◦C were characterized using
parallel plates with a diameter of 25 mm and a gap of 0.5 mm (Discovery HR-1, TA Instruments,
New Castle, DE, USA). The frequency sweep was performed from 0.01 to 100 Hz.

2.10. Spectrophotometry

The absorbance spectrum measured at UV-Visible spectrum was done by a spectropho-
tometer from 440 to 360 nm (UV-1650PC, Shimadzu, Japan).

3. Results and Discussions
3.1. Pre-Cured Resin Properties

Preliminary characterization of the PGE and PGEnTA was performed by ATR-FTIR
absorption and DSC measurements. Pre-cured resin showed similar UV- Visible spectra of
the two resins (Figure 4 top). Following DSC thermal curing at a maximum of 250 ◦C, clear
differences between the two resins can be observed in Figure 4 (bottom):

Figure 4. Cont.
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Figure 4. Pre-cured FTIR spectrum (top) and thermally post cured spectrum (bottom) of neat PGE
and PGEnTA formulations.

It should be emphasized that the thermally induced DC obtained was 64% and 48%
for PGE and PGEnTA, respectively. Although PGEnTA should not have displayed any
thermal curing, it was found to be partially cured. Thermal curing of PGEnTA could occur
by making the oxirane ring of the epoxy more liable for adjacent oxirane ring nucleophilic
attack. Another possible reason for the curing is the creation of thermally induced radicals
from the cleavage of the PIs, which in turn, initiated the curing of the acrylate and epoxy.

Analysis of the dispersion process showed that WS2-C was harder to disperse com-
pared to WS2-TO in PGE. This may be due to a difference in the sensitivity towards humidity
(water absorption) of the WS2-TO compared to the WS2-C. Furthermore, when vacuum
dried (70 ◦C and −10 mm Hg), the WS2-TO was harder to disperse, probably owing to the
elimination of moisture from the WS2 surface.

Viscosity measurements of the nanocomposite formulations are presented in
Figures 5 and 6.

Figure 5. Complex viscosity of PGE with different loads of WS2-TO at room temperature.
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Figure 6. Complex viscosities of PGE with different loads of WS2-C at room temperature.

Surprisingly, both WS2 grades displayed a significant viscosity reduction, at low shear
rates, from 200 Pa·s to 20–30 Pa·s. This viscosity reduction is unusual when compared to
known data related to other NPs, which always demonstrate higher viscosity levels when
incorporated into polymer resins. The reduced viscosity recorded for the epoxy blend
containing the WS2 NPs can be attributed to the lubrication effect of the WS2 NPs, which
induces facile shearing of the molecules on their surfaces.

3.2. Thermal Curing Kinetics

Thermal curing is affected by the thermal conductivity of IF-WS2, which has not been
reported yet in the literature. The thermal conductivity of single crystal WS2 in the basal
and out-of-plane was reported as 124 W/mK and 1.5 W/mK [66], respectively. The thermal
conductivity of neat epoxy is ~0.15 W/mK [67]. Hence, the thermal conductivity of the
resin is bound to improve. Therefore, IF-WS2 was expected to enhance the thermal curing
of the epoxy resin.

The DC of thermally cured composite and neat epoxy/acrylate formulations, using
the DSC procedure, are depicted in Table 2.

Table 2. The degree of conversion (DC) and the exothermic peak temperature of thermally cured
composite and neat epoxy/acrylate formulations.

Sample Name PGE PGEnTA Neat PGEnTA 1.0
wt.% WS2-C

PGEnTA 1.0
wt.%WS2-TO

DC [%] 64 40 45 55

Exo. Peak [◦C] 121 166 160 145

All PGE samples with WS2-TO showed an exothermic peak at 134 ◦C, which started its
elevation at 121–124 ◦C. The PGEnTA sample showed an increased risk of the exothermic
peak at 166 ◦C, 160 ◦C and 145 ◦C for neat, 1.0% WS2-C and 1.0 wt.% WS2-TO, respectively.
WS2-TO shows the earliest and highest rise among the PGEnTA samples.

Prior to photocuring kinetics measurements, the absorbance of the various formula-
tions was studied for a better understanding of the NPs effect on it. The absorbance results
are presented in Figure 7.
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Figure 7. The absorption spectrum of selected cured epoxy/acrylate composite and neat formulations.

As can be observed in Figure 7, neat PGE shows the highest absorption than neat
PGEnTA. It seems that the thermal additive (TA) affected the absorbance.

Furthermore, PGE with 0.5 wt.% WS2-TO shows higher absorption, as is the case for
0.5 wt.% for the WS2-C (not shown), which agrees with the masking effect by the NPs. In
contrast, by incorporating of NPs into PGEnTA, the absorbance is decreased.

As can be noticed in Figure 8, for short curing times (up to 60 s), PGE exhibited higher
DC on the rear side, and for longer curing times, PGEnTA reached the same level as the DC.

Figure 8. Curing kinetics of neat PGE and PGEnTA epoxy/acrylate formulations.

The relative constant value of the PGE DC compared to the gradual increase of the DC
of the PGEnTA is attributed to its higher absorbance, which in turn affects the PIs photolysis
efficiency. By this reasoning, TA enhances the curing, but as curing time proceeds beyond
30 s, the low absorption of the PGEnTA enables the radiation to penetrate deeper into the
bulk of the resin, thereby increasing the DC on the far side. Absorption may lead to an
enhanced masking effect or increase the PIs photolysis efficiency. Alternatively, diffusion of
the reactive moieties deeper in the film allows a gradual increase in the penetration depth
of the polymerization reaction.

NPs/Resin interphase analysis was done by preparation of 10 wt.% IF-WS2 samples.
The analysis was based on FTIR. Raichman et al. [68] indicated that the 1267 cm−1 peak
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corresponds to the C=S bond and the 867 cm−1 peak to the C-S bond. Hence, the samples
containing 10% of WS2-C and WS2-TO NPs in PGE and 10% WS2-TO NPs in PGEnTA
exhibited the 867 cm−1 peak, which was also obtained for the neat samples. This was
attributed to PI/epoxy covalent bonding (the PI contains a sulphur atom). At 1267 cm−1

peak led to a different result compared to the 867 cm−1 peak, as can be observed in Figure 9.

Figure 9. Expanded IR spectrum near the 1260 cm−1 peak for 10 wt.% of WS2-TO and WS2-C in PGE
(top) and for 10 wt.% of WS2-TO in PGE and PGEnTA. (bottom). REF refers to uncured resins.

It can be concluded that a clear C=S peak appears at ~1260 cm−1 for all types of cured
IF-WS2 NPs compared to the REF samples, which were uncured. Nonetheless, the intensity
of the absorption peaks differed in their intensity from sample to sample. Hence, covalent
bonding between the IF-WS2 and the epoxy matrix was achieved.

Further analysis of the epoxy radiation-induced cationic curing indicated that high
DC on the rear side and near side was obtained, reaching a value above 92% after 120 s
curing, as can be seen in Figure 10.
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Figure 10. Curing kinetics of the photo-cured PGEnTA containing 0.75 wt.% of WS2-C (top) and
WS2-TO (bottom) for near side and far side.

As can be observed, some masking effect is visible at short radiation times that
disappears at sufficiently long curing times.

To study the masking effect, the difference between the DC of the near side and that of
the rear side was determined. Hence, a positive differential means higher DC on the near
side, indicating that masking did occur. A negative differential means higher DC on the
rear side, indicating no masking effect. It can be observed in Figure 11 that a masking effect
takes place for both resins when incorporating the WS2-TO. NCs based on PGE exhibit
a higher masking effect in lower NPs content, and PGEnTA-based NCs exhibit a higher
masking effect in higher NPs content.
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Figure 11. The differential DC between the near side and far side for PGE (top) and PGEnTA (bottom)
with WS2-TO at various concentrations.
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Furthermore, as curing time increases, the masking effect is minimized for both resins.
WS2 is especially beneficial in eliminating the masking effect in PGE. This maybe due to
the heating caused by the intense radiation that may trigger thermal curing.

In an additional stage of the study, the masking effect of WS2-C dispersed in PGEnTA
was carried out. As evident in Figure 12 and in contrast with WS2 –TO results, the WS2 –C
NPs addition resulted in a masking effect even after long curing times. This may be due to
the oval shape of the WS2-C NPs compared to the spherical shape of the WS2-TO NPs. As
can be observed from Figure 11, a high level of loading of WS2–C (1.0 wt.%) with a long
curing time (120 s) enables the DC level to match that of the neat sample.

Figure 12. The DC differentials between the near side and far side of PGEnTA with WS2-C at various
concentrations.

As can be concluded, the photo-induced curing kinetics of RCNC is a complex process.
The type of the WS2 NPs affects the thermal and photo-induced curing kinetics as well as
the resin formula.

4. Conclusions

WS2 NPs have been shown to be beneficial for the cationic polymerized epoxy and
radiation-curing acrylates blends. This unique inorganic fullerene exhibited two outstand-
ing attributes. First, it caused a ten-fold decrease in the shear viscosity of the nanocomposite
resins, and second, it exhibited enhanced curing kinetics. At high WS2 levels (1% wt.),
a masking effect was observed. However, at low WS2 content, the DC was enhanced.
Furthermore, the inorganic NPs formed covalent bonding with the epoxy resin. The two
different sources of WS2 NPs affected to a certain extent differently the curing kinetics. This
difference can be ascribed to their geometrical differences, i.e., the spherical form of the
WS2 –TO vs. irregular oval morphology of the WS2-C. To the best of our knowledge, this is
the first study of radiation-induced curing containing opaque WS2 NPs that leads to an
enhanced degree of curing. The effect of the nanocomposite formulations and the curing
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kinetics on the mechanical and thermal properties of the RCNC is of importance and will
be reported in a separate publication.
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