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1. Introduction 

The radiation-induced polymerization of multiacrylates is suspected to generate 

heterogeneous networks at various dimension scales [1-3]. In order to gain an insight into the 

polymer microstructure, a combination of analytic methods was used to quantify polymer 

segment mobility in the different domains [4,5]. Model epoxy or ethoxylated bis-phenol A 

diacrylates, EPAC and ETAC respectively, were used as precursors of representative 

networks for our investigations (Fig. 1). 
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Fig. 1. Chemical structure of the bisphenol A epoxy and ethoxylated diacrylate monomer. 

The calorimetric features of networks were determined by temperature-modulated differential 

scanning calorimetry (TMDSC) of samples prepared by UV- or EB-induced polymerization. 

The influence of acrylate conversion on the relaxation behavior of cured samples was 

examined to describe the gradual evolution of the heterogeneities, in terms of local mobility 

and associated fraction of material as the radiation-induced polymerization proceeds. Atomic 

force microscopy (AFM) imaging of the networks in the tapping mode was also implemented 

to provide a complementary picture with indications on the actual dimensions of the soft and 

rigid domains. 

The existence presence of nanoscale heterogeneities is likely at the origin of the particular 

brittleness of the materials based on such densely cross-linked networks by generating, upon 

various types of mechanical strain, or localized concentration of stress intensifications in 

cracks, that eventually lead to catastrophic failure. This mechanical limitation associated with 

the use of matrices cured by chain reaction drives the need for improved matrix compositions. 

A recent work was conducted in our group to assess the efficiency of new formulations 

including a high Tg thermoplastic dissolved in particular monomomer blends functional for 

improving the toughness of acrylate-based matrices. 

2. Experimental section 

2.1. Materials and polymerization procedure 

Bisphenol A epoxy diacrylate (EPAC) from Cytec (reference Ebecryl 600) and Bisphenol A 

ethoxy diacrylate (ETAC) from Sartomer (reference SR601E) were used as received, without 

diluents. Polyethersulfone (Gafone 3600RP) was obtained from Solvay. Films prepared for 
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AFM analysis were cast on NaCl plates so as to permit transmission FTIR determination of 

monomer conversion in the sample. EB-curing was achieved by processing under inert 

atmosphere in an Advanced Electron Beams (Wilmington, MA, USA) laboratory unit 

operated at 150 kV with a 5 mA current. Bulk samples were polymerized by electron beam 

treatment at doses ranging from 5 to 100 kGy applied by increment never exceeding 25 kGy 

(10 MeV Circe II accelerator, Linac). 

Photopolymerization was achieved under 365 nm UV irradiation (Philips TL08, 7 mW.cm
-2

) 

by exposing the liquid monomer mixed with a limited amount (0.1 to 2 wt-%) of 2-hydroxy-

2-methylpropiophenone (Additol HDMAP, Cytec). The DSC pans containing the formulation 

(thickness from 1.5 to 1.6 mm) were covered with 100 µm thick PET film before curing. 

Curing temperature (set between 25 and 125°C, Linkam hot stage) and exposure duration (10 

to 60 min) were varied for obtaining acrylate conversion levels ranging from 0.1 to 0.75. 

2.2. Sample characterization 

Monomer conversion was determined using Fourier Transform Infrared Spectroscopy (FTIR). 

AFM observation was conducted on 20 µm-thick films. Images were acquired in tapping 

mode using a AFM apparatus Dimension from Veeco. Particularly, we used a silicon tip with 

a nominal resonance frequency of 320 kHz and a nominal spring constant of 42 N.m
-1

. 

TMDSC scans were recorded on cooling mode with nitrogen as purge gas. The starting 

temperature was set 70°C above expected glass transition temperature in order to limit 

thermal ageing. The crude thermograms were processed by the Origin v8.0 software to obtain 

the differential quantity dCp,rev/dT and to resolve the resulting bimodal curves by a two-

component Gaussian fit. The morphology of samples prepared from different compositions 

with various toughness levels was investigated by Scanning Electron Microscopy (SEM) 

analyses. The critical stress intensity factors in mode I (KIc) for the unreinforced matrix and 

compositions including various amount of PES were also determined. Single Edge Notched 

Bending (SENB) geometry was used and testing realized according to ISO 13586:2000 

standard on an INSTRON 4400R apparatus. 

3. Results and discussion 

3.1. AFM imaging 

The local topography of samples cured by exposure to UV or EB radiation on NaCl plates 

was analyzed by atomic force microscopy (AFM). The control of monomer conversion in the 

samples was achieved by transmission FTIR for appraising simultaneously the local 

topography together with the variations of cross-linking density as a function of the progress 

of the reaction. The picture shown in Fig. 2 shows both the height and the phase images of a 

film made of bisphenol A epoxy diacrylate (EPAC) network cured under electron beam 

radiation with a dose of 20 kGy yielding to a conversion level of  = 0.41 for acrylate 

functions. The topographical image shows a very flat sample with a root mean square 

roughness of 0.2 nm, whereas the phase contrast image highlights a more complex and 

heterogeneous structure. The sample morphology appears as made of very stiff domains 

corresponding to the lower phase values, whereas the darker zones correspond to much more 

compliant material. Stiff domains can be reasonably associated with what can be named 

clusters, originating from the initial microgels. Those clusters exhibit a densely crosslinked 

structure that contrasts with the softer interstitial zones that likely correspond to the loosely 

crosslinked and swollen matrix. This type of image reveals without ambiguity the existence of 

dense nodules with a mean diameter of about 15 nm. Progressing in the description and 
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understanding of the structure-properties relations in multiacrylate networks by taking into 

account their microheterogeneity is essential from both fundamental and practical viewpoints 

[6]. 

  

Fig. 2. Height (left) and phase contrast (right) AFM images recorded in tapping mode of 

partially EB-cured (20 kGy,  = 0.41) epoxy diacrylate (EPAC) network. 

3.2.Temperature-modulated DSC 

The singularities of the curves representing the variation of reversing heat capacity (Figure 3) 

appear clearly in the conventional thermograms calculated from the data recorded in the 

modulated temperature mode. However, the determination of the central value of the second 

order transitions, as well as the width of the corresponding temperature range are not precisely 

assessed [7]. 

 

Fig. 3. Curves representing the variations of the reversing heat capacity signals Cp,rev for 

EPAC networks UV-polymerized to various conversion levels (7 mW.cm
-2 

UV intensity, [PA] 

=  0.1 wt-%, except [PA] = 2 wt-% for the curve marked with a star). 

More useful information can be obtained from the original data by plotting the derivative of 

reversing heat capacity with respect to temperature dCp,rev/dT. The derivative of the reversing 

heat capacity measured for the unreacted monomer shows a narrow single Gaussian peak 

(Figure 4). For UV-cured EPAC networks with conversion degrees  ranging from 0.12 to 

0.76, the signal amplitude decreases as the degrees of freedom for the system decrease, when 

simultaneously it also tends to gradually broaden, with the development of a shoulder. Two 

distinct situations can be observed depending on the conversion level, lower or higher than a 

critical value roughly defined as  = 0.5. Below this conversion, the shoulder appears at 

temperature above the one corresponding to the maximum of the reversing heat capacity 

curve, whereas for higher conversions it occurs at lower temperature. 
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Fig. 4. Curves representing the variations of the derivative of the reversing heat capacity 

signals dCp,rev/dT for EPAC networks UV-polymerized to various conversion levels. 

The evolution of the distribution of relaxation temperature as a function of conversion can be 

interpreted by the initial formation of domains in the form of isolated microgels showing 

higher conversion level than the surrounding medium and exhibiting a higher glass transition. 

The main relaxation peak at low temperature and the shoulder developing at higher 

temperature can be assigned accordingly. The situation is reversed for higher conversions, 

with a higher fraction of domains that are vitreous at room temperature. The low temperature 

shoulder corresponds to the interstitial loosely crosslinked domains [8]. 

In an attempt to characterize quantitatively the relaxations of the different domains in the 

networks, we have chosen to fit the experimental values of dCp,rev/dT with a sum of two 

Gaussian curves
 
 as described by Equation 1: 
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where Cp,i is the increment of heat capacity of the relaxing domain i, Tg,i the half width, 

and Tg,i the center of the peak corresponding to its glass transition temperature. Subscript 1 

refers to the transition occurring at lower temperature (monomer rich domains and then 

loosely crosslinked domains) and subscript 2 to the transition occurring at higher temperature 

(i.e. the highly crosslinked microdomains). 

The differential calorimetric data can be decomposed and analyzed in terms of conversion 

dependence of the position of the glass transition in each domain Tg,i, as well as on the width 

of each glass transition. Particularly, the variations of the corresponding Tg,2 and Tg,1 values 

do not follow the same profile, revealing contrasting evolutions in the two types of domains. 

The width of the low temperature transition Tg,1 is continuously increasing over the explored 

conversion range, showing an extension of the diversity of weakly crosslinked domains. 

Conversely, the high temperature transition is broadened in the initial stages of the 

polymerization and then tends to narrow as high levels of conversion are reached, denoting 

some homogeneization of the crosslinking density in the corresponding domains. 

3.3.Influence of network build-up on mechanical properties 

The scenario currently proposed for the build-up of the network is represented in Fig. 5. The 

sketch illustrates the measured variations of Tg and the broadness of the transitions in relation 

with the variety of defects and heterogeneities in the spatial distribution of cross-links density 

[3, 9]. 
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Fig. 5. Sketch representing the heterogeneous build-up of networks prepared by radiation-

induced chain polymerization of aromatic diacrylates. 

The of nanoscale heterogeneities in the resulting vitreous monolithic material is one of the 

reasons for the brittle behavior generally observed when such materials are submitted to 

elongation or shear strain. The localized intensification of stress in incipient cracks results in 

the catastrophic failure of the material. In order to overcome limitation, we have considered 

the possibility to introduce thermoplastic toughening agent in an approach similar in some 

regards to the reinforcement of thermosets with rubbers or high Tg aromatic polyethersulfone 

[10]. Two notable differences with respect to the toughening methodology applicable to heat-

curable networks are however related with particular thermal profile and kinetic conditions of 

radiation curing. The irradiation is conducted on materials generally conditioned at room 

temperature and subjected to the sudden initiation of chain polymerization with generation of 

heat by radiation energy conversion and by the strong exothermicity of polymerization. These 

two distinct features should favor the early occurrence of thermoplastic demixtion upon 

polymerization of the reactive diluents and prepolymers and should as well limit the growth 

of the nucleated thermoplastic domains, if the system starts vitrifying in the early stage of 

curing [5]. This perspective seems particularly attractive for designing advanced radiation-

curable formulations. 

3.4.Toughening by polymerization-induced phase separation of a high Tg thermoplastic 

Polyethersulfone (PES) is a thermoplastic exhibiting good solubility in N-vinyl lactames. The 

adopted strategy thus consisted in blending the basic aromatic diacrylates with adjusted 

amounts of the PES solution in a compatible reactive diluent such as N-vinyl pyrrolidone 

(NVP). A detailed investigation was conducted to determine the corresponding ternary phase 

diagrams at various temperatures [5]. Homogeneous blends were obtained over a large range 

of composition and temperature, the miscibility window being governed by PES chain length 

and end-group functionality and by the structure of the acrylate monomer. 

Thermal effects were already discussed for their important role in the curing kinetics of 

networks forming glassy materials [11]. They also exert an influence on the thermodynamics 

of the complex blends subject to very anisothermal conditions during the curing process. The 

thermal profiles of Figure 6 illustrate this point by showing the variations of temperature 

measured with a thermocouple inserted in a 5-mm thick resin sample during polymerization. 

For that particular experiment, a 5 kGy dose was applied first, then followed by three 

increments of 25 kGy. It can be observed that during the first 5 kGy, temperature in the resin 

jumps from 16 to 128°C in two seconds due to the heat release of the reaction. The following 

25 kGy increments also induce temperature rise but of lower amplitude. This shows that the 

first dose increment needs being not too large so as to avoid excessive temperature rise in the 

Progress of cross-linking polymerization

Liquid Gel Glassy monolithIncipient vitrification

Progress of cross-linking polymerization

Liquid Gel Glassy monolithIncipient vitrificationLiquid Gel Glassy monolithIncipient vitrification
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sample. Since the toughening mechanism is expected to result from in situ generation of 

nanoscale clusters of thermoplastic by polymerization induced phase separation (PIPS), these 

features shall be considered as key parameters for controlling the morphology of the material, 

and in turn, its mechanical properties. 

 

Fig. 6. Variations of the temperature recorded during EB-curing within an EPAC-based resin 

sample (5mm-thick resin between 10-mm thick aluminum plates forming the mold ; frontal 

irradiation with a 10 MeV beam). 

 

 

Fig. 7. Influence of NVP content on the derivative of the reversing heat capacity signals 

dCp,rev/dT for ETAC-NVP networks polymerized by application of a 80 kGy dose (from 6 to 

7 grams of monomer placed in glass vials of 1 cm in diameter; frontal irradiation with a 10 

MeV beam). 

Introducing NVP as reactive solvent for blending the aromatic diacrylates with the poorly 

compatible PES was shown to affect positively the reactivity of the formulations and to yield 

higher Tg for the cured materials. The plots of Figure 7 show the gradual increase of the 

position of glass transition temperatures (Tg) deduced from the maximum of the derivative of 

the reversing heat capacity with respect to temperature, dCp,rev/dT. The results reveal the 

presence of 2 Tg’s in the samples containing the higher weight fraction in NVP, yet in the 

presence of ETAC diacrylate (wNVP = 0.6 and 0.8). In samples with a low NVP content, the 

presence of the monofonctional monomer apparently reduces the broadness of the relaxation 

domain. These different features prompted us to investigate the properties of ternary blends 

containing NVP as the reactive diluent compatibilizing PES with the aromatic diacrylates. 
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The toughness of the fully cured resins was determined using ISO 13586 standard. The 

measured values (Figure 8) show consequent improvements of the resistance to crack 

propagation with a value for the critical stress intensity factor KIc exceeding 2 MPa.m
0.5 

for 

the optimized
 
composition, whereas the reference matrix based on ETAC has a typical KIc 

value of 1 MPa.m
0.5

. 

 

Fig. 8. Influence of PES content (x) on the KIC values in fully cured materials prepared from 

ternary blends of PES - NVP - ETAC of composition x : 2x : 100 - 3x (w/w/w), respectively (5 

mm-thick resin between 10 mm-thick aluminum plates forming the mold ; frontal irradiation with a 

10 MeV beam). 

3.5.Toughening and relation with sample morphology 

The advanced understanding of the relations existing between sample morphology and 

toughness level is of crucial importance in order to optimize matrix toughening. Samples of 

different compositions and toughness levels were investigated by means of Scanning Electron 

Microscopy (SEM) for getting an insight into their morphology (Figure 9). For contrast 

reasons, samples were first etched using dimethyl sulfoxide in order to remove the 

thermoplastic phase that consequently appears as voids on SEM images. 

a)  
b)  

Fig. 9. SEM images of the surface of fractured toughened materials (composition PES - NVP 

– ETAC 20 : 40 : 40 w/w/w, 80 kGy dose, 10 MeV): a) Native fracture surface at low 

magnification and b) after PES dissolution in DMSO for 48 h., the nanometric size cavities 

revealing the phase separated PES domains in the native matrix. 

For materials obtained from the PES-containing formulations, investigations performed at 

much higher magnifications down to the nanoscale level revealed the biphasic morphology. 

These results demonstrate that contrary to common assertions [12], some phase separation can 

be induced by EB-induced polymerization. Because the timescale of the chain polymerization 



 

85 

is much shorter than for thermal curing, polymerization-induced phase separation cannot 

further develop because of the sudden vitrification of the system. The geometrical features of 

the phase-separated domains has the same characteristic dimensions than of the 

heterogeneities revealed in various types of diacrylate networks. 

According to the initial composition, the morphology was examined at a submicrometric 

scale. Figure 9 shows the morphologies of two EB- cured resins with 20 wt% of PES. This 

difference in terms of morphologies strongly influences the related toughness level, since KIc 

varies from 1.3 to 2.2 MPa.m
0.5

 when the PES content varies from 10 to 20 % in weight 

fraction. The flexural properties are also satisfactory with corresponding moduli of materials 

prepared from various PES NVP and diacrylate compositions above 3 GPa. In addition, the 

fluidity of most of these systems is compatible with Resin Transfer Molding technology, the 

viscosity falling down below 1 Pa.s for temperatures above 60°C. 

4. Towards the use of cellulose nanoparticles as fillers in structural composites 

In comparison with macroscopic cellulose materials and fibrils, the dimensions and the aspect 

ratio of cellulose nanowhiskers seem favorable to the development of chemical interactions 

and grafting with various types of organic matrices [13]. Cellulose nanoparticles are claimed 

as environmentally safe. The sources of microcrystalline cellulose are sustainable, 

biodegradable, neutral with respect to carbon balance. They can be processed at industrial 

scale quantities and at low costs (e.g. byproduct of the paper industry, of cellulose conversion 

to biofuels). However, the absence of strong interaction or of covalent coupling generally 

limits the benefits associated with the presence of the nanoparticles in the polymer matrices. 

Treatment with high energy radiation gives an interesting possibility to induce coupling and 

grafting reactions between the various components of the composite material. Our project 

aims at studying the behavior of cellulose nanoparticles during and/or after treatment with 

high energy radiation in the perspective of exploiting the formation of free radical species 

beneficial to the structural properties of composite materials including cellulose-based 

nanoparticles. 

Different possibilities can be addressed in course of the current Coordinated Research 

Program, with particular relevance to the field of composite materials. Surface oxidation of 

nanocrystalline cellulose can be achieved by irradiation for activation prior to composite 

elaboration, with optional subsequent grafting. The formation of occluded long-lived free 

radical species in nanocrystals, can be exploited for subsequent coupling upon thermal 

activation in the presence of chemically reactive matrices (synthetic or natural monomers, 

prepolymers and polymers). Simultaneous irradiation of matrix (various possible types) and 

nanoparticles can be implemented for forming films and coatings or for elaborating structural 

bulk materials.  

The present project provides an opportunity for research and technological innovations in 

cellulose-based particles for the development of nanocomposites with enhanced performance 

and new functionality .We propose to use high energy radiation processing for improving the 

chemical interactions between the organic matrix and the nanoparticles. Part of the work will 

be dedicated to the structural and chemical modifications induced by high energy radiation 

(e.g.  pre-irradiation, EB pre- or simultaneous irradiation) on cellulosic materials of various 

characteristic dimensions and shapes. 
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The work consequently includes (i) Preparation and characterization of cellulose nanocrystals 

and whiskers, and their selection for the next stages, (ii) Irradiation of the whiskers under 

various conditions and in various media, for studying the nature of the induced chemical 

transformations and for quantifying the efficiency of the process, (iii) Elaboration of 

composites by using radiation oxidized whiskers, or radiation-activated whiskers including 

long-lived free radical, or by simultaneous radiation grafting and curing of matrices reinforced 

by cellulose nanoparticles, (iv) Characterization of the structural, physical, and use properties 

of the resulting composites (coatings and bulk materials). Various properties that potentially 

benefit to structural composite performances (bulk mechanical properties, ageing, surface 

properties, …) will be studied in relation with the composition and processing conditions. 

Orientation will be considered a prime feature governing mechanical or permeation 

properties. 

5. Conclusion 

The spontaneous formation of nanoheterogeneities during crosslinking polymerization of 

difunctional aromatic acrylates was discussed on the basis of AFM imaging in the tapping 

mode and on calorimetric data obtained by temperature-modulated DSC. In an attempt to 

overcome the inherent brittleness of densely crosslinked networks obtained by fast curing 

under high energy radiation, we have shown that the introduction of a high Tg thermoplastic 

such as PES is possible by using a reactive diluent such as NVP. The fast polymerization-

induced phase separation of PES was shown to yield toughened matrices with significantly 

improved critical stress intensity factor (KIc) showing values over 2 MPa.m
0.5

, whereas the KIc 

value is about 1 MPa.m
0.5

 for the unmodified reference resin. The weaknesses of the 

nanoheterogeneous diacrylate matrix seems to be alleviated by the purposely provoked 

formation of nanosized clusters of toughening thermoplastic. We propose to further 

investigate the influence of cellulose nanocrystals in various network forming multifunctional 

monomers. Nanoparticles with controlled shape, size and appropriate surface 

functionalization will prepared and characterized for that purpose. The influence of 

composition and processing factors will be examined in the perspective of obtaining 

reinforced composites with improved properties. 
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