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1. Introduction 

Epoxy resins (ER) due to favorable combination of superior mechanical and thermal 

properties [1] with unusual  radiation resistance play an important role in some nuclear and 

aerospace industries. They are also widely used as matrices of reinforced composites since the 

homogeneous dissipation of fillers in the non-cured material is uncomplicated and efficient. 

Curing procedure is a very important factor determining final features of the epoxy resin and 

its composite. It was confirmed that irradiation facilitates molecular mobility and decreases 

glass transition as a result of chain scission [2]. On the other hand, the increase in local 

mobility accelerates crosslinking thus the total effect is dependent on the relation between 

these two processes.  Larieva [3] reported that the ratio between degradation and crosslinking 

is 0.43, thus under selected conditions yield of curing more than twice prevails over yield of 

decomposition. The nature of hardener and its radiosensitivity also significantly influence the 

radiation induced curing. During exposure to ionizing radiation the binders participate in the 

processes initiated both by radiation and by heating, as curing is highly exothermic and 

considerably increases temperature of the system. Application of radiation treatment lowers 

energy consumption, shortens curing time and decreases curing temperature enhancing 

dimensional stability. 

In the past some attempts were made to improve heat resistance and strength of epoxy resins 

by the incorporation of various particles, e.g. silica, carbon nanotubes, montmorillonite, etc 

[4, 5], however the results were unambiguous.  

In the reported studies the effects of radiation and thermal curing were investigated for ER 

and its composites either in the presence of cationic initiator or amine hardener. 

2. Materials and Methods 

2.1.Materials and irradiation 

Diglycidyl ether of bispherol-A (DGEBA) (Fig. 1) and  triethylene tetraamine (TETA) 

(Fig. 2) purchased from Aldrich Co were blended in a ratio of 10:1. The prepared mixture was 

poured into the aluminum moulds in the form of bars and after two hours either heated to 95 
o
C or  irradiated with an electron beam. In the second series of experiments the resin was 

prepared from DGEBA doped with Rhodorsil initiator (Fig. 3) via heating in the ultrasonic 

bath at 65 
o
C for 30 min. In the matrix inorganic particles, namely  montmorillonite (MMT), 

TiO2s (spherical), TiO2p (pigment) Fe2O3 and Al2O3 (spherical) were dispersed and 

subsequently the mixtures were cooled in the form of 4 mm  10 mm  120 mm bars. 

Samples compositions are shown in Table 1. 

Irradiations were carried out in air atmosphere using an Elektronika accelerator 13/10.  The 

samples were irradiated with a 10 MeV electron beam at ambient temperature. The total doses 

were obtained by the multipass exposure (c.a. 25 kGy per one pass). During radiation curing 

the resins absorbed total doses in the range from 26 to 100 kGy. 
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Fig. 1. Diglycidyl ether of bispherol-A (DGEBA). 

 

 

Fig. 2. Triethylene tetraamine (TETA). 

 

 

Fig. 3. Rhodorsil initiator. 

 

TABLE 1. SAMPLE COMPOSITIONS 

Symbol 

Composition 
Curing procedure 

 
Resin 

[g] 

Initiator 

[%] 
Hardener Filler 

I(0.5)R(26) 20 0,5 - - Radiation  26 kGy 

I(0.3)R(26) 20 0,3 - - Radiation  26 kGy 
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2.2.Methods 

Mechanical characteristic: The characterization was performed using an Instron 5565 

machine according to  PN-EN ISO 178:2006 at a crosshead speed 2 mm/min and the span 

length 50 mm. The reported data are the average of four independent measurements. 

Elongation at break was determined at a crosshead speed 5 mm/min. 

EPR spectroscopy: EPR spectra were recorded using a Bruker ESP 300 spectrometer with a 

rectangular cavity TE102 at the following parameters: modulation amplitude – 0.09 mT, time 

constant – 80 ms, conversion time – 80 ms, microwave power – 1 mW.  The EPR spectra 

were detected at ambient temperature.  

Thermal characteristic: Differential Scanning Calorimetry (DSC) measurements were carried 

out on a TA Instruments differential scanning calorimeter (MDSC 2920) at a heating rate 10 

deg/min under nitrogen atmosphere at a purge rate of 100 ml/min. The measurements were 

performed in the temperature range from -50 to 200 
o
C. Thermogravimetric analysis was 

performed on a TA Instruments TGA Q500 apparatus in the range from 30 to 600 
o
C  under 

nitrogen. 

Radiation yield: The radiation yields of hydrogen in the gas phase evolved from irradiated 

polymers were determined with a gas chromatograph Shimadzu – 14B. 1 m long column was 

packed with molecular sieves of 5 Å; the thermoconductivity method was used for detection. 

The carrier gas was argon; calibration was performed with hydrogen of purity 99.99%. 

I(0.1)R(26) 20 0,1 - - Radiation  26 kGy 

I(1.0)R(28)+MMT 20 1 - 0.6 g MMT Radiation  28 kGy  

I(1.0)R(28)+Fe2O3 20 1 - 1.0 g Fe2O3 Radiation  28 kGy 

I(1.0)R(28)+Al2O3
 

20 1 - 1.0 g Al2O3 Radiation  28 kGy 

I(1.1)R(28)+TiO2s 20 1 - 1.0 g TiO2s Radiation 28 kGy 

I(1.0)R(26) 34 1 - - Radiation  26 kGy 

T(2)T 40 - 4 g TETA - Thermal  after 2h 

T(2)R(100) 40 - 4 g TETA - Radiation 100 kGy  

T(16)T 40 - 4 g TETA - Thermal after 16 h 

T(16)R(100) 40 - 4 g TETA - 
Radiation 100 kGy 

after 16 h 

I(1.0)R(100)+TiO2p 40 1 - 1.2 g TiO2p Radiation  100 kGy 

I(1.0)R(100)+TiO2s 40 1 - 1.2 g TiO2s Radiation  100 kGy 

I(1.0)R(58)+MMT 40 1 - 1.2 g MMT Radiation  58 kGy 

I(1.0)R(58)+Al2O3 40 1 - 1.2 g Al2O3 Radiation  58 kGy 
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3. Results and discussion 

3.1.Mechnical characteristic 

The epoxy resin mixed with initiator and radiation cross-linked with a dose of 26 kGy shows 

significant bending strength; the sample characterizes also relatively large bending, Tab. 2. 

On the other hand, for the materials constructed with contribution of amine hardener the 

parameter is 40-50% lower. 

The composites were prepared from ER cured with initiator doped to the matrix in the 

concentration of 1%. Several inorganic fillers were applied as a dispersed phase, namely 

MMT, TiO2s, TiO2p, Fe2O3 and Al2O3. For all studied composites the bending strength values 

are smaller than that observed for the initial non-filled material. The significant deterioration 

of the mechanical properties was found for samples containing titanium oxide in the form of 

pigment, whereas for other types of particles the decrease does not exceed 5% These findings 

are in accordance with the expectations as the presence of inorganic particles disrupts 

integrity of the resin on a microscopic level.  Generally, the composites demonstrate higher 

brittleness than non-filled matrix (the bending is lower than for ER free from any additives). 

The spherical titanium oxide interrupts  matrix structure in low degree as the powder does not 

aggregate and might be homogenously dispersed in the matrix, whereas for particles of 

irregular shapes  the notch effect diminishes mechanical strength due to growing stress 

resulting in strain cracks.  

TABLE 2. BENDING CHARACTERISTIC  

Symbol 
Bending strength 

[MPa] 
Bending force [N] Bending [mm] 

I(1.0)R(26) 90 165 7.2 

T(2)T 61 123 2.9 

T(2)R(100) 42 78 1.9 

T(16)T 42 85 1.9 

T(16)R(100) 46 82 2.1 

I(1.0)R(100)+TiO2p 67 131 4.2 

I(1.0)R(100)+TiO2
s 

85 167 5.3 

I(1.0)R(58)+MMT 83 156 4.8 

I(1.0)R(58)+Al2O3 87 166 5.5 

The superior strength at break demonstrates epoxy resin thermally cured with TETA for two 

hours, Table 3. Longer heating and exposure to ionizing radiation bring out degradation that 

proceeds as a competitive process to the formation of three dimensional network.  The ER 

hardened with Rhodorsil is stiffer than that cured with amine and the values characterizing 

strength on stretch are then inferior. 

The composites were exposure to higher doses (58 and 100 kGy) than unfilled ER as the 

efficiency of initiator is limited in the presence of fillers. Strength at break is slightly lower 
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for composites filled with TiO2s and Al2O3 and to some extent higher for TiO2p and MMT. It 

seems than fine-grained as well as layered particles separate polymeric chains facilitating 

their mobility what consequently increases elongation at break and resilience expressed as a 

reduction of Young modulus. The effect of spherical fillers is negligible. 

At room temperature epoxy resin forms a glassy phase thus static load induces only 

deformation of macromolecules angles and local conformational movements. The external 

forces do not rearrange position of the chains thus the strain during stretching causes cracks 

and subsequently destruction characteristic for the brittle materials. 

TABLE 3. STRENGTH CHARACTERISTIC  

Sample Strength at beak [MPa] Elongation at break [%] Young’s Modulus [GPa] 

I(1.0)R(26) 28 3.1 1.2 

T(2)T 34 3.0 1.3 

T(2)R(100) 21 1.9 1.3 

T(16)T 20 1.7 1.4 

T(16)R(100) 13 1.3 1.1 

I(1.0)R(100)+TiO2p 33 4.4 1.0 

I(1.0)R(100)+TiO2
s
 27 2.7 1.3 

I(1.0)R(58)+MMT 30 3.4 1.1 

I(1.0)R(58)+Al2O3
s 

25 3.0 1.1 

On a basis of mechanical properties we confirmed that the macroscopic features of 

composites depend not only on the chemical nature of dispersed phase but also on the shape 

of particles. Powder in the form of regular spheres introduces the smallest perturbations in the 

ER network therefore the composites comprising such fillers reveal features similar to the 

unfilled resin cured according to the same procedure. The other particles have considerable 

influence on the resin increasing its brittleness and stiffness and simultaneously increasing 

toughness on stretching. 
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3.2.Thermal characteristic 

 

Fig. 4. TGA (A) and (B) DTGA themograms of epoxy resin and its composites. 

TGA thermograms unambiguously show that hardening of ER with TETA results in 

formation of the material of lower thermal resistance than that cured in the presence of 

cationic initiator as the maximal mass loss rate is then shifted almost 60
o
C towards lower 

temperatures, Fig. 4. The thermal degradation of the composites comprising TiO2s, Al2O3 and 

MMT is similar to that recorded for radiation cured resin free from additives, therefore it was 

concluded that the presence of the fillers induces negligible effect on thermal decomposition 

of the matrix. On the other hand, Fe2O3 diminishes significantly as temperature of maximal 

mass loss rate (36 deg). 

As seen from Fig. 4 the studied fillers do not decompose at temperatures up to 600 
o
C. 

Because a content of  residues exceeds contribution of the fillers in the matrix and polymer 

remains,  it seems that the interaction between dispersed phase and resin is strong enough to 

prevent macromolecules located in the vicinity of particles from decomposition. The effect is 

particularly strong for Fe2O3, that evidently plays a role of catalyst in thermal decay of the 

composite 

 

Fig. 5. (A) DSC thermograms of epoxy resin irradiated with a dose of 26 kGy. (B) 

Thermograms of irradiated composites based on epoxy resin. 
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DSC measurements allow to follow glass transition of the resins. Fig 5 shows that at low 

concentrations of the initiator, namely, 0.1, 0.3 and 0.5%,  the resin is partly non-cured and 

for that reason thermodynamically unstable in spite of exposure to electron beam radiation 

with a dose of 26 kGy. For these concentrations maxima observed in the themograms reveal 

thermally induced exothermic processes that results from the evolution of crosslinking.  The 

initiator at concentration 1%  causes complete curing of the material revealing a glass 

transition at 135 
o
C. Therefore this amount of Rhodorsil  was applied for other investigations. 

Glass transition temperature of the composites doped  with TiO2 and MMT  as compare to the 

initial ER increases of 10 deg, whereas for Al2O3 the corresponding inflexion on the 

thermogram is less distinct but also located in the range of 130-150 
o
C. The introduction of 

Fe2O3 probably results in adsorption of the initiator on the developed, irregular surface of the 

ferric oxide particles. Consequently, due to unsufficient amount of the crosslinking activator 

some regions in the matrix remain uncured. Accumulation of the initiator around  Fe2O3 

crystals leads to the formation of shells constructed from strongly bounded epoxy 

macromolecules. The results are complementary with those obtained by thermogravimetric 

analysis that revealed the significant amount of residue remaining upon thermal decay of the 

resin. 

In some cases significant influence of absorption dose on the curing ER was confirmed, 

Fig. 6. E.g. for Al2O3 the noticeable phase transition was found at about 120 
o
C if the 

composite was irradiated with a dose of 56 kGy while at 26 kGy the signal is very weak 

 

Fig. 6. (A)DSC thermograms of composites filled with Al2O3. (B) Comparison of DSC 

thermograms of composites filled with TiO2 in form of pigment or spherical powder. 

Different results were detected for TiO2 composite as for doses as high as 100 kGy broad 

peak between 70 and 150 
o
C appears both for TiO2s and TiO2p. It seems that the exothermic 

effect is due to efficient crosslinking resulting from thermal rearrangements of residual 

radicals trapped by three dimensional network. When during DSC measurement thermal 

energy is delivered, the conformational movements intensify further curing. The relaxation 

leading to the enhancement of curing develops slowly also with the course of time, as after 4 

months the peak diminishes to the half disclosing glass transition at about 140 
o
C.  
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3.3.Radiation yield of hydrogen 

Radiation yield of hydrogen determined by gas chromatography is comparable for all systems 

and located in the range 0.011-0.013 mol/J for the composites cured with initiator and  

higher (0.019 mol/J) if TETA was applied as a hardener. 

The radiation yield of oxygen consumption varying from 0,0265 to 0,323 mol/J is at least 

twice greater than the radiation yield of hydrogen. The data  imply that the hydrogen 

abstraction efficiency is relatively low therefore in spite of small amount of oxygen in ER 

(due to low dissolubility) all carbon centered radicals that escape crosslinking might be 

oxidized or even participate in the oxidizing chain reactions. The last process deepens in the 

presence of fillers, particularly Fe2O3. 

 

Fig. 7. (A) Radiation yield of H2 emission. (B) Radiation yield of O2 consumption. 

3.4.EPR spectroscopy 

EPR spectroscopy of radiation cured ER and its composites discloses that at room 

temperature the radicals  generated in the material cured with contribution of  amine are 

unstable (lack of any EPR signals) whereas for the resin cured with initiator the broad singlet 

was detected even 7 months after irradiation. The results are consistent with DSC data that 

revealed the increase in crosslinking with time or during heating. 

 

Fig. 8. EPR spectra of some epoxy composites 7 months upon irradiation. 

3300 3350 3400 3450 3500 3550 3600 3650

Magnetic field [mT]

I(0,5)R(26+100) I(0,5)R(26)T I(1,0)R(26+100)+MMT T(16)R(100)
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4. Summary 

 As was confirmed by DSC measurements, the insufficient content of the initiator results 

in low quality resin even if irradiation follows thermal curing. When the concentration 

achieves 1%, crosslinking initiated by ionizing radiation improves bending resistance.  

Such a procedure does not increase bending if amine is applied as a hardener showing 

that in such a case radiation  degradation limits the activation processes.   

 For majority of applied fillers an increase in rigidity of composites was confirmed as 

compare to neat resin.   

 The temperature of glass transition is a crucial parameter characterizing quality of 

epoxy resin. ER used as a construction material is supposed to show high Tg values.  

Glass transition temperatures of the composites (except ER+Fe2O3) are higher than  that 

determined for non-filled resin. 

 If epoxy resin absorbs 26-28 kGy, the final effect is favorable as the radiation cured 

materials are stable with time, whereas exposure to higher doses causes that the 

composites still might undergo thermally induced exothermic reaction. The same 

process  was found  during long term storage but then the rate is very small.   

 The changes of macroscopic properties found in ER based composites result from 

chemical reactions on the molecular level initiated by irradiation giving rise to hydrogen 

emission. Additionally, yield of oxygen absorption reveals limited oxidative 

degradation. The radicals observed by EPR spectroscopy 7 months  upon irradiation  are 

the precursors of additional crosslinking if only epoxy resin is heated above 120 
o
C or if 

they slowly recombine at ambient temperature. 
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