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ABSTRACT. In this study, the effect of the polyfunctional monomer triallylcyanurate on the mechanical properties of the ethylene-vinyl acetate copolymer cross-
linked by electron beam and microwave processing was investigated. The control samples were obtained by cross-linking with dibenzoyl peroxide. The results show
an improvement of mechanical properties for samples cross-linked by irradiation. KEYWORDS: ethylene-vinyl-acetate-copolymer, triallylcyanurate, cross-linking,
irradiation.

PROPRIETATILE MECANICE ALE AMESTECULUI DE COPOLIMER ETILEN VINIL ACETAT / TRIALIL CIANURAT RETICULAT CU FASCICUL DE ELECTRONI Sl
MICROUNDE
REZUMAT. Tn acest studiu a fost investigat efectul monomerului polifunctional trialil cianurat asupra proprietatilor mecanice ale copolimerului etilen vinil acetat
reticulat cu fascicul de electroni si microunde. Probele martor au fost obtinute prin reticulare cu peroxid de benzoil. Rezultatele arata o imbunatatire a proprietatilor
mecanice ale probelor reticulate priniradiere.
CUVINTE CHEIE: copolimer etilen vinil acetat, trialil cianurat, reticulare, iradiere.

LES PROPRIETES MECANIQUES DU MELANGE COPOLYMERE ETHYLENE-ACETATE DE VINYLE / TRIALLYL CYANURATE RETICULE AU FAISCEAU D'ELECTRONS ET
MICRO-ONDES
RESUME. Dans cette étude on a examiné I'effet du monomere polyfonctionnel triallyl cyanurate sur les propriétés mécaniques de I'éthyléne-acétate de vinyle
réticulé par faisceau d'électrons et micro-ondes. Les échantillons témoins ont été obtenus par réticulation au peroxyde de benzoyle. Les résultats montrent une
amélioration des propriétés mécaniques des échantillons réticulés parirradiation.
MOTS CLES: copolymére éthyléne-acétate de vinyle, triallyl cyanurate, réticulation, irradiation.

INTRODUCTION

Radiation curing has historically been used as an
alternative to peroxides in applications where the
curatives themselves or side-products of vulcanization
are viewed as impurities in the final product. Peroxide
cure progresses through a series of radical
intermediates, each of which can undergo side
reactions which may not necessarily contribute to
crosslink density. Radiation cure, on the other hand,
has been promoted as a cleaner and more
homogeneous cure process. Electron beam (EB)
irradiation has been used in the wire and cable industry
for longer than 30 years and applied to a wide range of
commodity and specialty elastomers. A survey of the
types of elastomers susceptible to radiation curing is

INTRODUCERE

De-a lungul timpului, vulcanizarea cu radiatii s-a
folosit ca alternativa la utilizarea peroxizilor in
aplicatiile Tn care agentii de vulcanizare insisi sau
produsele secundare ale vulcanizarii sunt considerate
impuritati in produsul final. Vulcanizarea cu peroxid
progreseaza printr-o serie de radicali intermediari,
fiecare dintre acestia putand suferi reactii secundare
care nu contribuie neaparat la densitatea de reticulare.
Pe de alta parte, vulcanizarea cu radiatii s-a promovat
ca un proces mai curat si mai omogen. Iradierea cu
fascicul de electroni accelerati (EA) este utilizata in
industria de producere de cabluri si conductoare de
mai mult de 30 de ani si aplicata unei game largi de
elastomeri pentru bunuri de consum sau pentru
produse specializate. Exista un studiu al tipurilor de
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available, as are review articles describing the electron-
beam curing of commercially significant grades [1-3].
Variables such as radiation dosage and the effect of
polymer microstructure and chemical additives on the
efficiency of electron beam cure have been studied.
Some researchers [4, 5] studied radiation-induced
cross-linking in thermoplastic elastomers based on
ethylene-propylene rubber (EPDM) and polyethylene
(PE) or polypropylene (PP) plastics.

EB vulcanization has demonstrated extremely
positive results compared to the conventional curing
system such as: no polymer degradation due to high
temperature as EB cross-linking occurs at room
temperature; no oxidative degeneration in polymers as
observed in classical cross-linking; direct cross-linking
by C-C linkage by EB; extremely strong bonds; high
degree of cross-linking; extremely short curing cycles;
zero blooming effects; extremely high tensile strength;
extremely high resistance to compression set;
extremely high resistance to oils, grease, lubricants;
high improvement of accelerated ageing properties;
very high productivity; perfect process for thin
products, lower material waste [6, 7].

Modification of thermoplastic and rubbery
materials by EB and microwave (MW) radiations is a
potential method for the development of new
materials like polymers and composites. Interaction
between each of these two physical systems, EB and
MW, with a substance has revealed their ability for
changing physical and chemical proprieties of the
treated substance. Therefore, the physical and
chemical effects of EB and MW radiations have
generated a particular interest, resulting in a wide
range of industrial applications of the new obtained
materials with improved characteristics.

Ethylene vinyl acetate (EVA) copolymers are
randomly structured polymers which offer excellent
ozone resistance, weather resistance, and excellent
mechanical properties. EVA is one of the widely used
polymer as a cable insulator. But new applications have
now been developed and EVA has been recognized as
an oil resistant material, which can be used for
automotive applications, such as gaskets, seals, and
hoses [8, 9]. EVA is available as a plastic, thermoplastic
elastomer, and rubber type, depending on the vinyl
acetate (VA) content in the copolymer. For instance,
EVA containing 28% VA is a thermoplastic elastomer,
and 50% VAisarubbertype[9, 10].

elastomeri care permit vulcanizarea cu radiatii, precum
si articole care trec in revista tratamentele cu fascicule
de electroni de calitate semnificativa din punct de
vedere comercial [1-3]. S-au studiat variabile precum
doza de radiatii, efectul microstructurii polimerului si
aditivilor chimici asupra eficientei tratamentului cu
fascicul de electroni. Unii cercetatori [4, 5] au studiat
reticularea indusa de radiatii la elastomerii
termoplastici pe baza de cauciuc EPDM si polietilena
(PE) sau materiale plastice din polipropilena (PP).

Vulcanizarea cu EA a condus la obtinerea de
rezultate pozitive comparativ cu sistemele
conventionale, cum ar fi: nu se produce degradarea
polimerilor din cauza temperaturii ridicate, deoarece
reticularea cu EA are loc la temperatura camerei; nu se
produce degenerarea oxidativa in polimeri, asa cum s-a
observat n reticularea clasica; reticulare directa a
legaturilor C-C; legaturi extrem de puternice; grad inalt
de reticulare; cicluri de tratare foarte scurte; zero efecte
de exsudare; rezistenta mare la rupere; rezistenta mare
la compresie; rezistentd extrem de ridicata la uleiuri,
grasimi, lubrifianti; proprietati de Tmbatranire mult
imbunatatite; productivitate foarte mare; proces perfect
pentru produse subtiri; putine deseuri de material [6, 7].

Modificarea materialelor termoplastice si
cauciucurilor priniradiere cu EA si microunde (MU) este
o0 metoda prin care se pot obtine noi materiale, cum ar
fi polimeri si compozite. Studiul interactiunii acestor
doud sisteme fizice, EA si MU, cu o substanta a
demonstrat capacitatea acestora de a modifica
proprietatile fizice si chimice ale substanteitratate. Prin
urmare, efectele fizice si chimice ale iradierii cu EA si
MU au suscitat un interes deosebit, rezultand o gama
larga de aplicatii industriale a noilor materiale cu
caracteristiciimbunatatite astfel obtinute.

Copolimerii de tip etilen vinil acetat (EVA) sunt
polimeri structurati aleator, cu rezistentd la ozon si
conditii climaterice deosebite, dar si cu proprietati
mecanice excelente. EVA este unul dintre polimerii
utilizati pe scaré largd ca izolator pentru cabluri. Insa, in
momentul de fata, s-au dezvoltat noi aplicatii, iar EVA a
fost recunoscut ca un material rezistent la uleiuri si care
poate fi, deci, folosit la realizarea garniturilor,
etansarilor si furtunurilorin industria de automobile [8,
9]. EVA este disponibil ca elastomer plastic sau
termoplastic sau sub forma de cauciuc, in functie de
continutul de acetat de vinil (VA). Spre exemplu, cand
contine 28% VA, EVA este elastomer termoplastic, iar
cand contine 50% VA, este cauciuc [9, 10].
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An important stage in the EVA processing
technology is cross-linking. It consists in introducing
cross-linking bridges between macromolecules, thus
leading to a significant improvement of thermal and
dimensional stability of products. Since it has a fully
saturated backbone, EVA does not crosslink by means
of sulfur. They have to be cured radically by means of
peroxides or high-energy radiation [9].

Reported results suggest that appropriate
polyfunctional monomers - PFMs (co-agents) in
polymer matrix [11, 12] can be used to obtain desired
rubber physical properties at lower irradiation doses [9,
13, 14]. Co-agents are multi-functional organic
molecules which are highly reactive towards free
radicals [15]. They are used as reactive additives to
boost the vulcanization efficiency [16]. The most used
co-agents are molecules with maleimide groups,
(meth)acrylate groups, or allylic groups [17], but
polymeric materials with a high vinyl content, i.e. 1,2-
polybutadiene, can also act as co-agents.

The co-agents can be divided into two groups:

e Typel, which generates addition and hydrogen
abstraction reactions: these co-agents consist of rather
polar molecules with a low molecular weight and
activated double bonds. Their main characteristic is
that they are highly reactive towards radicals, so scorch
takes place very fast, which sometimes can be a
disadvantage [15]. By using this kind of co-agents not
only the rate of cure is increased, but also the crosslink
density or state of cure. A disadvantage that may be
present when using this type of co-agents is that, due to
polarity, the compatibility of these co-agents with the
polymer matrix is limited [18]. Some examples of Type |
co-agents are: acrylates, methacrylates, bismaleimides
andzincsalts.

e Type Il, which generates addition reactions:
these co-agents are, in general, less polar molecules,
which form more stable free radicals, so scorch does
not take place as fast as with the previous type of co-
agents. The use of these co-agents leads to an increase
in crosslink density of the vulcanisate but, unlike Type |,
they are not capable of increasing the cure rate. Due to
their low polarity, these co-agents have a good
compatibility with many elastomers. Some examples of
Type |l co-agents are: high-vinyl 1,2-polybutadiene,
divinylbenzene, allyl esters of cyanurates,
isocyanurates and sulphur.
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O etapa importanta in tehnologia de procesare a EVA
este reticularea. Aceasta consta in introducerea puntilor
de legatura reticulate intre macromolecule, ceea ce duce
la o Tmbunatatire semnificativa a stabilitdtii termice si
dimensionale a produselor. Datorita structurii de baza
complet saturate, EVA nu reticuleaza prin intermediul
sulfului. De aceea, trebuie tratat prin intermediul
peroxizilor sau a radiatiilor de energieinalta [9].

Rezultatele raportate sugereaza ca monomerii
polifunctionali adecvati - MP (co-agenti) din matricea
polimerului [11, 12] pot fi utilizati pentru a obtine
proprietatile fizice dorite ale cauciucului la doze mai
mici de iradiere [9, 13, 14]. Co-agentii sunt molecule
organice multifunctionale extrem de reactive fata de
radicalii liberi [15]. Acestia sunt folositi ca aditivi
reactivi pentru a creste eficienta vulcanizarii [16]. Cei
mai utilizati co-agenti sunt moleculele cu grupari
maleimide, (met)acrilate sau alilice [17], dar si
materialele polimerice cu un continut ridicat de vinil,
adica 1,2-polibutadiend, pot actiona drept co-agenti.

Co-agentiisunt de doua tipuri:

e Tipul I, care genereaza reactii de aditie si de
captare a hidrogenului: acestia prezintd, mai degraba,
molecule polare cu o greutate moleculara mica si
legaturi duble activate. Caracteristica lor principala
este aceea ca sunt foarte reactivi fata de radicali, prin
urmare, prevulcanizarea are loc foarte rapid, ceea ce
uneori poate fi un dezavantaj [15]. Prin utilizarea
acestui tip de co-agenti, creste nu doar rata de tratare,
ci si densitatea de reticulare. Un dezavantaj care poate
aparea atunci cand se utilizeaza acest tip de co-agenti
este acela ca, datorita polaritatii, compatibilitatea
acestora cu matricea polimerica este limitata [18].
Cateva exemple de co-agenti de tip | sunt acrilatii,
metacrilatii, bismaleimidele sisarurile de zinc.

e Tipul ll, care genereaza reactii de aditie: acesti
co-agenti sunt, in general, molecule mai putin polare
care formeaza radicali liberi mai stabili, astfel Tnhcat
prevulcanizarea nu are loc la fel de rapid ca in cazul
precedent. Utilizarea acestor co-agenti conduce la o
crestere a densitatii de reticulare, dar, spre deosebire
de tipul I, acestia nu sunt capabili de a creste rata de
tratare. Datorita polaritatii lor reduse, acesti co-agenti
au o buna compatibilitate cu multi elastomeri. Cateva
exemple de co-agenti de tip Il sunt: 1,2-polibutadiena
cu continut Tnalt de unitati de vinil, divinilbenzenul,
esterii de alil ai cianurii, isocianurile si sulful.
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In this study, the effect of the polyfunctional
monomer triallylcyanurate (TAC) on the mechanical
properties of the ethylene-vinyl acetate copolymer
cross-linked by EBand MW processing was investigated.

EXPERIMENTAL

Materials

All raw materials used in the experiments: (1)
Elvax 260 EVA copolymer (27.8% wt% VA content, flow
index (MFI) 5.5 g/10 min at 190°C and 2.16 kg load), (2)
Irganox 1010 antioxidant, (3) Perkadox 14-40B
dibenzoyl peroxide (1.60 g/cm’ density, 3.8% active
oxygen content, 40% peroxide content, pH 7) as
vulcanizing agent for classical vulcanization and (4)
polyfunctional monomers such as triallylcyanurate
Luvomaxx TAC DL 70 (26% percentage of ash, density
1.34 g/cm’, 30% active synthetic silica), were used
directly without purification.

Preparation of the Samples

Blends were prepared on an electrically heated
laboratory roller mill. The blend constituents were
added in the following sequences and amounts: 100
phr EVA, 3 phr (three parts to 100 parts of rubber) TAC
and 1 phrirganox 1010. Process variables: temperature
70 + 5°C, friction 1:1.1 and total blending time 5 min.
Plates required for physico-mechanical tests have been
made by compression molded, using an electrically
heated hydraulic press, at a temperature of 120°C,
pressure of 150 MPa for 5 min to obtain sheets with
dimensions of 11.5x11.5x0.2 cm. Dibenzoyl peroxide
vulcanized samples were prepared similarly with the
experimental ones, but with the following
specifications: 8 phr of dibenzoyl peroxide as
vulcanizing agent was added and the blend
vulcanization was achievedin a hydraulic press at 160°C
and pressure of 150 MPa.

Experimental Installations and Sample Irradiation

EB and combined EB and MW (EB+MW)
irradiation experiments were carried out with an
experimental arrangement consisting mainly of the
following units: an electron linear accelerator of 6.23

in acest studiu a fost investigat efectul
monomerului polifunctional trialil cianurat (TAC)
asupra proprietatilor mecanice ale copolimerului de tip
EVA reticulat prin procesarea cu EA si MU.

PARTEA EXPERIMENTALA

Materiale

Materiile prime utilizate Tn experimente au fost
urmatoarele: (1) copolimerul EVA Elvax 260 (27,8% wt%
vinil acetat, indice de curgere (MFI) 5,5 g/10 min la 190°Csi
sarcina 2,16 kg), (2) antioxidant Irganox 1010, (3) peroxid
de benzoil Perkadox 14-40B (densitate 1,60 g/cm’,
continut de oxigen activ 3,8%, continutul de peroxid 40%,
pH-ul 7), utilizat ca agent de vulcanizare pentru vulcanizare
clasica si (4) monomeri polifunctionali, cum ar fi
trialilcianuratul Luvomaxx TAC DL 70 (26% cenusa,
densitate 1,34 g/cm’, 30% dioxid de siliciu activ sintetic).
Toate au fost utilizate direct, fara purificare.

Prepararea probelor

Amestecurile s-au realizat prin tehnica
amestecarii pe un valt de laborator cu fincalzire
electrica. Pentru obtinerea acestora s-au adaugat
urmatoarele constituente, astfel: 100 phr EVA, 3 phr
TAC (trei parti la 100 parti de cauciuc) si 1 phr Irganox
1010. Variabilele de proces au fost urmatoarele:
temperatura de 70 + 5°C, frictia 1:1,1 si timpul total de
amestecare de 5 minute. Placile necesare pentru
realizarea testelor fizico-mecanice s-au obtinut cu
ajutoruluneiprese hidraulice, latemperaturade 120°C,
presiunea de 150 MPa, dimensiunea lor finald fiind
11,5x11,5x0,2 cm. Probele vulcanizate cu peroxid de
benzoil s-au preparat similar cu cele obtinute pentru afi
iradiate, cu urmatoarea diferenta: s-au adaugat 8 phr
peroxid de benzoil ca agent de vulcanizare, iar probele
s-au vulcanizat intr-o presa hidraulica la temperatura
de 160°Csi presiunea de 150 MPa.

Instalatia experimentala si iradierea probelor

Experimentele de iradiere separata cu EA si
combinatd, cu EA si MU, s-au realizat utilizand o
instalatie experimentald avand urmatoarele
componente si caracteristici: un accelerator liniar de
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MeV and 75 mA (ALIN-10), and a microwave oven
properly electrically and mechanically modified,
operating at 2.45 GHz and having variable microwave
power. The ALIN-10 electron accelerator was built in
Romania, at National Institute for Lasers, Plasma and
Radiation Physics, Electron Accelerator Laboratory,
Bucharest. The optimum values of the EB peak current
I, and EB energy E, to produce maximum output
power P, for a fixed pulse duration ., and repetition
frequency f,, are as follows: E.,=6.23 MeV; |, =75 mA;
P, =164 W (f, = 100 Hz, ., = 3.5 s). The EB effects are
related to the absorbed dose (D) expressed in Gray or J
kg™ and absorbed dose rate (D*) expressed in Gy s” orJ
kg” s*. The MW effects are related to SAR (Specific
Absorption Rate, expressed in W. kg’) which is
equivalent to D* and SA (Specific Absorption,
expressed in J. kg") which is equivalent to D. For EB and
EB+MW treatments, the rubber sheets were cut in
rectangular shapes of 0.1 x 0.03 m and covered with
polyethylene foils to minimize oxidation. Sandwiches
consisting of ten layers of material were irradiated
under atmospheric conditions and at room
temperature of 25°C.

Laboratory Tests

Tensile strength and tearing strength tests were
carried out with a Schopper strength tester at a testing
speed of 460 mm/min, using dumb-bell shaped
specimens according to 1SO 37/2005, and on angular
test pieces (type Il) according to SR EN 12771/2003,
respectively. Hardness was measured with a hardener
tester according to I1SO 7619-1/2004 using 6 mm thick
samples. Elasticity was evaluated with a Schob type test
machine according to 1ISO 46662/1986 using 6 mm thick
samples.

RESULTS AND DISCUSSIONS

The EB and EB+MW curing applied to the EVA
rubber is based on our previously reported research
results [14, 19-22] which demonstrate an important
reduction of EB absorbed dose by additional use of MW
to EB energy. PFMs are used in the polymeric material
in order to reduce the cross-linking required dose [23,
24]. They interact with the polymer and produce a
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electroni avand energia de 6,23 MeV si curentul mediu
de fascicul de 75 mA (ALIN-10) si un cuptor de
microunde cu putere variabild, modificat electric si
mecanic, operand la 2,45 GHz. Acceleratorul liniar de
electroni ALIN-10 a fost construit in Laboratorul
Acceleratori de Electroni din cadrul Institutului
National de Fizica Laserilor, Plasmei si Radiatiei din
Bucuresti, Romania. Valorile optime pentru curentul de
varf |, si energia E,, ale electronilor accelerati pentru
care se obtine puterea maxima de fascicol P,, pe o
durata fixa a pulsului,, siofrecventa de repetitie f,, sunt
urmatoarele: E,,=6,23 MeV; |,,=75mA; P,, =164 W (f,,
=100 Hz, ., =3.5s). Efectele electronilor accelerati sunt
legate de doza deiradiere (D) exprimatd in Gray sauJ kg’
' si debitul dozei de iradiere (D*) exprimat in Gy s sau J
kg" s™. Efectele microundelor sunt legate de SAR (rata
de absorbtie specificd, exprimatd in W. kg") care este
echivalenta cu D. Probele de cauciuc supuse iradierii cu
EA sau EA+MU s-au taiat in forma dreptunghiulara cu
dimensiunile de 0,1 x 0,03 m si s-au acoperit cu folie de
polietilena pentru a minimiza oxidarea. Ele s-au iradiat
sub forma de sendvis contindnd cate zece probe, la
presiune atmosferica sila temperatura camerei (25°C).

Teste de laborator

Rezistenta la rupere si rezistenta la sfasiere s-au
determinat cu un tester de tip Schopper la o viteza de
testare de 460 mm/min, pe epruvete in forma de haltera
conform ISO 37/2005, respectiv pe epruvete unghiulare
(tip 1) conform SR EN 12771/2003. Duritatea s-a
determinat cu ajutorul unui tester de duritate pe probe
cu grosimea de 6 mm, asa cum prevede standardul ISO
7619-1/2004. Elasticitatea a fost evaluata cu aparat de
testare Schob utilizand epruvete cu grosimea de 6 mm,
conform SO 46662/1986.

REZULTATE Sl DISCUTII

Tratamentele cu EA si EA+MU aplicate cauciucului
de tip EVA au la baza rezultate anterioare [14, 19-22],
care au demonstrat o reducere semnificativa a dozei de
EA datoritd utilizarii aditionale a MU 1in tratamentele
combinate. Monomerii polifunctionali sunt utilizati in
materialul polimeric pentru a reduce doza necesara
producerii reticularii [23, 24]. Ei interactioneaza cu
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network structure at small doses because of their
higher reactivity [23, 25]. This network structure is
responsible for the improvement of mechanical
properties. The most efficient polyfunctional monomer
for ethylene vinyl acetate copolymer blends has been
triallylcyanurate (TAC) [9]. Polyfunctional monomers
are effective on modification of elastomeric material by
cross-linking. It is suggested that the reaction be
depicted as a two step process: step 1, rapid initial
polymerization of the polyfunctional monomer, and
step 2, reaction of the polymerized polyfunctional
monomer with elastomeric material chains to which it
eventually binds, forming a cross-linked elastomeric
material-polyfunctional monomer network [26].

Analyzing the mechanical characteristics of the EA
and EA+MW cross-linked samples compared with
those cross-linked with peroxide, it can be observed
that elasticity, 100% elastic modulus and elongation at
break do not show significant changes by EB or EB +
MW irradiation.

Elasticity (Figure 1) decreases with EB irradiation
dose increase (by 5% for 60 Gy and 10% for 80 Gy) and
the same type of result was observed for combined
EB+MW irradiation: elasticity decreases by 17.5% for
60 Gy +55' and 20% for 80 Gy+72', respectively.
Elasticity has a negative variation with irradiation dose
increasing. The obtained values are lower than those
obtained by cross-linking with peroxide.

polimerul conferindu-i acestuia o structurd de retea,
chiar si in doze mici, datorita reactivitatii puternice [23,
25]. Aceasta structura de retea este responsabila
pentru imbunatatirea proprietatilor mecanice. Cel mai
eficient MP utilizat pentru amestecurile copolimerice
de tip EVA este trialil cianuratul (TAC) [9]. Monomerii
polifunctionali sunt eficienti pentru modificarea
materialului elastomeric prin reticulare. Reactia poate
fi descrisa ca producandu-se in douad etape: etapa 1, in
care loc initial o polimerizare rapidd a MP si etapa 2, in
care se produce reactia dintre MP polimerizat si
lanturile elastomerului cu care se leaga in cele din
urma, rezultand o retea de tip elastomer reticulat-
monomer polifunctional [26].

Analizadnd caracteristicile mecanice ale probelor
reticulate cu EA si EA+MU, comparativ cu cele reticulate
cu peroxid de benzoil, se poate observa ca elasticitatea,
modulul 100% si elongatia la rupere nu au suferit
modificari semnificative priniradiere cu EA sau EA+MU.

Elasticitatea (Figura 1) scade cu cresterea dozei de
EA (cu 5% pentru 60 Gy si 10% pentru 80 Gy), aceeasi
comportare observandu-se si in cazul tratamentului
combinat EA+MU: elasticitatea scade cu 17,5% pentru
60 Gy +55' si 20% pentru 80 Gy+72'. Elasticitatea
prezintda o variatie negativa la cresterea dozei de
iradiere. Valorile obtinute pentru aceasta sunt mai mici
decat cele obtinute pentru probele reticulate cu
peroxid de benzoil.

Elasticity, %
Elasticitate, %
B

, AN

control s amples
probe de control

EVA+TAC

EVA+TAC

Figure 1. The EB and EB+MW effect on elasticity of the EVA/TAC samples
(EB: 6.23 MeV, D* = 4.2 kGy/min; MW: 2.45 GHz, SAR = 2 kW/kg)
Figura 1. Efectul tratamentelor cu EA si EA+MU asupra elasticitatii probelor de EVA/TAC
(EA: 6,23 MeV, D* = 4,2 kGy/min; MU: 2,45 GHz, SAR = 2 kW/kg)
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Also, 100% elastic modulus (Figure 2) decreases
by 9.75% for both 60 Gy and 80 Gy irradiation dose, and
by 26.82% for 60 Gy +55' and 80 Gy+72' irradiation
doses, respectively, thus decreasing the stiffness of
samples. The modulus depends directly on the number
of closed loops in the network, or in other words, it
depends on a perfect cross-linking network or network
with nochainend[9].

De asemenea, modulul 100% (Figura 2) scade cu
9,75% atat pentru iradierea cu 60 Gy, cat si pentru
iradierea cu 80 Gy, respectiv cu 26,82% in cazul
iradierilor combinate de 60 Gy +55' si 80 Gy+72',
scazand astfel rigiditatea probelor. Modulul depinde
direct de numarul de bucle inchise din retea sau, cu alte
cuvinte, depinde de perfectiunearetelei[9].
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Figure 2. The EB and EB+MW effect on 100% elastic modulus of the EVA/TAC samples
(EB: 6.23 MeV, D* = 4.2 kGy/min; MW: 2.45 GHz, SAR = 2 kW/kg)
Figura 2. Efectul tratamentelor cu EA si EA+MU asupra modulului 100% al probelor de EVA/TAC
(EA: 6,23 MeV, D* = 4,2 kGy/min; MU: 2,45 GHz, SAR = 2 kW/kg)

The tensile strength (Figure 3) increased by EB and
EB+MW irradiation. At a dose of 60 Gy, the tensile
strength increases from 6.2 N/mm’ to 14.5 N/mm’
(EVA/TAC cross-linking with dibenzoyl peroxide), and to
16.9 N/mm’ by the addition of 55' of microwave (6
Mrad+55'). When irradiation dose increases to 80 Gy,
the tensile strength registers a smaller increase,
compared to the control sample: from 6.2 N/mm’t0 9.6
N/mm?® (EVA/TAC cross-linking with dibenzoyl
peroxide), and to 12.8 N/mm” by the addition of 72'of
microwave (8 Mrad+72'). The reduction of tensile
strength at higher dose (80 kGy and 80 kGy + 72')
compared with samples irradiated with 60 Gy and 60
Gy+55', can be assigned to scission reactions that
generally occur in competition with cross-linking
reactions during the irradiation process. This is
supported by the fact that the 100% elastic modulus of
the EVA remains essentially unchanged at higher doses
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Rezistenta la rupere (Figura 3) a crescut prin
aplicarea tratamentelor cu EA si EA+MU. La doza de 60
Gy, rezistenta la rupere creste de la 6,2 N/mm’ la 14,5
N/mm* (pentru probele de EVA/TAC reticulate cu
peroxid de benzoil), respectiv la 16,9 N/mm’ prin
addugarea a 55 de secunde de microunde (6
Mrad+55'). Cand doza de iradiere creste la 80 Gy,
rezistenta la rupere inregistreaza doar o mica crestere
comparativ cu martorul: de la 6,2 N/mm®la 9,6 N/mm’
(pentru probele de EVA/TAC reticulate cu peroxid de
benzoil), respectiv la 12,8 N/mm’ prin addugarea a 72
de secunde de microunde (8 Mrad+72'). Scaderea
rezistenteila rupere la doze mai mari (80 kGy si 80 kGy +
72') comparativ cu cazul iradierii cu 60 Gy si 60 Gy+55'
se poate pune pe seama reactiilor de scindare care apar
in general impreuna cu reticularea in timpul proceselor
de iradiere. Acest lucru este confirmat de faptul ca
modulul 100% al probelor de tip EVA ramane in esenta
neschimbat la doze mari de iradiere (asa cum se
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(as shown in Figure 2). Anyway, tensile strength for
samples cross-linked by EB or EB+MW irradiation is
higher than for samples cross-linked with peroxide.

observa in Figura 2). Oricum, rezistenta la rupere a
probelor reticulate cu EA si EA+MU este mai mare decat
ceaaprobelorreticulate cu peroxid de benzoil.
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Figure 3. The EB and EB+MW effect on tensile strength of the EVA/TAC samples
(EB: 6.23 MeV, D* = 4.2 kGy/min; MW: 2.45 GHz, SAR = 2 kW/kg)
Figura 3. Efectul tratamentelor cu EA si EA+MU asupra rezistentei la rupere a probelor de EVA/TAC
(EA: 6,23 MeV, D* = 4,2 kGy/min; MU: 2,45 GHz, SAR = 2 kW/kg)

Elongation at break (Figure 4) decreases by
13.75% and 67.25% for samples irradiated with 60 Gy
and 80 Gy, respectively. For combined irradiation,
elongation at break is slightly improved compared with
samples cross-linked with peroxide: only by 10% for 60
Gy+55'and by 12.5% for 80 Gy+72'. Elongation at break
depends on the nature of the polymer/elastomer, as
well as on the degree of cross-link, which restricts the
movement of the polymer chain against the applied
force. Increases in irradiation dose will decrease the
elongation at break of EVA samples. Increases in
irradiation dose will enhance the brittleness of the EVA,
thusreducingits elongation at break [27].

Alungirea la rupere (Figura 4) scade cu 13,75% si
67,25% pentru probele iradiate cu 60 Gy, respectiv 80
Gy. In cazul iradierii combinate, alungirea la rupere este
doar usor imbunatatita comparativ cu cazul reticularii
cu peroxid de benzoil: 10% pentru 60 Gy+55', respectiv
12,5% pentru 80 Gy+72'. Alungirea la rupere depinde
de natura polimerului/elastomerului, dar si de gradul
de reticulare care restrictioneaza miscarea lanturilor
polimerului la aplicarea unei forte. Cresterea dozei de
iradiere va descreste alungirea la rupere in cazul
probelor de tip EVA. Cresterea dozei de iradiere va
creste, de asemenea, fragilitatea probelor de tip EVA si,
in concluzie, vareduce alungirealarupere [27].
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Figure 4. The EB and EB+MW effect on elongation at break of the EVA/TAC samples
(EB: 6.23 MeV, D* = 4.2 kGy/min; MW: 2.45 GHz, SAR = 2 kW/kg)
Figura 4. Efectul tratamentelor cu EA si EA+MU asupra alungirii la rupere a probelor de EVA/TAC
(EA: 6,23 MeV, D* = 4,2 kGy/min; MU: 2,45 GHz, SAR = 2 kW/kg)

Major changes have also been obtained in the
case of residual elongation (Figure 5). At the irradiation
dose of 60 Gy, residual elongation decreases by 6.85%
for samples (EVA/TAC) cross-linked with dibenzoyl
peroxide and increases by 43.15% after adding 55'of
microwave (60 Gy+55'). At the irradiation dose of 80 Gy,
the residual elongation decreases by 43.15% for
sample cross-linking with dibenzoyl peroxide and
increases by 19.86% after adding 72'of microwave (80
Gy+72'). Based on the obtained results, we can say that
increases in irradiation dose will lead to a decrease in
the residual elongation of EVA/TAC samples.

220

Si alungirea remanenta a suferit modificari majore
(Figura 5). La doza de iradiere de 60 Gy, alungirea
remanenta s-a micsorat cu 6,85% in cazul probelor de tip
EVA/TAC reticulate cu peroxid de benzoil si a crescut cu
43,15% dupa adaugarea a 55 de secunde de microunde
(60 Gy+55'). La doza de iradiere de 80 Gy, alungirea
remanenta a scazut cu 43,15% de asemenea pentru
probele reticulate cu peroxid de benzoil si a crescut cu
19,86% dupa adaugarea a 72 de secunde de microunde
(80 Gy+72'"). Pe baza rezultatelor obtinute putem afirma
ca o crestere a dozei de iradiere conduce la scaderea
alungiriiremanente a probelor de tip EVA/TAC.
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Figure 5. The EB and EB+MW effects on residual elongation of the EVA/TAC samples
(EB: 6.23 MeV, D* = 4.2 kGy/min; MW: 2.45 GHz, SAR = 2 kW/kg)
Figura 5. Efectul tratamentelor cu EA si EA+MU asupra alungirii remanente a probelor de EVA/TAC
(EA: 6,23 MeV, D* = 4,2 kGy/min; MU: 2,45 GHz, SAR = 2 kW/kg)
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Figure 6. The EB and EB+MW effects on tearing strength of the EVA/TAC samples
(EB: 6.23 MeV, D* = 4.2 kGy/min; MW: 2.45 GHz, SAR = 2 kW/kg)
Figura 6. Efectul tratamentelor cu EA si EA+MU asupra rezistentei la sfasiere a probelor de EVA/TAC
(EA: 6,23 MeV, D* = 4,2 kGy/min; MU: 2,45 GHz, SAR = 2 kW/kg)

Tearing strength (Figure 6) is also improved by
irradiation, compared with peroxide cross-linking and
theirradiation effectis similar to that noticed for tensile
strength, elongation at break and residual elongation.
Tearing strength increases by 37.70% and 16.39% for
samples irradiated with 60 Gy and 80 Gy, respectively.
Tearing strength improves even more by adding
microwaves: it increases by 54.09% and 40.98% for
samples irradiated with 60 Gy+55' and 80 Gy+72,
respectively.

CONCLUSIONS

In this study, the effect of the polyfunctional
monomer triallylcyanurate (TAC) on the mechanical
properties of the ethylene-vinyl acetate copolymer
(EVA) cross-linked by electron beam (EB) and
microwave (MW) processing was investigated.
Comparing the mechanical properties such as tensile
strength, elongation at break, residual elongation and
tearing strength, of samples cross-linked by EB
irradiation and combined EB + MW irradiation with
those cross-linked with dibenzoyl peroxide it is easy to
observe the superior efficiency of radiation
treatments. Improved characteristics of hardened
mixtures irradiated with EB and EB + MW are mainly
due to superior qualities of EB (the process is very fast

Rezistenta la sfasiere (Figura 6) s-a Tmbunatatit,
de asemenea, prin iradiere, comparativ cu cazul
reticularii cu peroxid de benzoil, iar efectul iradierii este
similar cu cel remarcat pentru rezistenta la rupere,
alungirea la rupere sau alungirea remanenta.
Rezistenta la sfasiere creste cu37,70% si 16,39% pentru
probele iradiate cu 60 Gy, respectiv 80 Gy. Adaugarea
microundelor Tmbunatateste si mai mult rezistenta la
sfasiere, aceasta crescand cu 54,09% si 40,98% pentru
probeleiradiate cu 60 Gy+55', respectiv80 Gy+72'.

CONCLUZII

Lucrarea de fata prezintd efectul monomerului
polifunctional TAC asupra proprietatilor mecanice ale
copolimeruluide tip EVAreticulat priniradiere separata
si/sau combinata cu EA si MU. Comparand valorile
rezistentei la rupere, alungirii la rupere, alungirii
remanente si rezistentei la sfasiere ale probelor
reticulate prin iradiere separata cu EA sau combinats,
cu EA si MU, cu cele ale acelorasi proprietati mecanice
ale probelor reticulate cu peroxid de benzoil, se
observa cu usurinta eficienta superioarada a
tratamentelor prin iradiere. Caracteristicile
imbunatatite ale amestecurilor iradiate sunt datorate
calitatilor superioare ale iradierii cu EA (procesul este
foarte rapid, tratarea este eficienta si uniforma, iar
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and due to high penetration power of radiation there is
an effective and uniform curing, no polymer
degradation due to high temperature as EB cross-
linking occurs at room temperature) and to the
advantages of MW (promote a narrow distribution of
the molecular masses, as the cross-linking occurs
simultaneously in the bulk of material because the
microwave interaction with the entire material under
irradiation promotes fast cross-linking processes). The
combined EB and MW irradiation can be a viable and
promising method in the material processing field,
because, for a particular application of a certain
elastomer, difficult to obtain using other methods, it is

faptul ca reticularea cu EA se produce la temperatura
camerei Tnlatura inconvenientul aparitiei degradarii
polimerului datorita temperaturii) si avantajelor MU
(produc o distributie Tngustd a maselor moleculare, iar
reticularea se produce simultan si foarte rapid in toata
masa de material). Iradierea combinata cu EA si MU
poate deveni o alternativa viabila si promitatoare de
procesare, in cazul aplicatiilor particulare pe anumiti
elastomeri, care sunt dificil de obtinut prin alte
metode, singurele conditii care trebuiesc indeplinite
fiind stabilirea dozei de iradiere si a parametrilor
campului de microunde, precum si compozitia probei
cetrebuie tratata.

necessary to establish only the required EB dose, MW
parametersand sample composition.
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