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ABSTRACT

Radiation crosslinking of elastomers has been receiving increasing attention. The reactions induced by high-energy ionizing radiation are very complicated and the mechanisms still remain not entirely comprehended. Ionizing radiation crosslinking of acrylonitrile-butadiene rubber, filled with 40 phr of silica, with incorporated sulfur crosslinking system was the object of study. To investigate the influence of components such as sulfur and crosslinking accelerator -dibenzothiazole disulfide (DM) on the process, a set of rubber samples with various sulfur to crosslinking accelerator ratio was prepared and irradiated with 50, 122 and 198 kGy. Crosslink density and crosslink structure were analyzed and mechanical properties of the rubber samples were determined. Inhibiting effect of DM and sulfur on the radiation crosslinking process was found. The rubber vulcanizates having sulfur in composition characterized themselves with hybrid crosslinks -both carbon-carbon and sulfide, with varying degree of sulfidity, depending on the sulfur and DM content. The presence of sulfide crosslinks increased tensile strength of the rubber samples.

INTRODUCTION

Radiation modification of polymer materials has been gaining increasing popularity, not only in academic research, but also in industrial applications [START_REF] Clough | High-energy radiation and polymers: A review of commercial processes and emerging applications[END_REF]. Among numerous advantages of radiation modification method, the noteworthy issue is the simplicity to control the ionizing radiation dose, which is absorbed by the modified material, dose rate and energy of ionizing radiation. The resulting properties can be therefore 'tailored' and the whole process is highly controllable and repeatable.

Radiation crosslinking is an interesting alternative for thermal crosslinking [START_REF] Bhowmick | Electron Beam Curing of Elastomers[END_REF][START_REF] Manaila | Advanced Elastomers -Technology, Properties and Applications[END_REF][START_REF] Bik | EB radiation crosslinking of elastomers[END_REF] or its complement [START_REF] Stepkowska | Application of Electron Beam Radiation to Modify Crosslink Structure in Rubber Vulcanizates and Its Tribological Consequences[END_REF][START_REF] Vijayabaskar | Influence of electron beam irradiation as one of the mixed crosslinking systems on the structure and properties of nitrile rubber[END_REF][START_REF] Vijayabaskar | Dynamic mechanical analysis of electron beam irradiated sulfur vulcanized nitrile rubber network-some unique features[END_REF]. One of extensively studied polymers in respect to its radiation crosslinking, is acrylonitrile-butadiene rubber (NBR) [START_REF] Yasin | Radiation vulcanization of acrylonitrile-butadiene rubber with polyfunctional monomers[END_REF][START_REF] Bik | Electron Beam Crosslinking of Hydrogenated Acrylonitrile-Butadiene Rubber[END_REF][START_REF] Stephan | Crosslinking of Nitrile Rubber by electron Beam Irradiation at Elevated Temperatures[END_REF][START_REF] Vijayabaskar | Electron beam modification and crosslinking: Influence of nitrile and carboxyl contents and level of unsaturation on structure and properties of nitrile rubber[END_REF][START_REF] Hill | An investigation of radiation-induced structural changes in nitrile rubber[END_REF], which belongs to group of polymers, which effectively crosslink on irradiation with ionizing radiation.

As a result of high-energetic irradiation, radicals are generated directly on polymer chains. By recombination, they form carbon-carbon (C-C) crosslinks between the chains. Due to the fact that radiation crosslinking leads to formation of C-C crosslinks and the mechanism is radical, it is of-ten compared to peroxide crosslinking [START_REF] Manaila | Advanced Elastomers -Technology, Properties and Applications[END_REF][START_REF] Loan | Peroxide crosslinking reactions of polymers[END_REF]. It is noteworthy to enhance that the processes induced by ionizing radiation are very complicated and therefore not thoroughly understood [START_REF] Zagorski | Modification, degradation and stabilization of polymers in view of the classification of radiation spurs[END_REF]. C-C crosslinks provide good elastic properties and are resistant to thermal aging, but they are short, stiff and are do not provide satisfactory properties for dynamic loadings.

According to Dogadkin's theory, crosslinks of various structures provide better mechanical properties, owing to different lengths of the bridges between polymer chains, which do not break at the same time [START_REF] Dogadkin | Effect of vulcanization structures on the strength of vulcanizates[END_REF]. To provide optimal properties required for the end-use product, the researchers endeavor to design materials with hybrid (mixed) crosslinks. To obtain hybrid type network with both C-C and longer sulfide crosslinks, studies on thermal simultaneous crosslinking with two types of curatives, such as organic peroxide and sulfur crosslinking system, were carried out. The results generally showed lowered efficiency of crosslinking due to competing reactions, in which sulfur and crosslinking accelerator are involved in reactions with peroxide radicals [START_REF] Manik | Studies on Dicumylperoxide Vulcanization of Natural Rubber in Presence of Sulfur and Accelerators[END_REF][START_REF] Manik | Sulfenamide Accelerated Sulfur Vulcanization of Natural Rubber in Presence and Absence of Dicumyl Peroxide[END_REF][START_REF] Bakule | The dependence of dielectric properties on crosslinking density of rubbers[END_REF][START_REF] Bakule | Vulcanization of natural rubber by dicumyl peroxide in the presence of sulfur[END_REF].

In our previous research [START_REF] Bandzierz | Radiation methods of polymers modification: hybrid crosslinking of butadiene -acrylonitrile rubber[END_REF] concerning radiation crosslinking of NBR rubber with sulfur crosslinking system in composition, hybrid crosslink structure was proved to form upon irradiation. Inhibiting effect of sulfur crosslinking system on total crosslink density, formed in the irradiation process, was observed. To investigate in detail the contribution coming from particular components of the crosslinking system, such as rhombic sulfur and crosslinking accelerator DM, a set of samples with various ratios of sulfur and accelerator was prepared. The effect of these two components on radiation crosslinking process was studied by determination of basic mechanical properties, total crosslink density and analysis of crosslink structure.

EXPERIMENTAL PART

MATERIALS

Acrylonitrile -butadiene rubber Europrene N3325 (bound ACN content 33%) was supplied by Polimeri Europa (Italy). Precipitated silica Ultrasil VN3 was obtained from Evonik Industries (Germany). Vinyltrimethoxysilane U-611 was obtained from Unisil (Poland). Rhombic sulfur was
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Author Copy provided by Siarkopol Tarnobrzeg (Poland) and zinc oxide, stearic acid and dibenzothiazole disulfide (DM), by Lanxess (Germany).

SAMPLES PREPARATION

Rubber mixes were prepared in two-stage procedure. In the first stage, rubber premixes of NBR, filled with 40 phr of precipitated silica and vinyltrimethoxysilane in amount of 10 wt. % of silica in the composite mix, were prepared with the use of Brabender Plasticorder internal micromixer (Germany) at temperature of mixing chamber of 120 °C, with rotors speed of 20 RPM during components incorporation and 60 RPM during 25 min lasting homogenization process. In the second stage, components of crosslinking system, such as zinc oxide, stearic acid, rhombic sulfur and dibenzothiazole disulfide (DM), were incorporated into the premix with David Bridge two-roll open mixing mill (UK) at 40°C and homogenized for 10 min. The samples composition is given in Table 11.1. A 1-mm rubber mixes sheets were compression molded in an electrically heated press at temperature of 110°C under pressure of 150 bar for 4 min. 
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SAMPLES IRRADIATION

The molded rubber sheets were subjected to electron beam (EB) irradiation at Elektronika 10/10 linear electron accelerator (Russia), located at the Institute of Nuclear Chemistry and Technology (Poland). The absorbed doses were 50, 122 and 198 kGy. Irradiation process was carried out in air atmosphere at room temperature. The rubber sheets were placed horizontally in the front of pulsed, scanned beam. The total doses were obtained by multi-pass exposure (approx. 25 kGy per pass).

SAMPLES CHARACTERIZATION

CROSSLINK DENSITY DETERMINATION

Total crosslink density of the irradiated samples was determined taking advantage of equilibrium swelling in toluene and calculated on the basis of Flory-Rehner equation [START_REF] Flory | Statistical Mechanics of Crosslinked Polymer Networks II. Swelling[END_REF]. The Flory-Huggins interaction parameter used in the calculations for toluene -NBR rubber was 0.435 [START_REF] Hwang | Mechanical, Thermal, and Barrier Properties of NBR/Organosilicate Nanocomposites[END_REF].

CROSSLINK STRUCTURE DETERMINATION

The crosslink structure was analyzed and quantified by thiol-amine analysis, which is based on treatment of the crosslinked material with a set of thiol-amine chemical probes, specifically cleaving particular crosslinks types [START_REF] Saville | Structural Characterization of Sulfur-Vulcanized Rubber Networks[END_REF]. Polysulfide crosslinks are cleaved by treatment of crosslinked rubber samples with 2-propanethiol (0.4 M) and piperidine (0.4 M) in toluene for 2 h under inert gas atmosphere (argon) at room temperature, while polysulfide and disulfide crosslinks can be cleaved by treatment under the same conditions with 1-dodecanethiol (1 M) in piperidine for 72 h.

MECHANICAL PROPERTIES

Mechanical tests were carried out with the use of 'Zwick 1435' universal mechanical testing machine (Germany), according to ISO 37. The crosshead speed was 500 mm/min and the temperature was 23±2 °C. Five
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dumbbell specimens were tested for each sample and the average is reported here.

RESULTS AND DISCUSSION

CROSSLINK DENSITY

The crosslink densities of samples irradiated with doses of 50, 122 and 198 kGy, calculated from equilibrium swelling in toluene, are presented in Fig. 11.1. For all samples studied, crosslink densities formed during EB irradiation process are increasing linear function of dose. The inhibiting effect of DM and sulfur on the radiation crosslinking process was observed. According to experimental work, the inhibiting effect of sulfur (sample 2/0) and DM (sample 0/1.5) is not additive, comparing to corresponding inhibition coming from the same amount of sulfur and DM combined in one sample (2/1.5). The "experimental inhibition" (sample 2/1.5) is lower that the "theoretical inhibition" (summed up inhibition of samples 2/0 and 0/1.5), as shown in Fig. 11.2. The probable explanation of the fact can be sulfur -accelerator complex formed during sheets molding process at 110°C. The complex formed facilitate formation of sulfide crosslinks and possibly makes the reactions more effective -
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Author Copy sulfur is used rather for formation of bridges between the polymer chains, than for formation of cyclic structures modifying the chains. Inhibiting effect of DM arises from the presence of aromatic rings in its structure. The aromatic compounds are known to influence the radiationinduced modification by effect of resonance energy dissipation [START_REF] Głuszewski | Radiation effects in polypropylene/polystyrene blends as the model of aromatic protection effects[END_REF][START_REF] Seguchi | Mechanism of antioxidant interaction on polymer oxidation by thermal and radiation aging. Radiat[END_REF]. In the structural formula of DM, heteroatoms, such as sulfur and nitrogen are also present. The sulfur moieties are known to inhibit the effect of ionizing radiation action on matter [START_REF] Charlesby | Radiation protection with sulfur and some sulfur-containing compounds[END_REF][START_REF] Charlesby | The use of sulfur as a protecting agent against ionizing radiations[END_REF], due to the fact that sulfur groups act as sinks of the radiation energy [START_REF] Nagata | Electronic structure of sulfur compounds and their protecting action against ionizing radiation[END_REF].

Rhombic sulfur itself also causes large inhibiting effect of subjected to ionizing radiation polymer. It has to be enhanced, that sulfur undoubtlessly is strong radiation-protecting agent, but probably the crosslinking efficiency is reduced because of intramolecular reactions, which result in modification of polymer chains by sulfur cyclic structures. The observed inhibiting effect of sulfur has therefore twofold contribution.

CROSSLINK STRUCTURE

For samples with rhombic sulfur in composition, the crosslink structure investigation was carried out (Fig. 11.

3). Presence of both C-C and poly-
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Author Copy sulfide crosslinks was proved. The C-C crosslinks are "regular" effect of polymer irradiation. The sulfide crosslinks were formed as a result of breakage of S-S bonds in highly puckered ring structure of rhombic sulfur by the action of accelerated electrons. The S-S bond energy is low -approx. 240 kJ/mole, what makes it susceptible to break and generate sulfur radicals [START_REF] Vijayabaskar | Influence of electron beam irradiation as one of the mixed crosslinking systems on the structure and properties of nitrile rubber[END_REF], what consequently leads to sulfide crosslinks formation. The crosslink structure study showed that during irradiation of the sample containing sulfur, but without crosslinking accelerator (sample 2/0), the participation of polysulfide crosslinks in the total crosslink density is approx. 40%. The difference between the number of polysulfide crosslinks formed upon irradiation with 122 and 198 kGy is very little. In sample 2/1.5 in which both sulfur and crosslinking accelerator are present, the number of polysulfide crosslinks is lower than in sample 2/0, and it slightly increases with irradiation dose (from 28% for 122 kGy up to 32% for 198 kGy). The presence of complex of crosslinking accelerator with sulfur promoted thereby formation of shorter crosslinks.

MECHANICAL PROPERTIES

The mechanical properties of all samples studied are presented in Table 11.2.
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Author Copy In sample 2/0, the generated sulfur radicals inserted into polymer chains, forming long, polysulfide crosslinks, which have significant participation in the total crosslink density. The presence of polysulfide crosslinks is evident in mechanical properties -high tensile strength is provided by these long, labile bridges, which effectively dissipate the energy. Due to this effect, sample 2/0 showed the highest tensile strength among all analyzed samples (Fig. 11.4). The lowest value of tensile strength exhibited the sample 0/1.5. The presence of the DM not only inhibited the formation of crosslinks, but also considerably deteriorated the resulting mechanical properties of the rubber sample. Modification of the polymer chain by the products of DM transformation upon irradiation is probable.
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Author Copy Tensile strength curve of sample containing both sulfur and DM, is located between the corresponding curves of samples containing solely DM or sulfur. Its tensile strength is higher than of sample without sulfur or DM (0/0), due to presence of mixed, diversified crosslinks in sample 2/1.5, and exclusively uniform C-C crosslinks in sample 0/0.

CONCLUSIONS

In our study, the influence of particular components of sulfur crosslinking system, such as rhombic sulfur and crosslinking accelerator DM, on the process of radiation crosslinking of NBR was investigated.

• Inhibition of radiation crosslinking by both sulfur and DM was proved. Due to complex nature of the investigated system and complicated processes induced by high-energy radiation, it is difficult to unambiguously identify the mechanisms responsible for the inhibiting effect. • Irradiation of samples with sulfur in composition leads to formation of hybrid network type, characterizing itself with both short C-C crosslinks and longer sulfide ones. The presence of diversified crosslinks guarantee high tensile strength of the rubber samples.
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The reactions induced in polymer matrix with sulfur crosslinking system in composition are probably multistage. To comprehend mechanisms of the reactions initiated by ionizing radiation, further investigation within this area is needed.

FIGURE 11 . 1

 111 FIGURE 11.1 Total crosslink density as a function of ionizing radiation dose.

FIGURE 11 . 2 "

 112 FIGURE 11.2 "Experimental inhibition" (solid line) and "theoretical inhibition" (dashed line) of radiation crosslinking process.

FIGURE 11 . 3

 113 FIGURE 11.3 Crosslink structure of samples 2/0 and 2/1.5, irradiated with 122 and 198 kGy. Network density formed in the samples irradiated with a dose of 50 kGy was very low and the results on crosslink structure obtained from the thiol -amine analysis was not reliable.

FIGURE 11 . 4

 114 FIGURE 11.4 Tensile strength of samples as a function of crosslink density.
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	%)	0 / 0	0 / 1.5	2 / 0	2 / 1.5
	NBR, Europrene N3325	100	100	100	100
	Silica, Ultrasil VN3	40	40	40	40
	Silane, U611	4	4	4	4
	Zinc oxide, ZnO	5	5	5	5
	Stearic acid	1	1	1	1
	Rhombic sulfur, S 8	0	0	2	2
	Dibenzothiazole disulfide, DM	0	1.5	0	1.5

1 Composition of Rubber Mixes* (Rubber mixes x / y)/(Component, wt. *The samples are designated as x / y, where, x indicates the amount of sulfur and y indicates the amount of dibenzothiazole disulfide, respectively.
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		2 Mechanical Properties (SE100, SE200, SE300, TS, Eb) of Samples
	Irradiated with 50, 122 and 198 kGy					
	Sample	Dose	Crosslink		Mechanical properties	
		[kGy]	density [mol/ cm 3 ]	SE 100 [MPa]	SE 200 [MPa]	SE 300 [MPa]	TS [MPa]	E b [MPa]
	0 / 0	50	1.1×10 -4	2.7	4.0	5.6	10.6	599
		122	3.4×10 -4	5.1	10.2	17.2	25.1	397
		198	6.6×10 -4	9.8	21.1	-	23.6	219
		50	9.3×10 -5	2.0	2.9	4.0	7.6	670
	0 / 1.5	122	2.6×10 -4	3.9	7.6	12.5	20.8	441
		198	5.1×10 -4	7.5	15.8	-	23.7	277
		50	8.3×10 -5	1.9	2.6	3.5	7.6	756
	2 / 0	122	2.4×10 -4	4.2	7.8	12.5	25.2	503
		198	4.0×10 -4	6.1	12.6	21.6	30.9	388
		50	7.3×10 -5	2.1	2.7	3.5	6.5	756
	2 / 1.5	122	1.7×10 -4	3.0	5.3	8.2	17.4	549
		198	3.2×10 -4	4.8	9.7	16.3	26.7	429
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