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Butyl rubber (IIR) is an isobutylene/isoprene copolymer and is provided with good properties including

low permeability to gases, good thermal stability and high resistance to oxygen and ozone action,

among others. It is well known that the major effect of ionizing radiations on butyl rubber is chain

scission accompanied with a significant reduction in molar mass. This work aimed to study the effects

of gamma radiation on the properties of butyl rubbers vulcanized by three different curing systems,

such as, the ones based on sulfur, sulfur donor and phenolic resin to identify which curing system is the

most stable under irradiation. The butyl rubber vulcanized by three different systems was gamma

irradiated with doses of 25 kGy, 50 kGy, 100 kGy, 150 kGy and 200 kGy. Irradiated and non-irradiated

samples were characterized by the following techniques: tensile, elongation and hardness. It was

observed that doses higher than 150 kGy practically destroy the assessed properties for all butyl

compounds, irrespective of the vulcanization system used; however compounds cured with phenolic

resin showed a decrease in properties proportional to the dose.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Butyl rubber (IIR), a copolymer of isobutylene and isoprene
(IIR) has been used in a great variety of applications, such as inner
tubes, internal coating of tires and various articles (lids, gaskets,
etc.) (Karaagac- et al., 2007), due to their unique properties,
including low gas permeability, good thermal stability, high
resistance to oxygen and to ozone and solar radiation action
(Teinov et al., 2002). As a result, IIR has reached a very large
consumption worldwide; therefore it was necessary to develop its
recycling technologies. The recycling can be troublesome due to
the availability of different types of scrap IIR vulcanized with
different curing systems. The curing systems are specified accord-
ing to the product’s final application, its specification and produc-
tion restrictions, like raw materials availability and cost. Rubber
must be compounded and vulcanized to yield useful and durable
products. The selection and the choice of ratios for the proper
fillers, processing aids, stabilizers and curing systems also play
critical roles in both how the compound will be processed and
how the end product will behave (Morton, 1989). Almost 90% of
all sulfur vulcanizations occur in natural rubber, ethylene-propy-
lene-diene (EPDM), butyl rubber and nitrile rubber (Hofmann,
1989; Coran, 2003).
ll rights reserved.

).
The use of high energy radiation was already proposed as an
advanced technique to allow the industrial reprocessing of scrap
rubber (Landini et al., 2007; Burillo et al., 2002) and in particular
IIR (Binglin et al., 1993; Yang, 1998; Yang and Liu, 2000).

Chapiro (1962) had already unraveled the radiation chemistry
of IIR and understood that its main reaction was chain scission.
This characteristic was explained by the presence of quaternary
carbon atom in the isobutylene unit of butyl rubber macromole-
cules. The major effect of ionizing radiations on butyl rubber is
chain scission accompanied by a significant reduction in molar
mass (Chandra et al., 1982 and Hill et al., 1992). According to
Zaharescu et al. (2001), the energy transfer from the radiation to
the matter is not selective, but the lower the bond energy, the
faster is the bond scission. Recently, the degradation induced by
radiation in Chlorobutyl rubber was evaluated via Dynamic
Mechanical Analysis (DMA) tests, consonant evaluations of the
Payne effect. This effect reveals a particular feature of the stress–
strain behavior of vulcanized rubber compounds containing
carbon black and other fillers, and allows us to identify correla-
tions with micro-deformations induced by changes in the micro-
structure of the sample. In other words, the dynamic deformation
leads to the rupture and recovery of the weak physical bonds of
the rubber with its reinforcement loads. The above deformation
also breaks the agglomerate structure of the reinforcement loads
and thus lowers the resistance of the rubber. The authors
(Scagliusi et al., 2010) observed that the irradiation induced a
severe degradation on IIR and the Payne effect was inversely
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proportional to the dose because the smaller the Payne effect the
smaller is the compound’s viscosity.

This work aims to study the effects of gamma radiation on the
properties of vulcanized butyl rubber with sulfur, sulfur donors
and phenolic resin.
2. Materials and methods

2.1. Materials

The butyl rubber used in this study was Butyl grade 268 from
Exxon Mobil Chemical. Samples were prepared with three differ-
ent types of vulcanization systems (see Table 1) and reference
formulations were based on standards commonly used in tyre and
automotive industry. Isobutylene-based polymers employ a vari-
ety of cure systems depending on requirements of the final cured
product.

Parts per hundred rubber (phr) is a measurement unit used in
the formulation of rubber compounds and refers to the amount of
a particular compound in relation to the total amount of rubber
used per 100 parts of rubber.

Admixtures were prepared in an open roll-mill, each roll of
40 kg capacity. The samples were cured in an electrically heated
HIDRAUL-MAQ, at 5 MPa pressure. Samples cured with sulfur and
donors were vulcanized at 170 1C for 15 min and the sample
cured with phenolic resin was vulcanized at 190 1C for 15 min.
Samples correspond to the same material before and after
radiation doses.
2.1.1. Butyl rubber vulcanization

Vulcanization systems contain vulcanizing agents (sulfur,
metal oxide and peroxide compounds) and, when necessary,
accelerators, activators, retarders, etc.; all of these use to produce
the desired vulcanization characteristics of the final cured pro-
duct. Butyl rubber can be vulcanized by means of three basic
methods:
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Sulfur: Butyl rubber is provided with a high level of insatura-
tion and can be sulfur crosslinked and further activated with
zinc oxide and organic accelerators (Morton, 1989).

�
 Sulfur donors: The use of sulfur donors in replacement of

elemental sulfur promotes the creation of elemental mono-
sulfide bonds (Morton, 1989).

�
 Resin: Phenol-formaldehyde resins are classified as resol

(Exxon Mobil Chemical, 2006), that is, tridimensional resin
systems that build a crosslinking network capable of being
used as reinforcing resins, when compared to linear structured
resins. Butyl rubber and other elastomers vulcanizations,
containing olefinic unsaturation by ‘‘resin vulcanization’’
le 1
mulation of butyl rubber.

gredients Resin

cured (phr)

Sulfur

cured (phr)

Donors sulfur

cured (phr)

utyl 268 100 100 100

hloroprene 5 – –

inc oxide 5 5 5

tearic acid 0.5 1 1.5

lasticizer 5 25 20

arbon black HAF 330 60 70 50

ctylphenol formaldehyde 10 – –

ulfur – 2 –

MTD – 1 1.75

BT – 0.5 1
methods, are dependent on phenol and methyl groups’ reac-
tivity from phenol–formaldehyde reactive resins (Kresge et al.,
1987).

The chemical structures of curing systems are shown in Fig. 1.

2.2. Irradiation process

11.5�11.5�0.1 cm3 specimens were prepared and vulcanized,
within a 250 g total weight mass. Specimens were irradiated at 25,
50, 100, 150 and 200 kGy doses, in a Cobalt-60 source, at a
5 kGy h�1 dose rate.

2.3. Mechanical properties

The properties of a polymer depend on the chemical structure
(composition and constitution), configuration, molecular weight,
its polydispersity, morphology, the processing conditions, etc.
In addition, the properties of elastomers depend on other ingre-
dients such as fillers, plasticizers and cure systems, or vulcaniza-
tion also contributes to the performance of the final vulcanized
product (Kuczkowski, 1988). The cured IIR’s typical properties are
specified at ASTM D-2000 (Table 2) and the uncured rubber’s
basic properties are shown in Exxon Data Sheet (2010). The
product has a characteristic specific gravity of 0.92. The product
form is white to light amber bales.

For the characterization of triplicate samples, tensile strength
at break, elongation and hardness were assessed, before and after
gamma irradiations. Tensile strength at break and elongation
were accomplished using an EMIC dynamometer, model DL 300,
300 kN maximum capacity according to ASTM D 412. Hardness
was conducted following ASTM D 2240, using a Shore A durom-
eter-Instrutemp, portable digital model Dp-100. This instrument is
provided with a conical needle emerging from the apparatus, kept
at zero level by means of a spring.
Fig. 1. Chemical structure of curing: (a) sulfur cure, (b) donor sulfur cure and

(c) resin cure (octylphenol formaldehyde).

Table 2
Typical properties of unvulcanized butyl rubber

(IIR).

Properties Typical values

Density of polymer 0.92 g/cm3

Hardness Shore A 30–90

Tensile strength (MPa) 7–17

Elongation at break (%) 800



resin cure
0

10

20

30

40

50

60

70

H
ar

dn
es

s 
(s

ho
re

 A
)

Samples butyl rubber

 0 kGy
 25 kGy
 50 kGy
 100 kGy
 150 kGy
 200 kGy

sulfur cure donor sulfur cure

Fig. 4. Hardness for butyl rubber cured with sulfur, resin and sulfur donors

samples.
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3. Results and discussions

Mechanical properties were assessed for rubber mixtures,
using vulcanizing systems with sulfur, sulfur donors and resin,
as a function of irradiation dose. Results for tensile, ultimate
elongation (elongation at break) and hardness at different radia-
tion doses were presented in Figs. 2, 3 and 4, respectively.

Vulcanization systems of the tested compounds indicated
different sensitivities when irradiated, as observed in Fig. 2.
According to Chandra et al. (1982), the initial stages of degrada-
tion of butyl rubber generally indicate a random breaking of
bonds in the polymer chain. In fact, the vulcanized samples with
‘‘resin’’, ‘‘sulfur’’ and ‘‘sulfur donors’’ showed that stress rupture
decreases proportionally with the increase in radiation. This
decrease was caused by a loss of molecular weight in the
irradiated polymers, indicating a predominance of polymer chain
scission instead of crosslinking, because irradiated butyl rubber
loses molecular weight even at doses, which are not that
high—this loss can be proved particularly through viscosity
measurements (Hill et al., 1992). The vulcanized sample with
sulfur showed initially a sharp decline in stress rupture even at
low doses, probably because of the high flexibility of the tridi-
mensional network structure, due to the presence of polysulfides
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Fig. 2. Tensile strength for butyl rubber cured with sulfur, resin and sulfur donors.

Fig. 3. Elongation at break for butyl rubber cured with sulfur, resin and sulfur

donor.
(C–S–Sn–C), where n41 (Sombatsompop, 1998). For the sample
cured with sulfur donor, the molecular weight loss occurred
proportionally to the dose, showing that the loss in molecular
mass follows the increase in the dose and more severe property
losses were observed at doses above 50 kGy, probably because the
crosslinked structure is monosulfide (C–S–C), shorter and less
flexible. As for the resin vulcanized samples at a 25 kGy dose it
was observed a marked loss in the properties, showing that even
at low doses the polymer begins to suffer degradation, indicating
a loss of molecular weight, because the lower the stress rupture
the lower is the compound’s viscosity.

Irradiation affects the elongation at break property in different
ways for the three vulcanization systems, as shown in Fig. 3.
‘‘Sulfur cure’’ samples showed a significant reduction in elonga-
tion leading toward a polymeric chain scission, with sudden
reduction at lower doses and almost leveling off for doses above
50 kGy. Changes in the vulcanized network structure are respon-
sible for the change in the vulcanized’s properties, due to the
curing-system formulation (Coran, 2003). ‘‘Sulfur donor’’ samples
experienced a non-significant reduction in properties at doses
up to 50 kGy; above this dose, sudden properties’ reduction have
occurred, proportional to doses, probably due to a higher selec-
tivity in bonds rupture verified for the cross linker (Coran, 2003).
For ‘‘resin cure’’ samples there was a reduction in the properties
proportional to the applied dose; for doses higher than 100 kGy a
sudden reduction in properties probably imparted by very large
polymeric chain degradation was observed (Hill et al., 1992).

Hardness is proportional to the entangled bonds formed
during the vulcanizing process and consequently directly affected
by the amount of sulfur present in vulcanizing systems. The
higher the sulfur amount the higher are the hardness and the
degree of crosslinking (Oliveira and Soares, 2002). This behavior
was just the one obtained. Sulfur cure systems showed slightly
higher hardness values, pointing to a higher degree of cross-
linking of these mixtures. These samples showed equal losses in
properties for all doses, as shown in Fig. 4, indicating that
irradiation did not affect the compound’s hardness, probably
because the butyl rubber isobutylene units are practically non-
reactive toward sulfur under the condition of vulcanization and
only the isoprene units are involved (Popowa et al., 1985). ‘‘Sulfur
donor cured’’ samples showed a reduction in hardness related to
the dose applied, as a function of a decrease in molecular weight,
because crosslinking would be expected only through the isolated
isoprene units (Hill et al., 1992). For ‘‘resin cure’’ samples the
hardness remain almost unchanged for almost all dose values,
whereas for doses higher than 100 kGy, samples showed a sudden
reduction in hardness values indicating polymer degradation,
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because of the dose-dependent nature of chain scission (Chandra
et al., 1982).
4. Conclusion

The compounds with three vulcanization systems presented quite
different sensitivities when irradiated as shown by the affected
material properties. Resin cure systems showed no protection of
polymers against effect of radiation. The highest degradation
occurred in sulfur vulcanized compounds, being observed that for
low doses the crosslinking was preserved, whereas for high doses,
just degradation occurred. ‘‘Sulfur donor’’ samples were more stable
at low doses, as their properties were maintained constant, whereas
at higher doses they showed severe degradation. At doses higher
than 100 kGy there was a major loss observed in the assessed
properties for all butyl compounds, irrespective of the vulcanization
system used, except for the ‘‘sulfur cure’’ samples that showed no
variations in hardness for all applied doses.
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