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ABSTRACT：EPDM, IIR, and BIIR composites were thermally aged and the crosslink density changes were investigated.
Crosslink densities of the EPDM composite increased with increasing the aging time and temperature, whereas those of
IIR and BIIR composites for long-term aging at high temperatures tended to decrease. Activation energies for the crosslink
density changes of the EPDM composite were higher than those of the BIIR one. The experimental results were explained
with the number of allylic hydrogens, activation of the zinc complex, the steric hindrance effect, and oxidation of rubber 
chain.

요 약：EPDM, IIR, 그리고 BIIR 복합체를 열노화시켜 가교밀도 변화를 조사하였다. 노화 시간이 증가하거나 노화 

온도가 올라갈수록 EPDM 복합체의 가교밀도는 증가하였으나, 고온에서 장기간 노화된 IIR과 BIIR 복합체의 가교밀도

는 감소하는 경향을 보였다. EPDM 복합체의 가교밀도 변화에 대한 활성화 에너지는 BIIR 복합체보다 높았다. 실험

결과는 알릴 수소의 수, 아연 복합체의 활성화, 입체 가리움 효과, 그리고 고무 사슬의 산화로 설명하였다.
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Ⅰ. Introduction

  R group rubbers such as natural rubber (NR), butadiene rub-
ber (BR), styrene-butadiene rubber (SBR), and acrylonitrile- 
butadiene rubber (NBR) have unsaturated hydrocarbon (C=C 
double bond) backbones. Due to the C=C double bond back-
bones, they have lots of allylic hydrogens which participate 
in sulfur crosslinking reaction.1 Hence, degrees of crosslink 
density changes of the R group rubber composites by themal 
aging are relatively high, and their physical and chemical prop-
erties are also changed.2-10 Of R group rubbers, isobutene-iso-
prene rubber (butyl rubber, IIR) has relatively good thermal 
resistance properties since it has only isoprene content with 
less than 3 wt%.11,12

  Crosslink type and degree of crosslink density of a rubber 
vulcanizate determine the physical properties such as modulus, 
hardness, resilience, elongation at break, heat build-up, and 
so forth.13 Sulfide linkages, especially polysulfides, are dis-

sociated by heating14,15 and this brings about decrease of the 
crosslink density. Curatives, especially sulfur, in rubber vul-
canizates make new crosslinks16 and this results in increase 
of the crosslink density. Crosslink density of a rubber vulcan-
izate is changed by thermal aging.4,17-20 In general, when sul-
fur-cured rubber vulcanizates are thermally aged, the crosslink 
densities increase and the degree also increases as the aging 
temperature and time increase.21-23 Crosslink density change 
by thermal aging is also one of reasons about permanent de-
formation of a rubber vulcanizate.21-23

  Brown and coworkers reported physical property changes 
of rubber composites after natural aging for 40 years and com-
pared with the accelerated heat aging results.24,25 Relative devi-
ations for the physical property changes of naturally aged rub-
ber vulcanizates were very big but the results were valuable. 
The big deviation of the physical property may be due to the 
difference in the initial states of the samples. A number of 
samples are needed to measure physical properties and to per-
form thermal aging for a long time. Sample size should be 
small to minimize the experimental errors, but relatively large 
sample size for measurement of the physical properties should 
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be required. Sample dimension for measurement of the cross-
link density is less than 1 cm × 1 cm. Thus, experimental 
errors for thermal aging behaviors of a rubber article can be 
reduced by measuring the crosslink density changes not the 
physical property changes.
  In this work, we studied thermal aging behaviors of weath-
er-resistant rubber composites such as ethylene-propylene-diene 
rubber (EPDM), IIR, and brominated isobutene-isoprene rub-
ber (bromobutyl rubber, BIIR) by measuring their crosslink 
density changes. Thermal aging was performed for 2 - 185 
days in a convection oven and the thermal aging behaviors 
were investigated by dividing into short- and long-term aging 
results. Activation energy for the crosslink density change by 
thermal aging was obtained from Arrhenius plot and the varia-
tion with the aging time was also investigated to characterize 
their thermal aging behaviors. EPDM grade is determined by 
the contents of ethylene, propylene, and diene as well as the 
kind of diene. IIR and BIIR grades are determined depending 
on the isoprene content. Scheme 1 shows general chemical 
structures of EPDM, IIR, and BIIR. EPDM has outstanding 
properties for heat, ozone, and weather resistances as well as  
resistance to polar substances. Since it has also excellent elec-
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Scheme 1. Chemical structures of EPDM, IIR, and BIIR.

trical properties, it is widely used in electrical insulations. IIR 
has some properties similar to those of EPDM, such as good 
weather resistance5,26 and good mineral acid and base resis-
tance. Since IIR has also excellent resistance to permeability 
by gases, it is significantly used in curing bladders and inner 
tubes for tires. If a halogen (chlorine or bromine) is introduced 
into IIR, it becomes halobutyl rubbers such as CIIR or BIIR, 
respectively.

Ⅱ. Experimental

  Carbon black-reinforced EPDM, IIR, and BIIR compounds 
were made of rubber (EPDM, IIR, or BIIR 100.0 phr), carbon 
black (N220 50.0 phr), antidegradants (N-phenyl-N'-(1,3-dime-
thylbutyl)-p-phenylenediamine (HPPD) 2.0 phr and wax 2.0 
phr), cure activators (stearic acid 2.0 phr and ZnO 2.0 phr), 
N-tert-butyl-2-benzothiazole sulfenamide (TBBS, 1.4 phr), and 
sulfur (1.4 phr). KEP 350 (ethylidene norbornene (ENB) con-
tent = 8 wt%) of Kumho Polychemical Co., Butyl 268 
(isoprene content = 1.7 mol%) of Exxon Chemical Co., and 
Bromobutyl 2222 (functional bromine content = 1.03 mol%) 
of Exxon Chemical Co. were employed as EPDM, IIR, and 
BIIR, respectively. Mixing was performed in a Banbury type 
mixer at a rotor speed of 45 and 30 rpm for master batch 
(MB) and final mixing (FM) stages, respectively. The initial 
temperatures of the mixer were 110 and 80 ℃ for MB and 
FM stages, respectively. The MB compounds were prepared 
as follow. (1) The rubber was loaded into the mixer and pre-
heated for 0.5 min. (2) The carbon black was compounded 
into the rubber for 2.0 min. (3) The antidegradants and cure 
activators were mixed for 2.0 min and the compounds were 
discharged. The FM compounds were prepared by mixing the 
sulfur and TBBS with the MB compounds for 2.0 min. The 
vulcanizates were prepared by curing at 160 ℃ for 30 min 
in a compression mold (140 mm × 140 mm × 2 mm).
  The sample dimension for the thermal aging experiment was 
3 cm × 6 cm. Thermal aging was performed at 60, 70, 80, 
and 90 ℃ for 2 - 185 days in a convection oven. Crosslink 
densities of the samples before and after the thermal aging 
were measured by swelling method. Organic additives in the 
samples were removed by extracting with THF and n-hexane 
for 3 and 2 days, respectively, and they were dried for 2 days 
at room temperature. The weights of the organic materials-ex-
tracted samples were measured. They were soaked in toluene 
for 2 days and the weights of the swollen samples were 
measured. The swelling ratio (Q) was calculated by the equa-
tion (1)12

  Q = (Ws - Wu) / Wu (1)

where Ws and Wu are weights of the swollen and unswollen 



150 Sung-Seen Choi et al.. / Elastomers and Composites Vol. 47, No. 2, pp. 148~155 (June 2012)

samples. In general, the reciprocal swelling ratio (1/Q) was 
used as the apparent crosslink density. Experiments were car-
ried out three times and were then averaged.
  Organic materials remained in the aged samples were ex-
tracted with THF and analyzed with gas chromatography/mass 
spectrometry (GC/MS). GC/MS chromatograms and mass spec-
tra of the extracted materials were acquired with 6890N/5987 
GC/MS of Agilent Co. DP-5MS capillary column (length 30 
m) was used. Injector temperature of the GC was 250 ℃. The 
GC oven temperature program was as follows. (1) The initial 
temperature was 70 ℃ and kept for 3 min. (2) The temperature 
was increased from 70 to 300 ℃ at a rate of 10 ℃/min.

Ⅲ. Results and discussion

  KEP 350 (EPDM) has ethylidene norbornene (ENB) as di-
ene of 8 wt% (2.3 mol%) and 56.5 wt% of ethylene content. 
Isoprene content of Butyl 268 (IIR) is 2.1 wt% (1.7 mol%), 
while functional bromine (C5H7Br) content of Bromobutyl 
2222 (BIIR) is 2.7 wt% (1.03 mol%). Thus, Butyl 268 has 
more isoprene units than Bromobutyl 2222. Ethylene and pro-
pylene units of EPDM and isobutene units of IIR and BIIR 
do not have any allylic hydrogens to participate in sulfur cross-
linking reactions. The numbers of allylic hydrogens of one 
ENB, isoprene, and brominated isoprene units are 6, 7, and 
6, respectively, as shown in Scheme 1. By multiplying them 
by the mole fraction, the ratios of allylic hydrogens of EPDM, 
IIR, and BIIR were calculated. The ratios are 13.8, 11.9, and 
6.2 for EPDM, IIR, and BIIR, respectively.
  Crosslink denisty change (ΔXc) was calculated by the equa-
tion (2)

  ΔXc = 100 × {(1/Qf) - (1/Qi)} / (1/Qi) (2)

where (1/Qi) and (1/Qf) are the apparent crosslink densities 
of the specimens before and after the thermal aging. The ex-
perimental results were arranged by dividing the results with 
short- and long-term agings as shown in Figures 1 - 4. The 
maximum crosslink density changes for the aging time of 185 
days were less than 25, 30, 40, and 60% for the aging temper-
ature of 60,70, 80, 90 ℃, respectively. The values are rela-
tively much lower than those of general R group rubbers such 
as NR, BR, SBR, and NBR.2-10 The crosslink densities of the 
EPDM composite increased after thermal aging irrespective 
of the aging temperatures and the aging times. The crosslink 
densities of the BIIR composite also increased after thermal 
aging except the long-term thermal aging at high temperatures. 
The increased crosslink densities of sulfur-cured rubber vul-
canizates by thermal aging can be explained with the for-
mations of new crosslinks by free curative residues such as 
elemental sulfur, cure accelerator residues, and zinc complexes 

remained in a sample.4,6,27,28 Especially, free sulfur remained 
in a vulcanizate reacts well with rubber chains and makes new 
crosslinks.4 Combination reactions between pendent sulfide 
groups terminated by an accelerator residue also enhance the 
crosslink density.6,27,28 Zinc complex, which is cosisted of zinc 
oxide, fatty acids, cure accelerators, and sulfur, activates cross-
linking reactions, and it makes the cure rate faster and enhan-
ces the crosslink density.
  The crosslink densities of the IIR composite decreased for 
the initial aging period and then increased as shown in Figures 
1 - 4. These decreased crosslink densities of the IIR composite 
were observed for the thermal aging at relatively low temper-
atures of 60 and 70 ℃. The decreased crosslink density signi-
fies that dissociation of the existing crosslinks overcame for-
mation of new crosslinks. In order to make new crosslinks, 
isoprene units of different two rubber chains of IIR should 
be neighbored. However, since the IIR only has 1.7 mol% 
isoprene units, the chance to meet the two isoprene units may 
be very low. In addition, the isoprene unit of IIR can be steri-
cally hindered by two methyl groups of the isobutene unit. 
On the other hand, polysulfides can be easily dissociated by 
heating. Thus, the crosslink density of the IIR composite can 
be decreased by thermal aging. As the aging time elapses, 
crosslinking-related chemicals such as zinc complexes, cura-
tive residues, and sulfur can gather around the isoprene units 
and participate in crosslinking reactions because diene units 
(C=C) and the crosslinking-related chemicals are relatively 
polar. Gathering of the crosslinking-related chemicals and 
crosslinking reactions by them will be more activated by in-
creasing the temperature. For the EPDM and BIIR composites, 
the crosslink densities were not decreased by the thermal 
aging. This can be explained with the side diene group of 
EPDM and the role of bromine as a ligand in a zinc complex 
of BIIR. Since the dienes (ENB) of EPDM are not a backbone 
of the polymer and are the side groups, they will not be steri-
cally hindered. In addition, the allylic hydrogen content ratio 
of the EPDM is higher than that of the IIR as discussed above. 
Thus, for the initial aging period, the crosslink density of the 
EPDM composite will increase by formation of new crosslinks. 
For the BIIR composite, bromaine of BIIR can play a role 
of a ligand in a zinc complex as shown in Scheme 2. When 
zinc complexes are activated by bromine, the activation energy 
for crossinking reactions decreases. Thus, formation of new 
crosslinks will be activated although the allylic hydrogen con-
tent ratio of the BIIR is lower than that of the IIR as discussed 
previously.
  For the short-term thermal aging, the ΔXcs of the EPDM 
and BIIR composites were larger than those of the IIR one 
irrespective of the aging temperatures. This may be also due 
to the role of bromine as a ligand in a zinc complex of BIIR 
and the side diene group of EPDM. The relative order of the 
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Scheme 2. Structures of zinc complex including bromine of 
BIIR.
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Figure 1. Variations of the crosslink density changes of the 
rubber composites by short‐term (a) and long‐term (b) thermal 
aging at 60 ℃ with the aging time. The squares, circles, and 
triangles indicate the EPDM, IIR, and BIIR specimens, res-
pectively.

ΔXcs of the BIIR composite aged for a short time notably 
varied with the aging temperature. For the short-term thermal 
aging at 60 ℃, the ΔXcs of the BIIR composite were larger 
than those of the EPDM one as well as those of the IIR one 
as shown in Figure 1(a). The ΔXcs of the BIIR and EPDM 
composites aged at 70 ℃ for a short time were nearly the 
same as shown in Figure 2(a). For the short-term thermal aging 
at 80 and 90 ℃, the ΔXcs of the BIIR composite were smaller 
than those of the EPDM one and the difference became bigger 
as shown in Figures 3(a) and 4(a). This can be explained with 
the reduction of the favorability of the role of bromine as a 
ligand in a zinc complex of BIIR and the enhancement of 
the crosslinking reaction of the side diene group of EPDM 
by increasing the aging temperature. The zinc complexes can 
be activated by binding of bromine (Br) to zinc ion (Zn2+) 
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Figure 2. Variations of the crosslink density changes of the 
rubber composites by short‐term (a) and long‐term (b) thermal 
aging at 70 ℃ with the aging time. The squares, circles, and 
triangles indicate the EPDM, IIR, and BIIR specimens, res-
pectively.
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Figure 3. Variations of the crosslink density changes of the 
rubber composites by short‐term (a) and long‐term (b) thermal 
aging at 80 ℃ with the aging time. The squares, circles, and 
triangles indicate the EPDM, IIR, and BIIR specimens, res-
pectively.

and the activation energy for crossinking reactions decreases. 
Thus, the crossinking reactions will be more activated by bind-
ing of Zn---Br. However, if the temperature becomes higher, 
the binding strength of Zn---Br will be weaken. Hence, at high 
temperatures, the role of bromine as a ligand in a zinc complex 
of BIIR will be reduced. On the contrary, the sulfur-cross-
linking reactions of the side diene groups of EPDM will be 
more activated by increasing the temperature.
  For the themal aging at 60 ℃ (Figure 1), the ΔXcs of BIIR 
composite were larger than those of the EPDM and IIR ones. 
For the themal aging at 70 ℃ (Figure 2), the ΔXcs of the 
BIIR composite were larger than those of the IIR, while the 
ΔXcs of the BIIR and EPDM composites were nearly the 
same. For the themal aging at 80 an 90 ℃ (Figures 3 and 
4), the ΔXcs of the BIIR composite were smaller than those 
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Figure 4. Variations of the crosslink density changes of the 
rubber composites by short‐term (a) and long‐term (b) thermal 
aging at 90 ℃ with the aging time. The squares, circles, and 
triangles indicate the EPDM, IIR, and BIIR specimens, res-
pectively.

of the EPDM one. The larger ΔXcs of BIIR composite at 
low temperature of 60 ℃ were very interesting because the 
allylic hydrogen content ratio of BIIR is lower than those of 
EPDM and IIR. This implies that zinc complexes by binding 
of bromine remarkably reduced activation energies for cross-
linking reactions. However, by increasing the aging temper-
ature, the binding strength of Zn---Br will be weakened and 
the effect on the activation energy reduction will be decreased. 
Due to the weakening of Zn---Br binding strength, degree of 
the ΔXcs of the BIIR composite at high temperatures was 
small. For the long-term thermal aging at 90 ℃, the ΔXcs 
of the BIIR composite were even smaller than those of the 
IIR one. Another reason about the smaller ΔXcs of the BIIR 
composite is the steric hindrance by bromine atom besides 
of the weakening of Zn---Br binding strength. Atomic radius 
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Figure 5. GC/MS TIC chromatograms of the organic materials 
extracted with THF from the EPDM composite aged at 90 
℃ for 5 (a) and 35 (b) days.

4 8 12 16 20

 

In
te

ns
ity

Retention Time (min)

 

(b)
 

internal
standard HPPD

(a)

Figure 6. GC/MS TIC chromatograms of the organic materials 
extracted with THF from the IIR composite aged at 90 ℃ for 
5 (a) and 35 (b) days.

of bromine atom is much bigger than those of hydrogen and 
carbon atoms. Atomic radii of hydrogen, carbon, and bromine 
atoms are 37, 77, and 114 pm, respectively. Since Br atom 
in BIIR is neighbored around allylic hydrogens and is rela-
tively much bigger than hydrogen and carbon atoms, allylic 
hydrogens will be sterically hindered by Br atom and for-
mation of new crosslinks will be prevented. By increasing the 
temperature, rotation of the Br atom and the steric hindrance 
might be more activated.
  For the long-term themal aging of the IIR and BIIR compo-
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Figure 7. GC/MS TIC chromatograms of the organic materials 
extracted with THF from the BIIR composite aged at 90 ℃ 
for 5 (a) and 35 (b) days.
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Figure 8. Variations of the activation energies for the crosslink 
density changes by thermal aging as a function of the aging 
time. The squares, circles, and triangles indicate the EPDM, 
IIR, and BIIR specimens, respectively.

sites at 80 and 90 ℃ (Figures 3(b) and 4(b)), the ΔXcs de-
creased as the aging time elapsed. On the contrary, the ΔXcs 
of the IIR and BIIR composites aged at 80 an 90 ℃ for a 
short time incresed by increasing the aging time as shown 
in Figures 3(a) and 4(a). The decreasing trends of the ΔXcs 
of the IIR and BIIR composites aged at 80 an 90 ℃ for a 
long time were very interesting because most of common rub-
ber vulcanizates showed increasing ΔXc trends with the aging 
time irrespective of the aging temperatures.5-7 The crosslink 
densities of the IIR and BIIR composites after thermal aging 
at 90 ℃ for a long time above 100 days also decreased as 
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shown in Figure 4(b). This may be due to the chain scissions 
of the IIR and BIIR by oxidation. HPPD was used as an anti-
degranant to protect rubber chains from dissociation by 
oxidation. When HPPD is not sufficiently on the sample sur-
face, some rubber chains can be oxidated and dissociated. IIR 
and BIIR have carbon-carbon double bond (C=C) backbones 
of the isoprene unit. If antidegradants do not exist in a rubber 
article, the C=C backbones of rubber chains are degraded by 
ozone and oxygen. Over a longer period of time, the free radi-
cal reactions can lead either to chain scission giving a softer 
material or to higher network density resulting in a harder 
or more brittle material.29 The greater content of EPDM in 
its blends with butyl rubber provides a certain resistance 
against oxidation.30 For EPDM, there is no carbon-carbon dou-
ble bond (C=C) backbone. Amounts of HPPD remained in 
the rubber composites were notably decreased as the aging 
time elapsed and as the aging temperature increased by migra-
tion to the surface and evaporation. Amounts of HPPD re-
mained in the rubber samples after thermal aging at 90 ℃ for 
35 days were negligible as shown in Figures.5-7

  Activation energies for the ΔXcs by thermal aging were 
obtained from the Arrhenius plot of lnk vs 1/T, where k is 
the ΔXc and T is the aging temperature, to compare the ther-
mal aging behaviors of the EPDM, IIR, and BIIR composites. 
The activation energies varied with the aging time as shown 
in Figure 8. This implies that states of the samples depend 
on the aging time. Density and type of the crosslinks are 
changed hourly because new crosslinks are formed and the 
existing crosslinks are dissociated by thermal aging. And the 
kinds and amounts of curative residues remained in the sample 
are also hourly changed. The activation energies for the cross-
link density changes of the rubber composites on the whole 
tended to decrease as the aging time elapsed. The activation 
energy curves of the EPDM and BIIR composites showed one 
maximum and one minimum points. At the initial period of 
aging, remained crosslinking-related chemicals can gather and 
participate in crosslinking reactions. This may reduce the acti-
vation energy. The increasing activation energy after the mini-
mum point may be because consumption of the cross-
linking-related chemicals overcomes gathering of the cross-
linking-related chemicals as well as formation of new cross-
linking-related chemicals. The activation energies of the 
EPDM composite were higher than those of the BIIR one. 
This may be due to the role of Br atom as a ligand in a zinc 
complex. Activation of a zinc complex in a rubber vulcanizate 
having a sulfur cure system reduces the activation energy of 
vulcanization. The activation energy of the IIR composite re-
markly increased and then decreased.

Ⅳ. Conclusions

  The crosslink densities of the EPDM composite increased 
after thermal aging irrespective of the aging temperatures and 
the aging times, while those of the BIIR composite also in-
creased after thermal aging except the long-term thermal aging 
at high temperatures. However, the crosslink densities of the 
IIR composite decreased for the initial aging period and then 
increased. The decreased crosslink densities of the IIR compo-
site for the initial aging period may be due to the steric hin-
drance for the crosslinking reactions by the two methyl groups 
of isobutene unit and the small content of isoprene units. The 
ΔXcs of the BIIR composite aged at 60 ℃ were larger than 
those of the EPDM one, whereas those aged at 80 and 90 
℃ were smaller than those of the EPDM composite. This was 
due to the weakening of Zn---Br binding strength and enhance-
ment of the steric hindrance for the crosslinking reactions by 
bromine atom. The ΔXcs of the IIR and BIIR composites 
aged at 80 and 90 ℃ for a long time decreased as the aging 
time elapsed. This was due to the lack of antidegradants in 
the rubber samples and the chain scissions by oxidation. The 
activation energies of the EPDM composite were higher than 
those of the BIIR one due to the role of Br atom as a ligand 
in a zinc complex. The activation energy of the IIR composite 
remarkly increased and then decreased.

Acknowledgements

  This research was supported by a grant from the Fundamen-
tal R&D Program for Core Technology of Materials funded 
by the Ministry of Knowledge Economy, Republic of Korea.

References

1. S.-S. Choi and J.-C. Kim, “Chlorine effect on thermal aging 
behaviors of BR and CR composites”, Bull. Kor. Chem. Soc., 
31, 2613 (2010).

2. S.-S. Choi, “Influence of thermal aging on change of crosslink 
density and deformation of natural rubber vulcanizates”, Bull. 
Kor. Chem. Soc., 21, 628 (2000).

3. C.-S. Woo and S.-S. Choi, “Effects of thermal aging on prop-
erties and life-time prediction of NBR and EPDM vulcan-
izates”, Elastomer, 40, 119 (2005).

4. S.-S. Choi, S.-H. Ha, and C.-S. Woo, “Thermal aging behav-
iors of rubber vulcanizates cured with single and binary cure 
systems”, Bull. Kor. Chem. Soc., 27, 429 (2006).

5. S.-S. Choi, J.-C. Kim, and C.-S. Woo, “Accelerated thermal 
aging behaviors of EPDM and NBR vulcanizates”, Bull. Kor. 
Chem. Soc., 27, 936 (2006).

6. S.-S. Choi and J.-C. Kim, “Influence of the 1,2-unit content 
of SBR and filler systems on thermal aging behaviors of SBR 
composites”, J. Ind. Eng. Chem., 13, 950 (2007).



Thermal Aging Behaviors of Weather Resistant Rubber Composites of EPDM, IIR, and BIIR 155

7. S.-S. Choi, J.-C. Kim, S. G. Lee, and Y. L. Joo, “Influence 
of the cure systems on long time thermal aging behaviors 
of NR composites”, Macromol. Res., 16, 561 (2008).

8. S.-S. Choi, J. Jose, M.-Y. Lyu, Y.-I. Huh, B. H. Cho, and 
C. Nah, “Influence of filler and cure systems on thermal aging 
resistance of natural rubber vulcanizates under strained con-
dition”, J. Appl. Polym. Sci., 118, 3074 (2010). 

9. S.-S. Choi and J.-C. Kim, “Influence of reinforcing systems 
on thermal aging behaviors of NR composites”, Elast. Comps., 
46, 237 (2011).

10. S.-S. Choi and J.-C. Kim, “Lifetime prediction and thermal 
aging behaviors of SBR and NBR composites using crosslink 
density changes”, J. Ind. Eng. Chem., 18, 1166 (2012).

11. S.-S. Choi, “Influence of thermally aged resoles on properties 
of resole-cured butyl rubber vulcanizates”, Kor. Polym. J., 
7, 30 (1999).

12. S.-S. Choi, K.-C. Nam, S. W. Ko, and J. M. Kim, “Properties 
of butyl rubber vulcanizates cured by different type resoles”, 
Kor. Polym. J., 7, 172 (1999).

13. N. J. Morrison and M. Porter, “Temperature effects on the 
stability of intermediates and crosslinking in sulfur vulcan-
ization”, Rubber Chem. Technol., 57, 63 (1984).

14. C. H. Chen, J. L. Koenig, J. R. Shelton, and E. A. Collins, 
“Characterization of the reversion process in accelerated sul-
fur curing of natural rubber”, Rubber Chem. Technol., 54, 
734 (1981).

15. S.-S. Choi, “Bond dissociation of sulfur crosslinks in IR and 
BR vulcanizates using semi-empirical calculations”, Kor. 
Polym. J., 5, 39 (1997).

16. R. W. Layer, “Recuring vulcanizates. I. A novel way to study 
the mechanism of vulcanization”, Rubber Chem. Technol., 65, 
211 (1992).

17. S.-S. Choi, “Change of crosslink density of sulfur-cured NR 
vulcanizates by thermal aging”, Kor. Polym. J., 7, 108 (1999).

18. S.-S. Choi, “Influence of rubber composition on change of 
crosslink density of rubber vulcanizates with EV cure system 
by thermal aging”, J. Appl. Polym. Sci., 75, 1378 (2000).

19. S.-S. Choi, “Influence of internal strain on change of crosslink 

   density in rubber vulcanizates”, Polym. Int., 50, 107 (2001).
20. S.-S. Choi, D.-H. Han, S.-W. Ko, and H. S. Lee, “Thermal 

aging behaviors of elemental sulfur-free polyisoprene vulcan-
izates”, Bull. Kor. Chem. Soc., 26, 1853 (2005).

21. S.-S. Choi and D.-H. Han, “Recovery prediction of thermally 
aged chloroprene rubber composite using deformation test”, 
J. Appl. Polym. Sci., 110, 3560 (2008).

22. S.-S. Choi and D.-H. Han, “Comparison of recovery behav-
iors of thermally aged SBR composite from compressed and 
circular deformations”, Thermochim. Acta, 490, 8 (2009).

23. S.-S. Choi and D.-H. Han, “Strain effect on recovery behav-
iors from circular deformation of natural rubber vulcanizate”, 
J. Appl. Polym. Sci., 114, 935 (2009).

24. R. P. Brown and T. Butler, Natural ageing of rubber. Changes 
in physical properties over 40 years, RAPRA Technology 
Ltd. (2000).

25. R. P. Brown, T. Butler, and S. W. Hawley, Ageing of rubber. 
Accelerated heat ageing test results, RAPRA Technology Ltd. 
(2001).

26. S.-S. Choi, K.-C. Nam, S. W. Ko, and J. M. Kim, “Properties 
of butyl rubber vulcanizates cured by different type resoles”, 
Kor. Polym. J., 7, 172 (1999).

27. M. H. S. Gradwell and W. J. McGill, “Sulfur vulcanization 
of polyisoprene accelerated by benzothiazole derivatives. III. 
The reaction of 2-bisbenzothiazole-2,2-disulfide with sulfur 
and ZnO in polyisoprene”, J. Appl. Polym. Sci., 61, 1131 
(1996).

28. M. H. S. Gradwell and W. J. McGill, “Sulfur vulcanization 
of polyisoprene accelerated by benzothiazole derivatives. IV. 
The reaction of polyisoprene with N-cyclohexylbenzothiazole 
sulfenamide, sulfur, and zinc oxide”, J. Appl. Polym. Sci., 
61, 1515 (1996).

29. B. Stenberg, L.-O. Peterson, F. Bjork, and P. Flink, “Effect 
of butyl rubber coating on accelerated aging of natural rub-
ber”, Rubber Chem. Technol., 59, 70 (1986).

30. T. Zaharescu, S. Jipa, M. Giurginca, and C. Podina, “Evalua-
tion of compatibility of EPDM and butyl rubber-II. Thermal 
and radiation stability”, Polym. Deg. Stab., 62, 569 (1998).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /ahn2006-B
    /ahn2006-L
    /ahn2006-M
    /Algerian
    /AmiR-HM
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /Dotum
    /DotumChe
    /DungunM
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /ExpoM-HM
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FZSY--SURROGATE-0
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /H2bulB
    /H2bulL
    /H2bulM
    /H2cysB
    /H2cysL
    /H2gprM
    /H2gsrB
    /H2gtrE
    /H2gtrM
    /H2gttB
    /H2hdrM
    /H2mjrE
    /H2mjsM
    /H2mkpB
    /H2mppB
    /H2mppL
    /H2porL
    /H2porM
    /H2sa1M
    /H2supE
    /H2supL
    /H2wulE
    /H2wulL
    /HaansoftBatang
    /HaansoftDotum
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HeadlineR-HM
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HYbdaL
    /HYbdaM
    /HYBuDle-Medium
    /HYdnkB
    /HYdnkM
    /HYGoThic-Bold
    /HYGoThic-Light
    /HYGraPhic-Bold
    /HYhaeseo
    /HYHeadLine-Bold
    /HyhwpEQ
    /HYkanB
    /HYkanM
    /HYKHeadLine-Bold
    /HYKHeadLine-Medium
    /HYLongSamul-Bold
    /HYLongSamul-Light
    /HYLongSamul-Medium
    /HYMokGak-Bold
    /HYMokPan-Bold
    /HYMyeongJo-Bold
    /HYMyeongJo-Light
    /HYMyeongJo-Medium
    /HYMyeongJo-Ultra
    /HYnamB
    /HYnamL
    /HYnamM
    /HYPillGi-Light
    /HYPost-Bold
    /HYRGoThic-Bold
    /HYRGoThic-Medium
    /HYsanB
    /HYSeNse-Bold
    /HYShortSamul-Bold
    /HYShortSamul-Light
    /HYSinGraPhic-Medium
    /HYSinMun-MyeongJo
    /HYSinMyeongJo-Bold
    /HYSooN-MyeongJo
    /HYsupB
    /HYsupM
    /HYSymbolA
    /HYSymbolB
    /HYSymbolC
    /HYSymbolD
    /HYSymbolE
    /HYSymbolF
    /HYSymbolG
    /HYSymbolH
    /HYTaJa-Bold
    /HYTaJaFull-Bold
    /HYTaJaFull-Light
    /HYTaJaFull-Medium
    /HYTaJa-Light
    /HYTaJa-Medium
    /HYtbrB
    /HYwulB
    /HYwulM
    /HYYeasoL-Bold
    /HYYeaSo-Medium
    /HYYeatGul-Bold
    /HYYeatGul-Medium
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /MagicR-HM
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MDAlong
    /MDArt
    /MDEasop
    /MDGaesung
    /MDSol
    /MicrosoftSansSerif
    /MingLiU
    /Mistral
    /Modern-Regular
    /MoeumTR-HM
    /MogfilB
    /MogfilL
    /MogfilM
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MVBoli
    /NewGulim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /PyunjiR-HM
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /SanHgM
    /SanIgM
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TeXplusEF
    /TeXplusEF-Bold
    /TeXplusEM
    /TeXplusEM-BoldItalic
    /TeXplusEM-Italic
    /TeXplusEX
    /TeXplusMI
    /TeXplusMI-Bold
    /TeXplusRM
    /TeXplusRM-Bold
    /TeXplusRM-BoldItalic
    /TeXplusRM-Italic
    /TeXplusSA
    /TeXplusSB
    /TeXplusSY
    /TeXplusSY-Bold
    /TeXplusTE
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /YetR-HM
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


