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ABSTRACT: The mechanical properties of styrene-buta-
diene rubber (SBR) vulcanizates prepared using various
plasticizers including liquid polybutadiene and styrene-bu-
tadiene copolymers were investigated. The effect of the
liquid polymers as the plasticizers on the mechanical
properties of the polymers, such as the hardness, tensile
storage modulus, tand, and the modulus at 100% elonga-
tion values, were determined before and after the thermal
aging. As a result, it was revealed that the use of these liq-
uid polymers gave less amount of change in the measure-
ment values for the mechanical properties during the
aging. The crosslinking density and the amount of free
polymers were also determined on the basis of the swel-

ling and extraction data, respectively, using several or-
ganic solvents. These results support the fact that the
added liquid polymers are fixed to the SBR networks. We
revealed the superiority of the liquid styrene-butadiene
copolymers as the plasticizer, which provides sufficient
mechanical properties after vulcanization and the excellent
maintenance of the properties during the thermal aging
process. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118:
2314–2320, 2010
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INTRODUCTION

Synthetic rubbers as high-performance rubber mate-
rials have been developed and widely used for more
diverse purposes that demand excellent physical
and mechanical properties and a long-term stability.
The mechanical properties of rubber materials are
significantly influenced by thermal and mechanical
degradations during their use over a long period.1–7

It is well known that the degradation of rubbers
induces softened- and hardened-type reactions
depending on the reaction conditions.3–5 Softened-
type reactions include a main chain scission, while
the hardened-type one involves crosslinking reac-
tions. An increase in the crosslinking density of rub-
bers by a radical coupling reaction leads to an
increase in the hardness, modulus, and tand values
during thermal aging. Recently, we observed the fact
that the increase in the hardness and modulus val-
ues were caused not only by the degradation of the
polymer chains but also the slow evaporation of the

oily components, which were added as the plasti-
cizer for the vulcanization process.8,9 When we use
liquid polymers as the plasticizers, the constant per-
formance of tires is expected for a long time due to
no evaporation of the liquid polymers. In general,
liquid polymers, such as liquid polybutadienes, are
used as the soft segment of polyurethanes and as
bonding agents and electric paints to provide tough
products after solidification.10–17 In this study, we
used liquid types of polybutadiene and styrene-buta-
diene copolymers as the nonvolatile plasticizers for
the vulcanization process and investigated the effect
of these plasticizers on the mechanical properties of
the styrene-butadiene vulcanizates.

EXPERIMENTAL

General measurements

The weight-average molecular weight (Mw) and
polydispersity (Mw/Mn) were determined by gel
permeation chromatography (GPC) using a Shi-
madzu RID-6A equipped with an RI (refractive
index) as the detector and standard polystyrenes for
calibration. The NMR spectra were determined
using a Bruker Advance II 400 spectrometer and
chloroform-d as the solvent at room temperature.
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The glass transition temperature (Tg) was determined
by differential scanning calorimetry (DSC) using a
Seiko DSC-6200 at the heating rate of 10�C/min.

Materials

The SBR compounds, which were made of a styrene-
butadiene copolymer, a plasticizer, stearic acid, zinc
oxide, an accelerator, and sulfur, were mixed, fabri-
cated in the shape of a sheet, and cured at 170�C for
40 min. The formulation of the SBR vulcanizates
used in this study was as follows: a styrene-butadi-
ene copolymer (100), a plasticizer (0 or 25), stearic
acid (1.25), zinc oxide (2.1), tert-butyl benzothiazole-
2-sulfenamide as the accelerator (4), and sulfur (4).
The values in parentheses are the relative weight of
each component. A commercial styrene-butadiene
copolymer (Asaprene 303, Asahi Kasei Chemicals)
was used as the main polymer materials for the
preparation of the SBR vulcanizates. A commercial
liquid styrene-butadiene copolymer (Kuraprene
LSBR-820, Kuraray), liquid polybutadienes (Kurap-
rene LBR-307 and LBR-305, Kuraray), and a process
oil (X-260, Japan Energy) were used as the plasticiz-
ers. The commercially available reagents were used
as received without further purification. We used no
further additives and carbon blacks to more pre-
cisely evaluate the effect of the plasticizers on the
mechanical properties of the SBR vulcanizates.

Mechanical properties

The SBR vulcaniztes were sliced to obtain sheets
with a 1-mm thickness for the preparation of the me-
chanical test pieces. The test pieces were put into an
oven maintained at 100�C for 1–8 weeks, and then
used for each measurement to determine the me-
chanical and the other properties.

The hardness was measured using an automatic
hardness meter (Excel, RH-101) according to the pro-
cedure described by JIS K6253. The sample number
for the hardness measurement was three, and the
median was recorded as the data. The viscoelasticity
measurement was carried out using an Iwamoto
VES-F-III viscoelastic analyzer at a 12% distortion, a
frequency of 10 Hz, and 25�C, according to JIS
K6394, to determine tensile storage modulus (E*)
and tand values. The dependence of the frequency
on the E* values were checked in the frequency
range of 0.05–50 Hz and no significant dependence
of the frequency at the less than 10 Hz was con-
firmed. The measurements were carried out using 3–
5 test pieces and an average value and standard
deviation were determined. The tensile stress was
measured using a Shimadzu AGS-500 apparatus,
according to JIS K6251. A dumbbell-shaped sample
was tensed at the rate of 500 mm/min, and the

modulus was recorded at a 100% elongation (M100).
The median was recorded as the M100 data accord-
ing to a method similar to the hardness
measurement.

Cross-linking density

The crosslinking density, m (mol/mL), was calcu-
lated by the Flory-Rehner equation (Eq. 1).18

mðmol=mLÞ ¼ mR þ lnð1� mRÞ þ v mR2

�V0ðmR1=3 � mR=2Þ (1)

where mR is the volume fraction of the polymer after
swelling, which was determined by the volumes of
the polymers before and after being immersed in tol-
uene at 25�C for 24 h, according to JIS K6258 (Eq. 2).
V0 and v are the molecular volume of the solvent
and the interaction parameter, respectively.

mR ¼ Volume of dry polymer

Volume of swelled polymer
(2)

Solvent extraction

To isolate the soluble fractions of the SBR samples,
successive extractions were carried out using acetone
and chloroform under reflux conditions. First, the
acetone extraction (AE) value was determined as the
weight fraction of an acetone-soluble part by extrac-
tion with acetone under reflux for 24 h. Subse-
quently, the chloroform extraction (CE) value was
determined by reflux with chloroform for 24 h using
the same sample after the acetone extraction. In this
study, extractions with toluene at 80�C or with tetra-
hydrofuran (THF) under reflux for 24 h were also
carried out.

RESULTS AND DISCUSSION

Effect of plasticizers

We used the styrene-butadiene copolymer with a
high styrene content as the main polymer materials
for the preparation of the SBR vulcanizates in this
study. The 1H-NMR spectrum of the used styrene-
butadiene copolymer is shown in Figure 1. The con-
tents of styrene, 1,2-butadiene, and 1,4-butadiene
units in the styrene-butadiene copolymer were 68.6,
14.3, and 17.1%, respectively. The Mw and Mw/Mn

values were 1.56 � 105 and 1.05, respectively. Figure
1 also shows the 1H-NMR spectra for a liquid sty-
rene-butadiene copolymer and liquid polybutadienes
as the plasticizers. The structures, the Mw and Mw/
Mn values and the Tg values for the plasticizers are
summarized in Table I.
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The SBR vulcanizates I–V were prepared using
different plasticizers, and then the test pieces of the
SBR samples were heated at 100�C for 1–8 weeks
under atmospheric conditions. Their mechanical
properties were evaluated after each aging time by
hardness, E*, tand, and the M100 values. The results
are shown in Figure 2 and Table II.

Among the five kinds of SBR vulcanizate samples
used in this study, sample I included no plasticizer,
while the others contained 18% of an oil or liquid
polymer as the plasticizer. The hardness values before
heating were 59.0 and 42.2–50.2 for the samples with-
out and with plasticizers, respectively. During the
heating, the hardness values for all the samples grad-
ually increased for 8 weeks, as shown in Figure 2(a).
The value reached 73.6 for sample I. Among the other
samples containing plasticizers, sample II showed the
largest change in the hardness value; the hardness
value increased from 44.5 to 68.6 during aging. The
value after aging corresponds to 1.5 times the original
value. For the other three samples III–V, the hardness

increased from 42.2–50.2 before aging to 56.9–62.8 af-
ter aging and the increment was 22–35%. The change
in the E* values is shown in Figure 2(b). The E* values
also increased for all the samples during the aging
process. The E* value for sample II showed the great-
est change. Similar results were also observed in the
tand and M100 values, as summarized in Table II. The
M100 values were always high for sample I before and
after aging.
The initial mechanical properties as well as their

change during the thermal aging are influenced by
the plasticizers. The initial values of hardness, E*,
and M100 values for sample I (without plasticizer)
were greater than those of the others. It is notewor-
thy that the change in all the values of sample II,
such as hardness, E*, tand, and M100 parameters dur-
ing the aging were the highest of all the values for
the other samples containing a plasticizer (Table II).
The initial values of hardness and E* values for sam-
ple III (with liquid styrene-butadiene copolymer)
were greater than the data for the samples with the
liquid polybutadiene plasticizers due to the presence
of the rigid aromatic substituent in the styrene-buta-
diene copolymer. The results obtained in this study
agree well with the expectation that the styrene-bu-
tadiene copolymer with a high styrene content
shows higher E* and tand values. The tand value
was dependent on the type of plasticizer. The tand
values for samples IV and V were lower than the
others in the initial state and after aging. The effect
of the molecular weight of the plasticizers were
examined on the basis of the results for samples IV
and V, which were prepared using the liquid poly-
butadienes with Mw of 11,000 and 29,000, respec-
tively, (Table I). The higher molecular weight
resulted in the highest hardness, E*, and M100 values
and a lower tand value during the initial stage of
aging. No significant effect was observed during the
thermal aging by the molecular weight.

Crosslinking reactions

The SBRs undergo various changes in their chemical
structures including the scission of the main chain,

Figure 1 1H-NMR spectra of the liquid polymers and the
SBR used in this study in chloroform-d at room tempera-
ture. (a) Liquid butadiene (LB-26), (b) liquid polybutadiene
(LB-8), (c) liquid styrene-butadiene copolymer (LSB-8), and
(d) styrene-butadiene copolymer (SBR). 1,2-Bd: 1,2-butadi-
ene unit, 1,4-Bd: 1,4-butadiene unit.

TABLE I
Structure, Molecular Weight, and Tg of Plasticizers Used in This Study

Plasticizer

Structurea (%) (NMR)
Mw � 10�4 Mw/Mn Tg (

�C)

Styrene 1,2-Bd 1,4-Bd (GPC) (GPC) (DSC)

Process oil – – – – – �47.4
LSB-8 14.2 32.8 53.0 1.11 1.04 �18.4
LB-8 – 12.3 87.7 1.12 1.06 �97.0
LB-26 – 8.8 91.2 2.91 1.02 �96.1

a 1,2-Bd, 1,2-butadiene unit; 1,4-Bd, 1,4-butadiene unit.
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crosslinking, and the oxidation reaction upon heat-
ing. The selectivity of these reactions depends on the
temperature and atmospheric conditions.4,5 The
changes in the mechanical properties observed in
this study were primarily induced by the crosslink-
ing reactions during the thermal aging. The results
of the DSC measurements of the SBR vulcanizates
indicate the hardening of the rubbers after the aging.
The Tg values increased by 3–15�C during the 8-
week aging, as shown in Table II. Next, we eval-

uated the crosslinking density for the SBRs before
and after the aging. The degree of swelling was
used as the index for the degree of crosslinking.
Figure 3(a) shows the results of the swelling mea-
surement for each sample after the thermal aging for
a different time.
Before heating, samples I and II showed an ca.

400% swelling, which is lower than the other sam-
ples using the liquid polymers. During the vulcani-
zation process, the liquid polymers were reacted and

Figure 2 Change in the mechanical properties of the SBR vulcanizates I-V during the thermal aging. (a) Hardness, (b)
E*, (c) tand, and (d) M100 values.

TABLE II
Mechanical Properties of SBR Vulcanizates Before and After Thermal Aginga

Sample
Code

Aging
(Week) Hardness E* (MPa) tand M100 (MPa) Tg (

�C)

I 0 59.0 6.20 6 0.19 0.546 6 0.018 2.30 �13.0
8 73.6 (1.25) 12.34 (1.99) 0.681 (1.25) 6.91 (3.00) �8.0

II 0 44.5 3.38 6 0.36 0.550 6 0.014 1.05 �19.8
8 68.6 (1.54) 10.56 (3.12) 0.739 (1.34) 4.46 (4.25) �16.9

III 0 48.4 4.16 6 0.23 0.549 6 0.025 1.12 �13.1
8 62.8 (1.30) 6.59 (1.58) 0.666 (1.21) 3.24 (2.89) �9.5

IV 0 42.2 1.87 6 0.17 0.207 6 0.012 0.97 �37.5
8 56.9 (1.35) 3.29 (1.76) 0.256 (1.24) 2.40 (2.47) �32.7

V 0 50.2 2.71 6 0.11 0.175 6 0.008 1.44 �46.3
8 61.2 (1.22) 4.40 (1.62) 0.219 (1.25) 2.61 (1.81) �31.5

a Values in parentheses are relative values versus those before aging.
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connected to a part of the SBR networks. The pres-
ence of relatively low-molecular-weight liquid poly-
mers may result in a decrease in the average density
of the crosslinking points in the network structures
of the SBRs. The reason why the density of the
crosslinking points decreased in the presence of the
liquid polymers is a decrease in the relative amount
of the sulfur added for vulcanization. For all the
samples, the degree of swelling decreased during
the heating for 8 weeks. A change in the crosslinking
density, which was calculated on the basis of these
swelling data, according to Eq. 1, is shown in Figure
3(b). The crosslinking structures of the SBR are first
formed during the vulcanization process, and the
network structure of the SBRs further changed by
the additional crosslinking reactions during the ther-
mal process. Sample I has the highest value of the
crosslinking density before heating, because it
includes no plasticizer as the diluent material. Sam-
ple II had the highest crosslinking density among
the samples with plasticizers. The crosslinking den-
sity values of samples I and II increased during the
aging. In contrast, samples III–V using the liquid
polymers showed only a slight increase in the cross-
linking density values. The crosslinking reactions

seemed to be apparently suppressed during the
aging process when the liquid polymers were used
as the plasticizers. This is due to no increase in the
crosslinking points of the SBR networks when the
liquid polymers react with the SBRs. The liquid
polymers are supposed to be connected to the net-
works as the dangling chains.

Uptake of liquid polymers into networks

We carried out the extraction of the soluble parts
from the SBR samples after the aging using two
kinds of organic solvents to investigate the amount
of the free polymers included in the SBRs. First, the
oily and low-molecular-weight components, which
were added during the vulcanization process, were
extracted with acetone under reflux conditions as
the AE fraction. Subsequently, the soluble and free
polymers were extracted using chloroform from the
residue obtained after the acetone extraction. The
extracts were isolated as the AE and CE fractions af-
ter evaporating the solvents. The changes in the
amounts of the AE and CE fractions are shown in
Figure 4.
The AE fraction for sample II was much greater

than the others, as expected. This is because the pro-
cess oil added for the vulcanization is readily
extracted by acetone. Interestingly, samples III–V
with the liquid polymers showed only 1–2% as the
CE fraction, although the added liquid polymers
must be extracted by chloroform. Actually, however,
the amount of the extracted free polymers was much
lower than the expected one based on the amount of
the used liquid polymers during the vulcanization
process. We further checked the extraction amounts
using hot toluene boiling at 80�C and THF under
reflux conditions. As shown by the results in Figure
5, the extraction amount with the hot toluene and
THF of samples I–V were similar to the total
amounts of the AE and CE fractions. These results
indicate that the low-molecular-weight compounds
and the free polymers contained in the SBR after
vulcanization were quantitatively extracted, inde-
pendent of the type of solvents used.
Judging from the amounts of the extracted poly-

mers, it is considered that the added liquid polymers
reacted with the SBR and were connected to the SBR
as a part of the network structures during the vul-
canization process. The unreacted liquid polymer
(free polymer) still remained as the plasticizer in the
SBR vulcanizates and it may further react during the
thermal aging. It is assumed that polymer degrada-
tion accompanying chain scission may occur during
the aging, but the crosslinking reaction simultane-
ously takes a role in the suppressed formation of
free polymers.

Figure 3 Change in (a) the degree of swelling and (b) the
crosslinking density of the SBR vulcanizates I–V during
the thermal aging.
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In Figure 5, the amount of the extracted fraction
was much low for sample V. This is due to the effect
of the molecular weight of the used liquid polymers.
The higher the molecular weight of the liquid poly-
mers added as the plasticizer, the more frequent the
reaction of the liquid polymer to make a covalent
bond connected to the SBR networks. The experi-
mental results obtained in this study suggest that
the reactive liquid polymers are very useful for the
vulcanization process as the plasticizers and these
liquid polymers also act as the trapping agent of the
free radicals formed during the thermal aging. The
liquid polymers act as the antioxidant agent for the
SBR networks during the thermal aging process,
leading to the constant mechanical properties during
their use. If a chain scission occurs during the ther-
mal aging process, free polymers with a shorter
chain length are produced. However, the extraction
data shown in Figure 4 indicate a continuous
decrease in the amount of the extracted fractions
during the thermal aging. This suggests small contri-
bution of chain scission to produce a free polymer
during the thermal aging process under the condi-
tions used in this study.

CONCLUSIONS

We carried out the thermal aging testing of several
kinds of SBR vulcanizates prepared using a conven-
tional process oil and liquid types of a styrene-buta-
diene copolymer and polybutadienes as the nonvola-
tile plasticizers. The changes in the structure and
mechanical properties of the SBR vulcanizates dur-
ing the thermal aging were analyzed on the basis of
the results for the hardness, tensile storage modulus,
tand, and the modulus at 100% elongation values
determination as well as the swelling test. The pro-
cess oil slowly evaporated during the heating, and it
changed the mechanical properties of the SBR. In
contrast, constant mechanical properties were
observed during the thermal aging when the liquid
polymers were used as the plasticizers for the vul-
canization process, as shown in an illustrative conclu-
sion in Figure 6. Especially, the mechanical properties

Figure 4 Change in the (a) AE and (b) CE fractions of the
SBR vulcanizates I–V during the thermal aging.

Figure 5 Extracted fractions of the SBR vulcanizates I–V
before aging. Extracted with acetone, chloroform, and THF
under reflux for 24 h, and toluene at 80�C for 24 h.

Figure 6 Illustrative conclusion for the effect of the addi-
tion of liquid polymers as the plasticizers to the SBR
vulcanizates.

PROPERTIES OF VULCANIZED STYRENE-BUTADIENE RUBBERS 2319

Journal of Applied Polymer Science DOI 10.1002/app



of the sample using the liquid styrene-butadiene co-
polymer were acceptable because the values of a vari-
ety of mechanical properties are similar to those for
the sample with a conventional process oil in the ini-
tial state before the thermal aging. Furthermore, the
protecting effect of the network structures of the
SBRs by the liquid polymers was also observed and
it led to the constant mechanical properties during
their use. Thus, it has been revealed that the liquid
polymers are superior as the plasticizer because they
provide the excellent maintenance of the properties
during the thermal aging process.
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