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ABSTRACT: Styrene–butadiene rubber (SBR) vulcanizates
were prepared using plasticizers including the four liquid
types of styrene–butadiene copolymers (LPSB), polybuta-
diene (LPB), polyisoprene (LPI), and the hydrogenated
polyisoprene (LHPI) as well as the conventional process oil,
and their phase-separated structures and mechanical pro-
perties were investigated by differential scanning calori-
metry and dynamic mechanical spectroscopy. The phase
separation was observed for the SBR vulcanizates when LPI
and LHPI were used as the plasticizers, while the LPSB
and LPB gave homogeneous structures because of the good
miscibility with the SBR. The phase-separated structure of

the SBR vulcanizate prepared using LPI changed to the
homogeneous during the thermal aging. We revealed the
role of the liquid polymers as the plasticizers in maintain-
ing the physical and mechanical properties of the SBR
vulcanizates during the thermal aging process when the
plasticizers were miscible to the SBR. VC 2010 Wiley Periodi-
cals, Inc. J Appl Polym Sci 120: 434–440, 2011
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INTRODUCTION

High-performance synthetic rubbers have been
developed 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 ther-
mal and mechanical degradations during their use
over a long time period. On the other hand, the
physical properties of polymer blends and compo-
sites significantly change depending on their phase-
separated structures.1–6 Block and graft copolymers
are often used as the compatibilizer for the mutual
immiscible components of a polymer blend system
in order to modify the physical properties of
the materials. Dynamic vulcanization is also used
for the production of high-performance rubber mate-
rials with the desired properties and a long-term
stability.7

The degradation of rubbers induces softening and
hardening-type reactions, which involve a main
chain scission and cross-linking reactions, respec-
tively.8–13 The reaction pathway depends on the
polymer structure and the reaction conditions. An
increase in the cross-linking density of rubbers by a
radical coupling reaction leads to an increase in the
hardness and brittleness during the aging process. It
was previously pointed out that an increase in the
hardness and modulus of styrene–butadiene rubber
(SBR) vulcanizates was caused by not only the
degradation of the polymer chains but also the slow
evaporation of the oily components, which were
added as the plasticizer for the vulcanization pro-
cess.14,15 In fact, when liquid polybutadiene (LPB)
and liquid styrene–butadiene copolymers (LPSB)
were used, the good performance of tires was
achieved due to no evaporation of these liquid poly-
mers as the plasticizers.14

More recently, we found that the liquid poly-
isoprene (LPI) can also be used as the good plasti-
cizer, but the thermal aging behavior was more
complex and different from the results for the cases
using LPB and LPSB.16 Furthermore, we noticed that
the liquid hydrogenated polyisoprene (LHPI) showed
less suppression effect for hardening the SBR during
the thermal aging process. In this study, we
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investigated the miscibility of the SBR and the
added plasticizers by differential scanning calorime-
try (DSC) and dynamic mechanical spectroscopy
(DMS). We revealed the important role of the misci-
bility of the SBR and the liquid polymers in the
maintenance of the physical properties of the SBR
vulcanizates.

EXPERIMENTAL

Materials

The SBR compounds, which were made of a sty-
rene–butadiene copolymer (100), a liquid polymer as
the plasticizer (25), stearic acid (1.25), zinc oxide
(2.1), tert-butyl benzothiazole-2-sulfenamide as the
accelerator (4), and sulfur (4), were mixed, fabricated
in the shape of a sheet, and cured at 170�C for
40 min. The values in parentheses are phr (parts per
hundred of rubber). A commercial styrene–butadi-
ene copolymer (Asaprene 303, Asahi Kasei Chemi-
cals Co.) was used as the main component for the
preparation of the SBR vulcanizates. A commercial
LPSB (Kuraprene LSBR-820, Kuraray Co.), LPB
(Kuraprene LBR-307 and LBR-305, Kuraray Co.), LPI
(Kuraprene LIR-30, Kuraray Co.), and LHPI (Kurap-
rene LIR-200, Kuraray Co.) were used as the plasti-
cizers. The contents of styrene, 1,2-butadiene, and
1,4-butadiene units in the used styrene–butadiene
copolymer as the main component were 68.6, 14.3,
and 17.1%, respectively. The weight-average molecu-
lar weight (Mw) and polydispersity (Mw/Mn) values
were 1.56 � 105 and 1.05, respectively. In this study,
we used no further additives and carbon blacks in
order to more precisely evaluate the effect of the
plasticizers on the mechanical properties of the SBR
vulcanizates. The commercially available reagents
were used as received without further purification.

The SBR vulcanizates were sliced in order to
obtain sheets with a 1-mm thickness for the prepara-
tion of the mechanical test pieces. The test pieces
were put into an oven maintained at 100�C for 1–8
weeks, and then used for each measurement.

Measurements

The Mw and Mw/Mn values were determined by gel
permeation chromatography (GPC) using a Shi-
madzu RID-6A equipped with a refractive index
detector and standard polystyrenes for calibration.
The nuclear magnetic resonance (NMR) spectra were
determined using a Bruker Advance II 400 spectro-
meter and chloroform-d as the solvent at room tem-
perature. The glass transition temperature (Tg) was
determined by DSC using a Seiko DSC-6200 at the
heating rate of 10�C/min. The Tg values were deter-
mined as the extrapolated onset temperature of the

transition, that is, the cross-point of the baseline and
tangent line at the maximum slope.
The dynamic mechanical properties were deter-

mined using a Seiko DMS-6100 dynamic mechanical
analyzer under atmospheric conditions. The poly-
mer sheets were cut into sample sizes of 20 mm �
10 mm � 1 mm for the DMS measurement. The
measurements were carried out using the tensile
mode at the frequencies of 0.05–50 Hz and the heat-
ing rate of 1 or 2�C/min in the temperature range of
�150 to 100�C. The dependence of the frequency on
the storage modulus (E0) and loss angle (tand) values
were checked at 25�C in the frequency range of
0.05–50 Hz. The measurements were carried out
using three to five test pieces and an average value
was determined. The temperature dependence was
determined at a frequency of 1 Hz.
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 3, and the
median value was adopted. The tensile experiment
was carried out using a Shimadzu AGS-500 appara-
tus, according to JIS K6251 (ISO 37 : 1994, ASTM
D624). A dumbbell-shaped sample (35 mm � 6 mm
� 1 mm) was tensed at the rate of 200 mm/min,
and the modulus was recorded at 100% elongation
(M100). The strength (rb) and the extension ratio (kb)
at the tensile breaking point were also determined.
The sample number for the tensile test was 3, and
the median values were recorded.

Cross-linking density and solvent extraction

The cross-linking density, m (mol/mL), was calcu-
lated by the Flory-Rehner equation, according to
the method previously described.14,17 The volume
fraction of the polymer after swelling was deter-
mined by the volumes of the polymers before and
after being immersed in toluene at 25�C for 24 h,
according to JIS K6258. In order to isolate the solu-
ble fractions of the SBR samples, successive two-
step extractions were carried out using acetone
and chloroform for 24 h under reflux conditions.
The total extracted fraction was determined as the
sum of the weight fractions obtained each
extraction.

RESULTS AND DISCUSSION

We used four kinds of commercial liquid polymers,
LPSB, LPB, LPI, and LHPI. Their repeating structure,
Mw and Mw/Mn values, and Tg values were deter-
mined by NMR, GPC, DSC measurements, respec-
tively. The results are shown in Table I. After the
vulcanization, a phase-separated structure was
observed when LPI and LHPI were used as the
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plasticizers. On the other hand, LPSB and LPB gave
the homogeneous SBR vulcanizates. The phase
separation was confirmed by the DSC and DMS
measurements. Figure 1 shows DSC traces for
the SBR vulcanizates, which prepared using LPSB,
LPI, and LHPI as the plasticizers, or without a
plasticizer.

The SBR vulcanizate obtained using LPSB showed
a Tg at �14.9�C, similarly to that for the vulcanizate
prepared without any plasticizer (Tg ¼ �14.1�C)
before the thermal aging. The Tg value linearly
increased to �8.5�C during the 8-week aging period
because of the occurrence of the additional cross-
linking reactions of the polymer chains when no

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

Plasticizer

Structure (%) (NMR)
Mw � 10�4

(GPC)
Mw/Mn

(GPC)
Tg (�C)
(DSC)Styrene 1,2-Diene 1,4-Diene

LPSB 14.2 32.8 53.0 1.11 1.04 �18.4
LPB – 12.3 87.7 1.12 1.06 �97.0
LPI – 6.6 93.4 3.26 1.18 �67.2
LHPI ca.100% hydrogenation of LPI 3.72 1.23 �64.7

Figure 1 Change in the DSC traces for the SBR vulcanizates prepared using liquid polymers as the plasticizers during
the thermal aging process for 8 weeks: (a) LPSB, (b) LPI, (c) LHPI, and (d) without plasticizers. Heating rate of 10�C/min
in a nitrogen stream.
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plasticizer was used. The change in the Tg values for
each SBR vulcanizates versus the thermal aging
period is plotted in Figure 2. In the case using LPSB,
the Tg value increased during the initial 3 weeks in
a fashion similar to the behavior of the SBR without
a plasticizer, but no further increment was observed
and the constant Tg value was obtained after the 4-
week aging period. This result suggests that the
LPSB chains acted as the inhibitor for an increase in
the number of the cross-linking points involved in
the SBR networks.

On the other hand, the Tg due to LPI domain was
detected at �53.2�C before the thermal aging in
addition to the Tg at �21.0�C due to the SBR in the
vulcanizates. This indicates that the immiscibility of
LPI and SBR resulted in the presence of the phase-
separated LPI domains in the whole SBR vulcani-
zates. Interestingly, the LPI domain disappeared
after the thermal aging. Namely, the initial phase-
separated structure changed to the homogeneous
structure after the thermal aging for 1–2 weeks. The
saturated hydrocarbon polymer LHPI, which was
synthesized by the quantitative hydrogenation of
LPI, resulted in the phase-separated SBR vulcani-
zates, irrespective of the thermal aging period. This
result was different from the result for the case

using LPI. As shown in the change in the Tg values
in Figure 2, the Tg due to the both domains of the
LHPI and the SBR were observed at �63 and �13�C,
respectively, before the aging. The Tg values for each
domain were �64 and �3�C, respectively, after 8-
week aging. Thus, no change in the Tg values for the
LHPI domain was observed during the aging, while
a large increase was observed for the Tg value for
the SBR domain. The increasing behavior of the Tg

value for the phase-separated SBR domain was simi-
lar to a result for the SBR prepared without a plasti-
cizer. This is due to the complete immiscibility of
the LHPI chains with the SBRs.
The phase-separated structure and some mechani-

cal properties were alternatively investigated by the
DMS measurement. First, in order to examine the
dependence of the applied frequency, the E0 and
tand data were collected at various frequencies in
the range of 0.05–50 Hz at 25�C. Figure 3 shows the
plots for the frequency dependence of the values for
the SBR vulcanizates prepared with LPSB, LPB, and
a process oil as the plasticizers, or no plasticizer.
The relatively moderate dependency was observed
in a region at 0.05–10 Hz, independent of the kind

Figure 2 Change in the Tg values of the SBR vulcanizates
prepared using liquid polymers as the plasticizers during
the thermal aging process, determined by DSC at the heat-
ing rate of 10�C/min. (a) For the SBR phase and (b) the
liquid polymer phase: (h) LPSB, (*) LPI, (l) LHPI, and
(~) without plasticizers.

Figure 3 Frequency dependence of (a) tensile storage
modulus (E0) and (b) tand values in the frequency range of
0.05–50 Hz for the SBR vulcanizates prepared using liquid
polymers as the plasticizers: (*) LPSB, (^) LPB, (h) a
process oil, and (~) without plasticizers. The DMS mea-
surement was carried out at 25 �C
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of the plasticizers. The E0 values of the SBR vulcani-
zates using LPSB were similar to those for the SBR
using a conventional process oil, and slightly smaller
than those without a plasticizer. The LPB has the
lowest Tg value among the liquid polymers used in
this study (see Table I), and therefore, the obtained
SBR vulcanizate also showed the lowest hardness
and modulus values. The plateau values were
observed for the SBR using LPB in the wide range of
0.1–10 Hz region. A similar frequency dependence
was also observed for the plots of the tand values, as
shown in Figure 3(b). Next, we further investigated
the temperature dependence of the E0 and tand
values in the temperature range of �150 to 100�C at
the heating rate of 1 or 2�C/min. The typical results
for the SBR vulcanizates under various conditions
(plasticizer and aging time) are shown in Figure 4.
In this figure, the changes in the temperature range
from �80 to 80�C are shown.

For the SBR vulcanizate using LPI as the plasticizer,
the E0 value decreased at approximately �30 and
10�C in the two steps when the temperature
increased. The peaks were observed at �35.5 and
7.1�C in the tand plots. This clearly indicates the phase
separation of the LPI and SBR phases at the initial
stage of the aging. After 1-week aging, the dual tand
peaks due to the phase-separated structure was not

observed. This result from the DMS measurements
agreed well with the result from the DSC analysis
(Figure 1). In Table II, the E0 and tand values observed
at 25�C are shown, together with the peak tempera-
ture and intensity of the tand values. The dual tand
peaks were also observed when LHPI was used as the
plasticizer. Single tand peak was observed for the all
other cases. For the SBR using LPI, the change in these
values during the thermal aging process is also sum-
marized in Table II. The E0 value determined at 25�C
increased from 3.04 to 12.57 MPa during the 6-week
aging process. Similarly, the tand value also increased
from 0.408 to 0.716. The tand peak temperature
increased from 7.1 to 16.7�C when the aging period
became longer. This suggests a significant change in
the dynamics of the whole SBR vulcanizates after
the transformation of the phase structure from the
phase-separated to the homogeneous one. On the
other hand, it is speculated that the local mobility of
the polymer chains has no change during the aging
process, considered on the basis of the constant Tg

values determined by DSC, as already described.
We further evaluated the effects of the used plasti-

cizers and the aging time on the mechanical and
structural properties of the SBR vulcanizates. Table
III summarizes the results for several mechanical
and physical properties of the SBRs prepared using

Figure 4 Temperature dependences of tensile storage modulus (E0) and tand values for the SBR vulcanizates using liquid
polymers as the plasticizer before and after the thermal aging, determined by DMS measurement at a frequency of 1 Hz.
Plasticizer and aging time: (a) LPI, 0 week, (b) LPI, 1 week, (c) LPI, 2 weeks, (d) LHPI, 0 week, (e) LPSB, 0 week, and (f)
a process oil, 0 week.
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various plasticizers before and after the thermal
aging, such as the hardness, modulus at the 100%
elongation (M100), the strength (rb) and the exten-
sion ratio (kb) at the tensile breaking point, and the
cross-inking density (m). These are typical para-
meters for the evaluation of the properties of rub-
bery materials.14,18

When the initial mechanical properties of the SBRs
prepared using various plasticizers were compared,
all the SBRs have similar values for the hardness
(42.2–49.4), M100 (0.97–1.47 MPa), and rb (5.81–11.86
MPa) values. These values were smaller than those
for the SBR without any plasticizer: hardness ¼ 59.0,
M100 ¼ 2.30 MPa, and rb ¼ 13.13 MPa. The SBR using
LPB had the lowest hardness and modulus values
among the SBR using the liquid polymers as the plas-
ticizers, while that prepared using LHPI had the high-
est values. During the thermal aging, hardness, M100,
and m values increased according to the length of the
thermal aging period. The kb values decreased with

an increase in the aging time and achieved a quarter
or half of the original value. The rb values tended to
increase during the thermal aging, but they included
a large experimental error. This is because the break-
ing of the sample is a macroscopic event, and the
breaking point is determined by the characteristics of
the weakest area in the samples. As a result, the rb val-
ues after the thermal aging process were in a wide
range of 0.80–1.5 times of the original values. The
amount of the soluble components was almost constant
to be 2–7%, being much smaller than the values for the
SBR using a process oil (16.6–20.1%). Totally, the SBR
vulcanizate fabricated using LPSB had the most supe-
rior and stable properties. The mechanism for the sup-
pression of the degradation of the SBR networks dur-
ing the thermal aging process is speculated as follows.
The liquid polymer chains incorporated into the

SBR networks play an important role in the suppres-
sion of the polymer cross-linking, leading to the
hardening of the rubber materials. In order to

TABLE II
DMS Data at the Frequency at 1 Hz for the SBR Vulcanizates Prepared Using Liquid

Polymers as the Plasticizers

Plasticizer
Aging time
(weeks)

Data at 25�C tand peak data

E0 (MPa) tand Temperature (�C) Intensity

LPSB 0 5.26 0.751 12.7 1.345
LPI 0 3.04 0.408 �35.5, 7.1 0.133, 1.273

1 4.76 0.520 11.1 1.096
2 7.10 0.674 14.3 1.004
4 9.96 0.696 14.8 0.972
6 12.57 0.716 16.7 0.849

LHPI 0 6.20 0.677 �49.9, 14.4 0.085, 1.190
Process oil 0 9.11 0.648 13.4 1.011

TABLE III
Mechanical Properties of SBR Vulcanizates before and after Thermal Aginga

Plasticizer
Aging
(weeks) Hardness M100 (MPa) rb (MPa) kb (%)

m � 104

(mol/mL)
Extracted

fraction (%)

LPSB 0 48.4 1.12 11.86 484 0.93 7.1
4 54.6 (1.1) 1.94 (1.7) 15.26 (1.3) 400 (0.83) 1.40 (1.5) 6.4 (0.90)
8 62.8 (1.3) 3.24 (2.9) 11.87 (1.0) 231 (0.48) 2.10 (2.3) 5.5 (0.77)

LPB 0 42.2 0.97 5.81 315 0.99 3.0
4 56.2 (1.3) 1.93 (2.0) 6.93 (1.2) 275 (0.87) 1.42 (1.4) 2.3 (0.77)
8 56.9 (1.4) 2.40 (2.7) 7.15 (1.2) 204 (0.65) 1.99 (2.0) 3.5 (1.2)

LPI 0 48.4 1.19 9.57 462 0.72 4.1
4 58.3 (1.2) 3.25 (2.7) 7.63 (0.80) 194 (0.42) 1.40 (2.5) 4.6 (1.1)
8 72.0 (1.5) 3.21b (2.7)b 14.59 (1.5) 121 (0.26) 4.38 (6.1) 3.9 (0.95)

LHPI 0 49.4 1.47 10.88 420 0.84 3.8
4 65.7 (1.3) 3.83 (2.6) 14.68 (1.3) 235 (0.56) 1.54 (1.8) 4.4b (1.2)b

8 72.8 (1.5) 7.47 (6.9) 11.40 (1.1) 149 (0.35) 2.28 (2.7) 3.7 (0.97)
Process oil 0 44.5 1.05 8.90 435 1.28 20.1

4 53.8 (1.2) 1.83 (1.6) 11.97 (1.3) 337 (0.78) 1.87 (2.1) 18.5 (0.92)
8 68.6 (1.5) 2.80b (2.7)b 10.98 (1.2) 190 (0.44) 3.24 (2.5) 16.6 (0.83)

None 0 59.0 2.30 13.48 344 1.88 2.7
4 66.9 (1.1) 4.00 (1.7) 13.13 (0.97) 256 (0.74) 3.52 (1.9) 3.6 (1.3)
8 73.6 (1.2) 6.91 (3.0) 16.11 (1.2) 177 (0.51) 5.38 (2.9) 3.2 (1.2)

a Values in parentheses are relative values versus those before aging.
b After 6-week aging.
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examine a change in the chemical structure of the
SBR vulcanizates, IR spectra were recorded before
and after the thermal aging, as shown in Figure 5.
As a result, however, no change was observed in
each spectrum for the SBR prepared using LPI and
LHPI as the plasticizers after 2-week aging. Any
morphological change was also attempted to be
observed, but no valuable information was obtained
during SEM and TEM observations. The rubber
materials used for tires usually consist of not only
polymer materials but also carbon blacks and the
other inorganic materials. The dispersion and inter-
facial structures of carbon blacks in a polymer ma-
trix can be observed by microscopic methods. In
contrast, the SBR vulcanizates prepared in this study
imply no carbon blacks. In this case, it is difficult to
detect the phase separated structure of the LHPI (or
LPI) and SBR domains by SEM and TEM observa-
tions. The miscible liquid polymer chains probably
diffuse into the whole SBR vulcanizates. During the
thermal aging process, carbon and oxygen radicals
are formed and they readily abstract hydrogens
from the liquid polymer chains rather than from the
SBR networks. Consequently, the cross-linking reac-
tion between the polymer chains would be retarded.
A part of LPI was phase-separated from the SBR do-
main and the others are incorporated in the SBR net-
works. The free LPI chains gradually diffuse and
react for connection to the SBR networks during the

aging. On the other hand, LPSB and LPB are highly
miscible to the SBR and the remaining free LPSB and
LPB chains are present in the SBR domain, while
some of LPSB and LPB chains are incorporated in the
SBR network. The free LPSB and LPB chains are im-
portant for maintaining the stable network structure
and the constant physical properties. The dangling
short chain can also show a similar effect.

CONCLUSION

We revealed that liquid polymers can be used as the
plasticizer instead of a volatile process oil for the vul-
canization of the SBR and that the physical properties
of the SBR vulcanizates kept constant during the ther-
mal aging, for example, constant Tg and modulus val-
ues. The process oil slowly evaporated during the heat-
ing, and it changed the mechanical properties of the
SBR during use. In contrast, the constant mechanical
properties were observed during the thermal aging
when the liquid polymers were used as the plasticizers
for the vulcanization process. Especially, LPSB showed
the most excellent properties as the plasticizer for the
SBR vulcanizates because it gave desired mechanical
properties at the initial stage as well as stable proper-
ties during the thermal aging process. We have
pointed out that the miscibility of the liquid polymers
and SBR is important for maintaining the physical
properties during the thermal aging on the basis of the
results of the DSC and DMS experiments for the SBR
vulcanizates using LPI and LHPI as the plasticizers.
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