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ABSTRACT: Several styrene–butadiene rubber (SBR) com-
pounds were prepared with different cure systems based on
sulfur and TBBS (N-t-butyl-2-benzothiazole sulfenamide),
varying the amount of sulfur and accelerator between 0.5
and 2.5 phr in the formulation. Torque curves, measured
with a moving die rheometer at temperatures at 433 K, were
used to characterize the vulcanization. The time to achieve
the maximum torque, t100%, was evaluated for each sample,
and this time was set to vulcanize sheets at 433 K. The

density and type of elastically active crosslinks of each cured
sample were evaluated by means of swelling measurements
and were related to the vulcanizing system. Finally, the rhe-
ometer data were analyzed considering the network struc-
ture formed during vulcanization. � 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 103: 1105–1112, 2007
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INTRODUCTION

The mechanical properties of the cured rubber com-
pounds are strongly influenced mainly by elastomer
type, the cure system, and the process conditions.1

In the case of rubber compounds prepared with a
cure system based on sulfur and accelerator, the rel-
ative quantity of these components in the compound
formulation has a strong influence in the kind and
density of generated crosslinks during the cure pro-
cess,2 with important consequences on the physical
properties of the cured material. The compounds
used in sulfur vulcanization are normally classified
in three systems based on the accelerator/sulfur ratio
(L). Usually, the conventional system (CV) is consid-
ered for L of 0.1–0.6, semiefficient system (semi-EV)
for values 0.7–2.5, and an efficient system (EV) for
values in the range 2.5–12.2

In previous research works, we focused our atten-
tion on the study of vulcanized styrene–butadiene
rubber (SBR) using the system of cure sulfur/TBBS
(N-t-butyl-2-benzothiazole sulfenamide). TBBS is a
general purpose primary accelerator that combines a
fast cure with good scorch safety. We analyzed the
influence of the degree of cure and the amount of
sulfur in the composition in the free volume of the
vulcanized polymer, using positron annihilation

spectroscopy and dynamic mechanical tests.3,4 We
also studied the kinetic of cure of samples with dif-
ferent amounts of sulfur and accelerator by means of
normalized rheometer curves.5,6 An empirical rela-
tionship that links the reaction order with the den-
sity of network chains was settled down.5

The precise interaction of the accelerator and
sulfur during vulcanization has not been clearly elu-
cidated. Various accelerator complexes are formed
during the induction time, and in the case of sulfe-
namides, as TBBS, there is a long scorch delay if we
compare them with other commercial accelerators.7

Layer8,9 analyzed the role of sulfur and accelerator
in the crosslinks formed during the cure process. He
concludes that sulfur is related to the overall amount
of reaction, while the accelerator determines the
length of sulfur chains.

By means of solid-state 13C-NMR, Pellicioli et al.10

analyzed the structural changes that occur during
the vulcanization of SBR samples, using the cure sys-
tem sulfur and CBS as accelerator. Comparing two
systems with a constant amount of sulfur, the as-
signed monosulfidic peak in the resonance diagram
increases with the decreasing S/CBS ratio.

The present work continues our research in SBR
vulcanizates with the system sulfur/TBBS. The cros-
slink densities and the kind of crosslinks formed
during curing at 433 K were measured, by means of
swelling techniques, in a wide range of compositions
varying the amount of sulfur and accelerator. The
influences of the compound composition in the rheo-
meter torque curves at 433 K were analyzed.
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EXPERIMENTAL

Samples preparation

The material used in the present study was unfilled
styrene–butadiene rubber SBR-1502 that contains
23.5% bound styrene, i.e., a molecular proportion in

the chains of one styrene to about six or seven buta-
dienes. The chemical structure of butadiene in the
SBR copolymer consists of 55% trans-1,4, 9.5% cis-1,4
and 12% 1,2-butadiene.

The average molecular weight (Mn) of the elasto-
mer was 92,800 g/mol determined by GPC, with a

TABLE I
Compound Formulations (phr)

Sample
no.

SBR
1502 Zinc oxide

Stearic
acid Antioxidant

Accelerator
(TBBS)

Sulfur
(S)

L
(accelerator/S ratio) Density (g/cm3) f

1 100 5 2 1.2 2.5 0.5 5 0.972 0.047
2 2 1 2 0.971 0.047
3 1.5 1.5 1 0.972 0.047
4 1 2 0.5 0.972 0.047
5 0.5 2.5 0.2 0.977 0.048
6 0.5 0.5 1 0.965 0.049
7 1 1 1 0.973 0.048
8 2 2 1 0.982 0.047
9 2.5 2.5 1 0.993 0.047

10 1.5 0.5 3 0.972 0.047
11 0.5 1.5 0.33 0.969 0.048
12 2.5 1.5 1.66 0.987 0.047
13 1.5 2.5 0.6 0.988 0.047

The relation accelerator/sulfur, L, density, and ash content ( f ) of samples cured at 433 K are also included. The varia-
tion is 60.001 g/cm3 in density and 60.001 in f.

Figure 1 Torque curves of SBR compounds at 433 K, as a function of the time for all the studied samples. The sample
number is indicated in each plot between parentheses. The variation of the torque values is < 0.003 N m.
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density r ¼ 0.935 g/cm3. To obtain different network
structures, 13 formulations based on the system of
cure sulfur/TBBS (N-t-butyl-2-benzothiazole sulfena-
mide) were prepared. The recipes, in parts per
hundred of rubber (phr), are given in Table I where
the accelerator/sulfur ratio, L, is also given. The
gum mixes were prepared in a laboratory mill of
150 mm � 250 mm, with a friction ratio of 1.4 and a
2 mm gap (give a final sample thickness of about
5 mm). The temperature of the mill cylinders was
323 K.

The gum mixes were characterized at 433 K by
means of the torque curves in a Monsanto MDR2000
rheometer. These curves are shown in Figure 1. From
each of these curves, some characteristic parameters
as the torque minimum, tl, and the torque maximum,
th, were obtained. The time taken to achieve the
maximum torque, t100% was calculated too. These
values are given in Table II.

Sample sheets of 150 � 150 � 2 mm3 were vulcan-
ized in a press at 433 K up to time t100%. This fact
guarantees that all the vulcanization reaction took
place. These specimens were cooled rapidly in ice
and water at the end of the curing cycle. The mea-
sured densities of these samples are given in Table I.
As it is expected, the density increases with the total
amount of sulfur and accelerator in the recipe.

Swelling tests

Swelling of rubber compounds is frequently used for
the determination of the crosslink density. The mole-
cular weight of the network chain between chemical
crosslinks for a phantom network, Mcs, is expressed
by the Flory–Rehner relationship11,12

where r is the polymer density, f the functionality
of the crosslinks, v2m the volume fraction of polymer
at equilibrium (maximum) degree of swelling, and
V1 the molar volume of solvent. w is an interaction
parameter between the polymer and the swelling
agent.13

Four disks of each cured compound were cut with
a die of 16 mm diameter. One disk of each cured
compound was used for calculating the weight frac-
tion of ash content ( f ), using ASTM D296-90. These
values are given in Table I. The other three disks of
each cured compound were previously weighted
and then were allowed to stand 24 h in pyridine.
They were continuously extracted for 16 h in acetone
in a Soxhlet apparatus (following ASTM D296-90).
After extraction, the samples were dried at 333 K
until constant weight was obtained in the samples.

The three groups of extracted disks were used for
estimating the total crosslink density (Group 1), (di
þ monosulfidic) crosslink density (Group 2) and the
monosulfidic crosslink density (Group 3) respectively,
of each cured sample.

Samples of Group 2 were preswollen in n-hexane
for 16 h at room temperature, followed by a treat-
ment with piperidine (0.4M) and propane-2-thiol
(0.4M) in n-hexane. After standing the samples 2 h
in this solution, the polysulfidic crosslinks are
cleaved.14–17 After this, the specimens were dried at
323 K until constant weight.

Samples of Group 3 were treated with a probe so-
lution of n-hexanethiol (7 mL) and piperidine (86 mL)
at room temperature during 48 h. This treatment
cleaves all the disulfidic and polysulfidic crosslinks
and was used in researches in both natural and syn-
thetic rubbers.14,16,17

TABLE II
Values of tl, th, and Dt (in N m) Obtained from the

Rheometer Curves for All the Samples Tested at 433 K

Sample no. tl th Dt t100% (min)

1 0.063 0.595 0.532 39.5
2 0.065 0.759 0.694 31.9
3 0.069 0.916 0.847 34.2
4 0.071 0.997 0.926 37.3
5 0.073 0.995 0.922 41.5
6 0.074 0.363 0.289 89.9
7 0.072 0.699 0.627 51.2
8 0.068 1.158 1.09 34.9
9 0.063 1.244 1.181 29.4

10 0.069 0.56 0.491 53.1
11 0.071 0.71 0.639 45.8
12 0.069 1.044 0.975 34.2
13 0.07 1.192 1.122 29.2

The variation of the torque values is < 0.003 N m. The
value of t100% is also given.

Figure 2 Variation of Dt with the amount of sulfur and
accelerator TBBS in the sample, measured with rheometer
test at 433 K.

Mcs ¼ �rð1� 2=fÞV1v
1=3
2m

lnð1� v2mÞ þ wv22m þ v2m
(1)
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Then, the v2m values were obtained for the samples
of the three groups by swelling in toluene (rtol
¼ 0.8669 g/cm3, V1 ¼ 106.29 mL/mol).18 First, the
total weight of each sample was determined to
0.0001 g. The samples were immersed completely in
toluene and swelling equilibrium occurred approxi-
mately in 48 h. Then, the swollen samples were sur-
face dried with filter paper and quickly weighted.
The volume fraction of rubber, v2m, was obtained
using the following equation:

v2m ¼ Wdð1� f Þ=r
½Wdð1� f Þ=rþ ðWs �WdÞ=rs�

(2)

where Wd is the weight of the sample after swelling
and drying, Ws the weight of the swollen sample,
and rs the density of the solvent. Then using the

results of eq. (2) in eq. (1) the value of Mcs can be
obtained. The polymer–solvent interaction parameter
w for the system SBR-toluene used was 0.446.19 The
deviation for Mcs was 3%.

The density of polysulfidic crosslinks was calcu-
lated from the difference between the total crosslinks
density (Group 1) and (di þ monosulfidic) crosslink
density (Group 2). Finally, the disulfide crosslink
density was obtained from the difference between
the (di þ monosulfidic) crosslink density (Group 2)
and monosulfidic crosslink densities (Group 3).

RESULTS AND DISCUSSION

An indirect approach of evaluating the cure level of
rubber compounds is through the rheometer torque

TABLE III
Values of 1/2Mcs, Obtained from Swelling Measurements, Using Eq. (1)

for All the Samples Cured at 433 K

Sample no. S (phr) TBBS (phr)

1/2Mcs (g/mol 10�5)

Total Polysulfidic Disulfidic Monosulfidic

1 0.5 2.5 2.86 0.47 1.48 0.91
2 1.0 2.0 4.09 1.07 1.75 1.27
3 1.5 1.5 5.05 1.15 2.32 1.59
4 2.0 1.0 5.24 1.07 2.55 1.62
5 2.5 0.5 5.54 0.79 2.41 2.34
6 0.5 0.5 0.68 0.00 0.41 0.27
7 1.0 1.0 2.89 0.47 1.76 0.65
8 2.0 2.0 7.38 1.28 3.81 2.30
9 2.5 2.5 9.33 2.39 4.17 2.77

10 0.5 1.5 2.31 0.42 1.37 0.52
11 1.5 0.5 2.79 0.35 0.92 1.51
12 1.5 2.5 6.60 0.78 2.42 3.40
13 2.5 1.5 7.62 1.35 4.50 1.78

Figure 3 Relation between Dt and the total crosslink den-
sity mc, for SBR cured at 433 K.

Figure 4 Contour plot of the total crosslink density mc as
a function of the total sulfur plus accelerator TBBS and the
relation accelerator/sulfur, L, in the compound.
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curves. The rheometer responds only to the presence
of elastically active crosslinks. It is expected that th
will increase at higher values of the network chain
density.9 On the other hand, if the effects of the vis-
cosity in the interpretation of the rheometer test
results want to be minimized, usually the entity Dt
¼ (th � tl), named effective torque, is used for ana-
lyzing the experimental data. Figure 2 shows the
influence of the composition in the behavior of Dt at
433 K. It follows that there is a tendency to increase
this value when both the amount of sulfur and the
accelerator (TBBS) are higher.

To evaluate the effect of the amount of sulfur and
TBBS in Dt, a multiple regression can be fitted to the
measured values obtaining

DtðNmÞ ¼ 0:106þ 0:323 SðphrÞ þ 0:136 TBBS (phr)

with a value of R2 ¼ 0.964. It is clear that the contri-
bution of the sulfur to Dt is higher than that of the
accelerator.

The parameter ncs ¼ 1/2Mcs is defined as the
moles of effective elastic strands per unit volume,
where the molecular weight between crosslinks, Mcs,
is measured using eq. (1). The values 1/2Mcs for the
total, polysulfide, disulfide, and monosulfide cross-
links are given in Table III for the different samples
analyzed considering a functionality f ¼ 4.

Indeed, the crosslink density in a 4-functional net-
work is defined by20

mc ¼
r
2

1

Mcs
� 1

Mn

� �
(3)

From eq. (3) and Table III, the total crosslink density
was evaluated for each sample.

Figure 3 shows the expected linear relationship
between Dt and mc, considering the total crosslink
density for all the cure compounds. The total amount
of SBR and TBBS corresponding to each sample ana-
lyzed is also included in Figure 3. It is clear that
both the value of Dt and the crosslink density in-
crease with the total amount of S and TBBS in the
compound. The influence of the accelerator/sulfur
ratio, L, with the crosslink density is observed in
Figure 4 as contour plot, considering also the amount
of sulfur and accelerator in the composition of the
cured samples. From this information, the crosslink
density increases in the condition of high (S þ TBBS)
content and low L values.

From Table III, it is easy to estimate the proportion
of the different types of crosslinks present in each
cured compound. Figure 5(a–c) show, as contour
plots, how these quantities change with the amount
of sulfur and accelerator in each compound compo-
sition.

Figure 5 Contour plots showing the percentage of the different types of crosslinks present in SBR compounds cured at
433 K, as a function of the sulfur and TBBS in the compound composition. (a) Polysulfides; (b) disulfides; (c) monosul-
fides.
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It is interesting to observe how the crosslink distri-
bution affects the rheometer values in several cases.
First, we analyze the behavior of Dt in samples
with S þ TBBS ¼ 3 phr in their formulations as it is
shown in Figure 6. The concentrations of mono and
disulfidic linkages are high comparing to the poly-
sulfidic linkages in all the samples. There is a com-
position with TBBSS (1.5 phr)/S (1.5 phr), which
maximizes the amount of polysulfdic crosslinks in
the sample. As long as monosulfidic crosslinks are
concerned, a different situation was observed: there
was a significant increase at higher amounts of sul-
fur (i.e., low amounts of TBBS) in the samples. In the
case of cured natural rubber (NR), it is accepted that
polysufidic bonds predominate with CV systems at
relatively high sulfur levels, whereas EV systems pro-
duce mainly monosulfidic and disulfidics crosslinks
with high values of L.21 Our results in cured SBR,
given in Figure 6, do not indicate a predominant
presence of polysulfidic linkages in the CV system
(samples 1 and 2) as in NR vulcanizates.

Figure 7(a) shows the influence of the accelerator
TBBS in Dt and the different linkages formed during
the vulcanization at 433 K in samples with 0.5 phr of
sulfur in their composition. Increasing the value of
L, i.e., going from a semi-EV to EV system, there is

an increase in the amount of all the types of cross-
links analyzed. It must be mentioned that the sample
6, TBBS (0.5 phr)/S (0.5 phr), was the only one
with no polysulfidic linkages. On the other hand,
Figure 7(b) shows samples with 2.5 phr of sulfur in
their composition in which, when increasing the
amount of accelerator, they are CV or semi-EV sys-
tems. The relative amount of polysulfidic linkages is
higher at higher values of L, with a decrease in the
relative amount of monosulfidic linkages contribu-
tion. This fact can also be observed in Figure 5.

Figure 8(a,b) show the behavior Dt in samples
with the same amount of TBBS in their formulations.
In the case with TBBS ¼ 0.5 phr, the increase in
the ratio L produces a decrease of the polysulfidic
crosslinks. The same effect is observed when TBBS
¼ 2.5 phr, if the formulation goes to EV system, less
polysulfidic linkages are formed at t100%.

Other interesting situation is deduced from Figure 9
in which samples with the same accelerator/sulfur
ratio (L ¼ 1) are considered. As it is expected,
Dt increases if the amount of total crosslinks, re-
presented by 1/2Mcs, increases too. However, the
proportion of different kind of crosslinks in the sam-
ples is not the same. When increasing the quantity

Figure 6 Variation of Dt with 1/2Mcs showing the contri-
bution of each crosslink type, in cases of samples with S
þ TBBS ¼ 3 phr in the formulation.

Figure 7 Variation of Dt with 1/2Mcs showing the contri-
bution of each crosslink type, in cases with constant sulfur
concentration in the formulation: (a) S ¼ 0.5 phr; (b) S
¼ 2.5 phr.
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(S þ TBBS) in the sample formulation, it is observed
that more polysulfidic linkages begin to appear with
a decrease in the disulfidic linkages. For S þ TBBS
> 2 phr, the percentage of monosulfidic linkages re-
mains unaffected.

Where applicable, response equations of the type

Dtcal ¼ Cþ ax1 þ bx2 þ cx3 (4)

are fitted to the data using regression analysis. We
can use this equation to evaluate numerically the
influence of the type of crosslink in the rheometer
response at 433 K. In this case, it is considered
x1 ¼ 1/2Mcs (polysulfidic), x2 ¼ 1/2Mcs (disulfidic),
x3 ¼ 1/2Mcs (monosulfidic), and the corresponding
values for each sample are given in Table III. The
adjustment of eq. (4) to the experimental data was
performed with a multiple regression program pro-
vided by Origin 6.0 software (Microcal). The correla-
tion coefficient was R2 ¼ 0.978 with parameters C
¼ 0.265 N m, a ¼ 3135 N m mol/g, b ¼ 13,561 N m
mol/g, and c ¼ 11,825 N m mol/g. The experimental
values of Dt are given in Table IV together with and
the calculated ones with eq. (4).

Upon observation of Table IV, an acceptable corre-
lation is perceived between the experimental values
and those of the eq. (4). The higher deviation be-
tween the empirical eq. (4) and the experimental val-
ues of Dt appears for samples corresponding to the
composition with lower level of sulfur and accelera-
tor. This composition is that one with lower total
crosslink density, i.e., the large strand length between
crosslinks. The crosslink process traps in the dynamic
entanglements present in the uncrosslinked melt,
and these trapped entanglements dominate the mod-
ulus.22 We suspect that the contribution of the
trapped entanglements is hidden in the term C of
eq. (4), which is very complex to elucidate and it is
out of the scope of the present research.

CONCLUSIONS

This research was focused on the effect of the net-
work structure in cured SBR samples, at 433 K and

Figure 8 Variation of Dt with 1/2Mcs showing the contri-
bution of each crosslink type, in cases with constant accel-
erator concentration in the formulation: (a) TBBS ¼ 0.5 phr;
(b) TBBS ¼ 2.5 phr.

Figure 9 Variation of Dt with 1/2Mcs showing the contri-
bution of each crosslink type, for samples with L ¼ 1 in
the formulation.

TABLE IV
Experimental (Dt) and Calculated (Dtcal) Values
of Effective Torque, Obtained from Eq. (4), for
All the Samples Tested at 433 K (the difference
between the two values (d) is also included)

Sample no. Dt (N m) Dtcal (N m) d (%)

1 0.532 0.588 10.5
2 0.694 0.686 1.2
3 0.847 0.804 5.1
4 0.925 0.836 9.6
5 0.922 0.893 3.1
6 0.289 0.353 22.2
7 0.627 0.595 5.1
8 1.090 1.094 0.3
9 1.181 1.233 4.4

10 0.491 0.525 6.9
11 0.639 0.579 9.3
12 0.975 1.020 4.6
13 1.122 1.128 0.5
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at time t100%, on the effective torque behavior, mea-
sured with a moving die rheometer.

Based on the results obtained in this research, the
following points can be mentioned.

1. In SBR vulcanizates with the system sulfur/
TBBS, with composition between 0.5 phr � S
� 2.5 phr and 0.5 phr � TBBS � 2.5 phr, the
presence of polysulfidic crosslinks in the net-
work structure is minority comparing with the
disulfidic and monosulfidic linkages.

2. The maximum response of rheometer torque
curves is obtained at higher amount of TBBS
and sulfur in the SBR compound. A linear rela-
tionship can be stated relating Dt with the
amount of TBBS and sulfur in each analyzed
sample. The total crosslink density is governed
by the total sulfur plus accelerator, and increases
at lower values of L.

3. In the special case of equal amounts (in phr) of
TBBS and sulfur in the samples, i.e., L ¼ 1, the
percentage of polysulfidic crosslinks in the cure
compound decrease at lower amount of both
substances.

4. At first order, an empirical linear relationship was
stated between Dt and the moles of effective elas-
tic strands per unit volume, 1/2Mcs, of each type,
i.e., polysulfidic, disulfidic, andmonosulfidic.

The authors thank FATE SAICI (Argentina) for the cooper-
ation in the development of this research. This work was
supported by the University of Buenos Aires (Investigation
Project X808).
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