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Rubber compounds are crosslinked by a sulfur, peroxide,
or resole cure system.' The sulfur vulcanization is the most
popular method. In general, an accelerated sulfur cure
system consists of elemental sulfur (Sg), one or two cure
accelerators, and cure activators. Crosslink density of a
rubber vulcanizate determines the physical properties.* By
increasing the crosslink density, the modulus, hardness,
resilience, and abrasion resistance increase, whereas the
clongation at break, heat build-up, and stress relaxation
decrease.

Sulfur linkages are composed of monosulfide, disulfide,
and polysulfides. Sulfur linkages, especially polysulfides,
are dissociated by heating®’ and this brings about decrease
of the crosslink density. Curatives remained in a rubber
vulcanizate make new crosslinks’® and this results in
increase of the crosslink density. Crosslink density of a
rubber vulcanizate is changed by thermal aging.”'? In general,
crosslink density of a sulfur-cured rubber vulcanizate
increases with increase of the aging temperature.”'' How-
ever, for a rubber vulcanziate with an elemental sulfur-free
cure system, the crosslink density after thermal aging at high
temperatures decreased.'” In the present work, we studied
the thermal aging behaviors of the rubber vulcanizates with
single and binary cure systems which have one and two cure
accelerators, respectively. The single cure system had one
cure accelerator of N-zert-butyl-2-benzothiazole sulfenamide
(TBBS) and binary cure system had two cure accelerators
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Scheme 1. Chemical structures of the cure accelerators.

of TBBS and 1,6-bis(N,N'-dibenzylthiocarbamoyldithio)-
hexane (DBTH). Scheme 1 shows the chemical structures of
TBBS and DBTH. The binary cure system has faster cure
rate and better reversion resistance than the single cure
system.'?

The NR vulcanizates with different crosslink densities
were prepared to investigate the influence of the initial
crosslink density on the thermal aging behaviors. The aging
temperatures (50-90 °C) and aging times (4 and 8 days) were
also varied to investigate the influence of the aging temper-
ature and time on the thermal aging behaviors. Figures 1 and
2 show variations of the crosslink density changes by the
thermal aging as a function of the aging temperature. The
crosslink density change was calculated by dividing the
difference in the crosslink densities of the vulcanizates after
and before the thermal aging by the initial crosslink density;
AXe (%) =100 x (X — X ")/ XM where the X*#*¢ and
XM indicate the crosslink densities of the vulcanizates after
and before the thermal aging, respectively.

The crosslink densities after the thermal aging at 50-90 °C
on the whole increased. The increased crosslink density after
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Figure 1. Variations of the crosslink density changes of the NR
vulcanizates with the single cure systems (S1-S3) by the thermal
aging with the aging temperature. The squares, triangles, and
circles indicate the compounds S1, S2, and S3, respectively. The
solid and open symbols stand for the aging time of 4 and 8 days,
respectively.
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Figure 2. Variations of the crosslink density changes of the NR
vulcanizates with the binary cure systems (B1-B3) by the thermal
aging with the aging temperature. The squares, triangles, and
circles indicate the compounds B1, B2, and B3, respectively. The
solid and open symbols stand for the aging time of 4 and 8 days,
respectively.

the thermal aging can be explained with the formations of
new crosslinks by free curative residues such as elemental
sulfur, cure accelerator residues, and zinc complexes
remained in the vulcanizate.®'*'*'> Especially, free sulfur
remained in the vulcanizate reacts well with rubber chains
and makes new crosslinks.® A pendent sulfide group
terminated by an accelerator residue reacts with another
pendent group of the neighboring rubber chains, so a new
crosslink will be formed.'®'*'* The crosslink density change
on the whole increases as the aging temperature increases as
shown in Figures 1 and 2. For the vulcanizates S1 and B1,
the crosslink density changes increase and then decrease
with increase of the aging temperature. The crosslink density
changes of the vulcanizates S2, S3, B2, and B3 increase
linearly as the aging temperature increases. The variations
were well fitted with linear equations and the correlation

Table 1. Formulations (phr)

Notes

Table 2. Rates of the crosslink density changes obtained from the
curve fittings of Figures 1 and 2 (%/°C)

Compound No. S2 S3 B2 B3

Aged for 4 days 0.206 0.245 0.109 0.148
Aged for 8 days 0.242 0.331 0.110 0.220
Difference 0.038 0.086 0.001 0.072

coefficients were 0.96-0.98. Rates of the crosslink density
changes were obtained from the linear curve fittings and
were summarized in Table 2. The change rates of the
vulcanizates with the single cure systems (S2 and S3) are
much larger than those with the binary ones (B2 and B3).
This implies that the crosslink density changes of the
vulcanizates having the single cure systems (S-vulcanizates)
depending on the aging temperature are bigger than the
vulcanizates having binary cure systems (B-vulcanizates).
The big difference in the crosslink density change rates of
the S- and B-vulcanizates may be due to the curing effi-
ciencies and the amount of the curative residues remained in
the samples.

The B-vulcanizates can have more monosulfide linkages
than the S-vulcanizates because of DBTH. DBTH is dis-
sociated by heat so two dibenzyl carbamate radicals
(DBzCR) and one 1,6-hexanedithiol radical (HDTR) are
generated as shown in Scheme 2. The HDTR reacts with two
rubber chains to form monosulfide linkage. The B-vulcani-
zates have higher apparent crosslink densities (1/Q) than the
S-vulcanizates although total sulfur contents of the B-
compounds are lower than those of the S-compounds.
Curing efficiency was calculated by dividing the apparent
crosslink density by the total sulfur content. The B-
vulcanizates also have higher cure efficiencies than the S-
vulcanizates. The 1/Q values, the total sulfur contents, and
the curing efficiencies were listed in Table 1. Amounts of the
curative residues remained in the S-vulcanizates will be
larger than the B-ones. The larger amounts of the curative
residues remained in the samples can lead to larger increase

Compound No. S1 S2 S3 Bl B2 B3
SMR20 100.0 100.0 100.0 100.0 100.0 100.0
N330 50.0 50.0 50.0 50.0 50.0 50.0
Stearic acid 2.0 2.0 2.0 2.0 2.0 2.0
ZnO 4.0 4.0 4.0 4.0 4.0 4.0
HPPD 2.0 2.0 2.0 2.0 2.0 2.0
Wax 2.0 2.0 2.0 2.0 2.0 2.0
Sulfur 1.0 1.4 1.8 0.8 1.0 1.2
TBBS 1.0 1.4 1.8 0.5 0.5 0.5
DBTH 0.0 0.0 0.0 0.5 0.9 1.3
Total sulfur content (wt%) 0.70 0.98 1.25 0.62 0.81 1.00
Apparent crosslink density (1/Q) 0.88 1.02 1.19 0.93 1.08 1.35
Curing efficiency (wt% ') 1.26 1.04 0.95 1.50 1.33 1.35

HPPD: N-phenyl-N"-(1,3-dimethylbutyl)-p-phenylenediamine. TBBS: N-fert-butyl-2-benzothiazole sulfenamide. DBTH: 1,6-bis(N, N"-dibenzylthio-

carbamoyldithio)-hexane
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Scheme 2. Formation of monosulfide crosslink by DBTH.

of the crosslink density change by the thermal aging.

The B-vulcanizates have also more stable thermal aging
behaviors depending on the aging time. Difference in the
crosslink density change rates of the thermal aging for 4 and
8 days for the B-vulcanizates is smaller than for the S-
vulcanizates as listed in Table 2. This can be also explained
with the remained curative contents and the stabilities of
sulfide linkages. The B-vulcanizates have more stable link-
ages and lower contents of the remained curative residues as
discussed previously. Thus, the crosslink density changes of
the B-vulcanizates by the thermal aging will be lower than
those of the S-ones. According to the experimental results, it
can lead to a conclusion that the vulcanizates cured with the
binary cure systems have better curing efficiencies and
better thermal aging resistances compared to the vulcani-
zates cured with the single cure systems

Experimental Section

The NR compounds were made of NR (SMR 20), carbon
black (N330), cure activators (stearic acid and ZnO), anti-
degradants (HPPD and wax), and curatives (TBBS, DBTH,
and sulfur). The formulations were given in Table 1. The
compounds S1, S2, and S3 have single accelerator cure
systems of TBBS, while the compounds B1, B2, and B3
have binary accelerator cure systems of TBBS and DBTH.
Contents of the curatives were varied to prepare the samples
with different crosslink densities.

The vulcanizates were prepared by curing at 160 °C for 20
min. Thermal aging was performed at 50, 60, 70, 80, and 90
°C for 4 and 8 days in a convection oven. Crosslink densities
of the samples 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-extracted samples were measured.
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They were soaked in n-decane for 2 days and the weights of
the swollen samples were measured. The swelling ratio (Q)
was calculated by the equation of Q = (W;—W,)/W,, where
W, and W, are weights of the swollen and unswollen
samples. In general, the reciprocal swelling ratio (1/Q) was
used as the apparent crosslink density. Experiments were
carried out three times and they were averaged.
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