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Abstract : Influence of the crosslink density n migration of IPPD and HPPD to the surface in rubber
vulcanizates was studied using unfilled NR vulcanizates with different crosslink densities. Migration rate
of IPPD was faster than that of HPPD. The migration rates of IPPD and HPPD becarne faster by increas-
ing the crosslink density of the vulcanizate. Migration behaviors of HPPD were more affected by the

crosslink density than those of IPPD.

Introduction

Ozone attack on rubber compounds causes
characteristic cracking perpendicular to the direc-
tion of applied stresses. This degradation is
caused by reactions of ozone with the double
bonds in the rubber molecules. These reactions
lead to chain scission and the formation of vari-
ous decomposition products, In general, chemical
antiozonants are used with wax to protect czona-
tion of rubber. The most effective antiozonants
are N, N-disubstituted-p-phenylenediamines, in
which at least one of the side groups is alkyl (pre-
ferably sec-alkyl).**

The principal factors influencing migration
behaviors of antiozonants in rubber vulcanizates
are matrices including rubber and filler composed
of the wvulcanizates.”” N-Phenyl-N-isopropyl-p-
phenylenediamine (IPPD), and N-phenyl-N-{1,3-
dimethylbutyl)-p-phenylenediamine {HPPD) mi-
grate to the surface in styrene-butadiene rubber
{SBR) vulcanizate faster than in natural rubber
(NR) and butadiene rubber (BR) ones.* Migration
rates of IPPD and HPPD in silica-filled rubber vul-
canizates are slower than those in carbon black-
filled ones.®” Migration rates of the antiozonants
become slower by increasing the filler content in
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the vulcanizates. The migration behaviors of anti-
ozonants in rubber vulcanizates are influenced by
intermolecular interactions between the antiozo-
nants and the matrices. We also studied the influ-
ence of the initial concentration of an anti-
degradant on the migration rate and found that
the migration rate was independent of the initial
concentration of the antidegradants” The abso-
lute amount of an antidegradant migrating to the
surface in a rubber wvulcanizate increased by
increasing the content of the migrant in the vulca-
nizate. However, the amount of the antidegradant
migrating per unit time kept a constant ratio of the
initial concentration.

Crosslink type and degree of crosslink density of
a rubber vulcanizate determine physical proper-
ties of the vulcanizate such as modulus, hardness,
resilience, breaking elongation, heat build-up, and
so forth® By increasing crosslink density, modu-
lus, hardness, resilience, and abrasion resistance
increase while breaking elongation, heat build-up,
and stress relaxation decrease. Stress relaxation,
tensile strength, and resilience increase in propor-
tion to the content of di- and polysulfides while
fatigue and thermal aging resistance decrease. In
this study, the influence of crosslink density on
migration behaviors of antiozonants to the surface
in rubber vulcanizates was studied using unfilled
NR vulcanizates with different crosslink densities
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to eliminate the filler effect on migration behav-
iors of the antiozonants. The vulcanizates were
prepared using an EV {efficient vulcanization)
cure system to prevent change of crosslink density
during the experiments. An EV cure system is a
vulcanizing system with very high ratio of cure
accelerator and a vulcanizate cured by the EV sys-
tern consists mostly of mono- and disulfidic
crosslinks.” The mono- and disulfides are ther-
mally more stable than polysulfides.® IPPD and
HPPD were emploved as antiozonants.

Experimental

Five unfilled NR compounds with different con-
tents of the cure accelerator and sulfur were pre-
pared. In order to eliminate the influence of filler
on the migration, the unfilled compounds were
prepared. IPPD and HPPD were used as antiozo-
nants. N-tert-Butyl-2-benzothiazole sulfenamide
(TBBS) was employed as an accelerator. The EV
cure system was employed to minimize the
change of the crosslink densities of the vulcani-
zates during the experiments. The content ratio of
TBBS to sulfur was set to 10.0. The formulations
are given in Table [. The unfilled NR vulcanizates
were prepared by curing at 160 °C for 30 minutes.

Migration experiments were carried out at con-
stant temperatures of 60 and 80°C for 14 days in
a convection oven. Amounts of the antiozonants
that migrated to the surface were determined by
the difference in the amounts of the antiozonants
that remained in the rubber vulcanizates before
and after the migration, The amounts of the anti-
ozonants that remained in the rubber vulcanizate

were analyzed by gas chromatography after
extraction of the antiozonants from the vulcani-
zate with THE Crosslink densities of the samples
were measured by swelling method ! The proce-
dure to measure the crosslink density as follow.
First, the samples were cut with about 5 x 10 mm.
Second, organic additives in the samples were
removed by extracting with THF and n-hexane
for each 2 days and they were dried for 2 days at
rcom temperature. Third, the weights of the or-
ganic material-extracted samples were measured.
Fourth, they were soaked in n-decane for 1 day
and the weights of the swollen samples were mea-
sured. Finally, the crosslink density was calcu-
lated. The y (interaction papameter between the
natural rubber network and the swelling agent, i.
e., n-decane) of 0.43," the density of the rubber
network of 0.93, and the molar volume of n-
decane of 194.9 ml/mol were employed. The
crosslink densities of the five unfilled NE vulcani-
zates were also listed in Table . Experiments were
carried out three times and averaged.

Results and Discussion

Figure 1 shows variation of amounts of IPPD
and HPPD that migrated in the vulcanizates at 60
and 80 °C depending on the crosslink density of
the vulcanizates. Migration rates of IPPD are
faster than those of the HPPD since the molecular
weight of IPPD (m/z 226) is lighter than that of
HPPD (m/z 268) and both IPPD and HPPD are
the same chemical species of N-phenyl-N-alkyl-p-
phenylenediamine. The amounts of IPPD that
migrated at 60 and 80 °C are more than those of

Table 1. Formulations (phr)

Compound No. 1 2 3 4 5
SMR 20 100.0 100.0 100.0 100.0 100.0
Zinc oxide 50 5.0 5.0 5.0 5.0
Stearic acid 3.0 3.0 3.0 3.0 3.0
IPPD 20 20 2.0 2.0 2.0
HFPD 2.0 2.0 2.0 2.0 2.0
Wax 3.0 3.0 3.0 3.0 3.0
TBBS 2.0 3.0 4.0 5.0 6.0
Sulfur 0.2 0.3 0.4 0.5 ' 0.6
Crosslink density (107 g'mol/mL)
0.87 1.14 144 1.64 2.15
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Figure 1. Variation of the amounts of IPPD and HPFD
that migrated to the surface in the unfilled NR vulcani-
zates as a function of crosslink density. Rectangles and
circles indicate IPPD and HPPD, respectively. Solid and
apen symbols stand for 60 and 80 °C, respectively. Solid
lines were obtained by the curve fitting of the experimen-
tal results to the polynomial equation.

HPPD by about 2.0 - 2.8 and 1.6 - 2.0 times, res-
pectively. The amounts of the antiozonants that
migrated in the vulcanizates at 80 °C are more
than those at 60 °C by over three and four times
for IPPD and HPPD, respectively.

The amounts of the antiozonants that migrated
in the vulcanizates, on the whole, increase by
increasing the crosslink density. The amounts of
the antiozonants that migrated at 60 °C increase
from 21.8 to 26.1% and from 7.9 to 13.0% for
IPPD and HPPD, respectively, by increasing the
crosslink density from 0.87 to 1.64x 10° g'mol/
mL. The amounts of IPPD and HPPD that
migrated at 80 °C increase from 75.6 to 80.7%
and from 37.6 to 51.7%, respectively, by increas-
ing the crosslink density from 0.87 to 2.15x 10°
gmol/mL. What is the source to increase the
migration rates of the antiozonants as the
crosslink density of the vulcanizate increases?

Nah and Thomas” studied the migration of
waxes to the surface of rubber vulcanizates and
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reported that the amount of wax bloomed was
proportional to the initial concentration of wax and
the diffusion coefficient of the wax in the rubber.
The apparent diffusion coefficient was propor-
tional to the elastic stress which was proportional
to the elastic shear modulus. The modulus is a
physical property proportional to the crosslink
density.® Thus, it can be considered that the
increase in the amount of the antiozonants that
migrated in the vulcanizates with an increase of
the crosslink density is correlated with an increase
of the elastic stress of the vulcanizates. Distances
between crosslinks become shorter as the cross-
link density of the vulcanizate increases. The elas-
tic stress of the vulcanizate with a high crosslink
density is larger than that of the vulcanizate with a
low one so that the antiozonants migrate faster in
the vulcanizate with a high crosslink density than
in the vulcanizate with a low one.

From the curve fitting of the experimental
results to the polynomial equation, the migration
equation depending on the crosslink density can
be established as the eq. (1).

M, (%) = 100 (C; —C)/Co = a + bX. + X2 (1)

where the M, is the amount of an antiozonant
that migrated to the surface in the rubber vulcani-
zate for t in %, the Cp and C, are the concentra-
tions of an antiozonant that remained in the
sample before and after the migration for ¢,
respectively, the X, is the crosslink density of the
rubber vulcanizate in gmol/mL, and the a, b, and
c are the parameters. Values of the parametersa,
b, and ¢ were obtained by fitting the experimental
results to the eq. (1). Solid lines in Figure 1 are the
results of the fitting. The values of the parameters
are listed in Table Il. The first order parameter b

Table II. Parameters of the Migration Equation,
M.=a + bX. + eX.}

Anfiozonant Tempera- b c
ture
IPPD 60 °C 8.27 20.04x10° -5.75x10°
80°C  58.88 25.38x10° -7.11x10°
HPPD 60°C 047 11.14x10° -2.43x10°
80°C  2.63 52.42x10°-13.78x10°
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affects the M; more than the second order para-
meter ¢ since the X, has an order of 10° while the
X2 has an order of 10°, The first order parameters
for IPPD are 20.04 and 25.38 at 60 and 80 °C,
respectively, while those for HPPD are 11.14 and
52 .42, respectively. The first order parameters of
IPPD and HPPD at 80 °C are larger than those at
60 °C. This means that the migration behaviors of
the antiozonants at the high temperature are more
affected by the crosslink density than those at the
low temperature. This can be explained by the
molecular motions of the rubber chain. The molec-
ular motions of the rubber chain, including rota-
tion, vibration, and chain motions, become faster
by increasing the temperature. The fast molecular
motions of the rubber will activate the migration
of the antiozonants in the vulcanizate.

The first order parameter of IPPD increases by
about 25% with an increase of the temperature
from 60 to 80 °C, while that of HPPD increases
by about 5 times. The first order parameter of
HPPD at 60 °C is smaller than that of IPPD by
about two times, but that of HPPD at 80 °C is
larger than that of IPPD by about two times. This
means that the migration behaviors of IPPD
depending on the crosslink density is slightly
affected by change of the temperature while those
of HPPD depending on the crosslink density is
very sensitive to the change of temperature. The
first order parameter of HPPD at 80 °C is higher
than that of IPPD at 80 °C as well as those of IPPD
and HPPD at 60 °C. This can be explained by the
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molecular size of the migrant and the elastic stress
of the vulcanizate. Since HPPD is larger than
IPPD, HPPD will be more stressed by the motions
of the rubber chains in the vulcanizate than IPPD.
The difference of the stress applied to HPPD and
IPPD in the vulcanizates will increase by increas-
ing the temperature since the molecular motions
of the rubber chains become faster with an
increase of the temperature. Thus, at the high
temperature, the stress applied to HPPD is much
larger than that applied to IPPD so that the migra-
tion rates of HPPD increase more than those of
IPPD by increasing the crosslink density,
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