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ABSTRACT: Influence of wax film on the surface of a rubber vulcanizate on migration of
antiozonants was studied using NR vulcanizates containing various types of waxes. The
waxes have different molecular weight distributions. N-phenyl-N'-isopropyl-p-phenyl-
enediamine (IPPD), N-phenyl-N'-(1,3-dimethylbutyl)-p-phenylenediamine (HPPD),
N,N'-di(sec-butyl)-p-phenylenediamine (SBPPD), and N,N’-di(1,4-dimethylpentyl)-p-
phenylenediamine (DMPPD) were used as antiozonants. Migration experiments were
performed outdoors for two months in the summer, fall, and winter. The migration
rates of the antiozonants in the vulcanizate without wax are faster than those in the
vulcanizates with waxes. The antiozonants migrate slower in the vulcanizate contain-
ing wax with a high-molecular-weight distribution than in the vulcanizate with a low
one. In the summer, the migration rates of SBPPD and DMPPD are faster than those
of IPPD and HPPD, respectively. But, in the fall, the migration rates of SBPPD and
DMPPD are slower than those of IPPD and HPPD, respectively. The differences of
migration behaviors of the antiozonants, depending on season and wax type, was

discussed. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71: 1987-1993, 1999
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INTRODUCTION

Migration behaviors of antidegradants in rub-
ber vulcanizates are influenced by kinds of rub-
ber and filler.'~* 2,6-Di-¢-butyl-4-methyl phenol
(BHT), N-phenyl-N'-isopropyl-p-phenylenedi-
amine (IPPD), and N-phenyl-N'-(1,3-dimethyl-
butyl)-p-phenylenediamine (HPPD) migrate
faster in SBR vulcanizates than in NR and BR
vulcanizates.! Migration rates of BHT, IPPD,
and HPPD in silica-filled rubber vulcanizates
are slower than those in carbon-black-filled
ones.?”* Migration rates of the antidegradants
become slower and slower by increasing the
filler content in the vulcanizates. The principal
sources to influence migration behaviors of an-
tidegradants in rubber vulcanizates are inter-
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molecular interactions between the antide-
grants and matrices of rubber and filler.

It is generally agreed that waxes compounded
into rubber are capable of migrating to the sur-
face, thereby providing protection against ozone
attack by formation of an impervious barrier. The
ability of a wax to migrate to the surface depends
upon the specific wax type, the rubber composi-
tion, and the time and temperature before and
during exposure to ozone. These papameters in-
fluence the solubility/mobility characteristics of
each specific wax.’ In general, substituted para-
phenylenediamine antiozonants were used with
wax to protect against ozonation of rubber.®

In this study, the influence of wax film on mi-
gration of antiozonants to the surface in carbon-
black-filled NR vulcanizates containing various
types of waxes were studied. Experiments were
performed outdoors during the summer, fall, and
winter to investigate the influence of season on
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Figure 1 Formulae of antiozonants.

the migration. IPPD, HPPD, N,N’-di(sec-butyl)-p-
phenylenediamine (SBPPD), and N,N’-di(1,4-
dimethylpentyl)-p-phenylenediamine (DMPPD)
were used as migrants. Their chemical structures
were given in Figure 1. The influence of the con-
tent of wax in the vulcanizates on migration of the
antiozonants was also investigated.

EXPERIMENTAL

In order to investigate the influence of wax bar-
rier on migration of the antiozonants to the sur-

16.00

face in a rubber vulcanizate, 16 carbon-black-
filled NR compounds containing three types of
waxes were prepared. SMR 20 (one of Standard
Malaysian Rubbers) was employed as an NR, and
the grade of carbon black used is N330. The three
waxes have a different molecular weight distribu-
tions, as shown in Figure 2. The molecular weight
distributions of the waxes were obtained using
gas chromatography. The waxes were a mixture
of normal alkanes and their isomers. Peak areas
in Figure 2 were percent ratios of the total peak
area of the wax. The contents of the waxes in the
compounds were from 0.0 to 5.0 phr. The anti-
ozonants of IPPD, HPPD, SBPPD, and DMPPD of
2.0 phr were contained in the compounds each.
Compounds 2-6, 7-11, and 12-16 contain the
Wax-A, Wax-B, and Wax-C, respectively. The for-
mulations are given in Table I. N-tert-Butyl-2-
benzothiazole sulfenamide (TBBS) was used as a
curing agent. The NR vulcanizates were prepared
by curing at 160°C for 15 min.

The migration experiments were performed
outdoors for two months in the summer, fall, and
winter. The weather conditions are summarized
in Table II. The average low temperatures during
the summer, fall, and winter are 22.3, 9.6, and
—1.4°C, respectively, while the average high tem-
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Figure 2 Molecular weight distributions of waxes. The peak areas are percent ratios

to the total peak area.



Table I Formulations (phr)
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Compound No. 1 2 3 4 5 6

7

8 9 10 11 12 13 14 15 16

SMR 20

N330 50.0 50.0 50.0 50.0 50.0 50.0 50.0
Wax-A 0.0 10 20 30 40 50 00
Wax-B 00 00 00 00 00 00 1.0
Wax-C 00 00 00 00 00 00 0.0
IPPD 20 20 20 20 20 20 20
HPPD 20 20 20 20 20 20 20
SBPPD 20 20 20 20 20 20 20
DMPPD 20 20 20 20 20 20 20
ZnO 40 40 40 40 40 40 4.0
Stearic acid 20 20 20 20 20 20 20
TBBS 20 20 20 20 20 20 20
Sulfur 0.5 05 05 05 05 05 0.5

100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

50.0 50.0 50.0 50.0 500 50.0 50.0 500 50.0
00 00 00 00 00 00 00 00 00
20 30 40 50 00 00 00 00 0.0
00 00 00 0.0 1.0 20 3.0 4.0 5.0
20 20 20 20 20 20 20 20 20
20 20 20 20 20 20 20 20 20
20 20 20 20 20 20 20 20 20
20 20 20 20 20 20 20 20 20
40 40 40 40 40 40 40 40 4.0
20 20 20 20 20 20 20 20 20
20 20 20 20 20 20 20 20 20
0.5 05 05 05 05 05 05 05 05

peratures are 30.8, 20.5, and 6.0°C, respectively.
Amounts of the antiozonants that migrated to the
surface in the NR vulcanizates were determined
by the differences between the amounts of the
antiozonants that remained in the vulcanizates
before and after the migration. The amounts of
the antiozonants remaining in the vulcanizates
were analyzed using gas chromatography after
extraction of the antiozonants with THF. Exper-
iments were carried out three times and aver-
aged.

RESULTS AND DISCUSSION

The molecular weight distribution of the Wax-C is
higher than those of the Wax-A and Wax-B, as
shown in Figure 2. The molecular weight distri-
butions of the Wax-A and Wax-B have a similar
shape but the highest peak position. The highest
peaks of the Wax-A are C,,H;, and Cy5H;,, while
those of the Wax-B are C,;H;5 and CygHyg. The
chemical structures”® and melting points® of the

Table I Weather Conditions

Season Summer Fall Winter
Low temperature (°C) 22.3 9.6 -14
(Range) (19-25) (2-16) (—11-6)
High temperature (°C) 30.8 20.5 6.0
(Range) (26-36) (10-27) (—6-14)
Sunny (day) 33 49 33
Cloudy (day) 6 4 14
Rainy (day) 22 8 5
Snowy (day) 0 0 9

normal alkanes depend on the their size. The
normal alkanes with a molecular weight heavier
than n-Cs;;H,, have a structure of end-chain
bending and folding.® The melting points of the
normal alkanes increase by increasing their size.
The melting points of the n-Cy;Hyy, n-CyHg,
n-Cy7Hse, n-CgoHey, n-CgsHgs, n-CgeHzy, and
n-C,Hgy are 39, 51, 58, 63, 70, 75, and 79°C,
respectively.® It can be considered that composi-
tion of waxes affects formation of wax film since
the alkanes have different structures and melting
points, depending on their molecular weight.

Table II gives weather conditions during the
migration experiments. The outdoor experiments
were carried out by putting the samples in the
sun for two months in summer, fall, and winter.
The outdoor migration experiments have a merit
(reflection of the real conditions) in comparison
with the experiments performed in a convection
oven, although the outdoor experiments need a
long time. When the migration experiments are
performed outdoors, the influences of weather
conditions (sunlight, rain, snow, and wind), as
well as temperature, on the migration can be ob-
served.

Migration During the Summer

Experimental results for the migration during the
summer are summarized in Table III. The IPPD
and HPPD are derivatives of N-phenyl-N'-alkyl-
p-phenylenediamine, while the SBPPD and DMPPD
are derivatives of N,N'-dialkyl-p-phenylenedi-
amine. The molecular weights of the IPPD,
HPPD, SBPPD, and DMPPD are m/z 226, 268,
220, and 304, respectively. Though the molecular
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Table III Amounts of Antiozonants That
Migrated to the Surface in the NR Vulcanizates
in the Summer for 2 Months (%)

Compound No. IPPD HPPD SBPPD DMPPD

1 30.7 154 54.9 23.6
2 28.4 13.4 54.2 16.4
3 26.5 9.8 52.0 16.9
4 24.2 8.8 48.1 13.0
5 25.0 12.3 46.2 14.2
6 26.6 12.9 51.0 16.7
7 23.1 9.8 44 .4 14.1
8 23.1 10.8 49.1 9.9
9 21.2 9.7 40.4 13.8
10 20.2 11.1 41.2 15.2
11 26.7 10.9 43.4 13.2
12 20.4 9.7 40.7 10.7
13 22.2 9.7 38.5 13.5
14 19.6 10.3 44.0 11.8
15 214 9.9 42.0 15.1
16 23.3 11.0 45.3 14.5

weights of the IPPD and HPPD are smaller than
those of the SBPPD and DMPPD, respectively,
the migration rates of the IPPD and HPPD are
slower than those of the SBPPD and DMPPD,
respectively, as shown in Table III and Figure 3.
The amount of the SBPPD that migrated to the
surface in the NR vulcanizate without wax
(564.9%) is much more than that of the IPPD
(30.7%). The amount of the DMPPD that mi-
grated to the surface in the NR vulcanizate with-
out wax (23.6%) is also much more than that of
the IPPD (15.4%). This may be due to intermolec-
ular interactions of the antiozonants with carbon
black. The carbon black has a graphite-like struc-
ture.!® The migration rates of the IPPD and
HPPD in the carbon-black-filled NR vulcanizate
become slower and slower by increasing the con-
tent of carbon black in the vulcanizate.? The IPPD
and HPPD have a phenyl ring as the N-substitu-
ent, but the SBPPD and DMPPD do not. The
interaction of the phenyl group with carbon black
is stronger than that of the alkyl group. Thus, the
intermolecular interactions of the IPPD and
HPPD with carbon black may be stronger than
those of the SBPPD and DMPPD so that the mi-
gration rates of the IPPD and HPPD are slower
than those of the SBPPD and DMPPD, respec-
tively. The migration rate of the DMPPD is slower
than that of the IPPD. This is because the
DMPPD is much larger than the IPPD, although

the intermolecular interaction of the IPPD with
carbon black is stronger than that of the DMPPD.

The amounts of the antiozonants that migrated
in the vulcanizate without wax are more than
those in the vulcanizate containing waxes by
about 2-11%, 2—6%, 1-16%, and 7-14% for IPPD,
HPPD, SBPPD, and DMPPD, respectively. This
can be explained by the path length of the anti-
ozonants and the interface between the wax film
and the surface of the NR vulcanizate. The wax
migrates to the surface in the NR vulcanizate and
forms a protection film on the surface. The thick-
ness of the wax film on the surface of a rubber
vulcanizate containing paraffin wax of 1.6 phr
after 30 days at 40°C was about 2 um.? The path
length of the antiozonants becomes longer by for-
mation of the wax film. But, the increase of the
path length due to the wax film hardly affects the
migration of the antiozonants since the thickness
of the wax film is much thinner than that of the
vulcanizate (2 mm). Thus, the principal cause to
decrease the amount of the antiozonants that mi-
grated in the vulcanizates containing waxes may
be the interface the wax film and the surface of
the NR vulcanizate. The discontinuous interface
is formed between the rubber vulcanizate and the
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Figure 3 Average amounts of the antiozonants that
migrated in the NR vulcanizates to the surface (%)
depending on the wax type during the summer and fall.
The values for the Wax-A, Wax-B, and Wax-C are av-
erage values obtained by averaging the amounts of the
antiozonants that migrated in the vulcanizates con-
taining the waxes from 1.0 to 5.0 phr.




wax film in the vulcanizates containing waxes.
Gardiner studied the diffusion gradient of cura-
tives in two rubbers.!! In similar rubbers, the
curative concentration showed a continuous gra-
dient; but in dissimilar rubbers, the curative con-
centration showed a discontinuous gradient at
the interface. The concentration at the interface
was denser than that in the dissimilar rubbers.
Thus, in the vulcanizates containing waxes, the
antiozonants migrate to the surface in the NR
vulcanizate and stay at the interface so that their
migration rates will be slower.

The thickness of the paraffin wax film on the
surface of the vulcanizate increases by increasing
the content of wax in the vulcanizate.’ The thick-
ness of the paraffin wax increases and then de-
creases with an increase of the melting point of
the paraffin wax.? The melting point of the par-
affin wax is proportional to its molecular weight.
Table IIT shows that the migration rates of the
antiozonants in the vulcanizate containing wax
with a high molecular weight distribution are
slower than those in the vulcanizate containing
wax with a low one. The amounts of the IPPD,
HPPD, SBPPD, and DMPPD that migrated in the
vulcanizates containing with the Wax-C are less
than those in the vulcanizates containing with
the Wax-A by about 18, 11, 16, and 15%, respec-
tively. This cannot be explained by the path
length but rather by interactions of the anti-
ozonants with wax. If the path length affects the
migration, the migration rates are slower and
slower by increasing the content of wax in the
vulcanizate. But, the experimental results do not
show this trend (Table III). Thus, the migration
behaviors of the antiozonants depending on the
wax type in the vulcanizates is considered to be
due to the intermolecular interactions of the anti-
ozonants with wax. The intermolecular interac-
tions between the antiozonants and wax with a
high molecular weight will be stronger than those
between the antiozonants and wax with a low one
since the wax with a high molecular weight is less
mobile than that with a low one.

For the vulcanizates containing Wax-B and
Wax-C, the migration behaviors of the anti-
ozonants, depending on the content of wax in the
vulcanizate, do not show a specific trend. How-
ever, the migration behaviors of the antiozonants,
depending on the content of wax in the vulcani-
zate containing the Wax-A, shows a specific trend.
The migration rates of the antiozonants decrease
by increasing the content of wax from 1.0 to 3.0
phr (4.0 phr for SBPPD) and then increase.
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Table IV Amounts of Antiozonants That
Migrated to the Surface in the NR Vulcanizates
in the Fall for 2 Months (%)

Compound No. IPPD HPPD SBPPD DMPPD

1 23.9 11.1 12.3 5.8
2 23.9 11.4 12.1 <4.0
3 23.9 111 12.3 <4.0
4 23.6 10.7 12.8 <4.0
5 23.6 9.8 10.8 <4.0
6 22.4 9.8 12.3 <4.0
7 22.3 8.8 11.8 <4.0
8 23.9 8.6 11.9 <4.0
9 21.0 7.9 8.8 <4.0
10 211 8.0 9.1 <4.0
11 20.1 9.0 9.2 <4.0
12 19.1 7.9 7.2 <4.0
13 21.6 8.0 11.1 <4.0
14 19.3 8.8 7.7 <4.0
15 17.9 5.5 94 <4.0
16 19.6 4.5 7.7 <4.0

Migration During the Fall and Winter

Similar to the migration during the summer, the
migration rates of the antiozonants in the vulca-
nizate without wax during the fall are also faster
than those in the vulcanizates containing waxes,
as demonstrated in Table IV. This can be also
explained by the path length and the interface
between the wax film and the surface of the vul-
canizate, as discussed previously. The amounts of
the DMPPD that migrated in the vulcanizates
containing waxes during the fall less than 4%.
During the winter, the amounts of the anti-
ozonants that migrated in both of the vulcani-
zates with and without wax are less than 3%,
except the IPPD, as listed in Table V. The
amounts of the IPPD that migrated in the vulca-
nizates containing the Wax-B and Wax-C are less
than 5%. The slow migration of the antiozonants
during the winter may be due to the low temper-
ature and low sunshine hours.

The migration behaviors of the antiozonants,
depending on the wax type in the vulcanizates
during the fall, show the same trends with those
during the summer. The migration rates of the
antiozonants in the vulcanizates containing wax
with a low molecular weight are faster than those
in the vulcanizates containing wax with a high
one. During the fall, the average amounts of the
IPPD that migrated in the vulcanizates contain-
ing the Wax-A, Wax-B, and Wax-C are 23.5, 21.7,
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Table V Amounts of Antiozonants That
Migrated to the Surface in the NR Vulcanizates
in the Winter for 2 Months (%)

Compound No. IPPD HPPD SBPPD DMPPD

1 154 < 3.0 <3.0 <3.0
2 10.8 < 3.0 <3.0 <3.0
3 13.0 <3.0 <3.0 <3.0
4 11.1 < 3.0 <3.0 <3.0
5 45 <3.0 <3.0 <3.0
6 61 <3.0 <3.0 <3.0
7 <50 <30 <3.0 <3.0
8 <50 <3.0 <3.0 <3.0
9 <50 <3.0 <3.0 <3.0
10 <50 <3.0 <3.0 <3.0
11 <50 <3.0 < 3.0 < 3.0
12 <50 <3.0 <3.0 <3.0
13 <50 <3.0 <3.0 <3.0
14 <50 <3.0 < 3.0 < 3.0
15 <50 <30 <3.0 <3.0
16 <50 <3.0 <3.0 <3.0

and 19.5%, respectively, while those of the HPPD
are 10.6, 8.5, and 6.9%, respectively, as shown in
Figure 3. The average amounts of the anti-
ozonants that migrated in the vulcanizates were
obtained by averaging the amounts of the anti-
ozonants that migrated in the vulcanizates con-
taining the waxes from 1.0 to 5.0 phr. The average
amounts of the IPPD that migrated in the vulca-
nizates containing wax during the fall decrease
from 12.1 to 11.9 and 8.6% by increasing the wax
size from the Wax-A to the Wax-B and Wax-C,
respectively. During the fall, the migration be-
haviors depending on the content of wax in the
vulcanizates do not show a specific trend. Only
the migration rates of the IPPD and HPPD in the
vulcanizates containing the Wax-A decrease by
increasing the content of wax. During the winter,
the migration rates of the IPPD in the vulcanizate
with the Wax-A also decrease by increasing the
content of wax.

The migration behaviors, depending on the an-
tiozonant type, in the fall are different from those in
the summer. In the summer and fall, the migration
behaviors of the same chemical species show the
same trend, but the trends of the different chemical
species are reversed (Fig. 3). The IPPD and HPPD
are the same species as N-phenyl-N'-alkyl-p-phen-
ylenediamine, and the SBPPD and DMPPD are the
same species as IN,N'-dialkyl-p-phenylenediamine.
The migration rates of the IPPD are faster than

those of the HPPD, and those of the SBPPD are also
faster than those of the DMPPD during the summer
as well as during the fall. This is because the IPPD
and SBPPD are smaller than the HPPD and
DMPPD, respectively. But, the migration rates of
the IPPD and HPPD during the fall are faster than
those of the SBPPD and DMPPD, respectively, by
about 45-60%, while the migration rates of the
IPPD and HPPD during the summer are slower
than those of the SBPPD and DMPPD, respectively,
by about 20—50%. This may be due to intermolecu-
lar interactions of the antiozonants with rubber
chains. The antiozonants interact with the NR
chains and carbon black in the carbon-black-filled
NR vulcanizates. The intermolecular interactions of
phenyl ring of the IPPD and HPPD with carbon
black are 7—m interactions, while those of alkyl
groups of the antiozonants with NR chains are o—0o
interactions. The #—m interactions are stronger
than the o—o interactions. Since the o—o interac-
tions are relatively weak, at high temperatures,
they hardly affect the migration of the antiozonants
in the vulcanizates, but they affect the migration at
low temperatures. Thus, during the fall and winter,
the o—o interactions will become one of the princi-
pal factors influencing the migration. The SBPPD
and DMPPD have two alkyl groups, while the IPPD
and HPPD have only one alkyl group. If the o—c
interactions between alkyl groups of the antiozo-
nants and rubber chains are built at low tempera-
tures, they become an important factor in influenc-
ing the migration since the content of NR in the
carbon-black-filled NR vulcanizates is more than
that of carbon black by twice. Since the temperature
is low during the fall, the intermolecular interac-
tions of alkyl groups of the antiozonants become
stronger so that the interactions make the migra-
tion slow. Thus, the SBPPD and DMPPD migrate
slower than the IPPD and HPPD, respectively, at
low temperatures.

The amounts of the antiozonants that migrated
in the vulcanizates during the summer are much
more than those during the fall. During the sum-
mer and fall, the difference of the amounts of the
antiozonants that migrated in the vulcanizates
without wax is higher than that in the vulcani-
zates with the waxes. The differences of the IPPD,
HPPD, SBPPD, and DMPPD in the vulcanizates
without wax are about 22, 28, 78, and 75%, re-
spectively, while those of the IPPD, HPPD, and
SBPPD in the vulcanizates containing the waxes
are about 9-13, 7-32, 75-80%, respectively. Of
the four antiozonants, the differences of the IPPD
is the lowest, while those of the SBPPD is the



highest. This means that the migration of the
IPPD is less affected by the season than those of
the others. From the results, it can lead to a
conclusion that the migrations of the N-phenyl-
N'-alkyl-p-phenylenediamines (IPPD and HPPD)
are less sensitive to change of season than those
of the N,N'-dialkyl-p-phenylenediamines (SBPPD
and DMPPD).

Comparison with Migration in a Convection Oven

In the previous work,'? we studied the influence
of wax on the migration of antiozonants in a rub-
ber vulcanizate using a convection oven. The re-
sults of the outdoor experiments are different
from the results obtained using a convection oven.
The experimental results obtained using a con-
vection oven'? are as follows. The amounts of
SBPPD and DMPPD that migrated in NR vulca-
nizates at 80°C for 30 days were more than 99%,
and those of the SBPPD that migrated in NR
vulcanizates at 60°C for 30 days were also more
than 99%. The migration rates of the HPPD in NR
vulcanizates at 60 and 80°C were slower than
those of the IPPD and DMPPD. The migration
rates of the IPPD in NR vulcanizates at 60 and
80°C were slower than those of the DMPPD as
well the SBPPD. This is very different from the
results of this work, as discussed previously, es-
pecially the results during the fall. The results
obtained by performing outdoors and in a convec-
tion oven can lead to the conclusion that the in-
teractions of matrices (rubber and carbon black)
with the phenyl ring, as well as the alkyl group of
the N,N'-disubstituted-p-phenylenediamines, are
the principal factors influencing on the migration
in a rubber vulcanizate at low temperatures but,
at high temperatures, the interactions of the ma-
trices with the alkyl group hardly affect the mi-
gration.

CONCLUSIONS

Migration rates of the IV,N'-disubstituted-p-phe-
nylenediamines (IPPD, HPPD, SBPPD, and DMPPD)
in the vulcanizates containing waxes are slower
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than those in the vulcanizates without wax. This
can be explained by the interface between the wax
film and the surface of the vulcanizate. Migration
rates of the antiozonants in the vulcanizates con-
taining wax with a high-molecular-weight distri-
bution are slower than those in the vulcanizates
containing wax with a low one. Migration rates of
the IPPD and HPPD in the summer are slower
than those of the SBPPD and DMPPD, respec-
tively, while those of the IPPD and HPPD in the
fall are faster than those of the SBPPD and
DMPPD, respectively. The migration behaviors of
the N-phenyl-N'-alkyl-p-phenylenediamines (IPPD
and HPPD) are less affected by change of season
than those of the N,N’-dialkyl-p-phenylenedi-
amines (SBPPD and DMPPD). The interactions of
matrices (rubber and carbon black) with the phe-
nyl ring, as well as the alkyl group of the antio-
zonants, are principal factors influencing on mi-
gration in a rubber vulcanizate at low tempera-
tures but, at high temperatures, the interactions
of the matrices with the alkyl group hardly affect
the migration.
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