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Abstract : Molecular weight distribution and types of terminal and linkage of resoles were changed by
thermal reactions. Chemical and physical properties of butyl rubber vulcanizates cured by heated
vesoles were studied. It was found that lengths of the crosslinks in the heated resole-cured vulcanizate
are shorter than those of the raw resole-cured one. The increments of the tensile strength of the heated
resole-cured vulcanizates with an increase of the crosslink density were higher than that of the raw
resole-cured one. The breaking elongation of the heated resole-cured vulcanizate was longer than that
of the raw rescle-cured one when they had the same crosslink density. The fatigue life of the
vulcanizate cured by the raw resole was longer than those of the vulcanizates cured by the heated
ones. The differences of the physical properties of the vulcanizates depending on the resole type were
explained by the crosslink density and the length and type of the crosslinks.

Introduction

In general, rubber compounds are crosslinked
by sulfur vulcanization,"® peroxide euring,’ or
resole curing.® The sulfur vulcanization is the most
popular. The mechanical properties of rubber
materials are improved by vulcanization. In the
case of the sulfur curing of unsaturated rubbers,
crosslinking and reversion as competing reactions
depend on a curing time and temperature. S$-S
and C-S bonds are relatively unstable. Thus, the
sulfur curing ai high temperatures deteriorates
the mechanical properties of rubbers due to
reversion. Tire bladder compounds are usually
made of butyl rubber (IR} with typically 1~-5%
of isoprene and used at high temperature over
140°C. In order to increase the service life of the
bladders, they are made using a p-alkylphenolic
resole to form more stable C-C bonds.

Curing of NR and IIR using a phenolic resole
resin has been investigated since the end of the
1930s.° The crosslinking between unsaturated
elastomers and phenolic resole resins was proposed
by the chroman mechanism, based on the study
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of low molecular weight model compounds.”™ A
phenolic resole is changed to an o-methylene
quinone intermediate by dehydration at high
temperatures.’ This intermediate reacts with
double bonds of olefins and forms chroman
structures by 1,4-cycloaddition.

In tire industry, SP 1045 is employed as a resin
curing agent for bladder curing. The SP 1045 is
one of alkylphenolic resoles and its general
structure, p-t-octylphenol formaldehyde resole, is
shown in Scheme . The SP 1045 has two type
linkages. The major linkage is dimethylene ether
{(-CH.OCH:-} and the minor one is methylene
{-CH,-). According to the chroman mechanism,
only the resoles with both terminals of methylol
{-CH,OH) or o-methylene quinone intermediate
can participate in crosslinking. Most of the end
groups of the SP 1045 are methylol and there
are also some terminals with hydrogen and o-
methylene quinone. In the previous work,™ we
siudied thermal reaction products of resoles using
FTIR, GPC, and HPLC. We reported that the o-
methylene quinone intermediates increased and
the dimethylene ether-linkages decreased with an
increase of the heating time of resole. The resoles
changed by heating will affect the curing of an
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Scheme 1
OH

R = CHQOCHQ
CH
IR compounds. In this work, chemical and

physical properties of thermally aged resole-
cured butyl rubber vulcanizates were studied to
investigate an influence of the changed resoles on
the crosslinking of a rubber compound.

Experimental

SP 1045 was employed as a resole. The SP
1045 was heated at 160°C for 0.0, 3.0, and
6.0 h under the melt condition to prepare the
thermally aged resoles. Carbon black-filled butyl
rubber compounds containing the heated SP 1045
were prepared. The formulations are given in
Table . Compounds 1, 2, and 3 contain the raw
SP 1045 of 4.0, 6.0, and 8.0 phr, respectively.
Compounds 4, 5, and 6 contain the heated SP
1045 at 160°C for 3.0 h and Compounds 7, 8,

and 9 contain the SP 1045 heated at 160°C for
6.0 h. The compounds were prepared in a Banbury
mixer at a rotor speed of 40 rpm. Mixing was
started at 80°C and dumped at 150°C. The nine
butyl rubber wvulcanizates were prepared by
curing at 190°C for 60 min.

IR spectra were acquired with Bruker IFS 85.
Organic materials remaining in the wvulcanizates
were extracted with THF for 5 days under
the room temperature to measure the molecular
weight distributions of the extracted materials.
The molecular weight distributions were measured
with GPC. The measuring temperature was 40°C.
THF was eluented at 1 ml/min flow rate.

Crosslink densities of the vulcanizates were
measured using swelling method.” The procedure
to measure the crosslink density as follow. First,
the samples were cut with about 10x10 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 room temperature. Third, the weights of the
organic rmaterial-exiracted samples were measured.
Fourth, they were soaked in n-decane for 1 day
and the weights of the swollen samples were
measured. Finally, the crosslink density was
calculated. The x (interaction papameter between
the rubber neiwork and the swelling agent, i. e, n-
decane) of 04314, the density of the rubber
network of 0.93, and the molar volume of n-
decane of 194.9 mL/mol were employed. Physical
properties of the vulcanizates were measured by
the Universal Testing Machine (Instron 6021).
Fatigue life of the vulcanizates were measured

Table 1. Formulations {phr)

Compound No. 1 2 3 4 5 6 7 8 9
Butyl 268 90.0 90.0 90.0 90.0 90.0 90.0 90.0 50.0 90.0
Neoprene W 10.0 100 10.0 10.0 100 100 10.0 100 10.0
N330 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0
Stearic acid 20 2.0 2.0 2.0 2.0 2.0 2.0 2.0 20
ZnC 50 50 5.0 5.0 5.0 5.0 5.0 5.0 5.0
il 5.0 5.0 5.0 50 5.0 5.0 50 5.0 5.0
SP 1045 40 6.0 8.0 6.0 80 10.0 6.0 8.0 14.0

(0 h)* (0 ny* {0 hy* (3 hy* {3 hi* (3 n* (6 h* {6 h* {6 h)*
* Heating time of the SP 1045 at 160°C.
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with 120% strain by a Monsanto Fatigue-To-
Failure Tester.

Results and Discussion

Change of the Terminal and Linkage Types
of Resoles by Thermal Reaction. [n order to
prepare the thermally aged resoles, the SP 1045
were heated at 160°C for 0.0, 3.0, and 6.0 h
under the melt condition. Changes of terminal
and linkage types of the SP 1045 by heating
were investigated with IR spectroscopy. Figure 1
gives variation of the terminal and linkage types
of the SP 1045 by the thermal reaction. In the
previous work,” the IR analysis was described in
detail. The typical IR peaks of the resole are 3379
and 1072 cm’ corresponding to hydroxyl group
and dimethylene ether-linkage (or methylol),
respectively. There is one important peak in the
IR spectrum. It is 1655 cm”, assigned to con-
jugated C=0 double bond, which indicate o-
methylene quinone intermediate. The intensity of
the o-methylene quinone intermediate increases
remarkably while those of dimethylene ether-
linkage and hydroxyl group decrease as the
heating time increases. The o-methylene quinone
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Figure 1. IR specira of the heated SP 1045 for 0.0 h {(a),
3.0h{b), and 6.0 h, {c) at 160°C.

32

Scheme I
Formation of p-methylene quinone intermediate

intermediates will be formed by dehydration of
methylol terminal or dissociaiion of the di-
methylene ether linkage as shown in Scheme 1.
Under the melt condition, autocondensation
between resoles will occur since resoles have
methylol terminals as shown in Scheme II
Dissociation of the dimethylene ether linkage and
condensation between the rescles are competing
reactions. The M. will decrease by the dis-
sociation of the dimethylene ether linkage, while
the M, will increase by the condensation between
resoles. Total molecular weight distribution of the
heated SP 1045 was shifted slightly to the low
molecular weight by increasing the heating time."
The low molecular weight species (n<3 in Scheme
I} increase with an increase of the heating time.
Since there are many dimethylene ether linkages
in the raw SP 1045, there will be crosslinks with
dimethylene ether linkages in the raw SP 1045-
cured vulcanizate. Amount of the dimethylene
ether linkage becomes smaller as the heating time
of the SP 1045 increases. Thus, there will be few
dimethylene ether linkages in the vulcanizate
cured by the SP 1045 heated for a long time.

Korea Polym. J., Vol. 7, No. 1, 1999
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Figure 2. Vatiations of crosslink densities of the butyl rubber
wulcanizates as a function of the content of resole. Rectangies,
cireles, and triangkes indicate the heated SP 1045 at 160°C for
0.0, 3.0, and 6.0 h, respectively.

Crosslink Densities of the Vulcanizates.
Figure 2 shows variation of the crosslink densities
of the IR vulcanizates depending on the resole
content. Its crosslink density increases with an
increase of the resole content. The longer the
heating time of the SP 1045 is, the lower the
crosslink density of the vulcanizate is. This is due
to the inactive species. The possible terminals of
resole are methylol (-CH:OH), methylene (=CHe.),
and hydrogen (-H). The methylene terminal is
made by dehydration of methylol. The methylol
and methylene terminals are active, so the resole
with the methylol or methylene terminal par-
ticipates in the crosslinking reaction. But the
resole with the hydrogen terminal can not
participate in the crosslinking. Thus, an increase
of the inactive terminals results in an decrease of
the crosslink density. New inactive resoles can be
formed by condensation of one inactive resole
and one active resole. Another source of the
decrease of the crosslink density can be the
formation of cyclic compounds, calixarenes by
condensation of both terminals. The formation of
p-t-butylealix[4, 6, 8larenes, cyclic compounds of
alkylphenolic resins, was reported.®"’
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Figure 3, GPC chromatograms of extracted materials from
the butyl rubber vulcanizates containing the heated SP 1045
at 160°C for 0.0 h (@), 3.0 h {b), and 6.0 h (c) with THF.
The content of the SP 1045 is 8.0 phr.

Figure 3 is GPC chromatograms of the extracted
materials from the vulcanizates with THF. The
peaks at 23~35 min in Figure 3 are the
extracted SP 1045. Molecular weight of the
peaks at 23—35 min corresponds to about 4X
10>-3% 10% Since chemicals crosslinked between
rubber chains are not extracted with THF, the
extracted SP 1045 will be inactive species which
have a structure not to participate in crosslinks.
The M., at 23~35 min in Figure 3{a), (b), and (¢}
are about 2.5, 4.5, and 6.2x10% respectively.
This means that the M., of the inactive species
become higher as the heating time of the SP 1045
incareses. It can lead to a conclusion that the
length of the crosslinks in the vulcanizate cured
by the heated SP 1045 for a short time is longer
than that cured by the heated SP 1045 for a
long time. The length of crosslink is the length of
one curative molecule (resole not rubber chain)
which reacted with rubber chains and made
crosslink points. Ratios of the peak area at 23~35
min in Figure 3{a), (b), and (c} to the total area
of the GPC chromatogram are about 28, 39, and
40%, respectively. This means that the amounts
of the inactive species increase with an increase
of the heating time of the SP 1045.

Physical Properties of the Vulcanizates,
Modulus of a rubber vulcanizate is a proportional
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Figure 4. Variations of modulus at 100% elongation of the
butyl rubber vulcanizates as a function of the content of
resole. Rectangles, circles, and triangles indicate the heated
SP 1045 at 160°C for 0.0, 3.0, and 6.0 h, respectivety.

property to degree of crosslink density.” Modulus
of a rubber vulcanizate with a high crosslink
density is higher than that with a low one. Figure
4 shows variations of moduli at 100% elongaticn
of the IIR vulcanizates as a function of the resole
content. The moduli of the vulcanizates increase
with an increase of the resole content. The
increment of modulus of the vulcanizate cured by
the raw SP 1045 (2.55 kg/cm®phr of resole) is
larger than those of the wulcanizates cured by the
heated resoles for 3.0 and 6.0 h {2.30 and 141
kg/cm¥/phr of resole, respectively). This is another
evidence that there are many inactive species in
the heated resoles.

Tensile strength of a rubber wvulcanizate
increases and then decreases by increasing the
crosslink density.® Figure 5 gives variations of the
tensile strength of the wvulcanizates as a function
of the resole content. The tensile strength of the
vulcanizate cured by the raw SP 1045 increases
from 141.0 to 151.1 kg/cm® by increasing the
resole content from 4.0 to 6.0 phr and then
decreases to 1454 kg/cm® with an increase of
the resole content to 80 phr. This may be
because the crosslink density of the vulcanizate
cured by the raw SP 1045 of 8.0 phr is very
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Figure 5. Variations of tensile strength of the butyl rubber
vulcanizates as a function of the content of resole. Rec-
tangles, circles. and triangles indicate the heated SP 1045 at
160°C for 0.0, 3.0, and 6.0 h, respectively.

high. The tensile strength of the vulcanizate cured
by the heated SP 1045 for 3.0 h increases
linearly by increasing the resole content. The
tensile strength of the wulcanizate cured by the
heated SP 1045 for 6.0 h increases remarkably
with an increase of the resole content from 6.0 to
80 phr and then increases slightly with an
increase of the resole content from 8.0 to 14.0
phr. The increments of the tensile strength of the
heated SP 1045-cured wvulcanizates with an
increase of the crosslink density are higher than
that of the raw SP 1045-cured one. The crosslink
densities of the vulcanizates cured by the heated
SP 1045 for 3.0 and 6.0 h are 2.805/3.595 and
1.821/2.601x 107 g - mol/mL (the resole content:
6.0/8.0 phr}), respectively, and the tensile strengths
are 104.9/133.2 and 98.6/129.7 kg/cm’, re-
spectively. The crosslink densities of the raw SP
1045-cured wvulcanizates containing the resole
contents of 4.0 and 6.0 phr are 2.886 and
3.701x10° g-mol/mL, respectively, and the
tensile strengths are 141.0 and 151.1 kg/em®,
respectively. Thus, the increments of the tensile
strength per crosslink density of the heated resole-
cured wvulcanizates for 0.0, 3.0, and 6.0 h are

Korea Polym. J., Vol. 7, No. 1, 1999



Influence of Thermally Aged Resole on Properties of Rescle-Cured Butyl Rubber Vulcanizate

12.39, 35.82, and 39.87 kg/em*”/ 107 g - mol/mL,
respectively. This can be explained by the short
crosslinks of the vulcanizates cured by the heated
SP 1045. The lengths of crosslinks in the heated
SP 1045-cured vulcanizates are shorter than that
in the raw SP 1045-cured one as discussed
above. In general, tensile strength of a sulfur-
cured rubber wvulcanizate increases with an
increase in proportion of di- and polysulfides.’
This means that the increment of tensile strength
of a rubber wvulcanizate with short cosslinks is
larger than that of a rubber vulcanizate with long
ones.

Breaking elongation of a rubber vulcanizate
is an inversely proportional property to degree
of crosslink density. Breaking elongations of
the resole-cured IR wvulcanizates decrease by
increasing the resole content as shown in Figure 6.
The breaking elongation of the IIR vulcanizate
cured by the resole heated for a long time is
longer than that of the vulcanizate cured by the
resole heated for a short time. This may be
because the crosslink density of the vulcanizate
cured by the resole heated for a long time is
lower than that of the vulcanizaie cured by the
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Figure 6. Variations of breaking elongation of the butyl

rubber vulcanizates as a function of the content of resole.

Rectangles, circles, and triangles indicate the heated SP 1045

at 160°C for 0.0, 3.0, and 6.0 h, respectively.
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resole heated for a short time. When the
vulcanizates have the same crosslink density, the
breaking elongation of the heated resole-cured
vulcanizate becomes longer by increasing the
heating time of the resole. Though the crosslink
density of the vulcanizate cured by the heated
SP 1045 for 6.0 h {3.314%107 g - mol/mL, the
resole content is 14.0 phr) is higher than that of
the vulcanizates cured by the raw SP 1045
(2.886x10% g - mol/mL, the resole contents is
4.0 phr), the breaking elongation of the former
(588.4%) is longer than that of the latter (571.1%).
This can be explained by the crosslink iype.
There will be many dimethylene ether linkages in
the raw SP 1045-cured vulcanizate, while there
will be few dimethylene ether linkages in the
vulcanizate cured by the SP 1045 heated for 6.0
h as discussed previously. Since the C-O bond of
the dimmethylene ether linkage is weaker than the
C-C bond of the methylene linkage, the C-O
bond will be dissociated more easily than the C-C
bond. Thus, the breaking elongation of the
vulcanizate cured by the heated SP 1045 for 6.0
h is longer than that of the raw SP 1045-cured
one when they have the same crosslink density.
Tear strength of a sulfur-cured vulcanizate
increases and then decreases by increasing the
crosshink density.! The tear strengths of the [R
vulcanizates cured by the heated SP 1045 increase
with an increase of the resole content, while that of
the raw SP 1045-cured vulcanizate increases and
then decreases as shown in Figure 7. The decrease
of the tear strength of the raw SP 1045-cured
vulcanizate with an increase of the resole content
from 6.0 to 8.0 phr may be due to its high
crosslink density. When the vulcanizates have the
same crossiink density, the tear strength of the
vulcanizate cured by the heated resole for a long
time will be higher than that of the wvulcanizate
cured by the heated resole for a short time. This is
because the lengths of the vulcanizate cured by the
heated resole for a long time are shorter than that
of the vulcanizate cured by the heated resole for a
short time. In general, tear strength of a rubber
vulcanizate incrases with an increase of short
crosslinks.' Though the crosslink density of the
vulcanizate cured by the heated SP 1045 for 6.0 h
(the resole content is 14.0 phr, 3.314x 107 g - mol/
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Figure 7. Variations of tear strength of the butyl rubber
vulcanizates as a function of the content of resole. Rec-
tangles, circles, and triangles indicate the heated SP 1045 at
160°C for 0.0, 3.0, and 6.0 h, respectively.

mL) is lower than those of the raw SP 1045-cured
one containing the resole of 6.0 phr (3.701x10% g
- mol/mL} and the heated SP 1045-cured one for
3.0 h {the resole content is 8.0 phr, 3.595x10% g -
mol/mL), the tear strength of the former (53.0 kg/
cm) is equal or higher than those of the latters (53.0
and 50.5 ka/cm, respectively).

A bladder does motion of extension and
contraction repeatedly for the curing of a tire.
Thus, it must have a good property of this
repeated motion to have a good service life. The
fatigue life of the IR vulcanizate decrease by
increasing the crosslink density as shown in
Figure 8. The fatigue life of the IIR vulcanizate
becomes shorter by increasing the crosslink
density. This is because a vulcanizate with a high
crosslink density is more stressed than that with a
low one by the same strain (120%). The fatigue
life of the vulcanizate cured by the raw SP 1045
is longer than those of the vulcanizates cured by
the heated SP 1045 when the resole content is
the same. This is explained by the crosslink
density. The crosslink density of the raw SP 1045-
cured vulcanizate is higher than that of the
heated SP 1045-cured one as demonstrated
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Figure 8. Variations of fatigue life of the butyl rubber wul-

canizates as a function of the content of resole. Rectangles,

circles, and triangles indicate the heated SP 1045 at 160°C

for 0.0, 3.0, and 6.0 h, respectively.

previously. The fatigue life of the raw SP 1045-
cured vulcanizate is longer than those the heated
SP 1045-cured ones if they are the same
crosslink density. This may be due to the length
of crosslinks in the vulcanizate. The lengths of
crosslinks in the heated SP 1045-cured wul-
canizates are shorter than that in the raw SP
1045-cured one as discussed above. Although
the crosslink densities of the wvulcanizates are
same, the stresses on the vulcanizates are
different when the length of the crosslinks is
different. The wvulcanizate having short crosslinks
is more siressed than that having long ones by
the same strain {120%).
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