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Abstract : Variations of crosslink densities and physical properties of the butyl rubber vulcanizates
cured by three different type resoles before and after the oven/steam aging at 90 °C for 7 days were stud-
ied, The crosslink densities of all the steam-aged vulcanizates become lower than those of the unaged
ones. The crosslink densities of the long chain resole-cured vulcanizates after the oven aging increase,
but those of the short chain resole-cured ones after the oven aging decrease. Sources to change the
crosslink densities of the vulcanizates by the aging were found to be dissociation of the dimethylene ether
linkage and combination of the pendent resoles. The modulus, tensile strength, breaking elongation, and
tear strength of the iong chain resole-cured vulcanizates show different trends from those of the short
chain resole-cured ones. The fatigue fives of all the aged wilcanizates are longer than those of the
unaged ones. Variations of the physical properties of the vulcanizates depending on the resole type
before and after the aging were explained by crosslink type as well as crosslink density.

Introduction

In general, rubber compounds are crosslinked
by sulfur vulcanization,”™ peroxide curing,’ or resole
curing.” The sulfur vulcanization is the most popu-
lar, 5-S and C-S bonds made by sulfur curing are
relatively unstable. Thus, the sulfur curing at high
temperatures deteriorates the mechanical proper-
ties of rubbers due to reversion. Tire bladders,
usually made of butyl rubber (lIR), were initially
manufactured by the sulfur curing. In general, a
bladder is made by curing with a p-alkylphenolic
resole in order to increase its service life since it is
used at high temperatures {over 140°C). Vulcani-
zation using a p-alkylphenolic resole makes C-C
bonds more stable than 5-S and C-5 bonds.
Therefore, a resole-cured IIR vulcanizate has a
good resistance to reversion at high temperatures.

Curing of natural rubber (NR) and IIR using a
phenolic resole resin has been investigated since
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the end of the 1930s° The crosslinking between
unsaturated elastromers and phenolic resole re-
sins was proposed by the chroman mechanism,
based on the study of low molecular weight model
compounds.”* A phenolic resole is changed to an
o-methylene guinone intermediate by dehydra-
tion at high temperatures.*" This intermediate
reacts with double bonds of olefins and forms
chroman structures by a 1,4-cycloaddition.

SP 1045 is employed as a resin curing agent for
bladder curing. The SP 1045 is one of p-alkylphe-
nolic resoles and its general structure, p-i-octyl-
phenol formaldehyde resole, is shown in Scheme
1. The SP 1045 has iwo type linkages between p-
t-octylphenols. The major linkage is dimethylene
ether {-CH;OCH;-) and the minor one is methyl-
ene {-CH-). Only resoles with both terminals of
methylol (-CH;OH) can participate in crosslink-
ing. 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 previ-
ous work,”™™ we reported that the o-methylene
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Scheme 1. Formulae of resoles.

quinone intermediates increase and the dimethyl-
ene ether linkages decrease by increasing the
heating time of the SP 1045.

In the present work, chemical and physical
properties of IIR vulcanizates cured by resoles
with different molecular weight distributions and
linkage types were studied. Variations of crosslink
densities and mechanical properiies of the [IR vul-
canizates after the oven/steam aging were also
studied. Three type resoles were employed: One
is the long chain resole (SP 1045) and the other
two are the short chain resoles (monomer diol
and dimer diol).

Experimental

Monomer dicl (2,6-bishydroxymethyl-p-octyl-
phenol) and dimer diol (2-hydroxy-3-(3-hydroxy-
methyl-5-octylsalicyl)-5-octylbenzylalcohol) of p-
t-octylphenol were synthesized by slight modifica-
tion of the published procedures*’’ for the syn-
thesis of analogs of p-t-butylphenol. They were
used without further purification. Their formulae
are given in Scheme 1.

Synthesis of Monomer Diol.*"" p-t-Octylphe-
nol (20.6 g, 0.1 mol), NaOH (4.0 g in 40 mL of
H:0), and formaldehyde (15 mL, 35% agueous
solution) were stirred under Ny for 5 days at 40 °C
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and the precipitated sodium salt was collected by
filtration, washed with brine (40 mL), dissolved in
H,O and then acidified with 1 N HCL. The result-
ing vellow oil was extracted with CH.Cl: {70 mL)
and organic layer was separated, washed with
H,O and dried (MgSQs). Evaporation of solvent
afforded 22.9 g (86%) of slightly waxy solid. Ana-
lytical sample was further purified by column
chromatography (the eluant is acetone: hexane
=3:7).

'H NMR{CDCls) 88.10 (br s, 1H, phenolic OH),
7.02 (s, 2H, ArH), 4.75 (s, 4H, -CH;0-), 3.04 (br
s, 2H, OH), 1.67, 1.31, and 0.71 {three s, 17H,
octyl protons). BC NMR(CDCL) §152.22, 141.64,
125.61, and 125.13 {Ar}, 63.89 (-OCH,-), 56.85,
37.88, 32.32, 31.78, and 31.57 (octyl carbons).

Synthesis of Dimer Diol."*" A mixture of p-
t-octylphenol (18.5 g, 0.09 mol) and 35% formal-
dehyde {74.2 mL) was cooled in an ice bath,
treated slowly with KOH {10.3 g) and then stirred
for 4 days at 40°C. The resulting vellow paste was
treated with brine {40 mL), dissolved in HO and
then acidified with dilute HCI. The resulting yel-
low oil was extracted with CHCl, (70 mL) and
organic layer was separated, washed with FO
and dried (MgSQ,). Evaporation of solvent afford-
ed 20.6 g of slightly waxy solid which contained
about 30% of monomer diol.

'H NMR(CDCL) §7.20 and 6.89 (two s, 4H,
ArH), 4.70 (s, 4H, -OCH,-}, 3.80 (s, 2H, ArCHAr),
1.66, 1.31, and 0.66 {three s, 34H, octyl protons).

In this study, monomer diol, dimer diol, and SP
1045 were used as resoles. IR spectra of the
resoles were acquired with Bruker IFS 85. The
molecular weight distributions of the resoles were
measured with GPC of a Tosoh system. One Tosoh
(GRCL3K 0001) and two Waters (T32991A 02
and T33441A 03) columns were coupled in
series. The analyzing temperature was 40°C. THF
was eluented at 1 mL/min flow rate. Carbon
black-filled butyl rubber compounds containing
the three type resoles of monomer diol, dimer
diol, and SP 1045 were prepared. The formula-
tions are given in Table I. Compounds 1, 2, and 3
contain the monomer diol of 3.0, 5.0, and 7.0
phr, respectively. Compounds 4, 5, and 6 contain
the dimer diol of 3.0, 5.0, and 7.0 phr, respec-
tively. Compounds 7, 8, and 9 contain the SP
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Table 1. Formulations (phr)

Compound No. 1 2 3 4 5 6 7 8 9
Butyl 268 S0.0 90.0 50.0 90.0 90.0 90.0 90.0 90.0 90.0
Neoprene W 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
N330 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0
Stearic acid 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Zn0Q 5.0 50 5.0 50 50 5.0 5.0 5.0 5.0
Oil 50 5.0 50 50 5.0 5.0 5.0 50 5.0
Monomer diol 3.0 5.0 7.0 0.0 0.0 0.0 0.0 0.0 0.0
Dimer diot 0.0 0.0 0.0 3.0 5.0 7.0 0.0 0.0 0.0
SP 1045 0.0 0.0 0.0 0.0 0.0 .0 3.0 5.0 7.0
1045 of 3.0, 5.0, and 7.0 phr, respectively. The
nine [IR vulcanizates were prepared by curing at
195°C for 60 min.

The oven aging of the vulcanizates were per-
formed at 90°C for 7 days in a convection oven. =
The steam aging were carried out at 90°C for 7 ;, @)
days in a temperature-controlled water bath. il
Crosslink densities of the vulcanizates before and g
after the oven/stieam aging were measured using _;
a swelling method."® Organic additives in the sam- B ®)
ples were removed by extracting with THF and n- f:;:}
hexane for each 3 days before swelling. Physical
properties of the vulcanizates before and after the @
steam aging were measured using a Instron 6021
and a Monsanto Fatigue-To-Failure Tester. : S

30 40

Results and Discussion

Characterization of the Resoles. The mono-
mer and dimer diols are mixtures of diols of p-t-
octylphenol, Their GPC chromatograms are given
in Figure 1. The M, of the monomer diol, dimer
dicl, and SP 1045 were 4.73, 5.54, and 19.5x 10,
respectively. Peaks at 41.3 and 39.8 min corre-
spond to Z2,6-bishydroxymethyl-p-octylphenol
and 2-hydroxy-3-(3-hydroxymethyl-5-octylsalicyl)
S-octylbenzylalcohol, respectively. The ratios of
peak area of 2,6-bishydroxymethyl-p-octylphe-
nol in Figure 1{a} and (b) are 54.3 and 36.4%,
respectively. The ratios of peak area of 2-hydroxy-
3 - (3-hydroxymethyl-5-octylsalicyl)-5-octylbenzyl-
alcohol in Figure 1(a) and (b) are 22.7 and
29.9%, respectively.

The SP 1045 has two linkage types of methyl-
ene and dimethylene ether. The IR spectrum of
the SP 1045 (Figure 2(c)) shows the peak at 1072
cm’ corresponding to dimethylene ether linkage.
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Figure 1. GPC chromatograms of monomer dicl (a),
dimer diol {(b), and SP 1045 (c).

In the previous works, ™ the IR analysis of the SP
1045 was described in detail. The peaks at 2954
and 3360 cm” in the IR spectra of Figure 2 were
assigned to saturated hydrocarbon and hydroxyl
group, respectively. The peak at 1656 cm' was
assigned to conjugated C=0 double bond, which
indicates o-methylene quinone intermediate. The
peak at 1072 em™ was observed strongly in the
SP 1045 but was observed weakly in the dimer
diol and the monomer diol. This means that there
is little dimethylene ether linkages in the mono-
mer and dimer diols.

Variation of Crosslink Densities by the
Oven/Steam Aging. Crosslink densities of the
vulcanizates increase by increasing the content of
the resoles. Figure 3 gives the variations of the
crosslink densities of the vulcanizates cured by the
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Figure 2. IR spectra of monomer diol (a), dimer diol (b},
and SP 1045 (c).
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Figure 3. Variations of crosslink densities of the resole-
eured butyl rubber vulcanizates as a function of the rescle
content. Rectangles, circles, and triangles stand for the
monomer diol, dimer diol, and SP 1045, respectively.
Solid, open, and cross-centered symbols indicate non-
aging, oven aging, and steamn aging, respectively.
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different resoles as a function of the resole content
before and after the oven/steam aging. The
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crosslink densities of the SP 1045-cured vulcani-
zate are higher than those of the monomer or
dimer diol-cured one when the rescle content is
the same. This may be due to the high content of
2 6-bishydroxymethyl-p-octylphenol in the mono-
mer and dimer diols. According to the chroman
mechanism,”" a resole should be equal or larger
than the dimer {n>1 in Scheme 1) to make a cross-
link between rubber chains. Thus, it is hard that
the 2,6-bishydroxymethyl-p-octylphenol makes
the crosslink, although it has both methylol termi-
nals. The crosslink density of the dimer diol-cured
vulcanizate is higher than that of the monomer
diol-cured one when the resole contents are 3.0
and 5.0 phr. This is also explained by the higher
content of 2,6-bishydroxymethylp-octylphenol in
the monomer diol than in the dimer diol.

After the steamn aging at 90°C for 7 days, the
crosslink densities of all the nine vulcanizates
decrease, irrespective of the kind and content of
the resoles. The decrement of the crosslink den-
sity of the SP 1045-cured vulcanizate is larger
than those of the monomer and dimer diol-cured
ones, This may be due to dissociation of the di-
methylene ether linkage of the SP 1045. The dis-
tance between hydroxyl group of the p-t-octyl-
phenol and oxygen atom of the adjacent dimeth-
ylene ether linkage is so close that the dimethyl-
ene ether linkage can be dissociate easily into a
short resole and an o-methylene quinone inter-
mediate by hydrogen atom migration.’*”” During
the steam aging, some water molecules will pene-
trate into the resole-cured vulcanizates. Thus, the
dissociation of the dimethylene ether linkage in
the vulcanizate may be accelerated by hydration
as shown in Scheme II.

The crosslink densities of the vulcanizates after
the oven aging are higher than those after the
steam aging. The crosslink densities after the oven
aging at 90°C for 7 days show some different
trends from those after the steam aging. After the
oven aging, the crosslink densities of the mono-
mer and dimer diol-cured vulcanizates with the
resole content of 3.0 and 5.0 phr are lower than
those before the aging {(by about 1-6%) as similar
to the stearmn aging. But, the crosslink densities of
the monomer and dimer diol-cured vulcanizates
with the resole content of 7.0 phr after the oven
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aging are higher than those before the aging by
about 3-5%. This may be due to the formation of
new crosslinks by combination between pendent
rescles as shown in Scheme Ill. The only one ter-
minal of the 2,6-bishydroxymethyl-p-octyiphenol
can react with a rubber chain by the chroman
mechanism so that it will be a pendent group. The
unreacted terminal of the pendent resole is still
methylol (-CH,OH}. These pendent groups can
combine each other and then new crosslinks will
be formed by dehydration. There can be many
pendent resoles in the vulcanizate after the curing
if the resole content in the compound is enough
high.,

For the SP 1045 cured-vulcanizates, the cross-
link densities after the oven aging become higher
than those before the aging, irrespective of the
resole content. This may be due to the formation
of new crosslinks by dissociated dimethylene
ether linkages. There are a lot of the dimethylene
ether linkages in the SP 1045-cured vulcanizate.
The dimethylene ether linkages can be easily dis-
sociated into a methylol terminal and an o-meth-
vlene quinone intermediate by heating. They can
react another rubber chain and then new cross-
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Scheme III

links are formed. The decrement of the crosslink
density of the SP 1045-cured vulcanizate after the
steam aging can be explained by inhibition of
water and extraction of other curing agents such
as zinc complex and stearic acid. It is hard that the
hydrated methylol terminal is changed to the o-
methylene guinone intermediate by dehydration,
In order to form a new crosslink, first of all, the
methylol terminal must be changed to the o-
methylene quinone intermediate. Thus, the hy-
drated methylol terminal can not participate in
crosslinking. Some curing agents in the vulcani-
zate may be extracted in the water bath so that it
can be hard to form of new crosslinks during the
steam aging by the shortage of curing agents.
Modulus. Modulus (stiffness) of a rubber vul-
canizate is a proportional property to degree of
crosslink density.’ Modulus of a rubber vulcani-
zate with a high crosslink density is higher than
that of a rubber vulcanizate with a low one. Figure
4 shows variation of modulus at 100% elongation
as a function of the resole content in the vulcani-
zates before and after the oven/steam aging. The
rmoduli of the vulcanizates become higher by the

Korea Polym. J., Vol. 7, No. 3, 1999
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Figure 4. Variations of modulus at 100% elongation of
the resole-cured butyl rubber vulcanizates as a function of
the resole content. Rectangles, circles, and triangles stand
for the monomer diol, dimer diol, and SP 1045, respec-
tively. Solid, open, and cross-centered symbols indicate
non-aging, oven aging, and stearn aging, respectively.

oven aging while those become lower by the
steam aging, irrespective of the resole content.
The results of moduli after the steam aging are
consistent well with the crosslink density. The
crosslink densities of the monomer and dimer
diol-cured vulcanizates after the steam aging are
lower than those before the aging. However, the
results of moduli for the oven aged samples are
not consistent with the crosslink density. Though
the crosslink densities of the monomer and dimer
diol-cured vulcanizates with the resole content of
3.0 and 5.0 phr after the oven aging are lower
than those before the aging, the moduli of the
oven aged vulcanizates are higher than those of
the unaged ones. The reason can not be explain-
ed properly, but it may be considered that the
moduli of the vulcanizates become higher by oxi-
dation of the surface of the vulcanizates.

The moduli of the SP 1045-cured vulcanizates
are higher than those of the monomer and dimer
diol-cured ones. This is because the crosslink den-
sities of the SP 1045-cured vulcanizates are high-
er than those of the monomer and dimer diol-
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cured ones. When the resole content is 5.0 phr,
the modulus of the monomer diol-cured vulcani-
zate is higher than that of the dimer diol-cured
one although the crosslink density of the mono-
mer diol-cured vulcanizate {3.(.%05)(10'3 gmol/mL)
is lower than that of the dimer diol-cured one
(3.320x10° g'mol/mL}. This can be explained by
the crosslink type. The average length of crosslinks
in the monomer diol-cured vulcanizates will be
shorter than that of the dimer diol-cured ones
since the M,, of the monomer diol is smaller than
that of the dimer diol. A rubber vulcanizate with
short crosslinks is stiffer than that with long cross-
links if they have the same crosslink density.
Tensile Strength and Breaking Elongation.
Tensile strength of a rubber vulcanizate increases
and then decreases by increasing the crosslink
density. The tensile strength depending on the
aging type (oven or steam) shows a specific trend,
irrespective of the resole content and resole type.
The tensile strengths of all the vulcanizates after
the oven aging are stronger than those after the
steam aging as shown in Figure 5. This is because
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Figure 5. Variations of tensile strength of the resole-
cured butyl rubber vulcanizates as a function of the resole
content. Rectangles, circles, and triangles stand for the
monomer diol, dimer diol, and SP 1045, respectively.
Solid, open, and cross-centered symbols indicate non-
aging, oven aging, and steam aging, respectively.
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their crosslink densities after the oven aging are
higher than those after the steam aging. The ten-
sile strengths of the SP 1045-cured vulcanizates
are higher than those of the monomer and dimer
diol-cured ones when the resole content is 3.0
phr. This is because the crosslink density of the SP
1045-cured vulcanizate is higher than those of the
monomer and dimer diol-cured ones. The tensile
strength of the monomer diol-cured vulcanizate is
stronger than that of the dimer diol-cured one
with its content of 3.0 phr although the crosslink
densities of the monomer diol-cured vulcanizates
with the resole content of 3.0 and 5.0 phr are
lower than those of the dimer diol-cured ones.
This is because the length of the crosslinks in the
monomer diol-cured vulcanizate is shorter than
that in the dimer diol-cured one. Even the tensile
strength of the monomer diol-cured vulcanizate
containing the resole of 7.0 phr is stronger than
that of the SP 1045-cured one with the same
resole content although the crosslink density of
the monomer diol-cured vulcanizate is lower than
that of the SP 1045-cured one. This can be
explained by the length of crosslinks. Since the
M, of the monomer diol is much smaller than that
of the SP 1045 by over 4 times, lengths of the
crosslinks in the monomer diol-cured vulcanizate
are much shorter than those in the SP 1045-cured
one. The shorter the lengths of the crosslinks in a
vulcanizate are, the stiffer the vulcanizate is.
Breaking elongation of a rubber vulcanizate is
inversely proportional to the degree of crosslink
density.' Breaking elongation of a rubber vulcani-
zate with a high crosslink density is shorter than
that of a rubber vulcanizate with a low one. For
the vulcanizates containing the resoles of 3.0 phr,
the results of breaking elongation are consistent
well with the crosslink densities. But, the breaking
elongation of the vulcanizates with the resole con-
tent of 5.0 and 7.0 phr shows a different trend as
shown in Figure 6. Though the crosslink density
of the monomer diol-cured vulcanizate with the
resole content of 5.0 phr is lower than that of the
dimer diol-cured one, the breaking elongation of
the monomer diol-cured wvulcanizate is shorter
than that of the dimer diol-cured one. Even for
the vulcanizates containing the resole of 7.0 phr,
the breaking elongation of the monomer diol-
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cured vulcanizate is shorter than that of the SP
1045-cured one as well as than that of the dimer
diol-cured one. This can be also explained by the
length of crosslinks as discussed above. Since the
length of crosslinks in the monomer diol-cured
vulcanizate is shorter than those in the dimer diol-
and SP 1045-cured ones, the monomer diol-
cured vulcanizate is stiffer than the others. Thus,
its breaking elongation is shorter than the others.
Tear Strength. Tear strength of a rubber vulca-
nizate increases and then decreases by increasing
the crosslink density as similar to the tensile stre-
ngth.' The tear strengths of the SP 1045-cured
vulcanizates are larger than those of the monomer
and dimer diol-cured vulcanizates (Figure 7). This
is due to the higher crosslink density of the SP
1045-cured vulcanizate than the monomer and
dimer diol-cured ones. The tear strengths of the
monomer and dimer diol-cured vulcanizates after
the oven aging are larger than those before the
aging, while those after the steam aging are

Korea Polym. J., Vol. 7, No. 3, 1999
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smaller than those before the aging except the
monomer diol-cured vulcanizate with the resole
content of 3.0 phr. But, the tear strengths of the
SP 1045-cured vulcanizates before the aging are
larger than those after the oven aging as well as
than those after the steam aging except the SP
1045-cured one with the resole content of 5.0
phr. Though the crosslink density of the dimer
diol-cured vulcanizate containing the resole of 5.0
phr is higher than that of the monomer diol-cured
one, the tear strength of the dimer diol-cured vul-
canizate is smaller than that of the monomer diol-
cured one. This can be explained by the short
length of crosslinks in the monomer diol-cured
vulcanizate as discussed previously.

Fatigue Life. A bladder is subjected to be
under repeated extension and contraction for cur-
ing of a tire. Thus, it must have a good fatigue
property to have a good service life. The fatigue
life of the IIR vulcanizate decrease by increasing
the crosslink density as shown in Figure 8. The
fatigue lives of all the unaged vulcanizates are
shorter than those of the steam/oven aged ones

Korea Polym. d., Vol. 7, No. 3, 1999
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Figure 8. Variations of fatigue life of the resole-cured
butyl rubber vulcanizates as a function of the resole con-
tent. Rectangles, circles, and triangles stand for the
monomer diol, dimer diol, and SP 1045, respectively.
Solid, open, and cross-centered symbols indicate non-
aging, oven aging, and steam aging, respectively.

irrespective of the resole types. This can not be
explained by only degree and type of the cross-
links. The reason can be considered that the struc-
tures of the vulcanizates, deformed by curing, are
stabilized after the aging by annealing effect. The
fatigue lives of the SP 1045-cured vulcanizate are
shorter than those of the monomer and dimer
diol-cured ones when the resole content is 3.0
phr. This is due to the higher crosslink density of
the SP 1045-cured vulcanizate than those of the
monomer and dimer diol-cured ones. The fatigue
lives of the monomer diol-cured vulcanizates are
shorter than those of the dimer diol-cured ones
although the crosslink densities of the monomer
diol-cured vulcanizates are lower than those of
the dimer diol-cured ones when the resole con-
tents are 3.0 and 5.0 phr. This can be also
explained by the lengths of crosslinks. The lengths
of crosslinks in the monomer diol-cured vulcani-
zate are shorter than those of the dimer diol-cured
one so that the monomer diol-cured vuleanizate is
stiffer and has worse fatigue life time than the
dimer diol-cured one.
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Conclusion

The crosslink densities of all the vulcanizates
after the steam aging decrease. The crosslink den-
sities of the SP 1045-cured vulcanizates after the
oven aging are higher than those before the
aging. However, the crosslink densities of the
monomer and dimer diol-cured vulcanizates with
the resole content of 3.0 and 5.0 phr after the
oven aging are lower than those before the aging.
Crosslink density changes of the vulcanizates by
the thermal/steam aging are due to dissociation of
the dimethylene ether linkage and combination of
the pendent resoles. The moduli of the vulcani-
zates after the oven aging are higher than those
after the steam aging. The tensile strengths and
tear strengths of the vulcanizates after the oven
aging are stronger than those after the steam
aging. The breaking elongations of the monomer
and dimer diol-cured vulcanizates after the oven
aging are shorter than those before the aging,
while those of the SP 1045-cured cnes after the
oven aging are longer than those before the
aging. The length of crosslinks in the monomer
diol-cured vulcanizate is shorter than that of the
dimer diol-cured one so that the monomer diol-
cured one is stiffer than the dimer diol-cured one.
The fatigue lives of all the oven/steam-aged vulca-
nizates are longer than those of the unaged ones,
irrespective of the resole type and content. This
may be due to the stabilization of the structures of
the vulcanizates during the oven/steam aging by
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