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The Fraction of Effective Sulfnr Crosslinking in 
SBR Vulcanizates 

T. H. MELTZER* and W. J. DERMODY, The Curl F. Norberg Research 
Cenkr of the Electric Storage Battery Company, Yardley, Pennsylvania, and 
A. V. TOBOLSKY, Frick Chemieal Laboratory, Princetan University, 

Princeton, New Jersey 

Modulus measurements on SBR vulcanizates a t  high sulfur percentages 
indicate that less than 0.20 of the combined sulfur is effective as crosslinks 
after vulcanization. 

Recipes containing sulfur in amounts ranging between 6 and 34 wt.-% 
were prepared from a single bale of SBR-1000 copolymer. The rubber 
was used as received and contained all of the fatty acids, soap, antioxidant 
and other nonpolymer materials normally present in commercial polymer. 
Butyraldehyde amine accelerator' was mixed with the rubber in the propor- 
tion of 4 parts by weight of accelerator for each 100 parts of rubber (4 
pphr), and then sulfur wm added to the indicated percentage by weight of 
each final mixture. All of the mixing operations were done on a two-roll 
rubber mixing mill without precautions against oxygen pickup. There was 
some loss of sulfur, amounting to between 0.1 and 0.2% of the recipe during 
the mixing and subsequent vulcanizing operations. 

Slabs of each mixture approximately 2 mm. thick were vulcanized 2 
hrs. at 165OC. in a steel mold. The temperature of vulcanization wm 
chosen by vulcanizing 1/4 in. (6.35 mm.) thick slabs of the high sulfur mk- 
tures and selecting a temperature approximately 5°C. below that which 
resulted in a runaway exotherm evidenced by decomposition and gassing 
during vulcanization. The time of vulcanization at this temperature was 
arbitrarily taken as 4 times the time necessary to produce maximum tensile 
strength in the high-sulfur recipes. 

The moles of sulfur atoms per cubic centimeter in each mixture shown 
in Table I was calculated from the amount in the original recipe and from 
the density, known losses during mixing and vulcanization being disre- 
garded. Most of the sulfur is combined with the rubber, although ex- 
perience shows2 that a minimum of 0.1% remains uncombined even in 
recipes containing less than one atom of sulfur per mole of unsaturation 
and that recipes containing higher ratios of sulfur commonly are found to 
have several per cent of uncombined sulfur even after protracted vulcani- 
tion. 

* Present addresa, Amour Research Foundation, Chicago, Illinois. 
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Calculation of vulcanizable unsaturation shows that approximately 29% 
sulfur in the recipe would be required to provide one sulfur atom for each 
butadiene unshturation in the polymer. 

The butyraldehyde amine type of acceleration which we used has been 
previously shown3 to be very effective in promoting the vulcanization of 
ebonites, and the presence of amines during the sulfuration of olefins has 
been shown to result4s6 in saturated products, mostly mono- and disulfides. 
A preponderance of monosulfide products is formed as a result of the reac- 
tion of sulfur with symmetrical disubstituted olefins similar in structure to 
polybutadiene. Trisubstituted olefins similar to polyisoprene are more 
favorable to the formation of disulfide  product^.^ 

TABLE I 
~ 

Fraction 
of sulfur 

Sulfur Sulfur, c, atoms 
in moles moles effective T t  at 

recipe, cm.-* Density 3G X lo* ~ r n . - ~  in crose- 3G = loo, 
% x 10-3 d at 110OC. x 10-8 linking "C. 

6 
8 
12 
16 
20 
22 
24 
26 

34 

1.9 0.99 
2.5 1.01 
3.9 1.05 
5.4 1.09 
7.0 1.13 
7.9 1.15 
8.7 1.16 
9.5 1.18 

13 1.23 

0.473 0.25 0.13 
0.469 0.25 0.10 
0.667 0.35 0.09 
1.04 0.54 0.10 
1.38 0.72 0.10 
1.61 0.84 0.11 
2.08 1.1 0.12 
2.44 1.3 0.13 

5.46 2.6 0.20 
at 150°C. 

- 35 
- 26 
-5 

+ 47 + 57 
+68 + 86 

+24 

Shear modulus was determined on a Gehman apparatuss modified to take 
a specimen 6.35 mm. (0.250 in.) wide and 63.5 mm. (2.50 in.) long. The 
specimen thicknesses used were between 1.5 and 2.0 mm. and were measured 
to within 0.025 mm. 

The specimens were twisted with a distance of 38.18 mm. (1.50 in.) 
between grips and the angular distortion was read after 10 sec. under stress. 
Wires with torsional constants in the neighborhood of 2.000 g.-cm./angular 
degree were used for measurements in the glassy modulus and transition 
range. Wires with torsional constants near 0.125 g.-cm./angular degree 
were used for measurements in the transition and rubbery modulus range. 
The modulus curves obtained in this manner coincided in the transition 
region and composites were used to provide the data shown in Figure 1. 
We plot 3G(10), thrice the shear modulus measured after 10 sec. 

The shape and slope of the modulus-temperature curves we have ob- 
tained are typical of crosslinked amorphous polymers. There is a con- 
sistent displacement of the curves toward higher temperatures as the per- 
centage of sulfur in the recipes is increased. We define T, as the tempera- 
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Fig. 1. The data for all of the recipea except the 12% sulfur mixture are shown as 
The individual data points are plotted for the 127” curves, for clarity of presentation. 

recipe to indicate the spacing of the memrementa and the precision obtained. 

ture at  which 3G(lO) is equal to lo9 dynes/cm.2 There is a linear relation- 
ship between T ,  and the percentage of sulfur, as shown in Figure 2. 

The modulus values in Table I and for use in eq. (1) below were de- 
termined a t  110OC. (except for the 34% recipe, which did not undergo com- 
plete transition to the rubbery state at  temperatures below 14OOC.). The 
temperature 110°C. was chosen arbitrarily because it is the lowest tem- 
perature in the range of rubbery modulus common to all of the mixtures 
below 34% sulfur. 150OC. was used for the 34% sulfur recipe because, 
although it is well above the lowest temperature at  which the mixture can 
be vulcanized, it is close to the minimum temperature at which the modulus 
curve enters the region of rubbery behavior. 

The degree of crosslinking achieved after vulcanization of these mixtures 
was calculated from eq. (1) :‘I 

G = nRT = 2cRT 

where G is the rubbery shear modulus, n is the number of chains per unit 
volume, c is the moles of crosslinks per cubic centimeter (assuming 4 chains 
terminate at  each crosslink), R is the gas constant, and T is the absolute 
temperature. The front factor’ is assumed to be equal to unity for this 

(1) 

C&8e. 
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Figure 2. 

Values of c obtained from eq. (1) are shown in Table I. Also shown is 
the ratio of c to the moles of sulfur atoms per cubic centimeter. 

The fact that only 0.09 to 0.20 of the sulfur atoms present contribute to 
effective crawlinks, even under conditions conducive to the formation of 
monosulfide products, lends support to the conclusions of Bateman et a1.* 
and Bloomfielde that prolonged vulcanization (of natural rubber) tends to 
result in a high percentage of cyclic structures. The possibility of signifi- 
cant amounts of polysulfide crosslinks is not ruled out, but it appears more 
reasonable for us to attribute the low fraction of crosslinks, which we ob- 
tained under conditions favorable to monosulfide formation, to combination 
of the major portion of the sulfur to modify the chain by cyclization, leav- 
ing only minor amounts of sulfur combined in links between chains. 
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synopsis 
Shear modulus measurements as a function of temperature have been made for SBR 

vulcnnired with sulfur in amounts between 6 and 34% of the recipe. The shape of the 
niodulwtemperature curves are t.ypical of crosslinked amorphoue polymera and there 
is a consistent displacement of the curves toward higher temperaturea as the percentage 
of sulfur in the mixture is increased. The rubbery plateau modulus also incresaes with 
increasing sulfur, and from its magnitude the concentration of crowlinks ia computed. 
The ratio of crosslinks to total sulfur atoms is below 0.20 in all c-. The reaults lend 
support to the conclusions of Bateman and of Bloomfield that a high proportion of 
cyclic structures is formed during sulfur vulcanization. 

RbumQ 
On a effectub des mesum de module de cisaiUement en fonction de la temp6rature 

pour du SBR v u l c d  au soufre dans des propositions de 6 e t  34% du poi& total. La 
forme dea courbea module-tempbrature sont typiquea de polymbrea amorphea rami6b e t  
on a un dbplacement dea courbes vers dea tempbraturea plus Blevbea lorsque le pour- 
centage de soufre augmente dans le mblange. Le module du plateau caoutchouteux 
augmente Bgalement avec une augmentation de soufre, e t  B partir de sa grandeur on peut 
Bvaluer la concentration de soufre ramifi6. Le rapport d’atomea de soufre rami6B au 
soufre total eat dam tous lea caa en-deasous de 0.20. Lea rbultata tendent B soutenir les 
conclusions de Bateman et Bloomfield suivant leaquelles on forme une forte proportion 
de structures cycliques pendant la vulcanisation au soufre. 

Zusammenfaasung 
Der Schubmodul von schwefelvulkanisiertem SBR (Schwefelmenge zwischen 6 und 

34 Prozent dea Rerepta) wurde in Abhiingigkeit von der Temperatur gemessen. Die 
Gestalt der Modul-Temperaturkurve ist typisch fur vernetzte amorphe Polymere und 
mit steigendem Schwefelgehalt in der Mischung tritt eine systematische Verschiebung 
der Kurven gegen hohere Temperaturen ein. Der Modul im Kautachukplateau nimmt 
ebenfalls mit steigender Schwefelmenge ru und aus seiner G r i j ,  wird die Vernetrungs- 
konrentration berechnet. Daa Verhaltnis Vernetzungen zu gesamten Schwefelatomen 
liegt in allen Fallen unterhalb 0,20. Die Ergebnisse bilden eine Stiitze fur die Ansicht 
von Bateman und Bloomfield, dass wahrend der Schwefelvulkanisation ein hoher Anteil 
cyklischer Strukturen gebildet wird. 
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