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ABSTRACT: Chemical stress relaxation studies were carried out in air and in vacuo 
(0.001 mmHg) on two natural rubber vulcanizates: one cured by dicumyl peroxide and 
the other by tetramethylthiuram disulfide. These are believed to produce carbon­
carbon cross-links and carbon-sulfur-carbon cross-links respectively. 

Chemical stress relaxation in air showed that oxidative scissions along the main 
chains were major causes of stress decay for each vulcanizate. The stress decay curves 
for both vulcanizates were nearly the same in air. 

Chemical stress decay in vacuo for the two samples was slower than that in air. 
The network with carbon-sulfur-carbon cross-links showed more rapid decay in vacuo 
than the network with carbon-carbon cross-links. Analysis of the effect of cross-link 
density on the decay curves in vacuo indicates that the cleavage was at the network 
junctures for the network with carbon-sulfur-carbon cross-links and the cleavage was 
along the main chains for the _network with carbon-carbon closs-links. 
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A. V. Tobolsky, et al.,1 reported on oxidative 
degradation of vulcanized natural rubbers from 
chemorheological studies to the effect that random 
scission on main chains occurs preferentially 
regardless of the type of closs-links. However 
Berry and Watson2 reported that scissions occur 
at cross-links in preference. On the other hand, 
Horikx3 and Edwards4 observed from the swell­
ing method that random scissions on main chains 
occur by oxidative degradation but, at the same 
time, scissions at cross-links should be considered. 

The confusion arising from those observations 
has still not been settled. 

All previous reports concerned with chemo­
rheological studies of vulcanized natural rubbers 
have neglected thermal degradation in air. It 
is not possible to adequately discuss oxidative 
degradation without information on the thermal 
degration which will occur at the same rate and 
with the same temperature dependence both in 
air and in vacuo, since in chemorheological studies 
in air, thermal degradation can never be distin­
guished from oxidative degradation and errors 
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will be made in analysing stress decay treated 
as oxidative degradation. 

The authors suggest these confused reports about 
chemorheological studies on vulcanized natural 
rubbers are due to the fact that thermal degra­
dation is considered to be negligibly small in 
air compared with oxidative degradation. 

In this report, stress decay of vulcanized 
natural rubbers in air and in vacuo (0.001 mmHg) 
were measured in relation to the cross-linking 
reagents, Dicumyl peroxide and Tetrathiuram 
disulfide, in order to clarify whether. the type 
of scissions reactions were oxidative or thermal 
degradation, and to identify the weakest chemical 
bond in the rubber structure. 

EXPERIMENTAL 

Materials 
The samples, Rl27-507 and R126-508, were cured 

natural rubbers supplied by the Goodyear Tire 
and Rubber Company. Details are as follows: 

R127-507 (# 507) 

Smoked sheet natural rubber 
Dicumyl peroxide (Dicup) 
Phenyl-,B-naphthylamine 

100 cured 90 

2 min at 
300°F 
(149°C) 
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R127-508 (# 508) 
Smoked sheet natural rubber 100 
Zinc oxide 
Tetramethylthiuram disulfide 

(TMTD) 
Phenyl-/3-naphthylamine 

4 

4 

1 

cured 120 
min at 
285°F 
(140°C) 

By using both samples, # 507 and # 508, it 
was possible to compare the thermal stability 
of the chemical bonds at cross-links, carbon­
carbon and carbon-sulfur, because vulcani­
zation with TMTD results in carbon-sulfur­
carbon bonds whereas Dicup provides carbon­
carbon bonds at cross-links. In order to obtain 
samples with different cross-link densities, four 
additional samples were prepared by curing 
portions of the compositions of the samples 
# 507 and# 508 described above, at 285°F (140°C) 
for 10 and 20 min. 

All samples used were subjected to thorough 
Soxhlet extraction in benzene for 48 hr at 172 °F 
(72°C), and treated with acetone for 48 hr at 
159°F (64°C) after vulcanization to remove 
chemical residues. 6 

Equipment and Procedure 

Stress relaxation measurements were conducted 
both in air and in high vacuum, using two 
different instruments. Measurements in air were 
made with the standard relaxation balance which 
has been previously described. 7a For measure­
ments in vacuo a spring relaxometer developed 
by M. Shaw and A. V. Tobolsky, 8 shown in 
Figure 1, was used. 

Air is exhausted by vacuum pump and the 
degree checked with a Macleod vacuum gauge. 
The sample is extended to a certain ratio by 
the lower micrometer and then the limiting 
length is read by the upper micrometer in which 
the spring is detached from the stopper. The 
limiting length of the sensing spring is reduced 
to the stress. This stress is defined as F(0) 
which means the stress at time 0. F(t), the 
stress at time t in continuous stress relaxation 
is obtained by reading the limiting length of 
that spring at time t keeping the lower micro­
meter at the initial position. In intermittent 
stress relaxation the sample is returned to zero 
stress with the lower micrometer after each 
reading is made. 
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Figure 1. Spring relaxometer for stress decay 
measurements in vacuo: 1, sample; 2, sensing spring; 
3, stopper; 4 and 5, teflon ferrule; 6 and 7, micro­
meter; 8, ampere meter; 9, heater and furnace; 
10, thermocouple. 

Cross-link densities N(0) and N(t) at time 0 
and t are calculated with F(0) and F(t) using 
the following equations 

F(O)=N(O)RT( cx2- ! ) 
F(t)=N(t)RT( a 2 - ! ) 

where a is extension ratio, R is gas constant 
and Tis temperature (°K) 

The samples for measurements in vacuo were 
conditioned in vacuo at 50°C below the test 
temperature for 16 hr before each run to elimi­
nate the oxygen molecules in the sample. In 
both air and vacuum measurements, the tempera­
ture was raised to the test temperature and held 
for one hour. The sample was then extended, 
usually with a= 1.1-1.2, and the taking of stress 
vs. time measurements was commenced. 
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RESULTS AND DISCUSSION 

Stress Decay Curve 
Stress decay in continuous stress relaxation in 

in air and in vacuo are shown in the form 
Fc(t)JF0(0) (relative stress) vs. time in Figures 2 
and 3. The stress decays at a higher rate in 
air than in vacuo for both samples, # 507 and 
# 508. In vacuo, stress decay is negligibly small 
compared with that in air for # 507 but for 
# 508, the rate of stress decay is comparatively 
higher. 

1.0 

0.5 

Generally, all stress decay curves are considered 
to include stress decay caused by physical stress 
relaxation. Physical stress relaxation originating 
from entanglements of main chains or secondary 
bonds is presumed to occur with the same velocity 
at the same temperature and the same temperature 
dependence both in air and in vacuo. However, 
in practice, physical stress relaxation can never 
be distinguished from chemical stress relaxation 
at high temperatures. In this report, all stress 
decay which has a linear relation between 
log F 0(t)/F0 (0) and time is assumed to be due to 

' ' \ 

104 105 10s 

Time(secl 
Figure 2. F 0 (t)/F0 (0) vs. time for R127-507 (Dicup cure) at 200°C: O, in vacuo; e, in air; 
- - -, 1 + {[ Fo(t)/ Fo(O)]air- [ Fo(t)/ Fo(O))vaouum}. 
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Figure 3. F 0(t)/F0 (0) vs. time for R127-508 (TMTD cure) at 200°C: O, in vacuo; e, in air; 
- - -, 1 + {[Fo(t)/Fo(O)]air-[Fo(l)/Fo(O)]vaouum}. 
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chemical stress relaxation according to Tobolsky's 
theory7b. 

Plots of log Fc(t)/Fc(0) vs. time are shown in 
Figures 4-7. Linear relationships are seen for 
:If: 507 and :If: 508 in air over the longer-time region, 
but over the shorter-time region in vacuo. In 
vacuuo, the rare of stress decay decreases in 
longer-time region deviating from a linear relation 
between log Fc(t)/Fc(0) and time. 

The authors,6 Flory,10 and others11 •12 , reported 
that cross-linking in the stretched samples de­
creases the rate of stress decay depending on 
the reaction rate of cross-linking. According to 
these reports, the deviation from linearity in 
vacuo is considered to be caused by the cross­
linking reaction in the sample within the running 
of the stress decay measurements. The cross­
linking reaction is known from the difference 
in the relative stress of intermittent stress relaxa­
tion Fi(t)/Fi(0) and Fc(t)/Fc(0) using the follow­
ing well-known equations7b and the results are 
shown in Figure 8. 

09 
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Figure 4. Log Fc(t)/Fc(0) vs. time for Rl27-507 
(Dicup cure) in air. 
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Figure 5. Log Fc(t)/Fc(0) vs.· time for R127-508 
(TMTD cure) in air. 

F;(t) _ N(0)-Q(t)+;;JN(t) 

F;(0) N(0) 

N(0)-Q(t) 

N(0) 

F;(t) _ Fc(t) _ ;;JN(t) 

Fi(0) Fc(0) N(0) 

where Q(t) is the cross-link density decreased by 
the scission reaction and ;;JN(t) is that increased 
by the doss-linking reaction 

The doss-linking reaction in :If: 508 is more 
active than in :If: 507 and this is due to the fact 
that the linearity of :If: 508 vanishes more quickly 
than in the case of :If: 507. 

These cross-linking reactions may be as follows, 
in light of measurement conditions in vacuo. 

CH3 CH3 
I I 

-C=CH-CH2-CH2-C=CH-

-C=CH-CH2-CH2-C=CH-
I I 

CH3 CHa 
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Figure 6. Log Fc(t)/Fc(O) vs, time for Rl27-507 
(Dicup cure) in vacuo. 

Figure 7. Log Fc(t)/Fc(O) vs. time for Rl27-508 
(TMTD cure) in vacuo. 
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Figure 8. [F;(t)/Fi(O)-Fc(t)/Fc(O)] vs. time for both samples at 200°C in vacuo: O, Rl27-507 
(Dicup cure); e, R127-508 (TMTD cure). 
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CH3 CH3 
I I 

-C=CH-CH-CH2-C=CH-
-> 

-C=CH-CH-CH2-C=CH-
I I 

CH3 CH3 

CHs CH3 
I I 

-C=CH-CH-CHrC=CH-
-, I 

-C=CH-CH-CH2-C=CH-
I I 

CHs CHs 

1.0 

;E 
0.5 

10 

Scission Reaction 

N(0) (initial cross-link density) dependences of 
Fc(t)/Fc(0) are shown in Figures 9-12. In air, 
both samples, # 507 and# 508, show N(0) depend­
ence apparently indicating that scissions occur 
preferentially at random on main chains, in 
accordance with Tobolsky's theory. 7b In. vacuo, 
# 507 shows N(0) dependence as in air but # 508 
does not. Scissions in # 508 in vacuo occur 
preferentially at cross-links not at main chains. 

104 105 

Time(sec) 

Figure 9. N(O) dependence of Fc(t)/Fc(0) for Rl27-507 (Dicup cure) at 150°C in air: O, 
N(0)=ll.0x 10-5 mol/cc; (), N(0)=2.5 x 10-5 mol/cc; e, N(0)=0.73 x 10-5 mol/cc. 
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Figure 10. N(O) dependence of Fc(t)/Fc(O) for Rl27-507 (Dicupe cure) at 200°C in vacuo: 
O, N(O)= 15.9 x 10-5 mol/cc; (), N(0)=5.8 x 10-5 mol/cc, e, N(0)=3.9 x 10-5 mol/cc. 
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Figure 11. N(0) dependence of Fc(t)/Fc(0) for R127-508 (TMTD cure) at 150°C in air: 
O, N(0)=20.7 x 10-5 mol/cc; (), N(0)=7.4x 10-5 mol/cc; e, N(0)=7.1 x 10-5 mol/cc. 
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Figure 12. N(0) dependence of Fc(t)/Fc(0) for R127-508 (TMTD cure) at 200°C in vacuo: 
O, N(0)= 17.5 x 10-5 mo! cc; (), N(0)=8.4x 10-5 mol/cc; e, N(0)=7.4x 10-5 mol/cc. 

Thermal degradation was seen to decay the stress 
at a comparatively high rate for ;I: 508 even in 
vacuo, as shown in Figure 3. It is reasonable 
to consider that thermal degradation (leads scis­
sions at cross-links) decay the stress at the same 
rate in air as in vacuo, in addition to the stress 
decay by oxidative degradation (leads random 
scissions on main chains). From these facts, it 
is concluded that random scissions on main chains 
mainly occur from oxidative degradation for 
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;I: 508 in air but, in addition to this, scissions at 
cross-links occur also through thermal degrada­
tion at a certain ratio. This conclusion agrees 
with that reported by Horikx3 and Edwards4 

except for the considerations associated with 
thermal degradation. 

In order to ascertain the stress decay curves 
caused only by oxidative degradation, the differ­
ence between the relative stress in air and that 
in vacuo can be used as shown in the following: 

463 



Y. TAKAHASHI and A. V. TOBOLSKY 

Relative stress in air 

( Fc(f)) _ N(0)-Q(t)air 
Fc(0) air N(O) 

_ N(0)-Q(t)oxid-Q(t)~.1'"!Il1__ 
N(0) 

=N(0)-Q(t)oxid +N(0)-_{2(f)ther_II1__l 
N(0) N(0) 

= (_Fc(t)) + ( Fe(!)_) - l 
Fc(0) oxid Fc(0) therm 

Relative stress in vacuo 

( Fc(t)) ( Fc(t)) 
F/0) vacuum= Fc(0) therm 

Relative stress only by oxidative degradation 

( Fc(t)) =l+{(-f_/J)___) -(Fc(t)) } 
Fc(0) oxid Fc(0) air Fc(0) vacuum 

where subscripts "vacuum", "air" mean the 
measurement conditions in vacuo or in air and 
"therm", "oxid" mean the type of degrada­
tion reaction, thermal or oxidative degradation. 

This is shown in Figures 2 and 3 with dotted 
curves. 

The larger contribution of thermal degradation 
in stress decay curves measured in air for :fl: 508 
is indicated, in comparison with # 507. It is ap­
parent that thermal degradation in air cannot 
be ignored both from the above facts and from 
the analysis of the stress decay curves measured 
in vacuo. 

The gradients of lines in Figures 4-7 are the 
rate constants of the cross-link cleavage reaction 
K, expressed by Arrhenius' equation as follows 

K=A exp ( - :r) 
where E is the apparent activation energy (kcal/ 
mol) for cross-link cleavage reaction, R is gas 
constant and T is the measurement temperature 
(OK) 

Temperature dependence of K is plotted as 
logK vs. l/T(°K) in Figure 13. The value of 
E for random scission on main chains in air is 
about 53 kcal/mol for both samples. This value 
is larger than that reported by previous workers. 
E for scissions at cross-links by thermal degrada­
tion in vacuo for# 508 is 55 kcal/mol but for # 507, 
E for scissions on main chains by thermal degra-
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Figure 13. Log K vs. 1/T(°K) and the apparent 
activation energy of scission reactions: O, R127-
507 (Dicup cure) in air; e, R127-507 (Dicup cure) 
in vacum; Q), Rl27-508 (TMTD cure) in air; (), 
R127-508 (TMTD cure) in vacuo. 

dation is 64 kcal/mol, which is higher than for 
# 508. The value of K is slightly larger for # 507 
than for # 508 in air. The value of K may in­
dicate the structure dependence of the cleavage 
reaction. This structure dependence seems to 
be due to the fact that, in the case of # 507 
cured by Dicup, the main chains are combined 
directly with covalent bonding between carbon 
atoms on the main chains. This suggests the 
existence of a strong restriction on mobility of 
main chains near the cross-links because the free 
volume near the cross-links is small and the 
entropy must be decreased with the increase of 
the elastic internal energy near the cross-links. 
On the other hand, in the case of # 508 cured 
by TMTD, the main chains are combined· with 
each other in carbon-sulfur-carbon bonding 
with an extra molecular sulfur. This gives larger 
mobility to main chains near the cross-links with 
small elastic internal energy. 

In vacuo, the value of K for # 508 is higher 
than for :fl: 507 by the factor 10-20. This may 
suggest that the cleavage reaction depends on 
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the chemical bond energy. Generally, the value 
of K in air exceeds that of K in vacuo by the 
factor 100-1000. This means that oxidative 
degradation occurs more readily than thermal 
degradation. All of these results are reasonable 
on the basis of the bond energy. 

Ossefort13 reported that the bond energy of 
carbon-carbon and carbon-sulfur in the rubber 
structure are 63 and 55 kcal/mol, respectively. 
These bond energies should be compared with 
E for thermal degradation measured in vacuo, 
not for oxidative degradation in air. The value 
of E for # 507, mainly due to random scissions 
of carbon-carbon bonds on main chains, is 
64 kcal/mo! and equal to the value of the car­
bon-carbon bond energy. The value of E for 
# 508, due to scissions of carbon-surfur bond 
at cross-links, is 55 kcal/mol and equal to the 
value of carbon-sulfur bond energy. These 
facts support our deduction concerning the cleav­
age reaction in vacuo, by considering the structure 
of # 507 and # 508 as follows 

jl:507 

CHs CH3 
I I 

-C-CH2-CH2-CH2-C=CH-CH2-CH2-
I 

-C-CH2-CH2-CH2-C=CH-CH2-CH2-
I I 

CH3 CH3 

CH3 CH3 
I I 

-C-CH2-CH2-CH2-C=CH-CH2-CH2-
I 

jl:508 S 
I 

-C-CH2-CH2-CH2-C=CH-CH2-CH2-
I I 

CH3 CHs 

In the case of # 507, the weakest bond is the 
carbon-carbon bond and the scissions occur on 
main chains and at cross-links. But the molec­
ular weight of main chains between cross-links 
calculated from N(O) is the order of 104-105 • 

This shows that the number of carbon-carbon 
bonds on main chains are larger than the num­
ber of cross-links by the factor of 103 - 104 • This 
is the reason why the probability of scissions 
on main chains is greater in comparison with 
that at cross-links and random scissions on main 
chains are chiefly observed. 

In the case of # 508, the weakest bond is the 
carbon-sulfur bond and the bond energy is 
55 kcal/mol. Therefore, carbon-sulfur bonds 
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break more easily than others. This results in 
scissions on cross-links mainly being observed 
for # 508 in vacuo. But the same number of 
carbon-carbon bonds on main chains should 
be kept in # 508 as in # 507 and this means that 
the random scissions on main chains may occur 
at the same rate and at the same temperature 
dependence as in # 507, in addition to scissions 
of carbon-sulfur bonds. In other words, the 
value of K for # 508 includes the value by 
scission reaction on carbon-carbon bonds on 
main chains. The value of K by scission reac­
tion at carbon-sulfur bonds only is thus the 
difference of both K's for # 508 and for # 507, 
as shown in Figure 14. E of scission of carbon­
sulfur bonds calculated from Figure 14 is equal 
to that of oxidative degradation in air. It is 
resonable to have infered in the previous section 
that, in air, random scissions on main chains 
by oxidative degradation and scissions at cross­
links by thermal degradation may occur simul­
taneously for # 508, considering the value of E. 
Moreover, the closeness of the values of E and 
bound energy of the carbon-carbon bond and 
the carbon-sulfur bond suggests that even in 
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Figure 14. Log K vs. 1/T(°K) and the apparent 
activation energy of scission reactions in vacuo: 
O, scission of carbon-sulfur bond; e, scission of 
carbon-carbon bond. 
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vacuo, physical relaxation may be negligibly 
small compared with chemical relaxation, and 
this goes without saying in air. 

The mechanism of scission reaction may be 
simple for each degradation for both samples, 
# 507 and # 508, in vacuo taking into considera­
tion the equality of E and each bond energy. 

It is said that the electron density of the 
carbon-carbon bond inserted between two 
double bonds is weaker than others because of 
their electronegativity. Therefore, on heating, 
this bond breaks resulting in random scissions 
on the main chains. 

CH3 CH3 
I I 

-C=CH-CH2-CH2-C=CH-CH2 

CHs CHs 
I I 

--> -C=CH-CH2· + -CH2-C=CH-CH2-

For # 508 the weakest bond, the carbon-sulfur 
bond, may break directly as 

CHs CHs 
I I 

-C-CH2-CH2-CH2-C=CH-
I 
s 
I 

-C-CH2-CH2-CH2-C=CH-
I I 

CHa CHs 

CHs CHa 
I I 

-C-CH2-CH2-CH2-C=CH-
I 

--> s 

-C-CH2-CH2-CH2-C=CH-
I I 
CHs CHa 

The above results may be shown as follows. 

Thermal degra-
dation 

Oxidative degra-
dation 

# 507 Random scission Random scission 
Dicup on carbon- on carbon-
cured carbon bonds carbon bonds 

# 508 Scission at cross- Random scission 
TMTD links of carbon- on carbon-
cured sulfur bonds carbon bonds 

(main) (main) 

Random scission Scission at cross-
on carbon- links of carbon-
carbon bonds sulfur bonds 
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CONCLUSION 

Natural rubber vulcanized in two different 
ways, using Dicup and TMTD, were investigated 
for oxidative and thermal stability, both under 
atmospheric conditions and under vacuum 
(0.001 mmHg) in the higher temperature ranges 
( > l00°C) by means of chemical-stress relaxation 
measurements. 

In air, the cleavage reactions of both # 507 
(Dicup cured) and # 508 (TMTD cured) mainly 
occur along the network chains, but there is 
small difference in the magnitudes of the rate 
constants of the cleavage reaction depending on 
the chemical structure at the cross-links rather 
than along the network chains. 

The rate of cleavage reaction of# 508 in vacuo 
is slower than that in air by a factor of approxi­
mately 100 while the cleavage reaction of # 507 
in vacuo is slower than that in air by a factor 
of 1000 or more. Therefore, the effects of oxy­
gen in air on the chemical stress relaxation, 
which ruptured the rubber structure and caused 
the decay of stress, are very important. In 
vacuo, the thermal stability of the monosulfide 
cross-linkage (such as # 508) is less than that of 
both the carbon-carbon closs-linkage (such as 
# 507) and the main chains in natural rubber, 
and thermal stability seemed to depend only on 
the bond energy, easier to break for weaker 
bonds such as carbon-sulfur than in the case 
of carbon-carbon. 

The apparent activation energy for the oxida­
tive scissions in air is found to be 53 kcal/mol 
for both # 507 and # 508. It is 63 and 55 kcal/ 
mol respectively for # 507 and # 508 in vacuo 
(0.001 mmHg). 
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