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Relaxation Processes in Vulcanized Rubber. 11. Secondary Relaxation 
Due to Network Breakdown 

A. N. GENT 
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I. INTRODUCTION 

The relaxation of vulcanized rubbers at normal 
temperatures shows the following characteristic be- 
havior. The stress under a constant deformation 
decays by an amount substantially proportional to 
the logarithm of the period in the deformed state. 
Similarly, the deformation under a constant load 
increases by an amount proportional to the loga- 
rithm of the period under load. This behavior will 
be denoted the primary relaxation to distinguish it 
from others to be described; it appears to reflect 
the physical rearrangement of molecular positions 
in the final stages of the approach to equilibrium.' 

After long times at  normal temperatures another 
relaxation process, denoted here the secondary 
relaxation, becomes evident and eventually domi- 
nant. An examination of this process in natural 
rubber vulcanizates is described below. 

11. EXPERIMENTAL 

Thin strips of the vulcanized rubbers were sub- 
jected to constant tensile loads and the resulting 
extensions measured by means of a cathetometer. 
The application of load occupied a second or two, 
the first measurement being made 15 sec. later and 
subsequent ones at convenient intervals during the 
progress of relaxation. The strips were generally 
10 cm. long, 0.75 cm. wide, and 0.075 cm. thick. 
They were suspended in test chambers held at a 
temperature of 23 or 6OoC., a period of 1 hr. being 
allowed to attain the requisite temperature before 
the load was applied. In some instances the test 
chamber containing the test piece was evacuated by 
means of an oil pump to a pressure somewhat below 

mm. of mercury. The 1-hr. conditioning 
period then permitted thorough evacuation to be 
achieved also. 

* Present address: The Institute of Rubber Research, 
University of Akron, Akron, Ohio. 

The mix formulations and vulcanization con- 
ditions employed in preparing the test pieces are 
given in the appendix to Part I,' with the exception 
of two peroxide vulcanizates. They had the fol- 
lowing formulations in parts by weight: 

J: natural rubber (smoked sheet) 100, dicumyl peroxide 3, 
phenyl-8-naphthyhmine 1. 

K: deproteinized pale crepe 100, dicumyl peroxide 3. 

They were vulcanized by heating for 50 min. at a 
temperature of 14OOC.;  material K was subse- 
quently extracted with hot acetone before use. 

III. EXPERIMENTAL RESULTS 

Appearance of a Second Creep Process 

The increase in extension with time under a con- 
stant tensile load was measured for a number of 
different vulcanizates at two temperatures, 23 and 
60OC. It was found to be substantially propor- 
tional to the logarithm of time under load for 
several decades of time and then a marked change 
in character appeared, reflecting the emergence of 
the secondary creep process. Some typical results 
are shown in Figure 1, where the increase in exten- 
sion is plotted, as a fraction of the extension 0.1 min. 
after applying the load, for test pieces of a tetra- 
methylthiuram disulfide vulcanizate before E and 
after D extraction with hot acetone. 

The initial rates of increase in the fractional ex- 
tension are seen to be lower for the extracted ma- 
terial D at  both temperatures, and lower at 60°C. 
for both materials. However, the second creep proc- 
ess becomes dominant after times varying between 
lo2 and 106 min., and ultimately the extracted ma- 
terial is worse than the unextracted, and the in- 
crease in extension a t  6OOC. is larger than that a t  
23°C. for both materials. The two conclusions 
reached from short-time observations, i.e., that the 
extracted material is superior and that the creep 
rates a t  60°C. are lower, are thus seen to be inap- 
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Rates C' of Secondary Creep and Times T' at which 1% 
Departure from Primary Creep Relation Appears, at 60°C. 

B 14.5 12 
0.3 B (at 23°C.) - 170 

C 13 17 
600 

D 100 1 
D (at 23°C.) 4 18 
E 4 . 3  53 

102 103 lo4 105 J 1 150 
K' loo" 3 

a 
t o  

0.2 C (at 23°C.) - 
ai 

0 
10-1 100 10' 

Time ( m i d  

Fig. 1. Creep relations at 23 and 60°C. for a tetramethyl- 
thiuram disulfide vulcanizate before E and after D extraction 
with acetone. The increases in extension are expressed as 
fractions of the extension after 0.1 min. under load. 

Continuoudy increasing rate. 

For the peroxide vulcanizate K the secondary 
creep accelerated continuously (Fig. 2), presumably 

plicable after long times under load. It seems 
clear, therefore, that two processes are operative. 

The inferior performance of the extracted vul- 
canizate at  long times is suggestive of an aging proc- 
ess, since this material is particularly susceptible 
to oxidative a t t a ~ k . ~ , ~  The higher creep rates at 
60OC. are also in accord with this hypothesis, since 
the rate of attack of atmospheric oxygen is in- 
creased by a rise in temperature. 

reflecting the autocatalytic nature of oxidation in 
this material.4 The value given in Table I for the 
rate C' merely provides an indication of the magni- 
tude of the changes taking place. 

Another measure of the secondary creep process 
is given by the time TI a t  which a significant depar- 
ture from the semilogarithmic primary creep rela- 
tion could be discerned. A value of 1% of the ex- 
tension at  0.1 min. under load was arbitrarily chosen 
to represent a significant departure; the corre- 
sponding limes are listed in Table I. They are seen 
to be inversely related to the rates of secondary 
creep, as would be expected. 

Characterization of Secondary Creep 

In  an attempt to characterize the secondary 
creep process numerically, the amount of secondary 
creep was estimated by subtracting the primary Effect of Test Temperature and Vulcanizate 
contribution from the observed creep. The pri- Composition 
mary contribution was obtained by extrapolating 
the linear portion .of the creep curve, represented 
by the broken lines in Figure 1. The secondary 
contribution determined in this way was found to 
be approximately proportional to the period under 
load for the majority of materials (Fig. 2). A rate 
C' could therefore be assigned to the process; the 
values obtained are given in Table I. 

The rates of secondary creep given in Table I are 
in accord with the susceptibility to oxidative de- 
terioration of the vulcanizates, as measured by 
stress relaxation at elevated  temperature^.^^^ It 
thus appears that this process is simply the conse- 
quence of oxidative scission, taking place slowly at 
normal temperatures and more rapidly at 6OOC. 
To test this conclusion, some experiments were con- 
ducted a t  6OOC. in air and in vacuo. 
are described in the following two sections. 

The results 

Experiments in Vacuo 

(a) Peroxide and tetramethylthiuram disulfide 
uulcanizates. The creep of test pieces of a tetra- 
rnethylthiuram disulfide vulcanizate before E and 
after D extraction with hot acetone is shown in 
Figure 3. The rate of secondary creep for the ex- 
tracted material. D in vacuo is only about one- 
hundredth of that in air. For the unextracted 
material E the rate is already quite small in air, and 

Time (minx lo') 

Fig. 2. Secondary creep at 60°C. for four vulcanizates. 
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Fig. 3. Creep at 60°C. in air and in v m o  for vulcanizates 
D and E. 
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Fig. 4. Creep at 60°C. in air and in vacuo for vulcanizates 
J and K. 
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Fig. 5. Creep at 6OOC. in air and in vacuo for sulfur vul- 
canizate B; vulcanization t.imes at 140°C.: ( 1 )  15 min., 
(2) 30 min., (3) 120 min. 

in vacuo the secondary creep was much slower so 
that it did not reach a sufficient amount to make an 
accurate comparison of rates possible. 

The occurrence of any appreciable amount of 
secondary creep in vacuo is presumably due to 
oxygen present a t  the modest degree of evacuation 
achieved in these experiments. This is supported 
by the observation that greater amounts of creep 
occur in vacuo for the materials more susceptible 
to oxidation (the extracted material in Fig. 3, for 
example). 

Closely similar results were obtained for peroxide 
vulcanizates, as shown in Figure 4. The ex- 
tracted material in this case is particularly suscep- 
tible to oxidation, and the secondary creep is about 
200 times as fast in air as in vacuo. 

These results are concordant with the hypothesis 
that secondary creep reflects oxidative scission of 
the network structure. For a sulfur vulcanizate, 
howcver, a striking anomaly was found as de- 
scribed below. 

( b )  A n  accelerated-sulfur vulcanizate. The pec- 
ondary creep of vulcanixat,e B was found to be 
faster in vacuo than in air, as shown in Figure 5. 
This surprising result indicates that the process 
cannot be entirely attributed to a simple oxidation 
mechanism, for this vulcanizate. Figure 5 shows 
that the relaxation in air is not greatly affected 
by increasing the vulcanization time, whereas the 
relaxation in vacuo becomes greatly retarded until 
it is considerably slower than that in air. The 
change in vulcanization time from 15 min. to 2 
hrs. does not cause an appreciable change in the 
degree of crosslinking, and the extension under a 
given stress does not alter significantly. It ap- 
pears, therefore, that the large and rapid relaxation 
in vacuo is a consequence of the failure of specific 
crosslink structures,6 which are replaced by more 
stable forms on continued vulcanization. Other 
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Fig. 6. Secondary creep at 60°C. for vulcanizate B (vul- 
canized 15 min. at 14OOC.). 
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work’s8 shows that continued vulcanization of 
similar materials is accompanied by a rearrange- 
ment of the sulfur crosslinks (in some cases without 
substantial alteration in number) to yield shorter, 
and presumably more stable, forms. 

The presence of air appears to stabilize the 
“weak” crosslinks, a t  least to a considerable degree, 
as the relaxation is then appreciably slower and of 
the order of that for vulcanizates of quite different 
crosslink structures, where the relaxation is pri- 
marily due to oxidative scission. The relaxation in 
air cannot be attributed entirely to oxidation, how- 
ever, as the measurements of recovery described in 
the following section show. 

The course of secondary creep in vacuo differed 
appreciably from that in air. In Figure 6 the 
secondary contribution is plotted against time 
under load on a linear scale; in air i t  increases ap- 
proximately linearly with time, but in vacuo the re- 
lation is far from linear. Initially, the rate of creep 
is high but i t  decreases continuously to reach a value 
of the same order as the (constant) rate in air. 

The relaxing structures in vacuo thus appear to  
diminish in number with the passage of time, as 
would be expected if they are associated with 
specific crosslink forms. In air, the chief cause of 
relaxation appears to be oxidative scission of the 
network chains and progressive elimination of re- 
active units would not become apparent, a t  least in 
the present relaxation range. 

Measurements were also carried out of the relaxa- 
tion of the rubber vulcanized for 15 min., after ex- 
traction with hot acetone. The relaxation in air was 
much faster due to the removal of antioxidant, while 
that in vacuo was somewhat slower than for the 
unextracted material. Presumably the extraction 
process caused some reduction of the unstable cross- 
links. These changes in the rates of relaxation 
caused a reversal of the previous positions, shown 
in Figure 5, the relaxation in air being evident after 
50 min. while that in vacuo did not become ap- 
parent until 300 min. after loading. Thus anom- 
alously rapid relaxation in vacuo did not appear 
in the extracted material. 

Previous measurements on similar accelerated- 
sulfur vulcanizates have revealed considerable re- 
laxation in vacuo, but it has not hitherto been 
found to approach that in air, still less exceed it. 
This discrepancy with the present findings may be 
attributed to the use of long vulcanization peri- 
o d ~ , ~ ~ ~ ~  or the absence of antioxidant11.12 in the 
materials examined. The former would lead to a 
predominance of stable crosslink structures and the 

latter to a particularly rapid relaxation in air, as 
described above. Also, the test temperatures mere 
generally much higher than that employed in the 
present work, and this might alter the relative posi- 
tions if oxidative scission and crosslink failure have 
different temperature dependences. 

Recovery of Secondary Creep 

Measurements were made of the recovered defor- 
mation when the load was removed after a sub- 
stantial amount of secondary creep had occurred. 
The results are shown in Figure 7 for a peroxide vul- 
canizate K and a conventional sulfur vulcanizate 
containing antioxidant C. The creep measure- 
ments are represented by circles and the recovery 
measurements, plotted against time from the re- 
moval of load, by crosses. 

For complete recovery, the recovered deforma- 
tion will attain the value of the extension immedi- 
ately before the load was removed. This appears 
to be substantially the case for the peroxide vul- 
canizate K after a recovery period similar to the 
time under load, and for this material the major 
part of the secondary creep, in addition, of course, 
to the primary creep, is recoverable. 

It appears that the loss of a large proportion of 
network chains due to oxidative scission does not 
impede the return to the uiideformed state. Vir- 
tually complete recovery is, in fact, to be expected 
for this material where oxidative scission is not ac- 
companied by crosslink formation in the stretched 
state.4 

For the sulfur vulcanizate, oxidative scission is 
known to be accompanied by substantial amounts 
of crosslinking formation, and it was found that the 
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Fig. 7. Creep (0) and recovery (+) relations at 60°C. 
The measured displacements for vulcanizates C and K. 

are referred to  the original unstrained lengths. 
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Fig. 8. Creep (0) and recovery (+) relations at 60°C. for 
vulcanizate B (vulcanized 15 min. at 140°C.) 

material did not recover a significant amount of the 
secondary creep which had taken place (Fig. 7), sug- 
gesting that about as many new chains are intro- 
duced by crosslink formation as are lost by oxida- 
tive attack. 

Similar results were obtained with the tetra- 
methylthiuram disuKide vulcanizate El less than 
one-third of the secondary creep being recovered 
after a period equal to the time under load. Thus, 
a substantial proportion of the chains lost by oxi- 
dation are replaced by crosslinking. In the ex- 
tracted vulcanizate D, however, more than three- 
quarters of the secondary creep was recovered, so 
that little crosslinking had taken place. This 
difference between the extracted and unextracted 
materials is in a.ccord with the conclusions of oxida- 
tion studies carried out at  higher temperatures. l3 

The recovery of the accelerated sulfur vulcani- 
zate B (in air) is shown in Figure 8, together with 
the original creep measurements. Initially the 
amount of recovery was small, the unrecovered de- 
formation being larger than the total secondary 
creep. This indicates that a substantial amount of 
crosslinking had taken place in the stretched state. 
After a time similar to that for secondary creep to 
become evident, the recovery process accelerated 
markedly on a log time plot so that after long 
periods the unrecovered deformation was only 
about one-half of that estimated from the early re- 
covery measurements. This change in the re- 
covery process suggests that the crosslinks formed 
in the stretched state are themselves subject to 
failure. Since they presumably resemble the 
original crosslinks, it seems likely that some part of 
the secondary creep in air is also due to crosslink 
failure, although oxidative scission appears to pre- 
dominate. 

Secondary recovery in vacuo was generally 
slower than the secondary creep and far from com- 
plete even after long times, so that the new network 

formed in the stretched state appears to be some- 
what more stable than the original. 

Effect of Degree of Deformation 

The creep in vacuo is shown in Figure 9 for test 
pieces of vulcanizate B under widely different ten- 
sile loads. The amount of creep, expressed as a 
fraction of the extension 0.1 min. after applying the 
load, is not independent of the degree of deforma- 
tion but increases with increasing load. Similar 
behavior was described for the primary creep proc- 
ess in Part I,' and was shown to arise from the non- 
linear relation between load and deformation in 
simple extension, the rate of stress relaxation being 
substantially independent of the deformation level. 
Numerical factors were derived from a simple 
theoretical treatment to transform the observed 
creep under a given load to the corresponding stress 
relaxation at a constant extension, and good agree- 
ment with experiment was obtained. 

Reduction factors were therefore calculated as 
described in Part I, from the values of the extension 
0.1 min. after applying the load, for the creep rela- 
tions shown in Figure 9. The reduced creep re- 
sults are plotted in Figure 9 also, and are seen to 
superimpose accurately both in the primary and 
secondary regions. 

It appears, therefore, that the secondary creep 
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Fig. 9. Creep relations at 60°C. in vacuo for vulcaniaste B 
(vulcanized 15 min. at 140°C.): ( 1 )  applied tensile stresses, 
referred to the unstrained cross-sectional area, of 7.5 and 
1.0 kg./cm.Z; the increases in extension are expressed as 
fractions of the extension after 0.1 min. under load; ( 2 )  
results in upper figure reduced by calculated factors to 
yield the fractional stress relaxations. 
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process, as well as the primary one, reflects a frac- 
tional stress relaxation which is independent of the 
degree of deformation in the present range. The 
mechanism is thus not stress-activated but takes 
place equally rapidly and to equivalent extents 
over a wide range of deformation. 

Similar agreement was obtained on reducing the 
measurements of creep in air under small and large 
tensile loads. The mechanism of secondary creep 
is quite different in this case, being chiefly due to 
oxidative scission, but again the reaction is not in- 
fluenced by the degree of deformation, as Tobolsky, 
Prettyman, and Dillong have shown. 

Evaluation of Measurements of Secondary Creep 
and Set 

The amount of residual deformation or set, rela- 
tive to  the amount of secondary creep that had oc- 
curred prior to recovery, is a measure of the ratio of 
network chains newly introduced by crosslinking to  
those lost by scission. It is not, however, a direct 
measure of this ratio due to the nonlinear elastic be- 
havior in simple extension. Andrews, Tobolsky, 
and Hanson14 have proposed a relation between the 
set and the additional crosslinking for the particu- 
larly simple case of a material obeying the kinetic 
theory relationship between tensile stress and elon- 
gation. Such a treatmept gives quantitative esti- 
mates of crosslinking and scission from the observa- 
tions of secondary creep and set described in a pre- 
vious section, but the analysis is not pursued fur- 
ther here as it lies outside the scope of the present 
investigation. 

IV. CONCLUSIONS 

The following conclusions are reached: 
(1) Because the early creep process, denoted 

here primary creep, is eventually superseded by a 
second process of completely different character, 
short-term tests a t  normal temperatures cannot be 
extrapolated to predict long-term behavior. 

(2)  The secondary creep process in simple vul- 
canizates appears to be oxidative scission of the 
molecular network. It is reduced by incorporating 
oxidation inhibitors, and by reducing the test tem- 
perature, while in vacuo i t  is virtually absent. 

(3)  In some sulfur vulcanizates, however, cross- 
link failure occurs quite rapidly in vacuo, i.e., in the 
absence of oxidative attack, and leads to extensive 
relaxation. In  air the crosslinks are apparently 

stabilized to  some degree so that oxidative scission 
becomes the main cause of relaxation, but some con- 
tribution from crosslink failure may still be inferred. 

(4) Both crosslink failure and oxidative network 
scission appear to be independent of the applied 
stress in the present range (1 to 10 kg./cm.2). 

(5)  Virtually complete recovery takes place, even 
when extensive network scission has occurred, pro- 
vided no new crosslinks are formed in the stretched 
state. The “set,” or incomplete recovery, when 
crosslinking takes place affords a measure of the ex- 
tent of crosslinking. It is substantial for the sulfur 
vulcanizates examined but decreases after long 
times, probably due to failure of the new crosslinks. 

The effect of the test temperature needs further 
examination; it may well be different for the two 
secondary creep processes. Also, the oxidation re- 
action is probably diffusion-controlled at certain 
temperatures. Attempts to study long-term creep 
behavior by accelerated tests on small samples 
therefore need careful study to avoid false conclu- 
sions. 

It is interesting to note that in the absence of 
other processes the primary creep may continue for 
periods of lo5 min. or more. As described in Part 
I’ it appears to reflect physical rearrangement of 
molecular positions; clearly, these movements can 
be very protracted. 

Helpful discussions with Dr. J. R. Dunn, Dr. C. G. Moore, 
and Mr. A. G. Thomas, and the experimental assistance of 
Mr. D. J. Hill, are gratefully acknowledged. This work 
forms part of a program undertaken by the Natural Rubber 
Producers’ Research Association. 
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Synopsis 
An experimental study is described of a “secondary” 

relaxation process in stretched vulcanizates, which becomes 
dominant after long periods a t  normal temperatures. It 
is shown to be affected markedly by the temperature, the 
atmosphere in which the test is conducted, and the presence 
of oxidation inhibitors. It is therefore attributed to oxida- 
tive deterioration of the molecular structure. In  some vul- 
canisates, however, a similar or even greater relaxation is 
found to occur in vacuo, and this is attributed to the failure 
of gpecific crosslink structures. The extent of recovery on 
releasing the extended test pieces has also been investi- 
gated for a number of natural rubber vulcanizates. 

R6sum6 
On d6crit une etude experimentale d’un proressus de 

relaxation seconda’re dans les produits vulcanises BtirBs, 
qui devient pr6dominant aprhs un temps assez long, 8. des 
ternphratures normales. On a mi3 en 6vidence l’effet con- 
sidhrable de la temperature, de l’atmosphhre dans lequel le 
test est effectu6, et de la prEsence d’inhibiteurs d’oxydation. 

Par consequent on attribue ce phenombne a des change- 
men@ de structure moleculaire par suite d’une oxyda- 
tion. Dans certains produits vulcanis6s, une relaxation 
simileire ou m&me plus grande a Btk constatAe s6us vide, e t  
cela est attribu6 a l’absence de structures pontBes specifiques. 
Le taux de recouvrement quand on rellche la piece 6tirBe 

Bt6 Btudie sur une sBrie de caoutchoucs naturels vul- 
canis6s. 

Zusammenfassung 
Es wird eine Untersuchung eines “sekundaren” Relaxa- 

tionsprozesses in gedehnten Vulkanisaten beschrieben, der 
nach langer Bersuchsdauer bei nokmalen Temperaturen 
vorherrschend wird. Es wird gezeigt, dass die Temperatur, 
die Atmosphare, in der der Test verlauft, und die Gegen- 
wart von Oxydationsinhibitoren einen merklichen Einfluea 
ausuben. Der Relaxationsprozess wird daher auf den 
oxydativen Abbau der molekularen Strhktur zuruckge- 
fuhrt. Bei einigen Vulkanisaten wird jedoch im Vakuum 
eine ahnliche oder sogar grossere Relaxation gefunden, was 
auf das Fehlen von spezifischen Vernetaungsstrukturen 
zurucksufuhren ist. Das Ausmass der Ruckbildung heim 
Entspannen gedehnter Prufstucke wurde ebenfalls wurden 
fur mehrere Naturkautschukvulkanisate untenucht. 
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