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Creep may be expressed as AE/E, = A logt + B(t—1) where AE is the increase of elongation above E, the
one-minute value, during the time ¢. The initial slope of a plot of AE/E, against log ¢ is 4, a measure of physical
creep. The limit of the final slope of a plot of AE/E, against (t—1) is B, a measure of chemical creep. The validity
of the equation is determined by the linearity of a plot of (AE/E, — A4 log t) against (¢—1) after 4 has been deter-
mined by the first plot. B is obtained as the slope. The equation is almost always valid and simultaneous equa-
tions can be used to determine 4 and B from only three observations, if desired. 4, usually between 1 and 10 per
cent/unit log ¢, is strongly dependent on cross-linking and nearly independent of temperature. B, ranging from
0.1 x 107 to 10,000 x 10~* per cent/min is nearly independent of cross-linking and strongly dependent on
temperature and specimen thickness. With an activation energy of 84-125kJ (mol)™* (20-30 kcal (mol)™) it prob-
ably reflects oxidative degradation of the network, often initiated by ozone. The appearance time at which the
creep is first observed to exceed 4 log ¢ can be taken as equal to B™'. At high temperatures B is drastically
increased with a corresponding strong reduction in appearance time. Creep in excess of that given by the equa-

tion is sometimes observed during a period immediately before rupture.
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1. Introduction

The deformation of rubber specimens subjected to a con-
stant uniaxial stress is always found to increase with time.
At first the increase of deformation is usually nearly linear
with the logarithm of the time and at long times it becomes
nearly linear with the time itself.

If the elongation in simple uniaxial extension is denoted
as E (others have often used e or¢) and its value at unit time
is E,, the following equation is found to be widely appli-
cable.

(E-E,)/E, = AE/E, = Alogt + B(t-1) (1.1)

A and B are constants independent of time. A few unusual
instances in which B increases or decreases with time are
discussed in a later section, but the equation is found to be
valid for the great majority of rubber vulcanizates investi-
gated.

It will be noted that the two terms in the equation are
both zero at unit time (where log ¢t=0). The time unit
chosen in the present study is one minute. Lyons [1] ! has
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pointed out that the equation is of very general applicabili-
ty. He gives a comprehensive historical summary of its ap-
plication to many amorphous and polycrystalline solids of
widely different molecular structures. With the exception of
the work of Gent [2] and Derham [3-5], its application to
rubber is fairly limited, largely because most creep studies
have not been continued to long times. The equation was
used by the present author and his colleagues [6] in a study
of the influence of humidity and atmospheric oxygen on
creep. Reference should be made to that publication for an
extensive summary of the limited amount of earlier work on
long-time creep of rubber.

The present paper is devoted to methods of representing
data on long-time creep, including a study of the equation.
Procedures are developed for evaluating the constants from
a minimum amount of experimental data.

2. Equation for representing creep as a
function of time

Equation (1.1) shows as ordinate the fractional creep
AE/E, (rather than AE itself), since AE/E, varies relatively
little with E, over a considerable range of elongations [2].
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This facilitates the comparison of different sets of data
when E, is not the same because different constant stresses
have been used. For a detailed study of eq (1.1) it is conven-
ient to make a double-abscissa plot like that shown in fig-
ures 1 and 2, each showing two curves for AE/E,—one with
the lower abscissa log ¢ (lower curve) and one with the upper
abscissa (¢—1) (upper curve) [6]. Figure 1 shows the effect of
increasing values of B, when A4 is held constant, while in
figure 2 4 is increased with B constant. The maximum time
shown in each figure is 100,000 min. (about 70 days), where
the two abscissa scales are made to coincide.
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FIGURE 1. Fractional creep as a function of log t or of (t—1)

A4 = 2 percent/unit log ¢
B = 5,10,0r20 x 10 percent/min.
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FIGURE 2. Fractional creep as a function of log t or of (t—1)

A4 =1,2,3, or4 percent/unit log ¢
B =10 x 10" percent/min.

The slopes of the two curves are found by differentiating
eq(l.1)

) AE

Tlogi = A4 + 2.303 Bt (2.1)
d AE

e 0.4343 A4/t + B (2.2

It is obvious that the values given by eq (2.1) approach 4 as
tis reduced and those given by eq(2.2) approach B as ¢ is in-
creased. This behavior can be noted in figures 1 and 2,
where dashed lines are drawn having the slopes 4 and B.
Our previous paper [6] erroneously omitted the numerical
constant in giving eq (2.1).

The form of eq (1.1) may be readily explained if it is
assumed that there are two different processes giving rise to
creep. The first—predominating at short times—is charac-
terized by values of the constant 4. It is found to be fully
recoverable [7] and has been called ‘‘physical creep’ or
“primary creep.”’ The second process—predominating at
long times—is characterized by values of the constant B. It
is found to be only partially recoverable [2] in many in-
stances and has been called “*chemical creep’’ or ‘‘second-
ary creep.”’ Both processes are assumed to be effective
throughout the whole range of time with the range of pre-
dominance of physical creep being determined by the mag-
nitude of the constant B. There is usually an extensive in-
termediate region where neither process predominates.

Typical experimental data obtained in our previous study
[6] are presented in figure 3. The experimental points are
well-represented by the two curves, which are plots of eq.
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FiGuRE 3. Typical fractional creep as a function of log t or of (t—1)
A = 2.239 percent/unit log ¢
B = 23.59 x 107® percent/min.
Data of Wood, Bullman, and Roth [6]
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(1.1) taking A4 as 2.239 percent/(unit log ) and B as 23.59 X
10~° percent/min. Similar agreement with the equation has
been found for almost all the data on long time creep of
rubber found in the literature. Exceptions will be described
in a later section.

Double-abscissa graphs like those in figures 1, 2, and 3
show the physical creep at 10° min. as the ordinate of
straight line A at 10° min. The intercept of line B (when t =
1 and log ¢ = 0) has the same value. The chemical creep at
10° min is then the difference between the total creep and
this intercept. One can readily note by examining the
graphs the relative sizes of physical and chemical creep at
10° min.

3. Graphical evaluation of A

The constant 4 in eq. (1.1) can be determined by measur-
ing the slope of the graph of AE/E, against log ¢ over its
region of initial linearity. In much of our work [8,9] this has
involved measurements over the range from 1 to more than
1,000 minutes. Other work [10,11] has indicated that the
lower limit might be extended to times of the order of sec-
onds or even milliseconds if desired. Indentation-time
measurements [12-14] are also useful in this connection.
The upper limit should be the point at which it is apparent
that the values of AE/E, are above those given by the line
representing the earlier values. A quantitative evaluation of
this limit in terms of the constant B is given in section 6 of
the present paper.

The values of 4 in studies of the creep of conventional
rubber vulcanizates have usually ranged between 1 and 10
percent/unit log ¢. In general it is highly sensitive to the
amount of cross-linking, and much lower values are found
for some highly cross-linked systems [9,14]. It is also highly
dependent on the structure and composition of the rubber.

4. Graphical evaluation of B

The constant B in eq (1.1) can be determined by estimat-
ing the limiting slope of the graph of AE/E, against (t—1) at
the longest times. It is often quite difficult to estimate accu-
rately this limiting slope, since the value is changing slowly.
Consequently the procedure proposed by Gent [2] and illus-
trated in figure 4 is recommended as a preferable alterna-
tive.

In this procedure the constant 4 is first evaluated, as dis-
cussed in the previous section. It can be readily seen from
eq(1.1) that by plotting (AE/E, — A log t) against(¢—1), as in
figure 4, one should obtain a straight line with the slope B
and an intercept of zero. Furthermore if the results are not
represented by eq (1.1) a deviation from the line will occur.
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FIGURE 4. Chemical creep

(AE/E, — A log ) as a function of (t—1)
A = 2.239 percent/unit log ¢
Data of Wood, Bullman, and Roth [6]

Figure 4 shows that the experimental data presented in fig-
ure 3 do indeed conform to the equation and that the slope
corresponds to the constant B and the intercept is zero.
Lines corresponding to other values of B are also shown.
Values of B obtained in various studies of rubber vulcan-
izates cover a very wide range from as low as 0.1 X 10°° per-
cent/min to as high as 10,000 x 107/percent min.

5. Analytical evaluation of A and B

As an alternative to the graphical determination of the
constants 4 and B described in the preceding sections one
may determine them both at the same time by a simple ana-
lytical procedure if he is convinced that the data conform to
eq(1.1), and E, has been determined. The analytical proce-
dure merely involves obtaining the two constants by solving
the two simultaneous equations obtained by inserting two
observed values of AE/E, into eq (1.1). In our work it was
found desirable of course to utilize AE/E, at the longest
time (usually about 10° min.) as one of the values. The
choice of the time (usually about 10° min.) selected for the
other value made very little difference in the values found
for 4 and B. The analytical method can not be applied when
the data do not conform to eq. (1.1), as in the pre-rupture
studies described in section 8 or in other cases where the
graphical method shows that B is increasing or decreasing
with time.

The analytical method is regarded as more accurate and
precise than the graphical method in most cases. The con-
stants given for the data of figure 3 were determined by the
analytical method, and the graphs are representations of eq.
(1.1) utilizing the constants. All the experimental points
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show very good agreement with the curves although only
two of them were used in determining 4 and B.

The minimum number of experimental observations to
determine the creep curves is thus seen to be two, in addi-
tion of course to E, the one-minute elongation. In the ex-
treme then, for example, it is sufficient to make measure-
ments at 1, 1,000, and 100,000 min.

If it is desired to complete the evaluation of the creep in
the shortest possible time rather than with the minimum
number of observations, consideration should be given to
the use of the plot of (AE/E — A log ) against (:—1), as in
figure 4. The slope of this line, which gives the constant B,
can be determined from the early observations. For exam-
ple, it is clear from this graph that this slope could have
been obtained without using any observations beyond
10,000 min. The precision of the observations and the mag-
nitude of B will determine the minimum time required to
evaluate this slope. This linear extrapolation of data of the
type plotted in figure 4 should be extremely valuable in
dealing with the very common problem of predicting creep
over a period of years utilizing data extending only over
much shorter periods. It should be emphasized that no
change in predicted behavior is indicated as the observa-
tions are extended to longer and longer times.

6. Appearance time and linearity limit

It is clear from figures 1, 2, and 3 that there is a region
(short times) where AE/E, appears to be linear with log ¢. It
is of interest to examine the upper boundary of this region
where it first becomes apparent that AE/E, is greater than
A log t. The time at which one can be sure that this is true
will depend on the sensitivity of the method of measure-
ment. This boundary has been considered by several previ-
ous authors, but often the concept has been rather vague
and has lacked a rigorous definition. The term ‘‘appearance
time’’ used by Metherell [15] for the boundary might give a
misleading implication that a new process begins at this
point. However, we shall continue o use it since the alterna-
tives ‘‘induction time’’ or “‘incubation time’’ used by Aben
[16,17] are even more open to the same objection. Neither of
these authors made quantitative definition of the term.

In order to establish an arbitrary quantitative standard
for defining appearance time let us assume that from ex-
perimental observations one can very readily determine the
time ¢, at which the observed value of AE/E), is one unit (i.e.
1%) greater than 4 log ¢,. Thus from eq(1.1)

AE/E,—Alogt, = B(t,—1) =1 (6.1)
This relation between B and (¢,—1) is represented by the
upper straight line of figure 5.
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FIGURE 5. Appearance time as a function of B
B(t.—1) = 1Eq(6.1)
---- B(t.—1) = 0.1 Eq(6.2)

O  Wood and Bullman|[9]

*  Gent[2]

A Metherell [15]

The arrows in figures 1, 2 and 3 show the location of the
appearance time, as calculated from B by eq (6.1.) In these
figures a reasonable estimate of its location could have been
made by a direct examination of the curves. In contrast,
plots of chemical creep like figure 4 show no indication of
an appearance time.

Under the proper experimental conditions it seems that
the appearance time might be determined with greater ac-
curacy than the one unit considered in the definition just
given. If under favorable conditions it could be determined
to 0.1 unit an alternative definition would be

B(t,—1)= 0.1 (6.2)
This equation is represented by the lower straight line in
figure 5. The values of log (¢, — 1) in this equation are of
course exactly one unit less than those given by equation
(6.1

The discussion of ¢, as the time at which the effects of the
B;term first became evident does not imply a discontinuity
of slope of figures 1, 2 and 3 or that a new type of behavior
begins at these times. The B-process has been in existence
from the beginning of the experiment, but previously the
B-term has been too small to be observed.

This behavior was not understood by the present author
in 1972, [9] when he proposed to explain a marked increase
of slope of creep curves in rubber cross-linked by dicumyl
peroxide as being due to the initiation of crystallization
after about 2000 min. of creep. Derham [18] later suggested
that the increased creep was due to humidity, but Metherell
[15] in more extensive work related it to ozone in the atmos-
phere. It now appears that the ozone gave rise to a high val-
ue of B throughout the experiment, and that 2000 min was
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merely the appearance time under the conditions of the ex-
periment. The appearance time did not vary significantly
with cross-linking.

The data of Wood and Bullman [9] (some of it not report-
ed in the original publication) extending to a time of 20,000
min. have now been plotted to show chemical creep (AE/E,
— A4 log t). Straight lines like those in figure 4 were obtained
with constant slopes showing values of B lying largely in the
range 45-65 X 10 percent/min. The values of B
depended very little on the amount of cross-linking as would
be expected from the observation that the appearance times
did not depend on the cross-linking. The value of 4, on the
other hand, was chiefly determined by the amount of cross-
linking, becoming negligible at the highest amounts.

Equation (6.1) plotted in figure 5 shows that the values of
B just given correspond to an appearance time of the
general magnitude of 2000 min. (where log ¢ = 3.3). The de-
tailed experimental values are plotted in figure 5 together
with all similar data reported for corresponding values of B
and log ¢, in the papers by Gent[2] and Metherell [15]. One
concludes from figure 5 that the criterion defining ¢, in eq.
(6.1) is not far different from that actually employed in the
respective publications. Some of Metherell’s data were
closer to the values obtained in eq. (6.2). In the creep
studies of Meier, Rudd, and Weir [19] it was found that at
times between 1000 and 10,000 min the plot of creep
against log time began to deviate from linearity because
chemical creep was becoming appreciable.

The criterion for defining appearance time used to derive
eq (6.1) or (6.2) is not the only one that might have been
used. Indeed in our previous work [6] appearance time was
defined in terms of a 10 percent difference in slopes. The
resulting equation expressed the appearance time as a func-
tion of the quantity B/A4 rather than B alone as found
here. In the work of Wood and Bullman [9] just mentioned,
a very large variation in the degree of cross-linking which
led to a very large variation in the constant 4 (even to the
point where 4 was zero within experimental error) produced
no systematic variation in appearance time. This fact is con-
sidered as additional strong evidence that the criterion used
in the present paper was more satisfactory than that used
earlier.

At sufficiently long times there is a region in which
AE/E, is found to be approximately linear with time. The
lower boundary of the region may be called ¢, the linearity
limit. The literature contains very few quantitative evalua-
tions of t,. Conceptually it is distinctly different from ¢,, the
appearance time, although some writers have made little or
no distinction between them. Establishing a quantitative
definition of ¢, is more difficult and arbitrary than the cor-
responding establishment of the definition of ¢,.

Straight line 4 in figures 1, 2, and 3 always passes
through the origin and its location is therefore determined

uniquely by specifying its slope. Straight line B (which
AE/E, approaches at long times), on the other hand, is not
constrained to pass through any specified point. Only its
slope is specified, and the line itself is steadily displaced up-
wards the higher the value of the observed time. In figures
1, 2, and 3 the line has been arbitrarily forced to pass
through the value of AE/E, at t=100,000 min., since obser-
vations rarely extend to any longer times. This selection of a
particular value introduces an arbitrary element into the
definition and we shall not attempt to propose a quantita-
tive definition of the linearity limit in this paper. Normally
the linearity limit is considerably larger than the appear-
ance time.

7. Comparison with stress relaxation

The present paper has been concerned with the increase
of extension under a fixed load (creep). Gent [2, 7] some
years ago pointed out the close relationship between creep
and the decrease of stress at a fixed extension (stress relaxa-
tion). For example either log (F/F,) or the ratio AF/F, =
(F—F,)/F, (where F is the stress at a time ¢ and F, the stress
at unit time) is often found to decrease proportionally to log
¢t at short times and to be decreasing linearly with ¢ at long
times. The time beyond which the ratio no longer appears to
be proportional to log ¢ is approximately the same as the
corresponding appearance time in the creep studies. The
available data appear to be insufficient to determine wheth-
er the linearity limit for stress relaxation is the same as that
for creep.

The data on stress relaxation found in the literature are
much more extensive than the data on creep. The results of
studies of appearance time for stress relaxation and its
change with temperature are especially valuable for com-
parison with the corresponding creep studies. Many years
ago Tobolsky and his collaborators [20], [21] showed that,
following viscoelastic effects, the most important reaction in
many cases is oxidative degradation of the network chains
with an activation energy near 125 kJ (mol)* (30 kcal
(mol)?. The later stress relaxation studies of Thirion and
Chasset [22-24], Aben [16, 17] and Tamura and Murakami
[25, 26] are quite parallel to the present work on creep. Fur-
ther discussion of stress relaxation data appears in Section
9 of the present paper dealing with the effects of tempera-
ture.

8. Significance of B

The constant B is a measure of what is sometimes called
“‘chemical creep’’ and sometimes ‘‘secondary creep’’. It in-
cludes creep arising from degradation of the network and
any other reactions proportional to time.
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Where the constant 4 is very much governed by the de-
gree of cross-linking, the constant B (and consequently the
appearance time ¢,) is almost independent of the degree of
cross-linking. This is evident in the studies of natural
rubber cross-linked by dicumyl peroxide already mentioned
[9]. The logarithm of the appearance of time varies only
from 3.5 to 3.8 as the crosslinking was raised from low
values to about 150 mol/m®. The constant B at the same
time remained in the range 45 to 65X 10 percent/min (as
mentioned in Section 6) and did not vary systematically with
the degree of cross-linking. Therefore one may conclude
that the degradation reflected by B occurs in the main
chains and not in the cross-links. This is in accordance with
Tobolsky’s conclusions regarding natural rubber [20], [21].

Where the constant 4 is influenced relatively little by
temperature or ambient conditions such as the presence of
ozone, oxygen, or humidity, the constant B is extremely sen-
sitive to them. [6] B is therefore a very useful parameter for
relative comparisons of different rubbers and different con-
ditions. Unfortunately many of the observations of creep in
the literature do not extend to times long enough to evalu-
ate it accurately by the methods given in the preceding sec-
tions. Often the observations were discontinued soon after a
vaguely-defined ‘“appearance time’’ was reached. It is not
feasible to draw conclusions regarding B from experimental
data until the effect of physical creep, represented by 4, has
been eliminated. In future work it is strongly recommended
that observations extend to times long enough to permit the
accurate evaluation of B by the methods given here.

Gent has presented a most comprehensive and significant
paper [2] opening up this field. He evaluated the coefficient
B for a number of different rubber vulcanizates and inter-
preted the results in terms of molecular considerations. In
this manner he was able to draw conclusions regarding oxi-
dative scission, breaking and stabilization of cross-links,
effects of extraction, effects of long time cures, and many
other operations. This is a very fruitful field for further in-
vestigation.

In Gent’s work two instances were reported in which the
coefficient B varied with time so that eq(1.1) was not appli-
cable. In one case B showed continuous increase ascribed to
auto-catalysis already noted in stress relaxation measure-
ments [27] and in the other it showed a decrease for a spec-
imen in vacuo before becoming approximately constant.
The latter behavior was interpreted in terms of the ab-
normal situation of a crosslink structure changing with
time. These cases illustrate the importance of plotting
secondary creep against (¢—1) to determine whether eq. (1.1)
is applicable. Gent found linearity with (¢—1) for the great
majority of the vulcanizates he studied.

Although the evaluation of B is useful as a means of com-
paring different rubbers in relation to each other it can not
be regarded as a genuine characteristic property of a rub-

ber since it depends on the thickness of the specimen. In
fact a plot of B against the reciprocal of the thickness was
found in at least one instance [15] to have an intercept of
zero. This means that B would vanish for a specimen of in-
finite thickness. In this case the value of B was largely
dependent on the amount of ozone present, and time was re-
quired for it to diffuse inward from the surface of the spec-
imen. The creep was thus diffusion-controlled. At room
temperature with thick specimens in the absence of appre-
ciable amounts of ozone the values of B are normally quite
small. The thickness of the specimens in our previous work
on long-time creep [6] was only 0.5 mm. so that the creep
would not be diffusion-controlled.

One of the lowest values of B reported in the literature is
1 percent yer year, equivalent to about 0.2 X 10° percent
per min., as given by Derham [3] for an efficiently vulcan-
ized natural rubber 1 mm thick at 15 °C.

Meier, Rudd, and Weir [19] made extensive creep studies
for periods up to about 2 years. Unfortunately they did not
report values of AE/E, at short times, from which the con-
stant 4 could be determined. However, from the values
reported at long times upper limits could be set for values of
B. These maximum values were usually in the range from
0.1 X107 to 2Xx 1075 percent per min. for the formulations
showing the lowest long-time creep. They were thus in the
general range of 1 percent per year given by Derham. [3]

For values of B above 10,000 X 10~ percent per min. the
appearance time ¢, calculated from eq (6.1) is so short (less
than 11 min.) that experimental observations usually have
not yielded a reliable value of ¢,.

9. Effects of temperature

The constant 4 is nearly independent of temperature.
Indentation studies [14], [29] extending to only 10 min
showed no change of creep rate as the temperature was
raised from about 20 to 100 °C. Gent[2] showed values for a
stretched natural rubber vulcanizate at 60 °C to be slightly
smaller than at 23 °C for times up to 1,000 min. Somewhat
similar behavior was noted for natural rubber by Derham
[5] and for the Butyl rubber (GR-I) studied by Martin, Roth
and Stiehler [8] at times up to 1,000 min. For our purposes it
may be assumed to decrease slightly over the range of tem-
peratures normally considered.

The constant B, on the other hand, is extremely sensitive
to temperature, and values increase by a factor of 10* or
more if one raises the temperature from room temperature
to 150 °C. The same temperature increase also reduces the
appearance time by a factor of 10* according to eq. (6.1.).
When the temperature is varied, creep studies will yield
graphs similar to figure 1 where 4 is constant and B is the
parameter.
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Figure 6 is a plot of creep data obtained by Derham and
co-workers [3] who evaluated B at 50, 60, 70 and 80 °C for
three different rubber vulcanizates 1 mm thick. From the
slopes nearly the same values of activation energy—about
(117 kj/mol) (28 kcal/mol) were obtained for Vulcanizates G
and H typical accelerated sulfur valcanizates, identical
except that Vulcanizate H contained an antioxidant. The
value of B for Vulcanizate G at any temperature is about 2.6
times that for Vulcanizate H. Vulcanizate J with an “‘effi-
ciently vulcanized’’ system shows a lower activation energy

of about (88 kj/mol) (21 kcal/mol).
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FIGURE 6. B as a function of T

Data of Derham et al[3]
Equation for Vulcanizate G

5 + log B = —6040(T"' — 3.348x 10) Eq(9.1)

The straight line corresponding to Vulcanizate G is

represented by the equation
5 + log B = —6040(T'—3.348 x 107?) 9.1)
where T is the temperature in kelvins.

As already mentioned, stress relaxation observations on a
natural rubber vulcanizate at temperatures of 100 to 130 °C
made many years ago by Tobolsky, Prettyman and Dillon
[20] were reported to yield an activation energy of about
(125 kj/mol) (30 kcal/ mol), corresponding to oxidative chain
scission. This may be interpreted to mean that the funda-
mental mechanism of stress relaxation at 100 to 130 °C is
the same as that for creep at 50-80 °C. A value of (134
kj/mol) (32 kcal/mol) was obtained from stress relaxation
studies at 115-140 °C by other observers. [30]

The variation of appearance time with temperature for
typical Vulcanizate G may be obtained by combining eqs.
(6.1) and (9.1) to eliminate B. Thus we obtain

log(t.—1) = 5 + 6040(T"—-3.348 x 10*)  (9.2)

Figure 7 shows an Arrhenius-type plot of this equation.
Of course the slope corresponds to the same activation
energy as that given in figure 6 for eq. (9.1).

Values of ¢, one-tenth of those just given are obtained by
the use of eq. (6.2) instead of eq. (6.1).

log(t.—1) = 4 + 6040 (7T-'—3.384 x 107?) 9.3)

Watanabe [31] after studies which included both creep
and stress relaxation, formulated an easily remembered rule
that most compounds of natural rubber (2 mm thick) first
begin to deviate from linearity with log ¢ after about 100
hours at 50 °C, 10 h at 70 °C and 1 h at 100 °C. These

results are plotted as points in figure 7.
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FICURE 7. Appearance time as a function of temperature

X Aben[16]figure 1, typical natural rubber
* Aben([16]figure 3, ethylene-propylene rubber
O Steiner and Tobolsky [33]
0O Watanabe[31]
Lines represent equations derived from data for Vulcanizate G of Derham et. al [3]. Heavy line
shows range over which Derham’s observations extended
— log(t.—1) = 5+6040(T-'~3.348 x 107
Eq.(9.2) obtained from eq.(6.1)
---- log(t,~1) = 4+6040(T-'~3.348 x 107
Eq.(9.3) obtained from eq.(6.2)

Aben [16], [17] has presented extensive stress relaxation
data, which yield interesting correlations of time and activa-
tion energies with those obtained from creep data. The
slope of the plot of AF/F, against log time is essentially con-
stant up to an ““incubation time’’ or a ““time for chemical
relaxation to become noticeable’” and like the constant 4 of
creep studies this slope is nearly independent of tempera-
ture. The slope of the straight line obtained when AF/F, is
plotted against ¢ at long times is essentially constant and is
highly dependent on temperature. A plot of the logarithm of
the ““incubation time’’ against T yielded an activation
energy of (109 kJ/mol) (26 kcal/mol), nearly the same as
Derham’s values shown in figure 6. Aben found that values
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of ““incubation time’’ and activation energy were nearly the
same for natural rubber as for ethylene-propylene rubber,
when each was cross-linked by dicumyl peroxide. Aben
found that the times were increased by a factor of several
hundred upon the addition of 0.2 phr (parts per hundred of
rubber) of antioxidant to the vulcanizate of ethylene-
propylene rubber but the slope remained the same. This
result is qualitatively similar to Derham’s observations with
Vulcanizates G and H.

Thirion and Chasset [22] measured a quantity which they
defined as ‘‘the time after which aging prevails.’”” The
values obtained for stress relaxation of natural rubber
cross-linked by dicumyl peroxide (where Young’s Modulus
was given as 13.2 kg/cm?) were given as 4800 min at 76 °C,
1800 min at 88.3 °C and 960 min at 100 °C. These appear to
be of the order of 100 times the values of ¢, at the corre-
sponding temperatures as calculated for Derham’s Vulcani-
zate G by eq. (9.2). Thus they probably should not be con-
sidered as values of ¢,. However, the change of these values
with temperature over the range 65 to 100 °C corresponds
to an activation energy of (105 kj/mol) (25 kcal/ mol), nearly
the same as that found in Derham’s work.

It has long been recognized that at short times physical
relaxation effects (including creep) predominate at low (nor-
mal ambient) temperatures while chemical effects (includ-
ing degradation of the network) predominate at high tem-
peratures. The present work on the other hand analyzes the
behavior at normal ambient temperatures in terms of creep
at short times and creep at long times respectively. It can
now be seen that these are merely different aspects of the
same general picture. The present analysis predicts that the
rapid increase in B with temperature increase calls for a
corresponding reduction in appearance time. Phenomena
which are long-time at room temperature become short-time
phenomena at high temperatures. In the latter case, some-
times one may even fail to note any evidence of the appear-
ance time and linearity limit since they are passed through
at very short times before the observations are well under-
way. Thus there may be no evidence of physical creep, with
only chemical creep apparent throughout the whole period
of observation. However there is no reason to doubt that
both physical and chemical creep are occurring at all tem-
peratures and all times.

A temperature of 65 ° or 70 °C has sometimes been set[22,
32, 33] as that below which physical effects (e.g. viscoelastic-
ity) predominate in natural rubber vulcanizates and above
which chemical effects (e.g. degradation) are more impor-
tant. In the present context as shown in figure 7 this merely
means that, depending on the sensitivity of the measure-
ment, an appearance time of the order of 20-200 min has
been chosen to separate the two regions of temperature.
Attention is then being devoted chiefly to the behavior at
longer times.

The discussion up to this point has assumed that the
quantity B is determined by a single reaction with a con-
stant activation energy at all temperatures. If this is not the
case for certain systems, straight lines of constant slope will
not be obtained in plots like figure 4 showing the chemical
creep as a function of time. Likewise values of B obtained at
different temperatures will not yield straight lines like those
in figure 6. Gent, [2] as already mentioned, observed a con-
stantly increasing slope at 60 °C for natural rubber cross-
linked by dicumyl peroxide and ascribed it to auto-catalysis
[27]. The data of Wood and Bullman [9], replotted for the
present study as already mentioned in Section 6, showed
constant slopes for the same system at 24 °C. In another
instance as already mentioned in Section 8, Gent [2] found
that B increased with time before coming constant. He
ascribed this behavior to a change in structure of the rubber
during the experiment.

In view of the parallelism between creep and stress relax-
ation discussed in section 7 it may be concluded that B will
not be found constant for several systems where stress
relaxation has indicated changes in mechanism with a
resulting change in activation energy with temperature [16,
17]. Although attempts have been made to separate the
stress relaxation effects arising from the different mecha-
nisms apparently no analogous attempts have been made
with the creep data.

The general observation that mechanical behavior at long
times can be duplicated or approximated by similar behav-
ior at higher temperature is well known. It is, of course, the
basis for many investigations of time-temperature equiva-
lence with shifts to yield master curves of various proper-
ties. In constrast with the present work most of these studies
have dealt with reversible physical effects denoted as visco-
elastic and considered to be related to the approach to the
glass transition as the temperature is reduced.

One study of this sort at the NBS [13] involved indenta-
tion measurements of compliance as a function of time and
temperature at temperatures from —67 to +100 °C. It
yielded a relationship between equivalent time and temper-
ature which corresponds to an activation energy of (154.5
kJ/mol) (36.9 kcal/ mol). This value did not vary with extent
of cross-linking. Reference should be made to this earlier
paper [13] for a discussion and a comparison with other
published values of activation energy including those pre-
dicted by the Williams, Lamdel and Ferry equation. For the
most part these values of activation energy are all somewhat
larger than those noted here.

The present results, dealing with chemical degradation at
higher temperatures and longer times, would not appear to
be explainable in terms of viscoelastic effects related to the
glass transition. Furthermore, the difference in calculated
activation energies would indicate that different processes
are involved. However, both viscoelastic and degradative
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mechanisms apparently lead to the conclusion that the main
effect of an increase in temperature may be simply a
decrease in the time scale. In both cases cross-linking does
not seem to play a major role.

10. ASTM test for aging

ASTM Method D1206-52T [28] was a method of test
(proposed some years ago as a tentative method and discon-
tinued in 1964) to determine resistance to aging of rubber
vulcanizates. Measurements were to be made of the differ-
ence between the observed creep at elevated test tempera-
tures (100, 120 and 140 °C) and the extrapolated value of
the initial creep proportional to log t. The latter quantity
was determined by drawing a tangent at the 1-minute value.
This difference at some arbitrary time was to be used as a
measure of the relative resistance to aging of different
rubbers.

The method was discontinued when it was found that in
several instances most of the secondary creep was recover-
able upon release of the load. This was in agreement with
observations of Gent[2] and Roth, Bullman, and Wood [13].
Thus it was felt that it could not be used as a measure of
degradation of the network during aging. Likewise during
normal aging the specimen is maintained in the unstretched
condition.

11. Pre-rupture Behavior

At high stresses near the breaking point there have been
reports of creep in excess of that predicted by eq. (1.1).
Lyons [1] mentions this as characteristic of a loosening of
structure observed with a number of different materials.
Braun [34], working with stretched rubber bands, found
regions of fractional creep which were first linear with log ¢,
then linear with ¢, and finally a region of more rapid rise
beginning at 120-240 days and culminating in rupture at
about 240 days.

Figures 8 and 9 present for comparison with Figures 3
and 4 the results of experiments performed in our own labo-
ratories. The conditions of the experiment were described
in our previous paper [6], but the results were not given
graphical representation in that publication. The specimen
(called Specimen C in the previous work) was the only one in
which observations were continued until the specimen
broke. This occurred after about 60 days (90,000 min.) of
creep. The value of B found here (125.1 X 10~ %/min.) was
the largest reported in the previous paper, while the value
of 4 (2.874% /unit log ) was not very different from that for
the other specimens. It is clear that, for an appreciable time
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FIGURE 8. Fractional creep as a function of log t or of (t—1) showing pre-
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FiGURE 9. Chemical creep showing pre-rupture behavior

(AE/E, — A4 log ¢) as a function of (¢—1)
A = 2.874 percent/unit log ¢
B = 125.1 x 107® percent/min.

before the specimen broke, the creep exceeded that pre-
dicted by eq (1.1) with constants 4 and B determined from
the data at shorter times. The amount of the excess can be
determined most readily as the deviation from the dashed
line in figure 9. The excess can also be determined as the
deviation from the dashed line in figure 8, but the line there
is not as unambiguously determined as the line in figure 9.

Further work on pre-rupture creep would be highly desir-
able. Research in this field might be expected to lead to the
development of a method for predicting rupture well in
advance of its occurrence.
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12. Conclusions

Creep may usually be represented by the equation

AE/E, = Alogt + B(t—1) (1.1)
where AE is the increase of elongation above E,, the one-
minute value, during the time ¢

It is convenient to show experimental values of AE/E, on
plots with one abscissa log ¢ and a second abscissa (¢—1).
The initial slope of the first plot is 4, a measure of physical
creep. The limit of the final slope of the second plot is B, a
measure of chemical creep. After 4 has been determined
from the first plot a plot can be made showing (AE/E, —
A log t) as a function of (¢ — 1). If the equation is valid the
plot will be linear with a slope equal to B. This is found to
be the case in almost every instance, and the slope can be
determined from only the early observations if desired.
When the equation is valid an alternative procedure can be
used to determine the two constants directly from the data
by solving simultaneous equations. The minimum number
of observations required by this method is only three. Pre-
rupture creep in excess of that predicted by the equation is
sometimes observed.

The constant 4 is usually between 1 and 10 percent/unit
log ¢. It is strongly dependent on cross-linking but nearly
independent of temperature. On the other hand, B, is nearly
independent of cross-linking but srongly dependent on
temperature. It increases by a factor of the order of 10* as
the temperature is raised from 25 to 150 °C. This change
corresponds to an activation energy of (85—125 kj/mol) 20
— 30 kcal/mol). From this one concludes that it probably
reflects oxidative degradation of the network.

The exact value of B is highly dependent on the thickness
of the specimen and may even approach zero for a specimen
of infinite thickness. It is highly sensitive to the amount of
ozone in the ambient air. Values of B in the literature range
from about 0.1 X 1075 to 10,000 X 10~ percent/min. The
lowest value is equivalent to less than 1 per cent per year.

An appearance time ¢, defined so that at (¢,—1) AE/E,
exceeds 4 log ¢ by unity, should make (¢,—1) equal to B™.
Available literature data confirm this reciprocal relation-
ship reasonably well. Increases in temperature, affecting B
and not 4, thus give rise to drastic reductions in appearance
time. Thus phenomena which occur at long times at 25 °C
appear as short-time phenomena at high temperatures.
However, for many typical systems both chemical and
physical creep normally appear to continue without change
of rate at all temperatures at which observations have been
reported and at all reported times up to periods of several
years.
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