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ABSTRACT:

Continuous and intermittent stress relaxation experiments were carried

out on dicumyl peroxide cured cis-polybutadiene in high vacuum and in air at several
temperatures. An extension of the ‘two-network theory” is proposed whereby the
effectiveness of a cross-link at various extension ratios is experimentally defined. The
effectiveness varies from unity at an extension ratio of unity to zero at very high exten-

sion ratios.
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It is an interesting and important problem
whether the new cross-linkage contributes to
the observed force in a sample held at constant
strain. A number of investigations,'" both
theoretical and experimental, have been carried
out on this subject. These investigations give
conflicting conclusions about the effect of ad-
ditional cross-linkings; some of them support
the repression of the stress decay and others
indicate no repression exists.

In this work, the techniques of continuous
stress relaxation and intermittent stress relaxa-
tion measurements® were used to measure sepa-
rately the effects of scission and cross-linking
of polymers. Under continuous stress relaxation
measurements of cis-polybutadiene ir vacuo, an
obvious stress increase without shrinkage of the
sample was observed but this did not occur in
air.

Our experimental findings suggest that the
“‘two-network theory,”” which predicts no con-
tribution of the new cross-linkages to the ob-
served force, needs to be improved and extended.

EXPERIMENTAL

Materials
The samples were cured cis-polybutadiene

* The Central Research Laboratory of Hokkai
Seikan Co., 839-1, Kanamuro, Iwatsuki, Saitama,
Japan.
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Table I. Composition and curing condition

of samples
Budene Dicumyl Curing
Component 501 peroxiﬁe condition
Sample A 100 2.0 40 min at 135°C
Sample B 100 0.6 90 min at 135°C

(Budene 501) supplied by the Goodyear Tire
and Rubber Company. The particulars are
shown in Table I.

All samples used here were subjected to
thorough Soxhlet extraction in cyclohexane and
acetone at their boiling temperatures for 48 hr'’
respectively after vulcanization, to remove
chemical residues that might act as cross-linking
agents. Ninety minutes was the minimum ac-
ceptable curing time for sample B; with shorter
time curing the samples produced were appreci-
ably soluble in cyclohexane, benzene, and so on.

Equipment and Procedure

Stress relaxation measurements were conducted
both in air and ir vacuo (0.001 mmHg) using a
spring relaxometer.’™'* The sample used for in
vacuo measurements were conditioned in vacuo
at 120°C for 16 hr before each run to eliminate
oxygen molecules in the sample. In both air
and vacuum measurements, the temperature
was raised rapidly to the test temperature and
held one hour. The sample was then extended
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and force vs. time measurements were started.

The number of network chains was calculated
with the stress F(f) at time ¢ by the following
equation.

F(t):2C(t)RT<a2—%> (1)
where 2C(f) is the number of network chains
(mol/cc) at time ¢, o is an extension ratio, R
is gas constant, and T is temperature (°K).

The initial number of network chains 2C(0)
of samples A and B at 230°C ir vacuo were
about 2.8—3.0x107° mol/cc and 2.4—2.6x107*
mol/cc respectively.

RESULTS AND DISCUSSION

Figure 1 shows continuous stress relaxation
curves relative stress F,(£)/F,(0) vs. time of
sample A in vacuo over the temperature range
200 to 260°C. The observed stress decay is
slower than expected from some previous re-
ports. After the relative stress becomes about
0.85 to 0.90, the stress increases with tempera-
ture. After each run of measurements, the
length of the sample was checked returning to

zero stress and no shrinkage could be observed
within experimental errors (within 0.1%, about
0.1 mm). Figure 2 shows results of sample A
in air. No stress increase was observed. Figure
3 shows results of continuous and intermittent
stress relaxation measurements. The figure also
includes results of SMCIR (simultaneous meas-
urements of continuous and intermittent stress
relaxation)'® for sample A in vacuo at 230°C.
In this case, the first extension ratio «; was
1.01 and the second one a, was 1.015. The
stress increases steadily in intermittent measure-
ments. In Figure 3, the stress increasing curve
for intermittent measurements is in a good
agreement with that for intermittent of SMCIR
at a;=1.01. It is known that the stress in-
crease in intermittent measurements is caused
by cross-linking. The good agreement of the
results in two intermittent measurements means
that cross-linking reaction does not depend on
whether the sample is stretched or not. Figure
3 also shows that the stress in continuous meas-
urements increases after a certain period and
that these curves approach that in intermittent
measurements with decreasing «. These facts
show that the stress increase is caused by cross-
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Figure 1. Continuous stress relaxation curves of sample A in vacuo at 200°C (@, a=1.050),

230°C (), «=1.050) and 260°C (O, a=1.050).
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Figure 2. Continuous stress relaxation curves of sample A in air at 200°C (Q, a=1.050)
and 230°C (D, a=1.010; (, «=1.050; @, a=1.050).
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Figure 3. Intermittent stress relaxation curves (O, by usual method; @, by SMCIR at ai=
1.010) and continuous stress relaxation curves at various extension ratios (&P, 1.005; O,
1.010; ©, 1.025; @, 1.050; ©, 1.100; ®, 1.133) in vacuo at 230°C of sample A.
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Figure 4. Extension ratio dependence of the rela-
tive stress for continuous stress relaxation meas-
urements in vacuum at 230°C as a function of
time: (O, 500sec; (D, 1000sec; (P, 2000sec; @,
3000 sec.

linking even in the stretched sample and that
the contribution of cross-linking to the stress
depends on «. Figure 4 shows plots of relative
stress at arbitrary times in Figure 3 against a.
The relative stress seems to level off at « larger
than 1.05. The smaller increase of the relative
stress for the larger « in Figure 3 and the be-
bavior of levelling off in the relative stress in
Figure 4 suggests that the stress increase in con-
tinuous stress relaxation measurements disap-
pears for large «. The dotted curve in Figure
3 is drawn assuming that the stress increase
disappears. We denote this relative stress as
[Fe(#)/Fc(0)].. upon considering the concept of
“two-network theory.”’

The magnitude of the stress increase at an
arbitrary extension ratio a can be given by the
difference in the relative stress at o, [Fc(f)/
F,(0)]a, and [F(£)/Fs(0)]. The value of [F.()/
Fy(0)]u—[Fe(f)/Fe(0)]. for sample A in vacuo at
230°C are shown as functions of time at each
extension ratio in Figure 5. If we multiply a
suitable value 1/8 to each curve in Figure 5,
we can superpose all of the curves on the inter-
mittent curve as shown in Figure 6. The fac-
tor 1/8 depends on « but not on time. In this
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Figure 5.

{[Fo(£)/Fe(0)]a—[Fe(t)/Fe(0)l} curves of sample A obtained from Figure 3 as a

function of extension ratios. Each symbol is the same as in Figure 3.
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Figure 6. Superposed curves of 1/8{[F(t)/Fe(0)]la—[Fe(t)/Fe(0)l} of sample A in vacuo at
230°C. Each symbol is the same as in Figure 3.

procedure, j is expressed by the following
equation
_[Fe(2)/Fo(0)]«—[Fo(2)/Fe(0)]-

[Fi()/F;(0)] —[Fe(2)/Fe(0)]o
where suffixes ¢ and i of F mean continuous
and intermittent stress relaxation respectively.

The denominator of eq 2 shows the contri-
bution of cross-linking to the stress increase
at zero extension and the numerator is that at
an extension of a. Therefore, 8 is considered
as a fraction of the effective contribution of
cross-linkings to the stress increase at a. We
call it ¢ceffectiveness.”’

Plots of the effectiveness § vs. a are shown
in Figure 7. Here, we use the relative stress
at «=1.133 in place of [F.(#)/F.(0)]. according
to the above discussions because a=1.133 is
the maximum extension ratio without breakage
of samples in this work. The effectiveness
rapidly decreases in the region of small « and
slowly approaches zero for large a. The a de-
pendence of the effectiveness § becomes smaller
above a=1.10. This fact also supports the use
of the relative stress at a=1.133 in place of
[Fe(1)/Fe(0)]...

Cross-linking formations in the stretched
sample are classified roughly into two groups

(2)
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as shown in Figure 8.

(a) Cross-linking of a free chain in the network
structure.

(b) Cross-linking of stretched network chains.

In the case of cross-linking (a), the chain BE
is always in thermal equilibrium and not in
extension. Therefore, cross-linking (a) contri-
butes nothing to the stress in continuous stress
relaxation measurements as the <‘two-network
theory”’ indicates.

In the case of cross-linking (b), two network
chains will be brought together. By cross-link-
ing reactions, two network chains form four
network chains. Each network chain will be
extended to various extension ratios; some of
them are larger than « and others smaller than
a. But the averaged extension ratio of these
network chains in the direction of the stress
may be equal to a on the basis of the network
theory of rubber. This is the reason why the
shrinkage of the sample could not be observed.
The stress increase is explained by the increase
in the number of network chains formed by
cross-linking (b).

We denote the number of increased network
chains formed by cross-linking (a) as 24C,(?)
and that by cross-linking (b) as 24Cy(#). Then,
the stress in continuous stress relaxation meas-

Polymer J., Vol. 3, No. 1, 1972
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Figure 7. Effectiveness § vs. extension ratio a of
samples A and B in vacuo at 230°C: O, sample
A; @, sample B.
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Figure 8. Classification of cross-linking reactions
in network structures.
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urements in which only cross-linking (b) con-
tributes to the stress is written as follows

Fc(t):[ZC(O)—q(t)+24Cb(t)]RT<a2—i> (3)
o

where 2C(0) is the initial number of network
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chains and g(¢) is the decreased number of net-
work chains by scission reactions for time ¢z,
and the stress in intermittent stress relaxation
measurements in which cross-linking (a) and (b)
contribute to the stress increase is

Fi()=[200) () + 24C.(1)+2ACuOIRT (o~ )
(4)

When the cross-linking does not contribute to
the stress increase, the stress is
Fc(t)=[2C(0)_q(z)]RT<a2—i> (5)
(24
Substituting eq 3, eq 4, and eq 5 into eq 2, B
is given by eq 6

_ 4Cy(2)
AC,()+4Cy(t)

Equation 6 shows that the effectiveness 8 indi-
cates the fraction of network chains formed by
cross-linking (b). B does not show time depend-
ence as seen in Figure 6 and this behavior is
explained easily using eq 6 with the concepts of
cross-linking reactions. Cross-linking reagents,
dicumyl peroxide, react with double bonds to
make cross-links. There will exist no difference
between two double bonds, one on a free chain
and another on a network chain. This means
that cross-linking reactions (a) and (b) have the
same mechanism and that the time dependence
of both cross-linking reactions are the same.
According to these considerations, it will be
apparent that the time dependence of eq 6 can
be cancelled out between the numerator and
the denominator and, therefore, B3 shows no
time dependence. These facts also mean that
the fraction of network chains formed by cross-
linking (b) is controlled only by the extension
ratio «.

Using « dependence of §, it will be possible
to analyse a dependence of the reactivity of
functional groups and to control the number
of the network chains which have a certain
This is an interesting and important

B (6)

direction.
problem.

8 is obtained by continuous stress relaxation
measurements as seen previously. But in air,
it is impossible to observe exactly the stress in-
crease as shown in Figure 2 even if cross-link-
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ing (b) occurs, because the stress decays at high
velocity owing to oxidative scissions. More-
over, in air, the velocity of the stress decay in
continuous stress relaxation measurements should
be restrained by the contribution to the stress
by cross-linking (b). If continuous stress relax-
ation measurements are done in high vacuum,
repressing oxidative stress decay, for the usual
natural and synthetic rubbers, the stress increase
will be observed in the region of small « same
as cis-polybutadiene in this report.

P.J. Flory, et al.,'* reported that cross-link-
ing reactions repress the stress decays in con-
tinuous stress relaxation measurements but, in
practice, not only the repression of the stress
decay but also stress increase was seen. This
means that their theory is adaptable only for
systems in which scission reactions occur very
actively or at large extension ratios and that
they are not sufficient to explain the contribu-
tion to the stress by cross-linking reactions in
the stretched sample.

Usually, continuous stress relaxation measure-
ments are performed with large extension ratios,
larger than 1.2. In such a case, the effective-
ness B is very small as presumed from Figure
7 and this means also that the stress increase
becomes negligibly small. The ¢‘two-network
theory,” therefore, assumes an approximate
validity.

CONCLUSION

Stress increase, in the absence of sample
shrinkage, under continuous stress relaxation
measurements of cis-polybutadiene was observed
in vacuo, (0.001 mmHg)—but not in air—over
a temperature range 200° to 260°C. In vacuo,
cross-linking appears to predominate over scis-
sion.

It was infered from experimental results that
cross-linkings in the stretched sample contribute
to the stress to an extent depending on the
extension ratio « and the concept of effective
cross-linkings which contribute to the stress was
introduced. To show the effective cross-linkings
quantitatively, the term ‘‘effectiveness’” was
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used—which is given as follows experimentally
—and the relation between «, cross-linking re-
actions and ‘‘effectiveness’ was discussed.

EffectivenessZ[Fc(t)/F"(O)]“_[Fc(t)/F"(o)]""
[Fi()/F:(0)]—[Fe(2)/Fe(0) ]

The effectiveness is unity at a=1, and accord-
ing to the experimental results, may approach
zero at a — oo.

From this investigation, it has been found
that the ‘‘two-network theory’’ is applicable at
relatively large «, even though the concept of
“‘effectiveness’’ must be invoked.
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