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ABSTRACT: A double-networked natural rubber (DNNR) was prepared by a “two-step
crosslinking” method, in which the crosslinking was achieved while the natural rubber
was in a stretched condition. The swelling behavior, tensile properties, creep, recovery,
and permanent set were investigated. Generally, the observed mechanical properties
of DNNR, such as the Young’s modulus, tensile strength, toughness, creep, recovery,
and permanent set, were considerably improved as the residual extension was in-
creased. They were, however, rather inferior to those of a single-networked natural
rubber and showed a minimum at a lower residual extension of about 1.55. The degree
of crosslinking and elongation at break were not greatly affected by the residual exten-

sion. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 917—-924, 1997
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INTRODUCTION

When a rubbery material is crosslinked in a state
of macroscopically zero strain, i.e., in the typical
manner of the rubber industries,’ the resulting
networks are composed of an equilibrium set of
chain configurations.? However, when the cross-
linking reaction takes place in a deformed state,
especially in the extended state, an anisotropic
crosslink network can be produced.?~* This aniso-
tropy of the network may affect various properties
of the final rubber products.>®® The concept of a
dual network was theoretically treated by Tobol-
sky et al.? to describe the mechanical behavior,
especially the permanent set of the dual networks
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having different strain conditions. Based on the
theory, the degree of permanent set can be de-
scribed quantitatively by using only two factors:
(1) the relative ratio of the number of the two
types of chains, i.e., one unstrained at the original
length and the other at the stretched length and
(2) the elongation at which the sample is held.
The theory of Tobolsky et al. was successfully ap-
plied for the case of two networks of crosslinks
and trapped entanglements,” even though some
limitations were reported for the interpretation
of stress-relaxation behavior.® Since the double
network was introduced, several experimental in-
vestigations have been made of stress relaxation,’
orientation and crystallization effects,? electrical
conductivity,® and failure property.>* However,
little attention has been given to the creep-recov-
ery behaviors of the double networks, despite of
their significance in view of the engineering appli-
cations, such as automotive suspensions, engine
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mounts, building mounts, and elastomeric ten-
sioners for oil platforms.'!

In this study, a double-networked natural rub-
ber (DNNR) was made using a “two-step” cross-
linking technique and the degree of crosslinking
was determined. Creep, recovery, and permanent
set behaviors of various double-networked rub-
bers were investigated, and they were compared
in terms of residual extension with a single-net-
worked rubber at the similar level of crosslinking.
Tensile properties were also investigated in an
attempt to examine any anisotropic feature of the
double network.

EXPERIMENTAL

Preparation of Rubber Specimens

Natural rubber (SMR-CV60, Standard Malaysian
Rubber, Mooney viscosity, ML, ,4: 60) was mixed
with 2 phr of dicumyl peroxide using a two-roll
mill (C. W. Brabender Instruments, Inc., U.S.A.)
at about 70°C for about 10 min. Then, the opti-
mum cure times of the mixed compounds were
determined with an oscillatory disc rheometer
(Benz, Model 674, U.S.A.). To obtain a double-
network structure, curing was done in two steps:
In the first step, the rubber sheet was cured par-
tially for 10 min at 150°C under a pressure of
about 17 MPa using a cure press (Dake, Model
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Figure 1 A sketch of formation of the double-network
structure.

Table I Stretching Ratio, A., and Residual
Extension Ratio, \,, of Various
Double-Networked Natural Rubbers

Sample o2 AP
A 1.0 1.00
B 2.0 1.32
C 2.5 1.55
D 3.5 2.20
E 4.0 2.45
F 4.5 2.55
G 5.5 3.05
H 7.5 3.85

* Ratio of stretched length (I;) to that of the first cured
unstretched sheet (I,).

" Ratio of the final length (I,) of the double-networked rub-
ber at the state of ease to that of the first cured unstretched
sheet ([,).

44-251, U.S.A.). In the second step, the partially
crosslinked rubber sheet was uniaxially stretched
to various desired lengths using a metal holder.
Then, the stretched sheet was inserted between
two steel plates (top and bottom), and the assem-
bly was placed in a vacuum oven (Fisher, Model
13-261-50, U.S.A.) at 150°C for about 95 min. The
fully cured rubber sheet was then placed in air at
room temperature for 24 h. Finally, the double-
networked natural rubber vulcanizate was ob-
tained by releasing the strain.

Shown in Figure 1 is a schematic diagram of a
possible change in the network structure during
the curing process. The amount of stretching is
expressed as \,, defined as the ratio of uniaxially
stretched length (/;) to that of the first cured un-
stretched sheet (ly). Similarly, the residual
strain, \,., is defined as the ratio of the final length
(I;) of the double-networked rubber at the state
of ease to that of the first cured unstretched sheet
(Iy). All the rubber samples in this study are given
in Table I, together with \, and \,.

Determination of Crosslinking Density

To determine the degree of crosslinking, the volu-
metric swelling ratio, @, of the rubber sheets in
a solvent (decane) was measured as a function of
time until an equilibrium was reached at room
temperature. From the equilibrium swelling ra-
tio, @., the molecular weight between crosslinks,
M., was calculated using the Flory—Huggins rela-
tion.'>~ The detailed procedure is well described
elsewhere.'®
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where Lo = Initial Length
Lf = Initially Deflected Length

L‘; = Infinite Creep Length
Lf = Initially Recovered Length
r . 3

Ly = Infinite Recovered Length

Figure 2 A schematic diagram of a typical deforma-
tion procedure in the creep-recovery experiment.

Measurement of Physical Properties

The tensile properties of various double-net-
worked rubber vulcanizates were determined us-
ing a universal tensile tester (Shimadzu Auto-
graph AGS-500D, Japan) at a constant crosshead
speed of 50 mm/min at room temperature. In an
attempt to see any anisotropy of a double network,
the tensile modulus was determined for both the
parallel and transverse directions.

For the creep-recovery test, a rectangular rub-
ber strip having the dimensions of 15 X 40 X 0.7—
1.5 mm was bonded to steel clamps using an in-
stant adhesive (Loctite 401, Korea Loctite Co.). A
fiducial mark of 20 mm was drawn in the center
of rubber strip. A constant stress of 1 MPa was
then applied to the bottom of the rubber strip.
Typical deformation characteristics of the creep-
recovery experiment are given in Figure 2. In the
creep experiment, the initial deflection, ALY
(= L{ — Ly), was measured at 1 min after the load
was hung, and the continuous change in length
due to creep, AL [= Li{(t > 1 min) — Ly], was
measured with time. Then, after about 10,000
min, the load was removed and the initial recov-
ery, AL (= L% — L), was determined 2 min after
the load removal. Also, the continuous recovery,
AL" [= LS — L;(¢ > 2 min)], was measured.
Finally, the permanent set, AL, (= L. — L),
defined as the unrecoverable length, was deter-

mined. All the creep and recovery experiments
were performed in air at room temperature.

RESULTS

Swelling Behavior

To know the degree of crosslinking in each curing
stage, the volumetric swelling ratios, @, calcu-
lated from the weight gain of a rubber specimen
during swelling, '~'® were obtained for both first
crosslinked rubber and second crosslinked rubber
with no stretching. The results obtained as a func-
tion of swelling time are given in Figure 3. The
initial swelling rate of the second crosslinked rub-
ber was found to be much greater than the first
crosslinked one and thus reached equilibrium
faster. This is probably due to a swifter motion of
the shorter molecular strands in the highly cross-
linked networks.'®'” The swelling ratio at equilib-
rium, Q,, of the first crosslinked rubber was found
to be about 6.8, while that of the second cross-
linked rubber was 3.6. The corresponding molecu-
lar weights between crosslinks, M., was about
35,200 and 7400 g/mol, respectively, based on the
Flory—Huggins relation.’* ' From these results,
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Figure 3 Volumetric swelling ratio, @, of first cross-
linked natural rubber and second crosslinked one as a
function of swelling time, ¢.
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Figure 4 Volumetric swelling ratio, @, of the various double-networked natural rub-

bers against swelling time, ¢.

it is inferred that the crosslinking density during
the first step is about 20% of that of the second
crosslinked rubber.

Further swelling measurements were made for
various double networks to determine the effect
of stretching during the second curing stage on
swelling behaviors. These results are also plotted
against swelling time in Figure 4. The swelling
rate, based on the slope of the swelling curve, be-
came faster with increased residual extension ra-
tio, from 1 to 3.05. This is thought to be attributed
to a restraint of sluggish motion in the chain net-
work by the residual extension which is already
in existence in the double-network structure. The
equilibrium swelling ratios, @., are found to be
approximately the same for all cases, including

the zero residual extension case (single-network
structure). Based on this result, it can be conjec-
tured that the degree of crosslinking of the vari-
ous DNNRs in this study is about the same. This
is a very desirable condition, especially when
there is a need to compare mechanical properties,
since the degree of crosslinking strongly affects
them.!

Tensile Properties

In an attempt to see any orientation effect, the
Young’s moduli (both parallel and perpendicular
to the direction of stretching) were measured
based on the initial slope of the stress—strain
curves. They are compared in Figure 5. The trans-
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Figure 5 Young’s modulus, E (both in parallel and
perpendicular directions) vs. residual extension ratio,
\-, for a double-networked natural rubber.

verse modulus was not affected much by the de-
gree of stretching, i.e., it increased only slightly
with increased residual extension. However, the
modulus in the parallel direction was found to be
considerably increased, from 1.5 to 2.4 MPa, as
the residual extension was varied from 1 to 3.9,
even though the overall degree of crosslinking was
about the same for all the specimens investigated.
This large difference strongly indicates an aniso-
tropic nature in the DNNRs. Thus, the results
obtained are somewhat opposed to the previous
prediction that a double-networked rubber is me-
chanically isotropic® and is also opposed to the
isotropic nature of swollen networks.'®

Another interesting phenomenon that should
be noted here is that the parallel Young’s modulus
seems to decrease with increased residual exten-
sion in the lower residual extension range and
reaches a minimum at about 1.32. It then in-
creases again with the further increase of the re-
sidual extension. A similar behavior of the lower
modulus at lower residual strains was predicted*
and observed experimentally.*' This was ex-
plained by the breaking of original networks'®
and by the minimization in the changes of the
first crosslinked network during the second cross-
linking.*?° However, it is not clearly verified why

the double networks show such behavior. One
plausible mechanism is that there seems to be
two opposing effects: the increasing effect of the
modulus (due to the orientation of the network
structure to the direction of stretching and a
higher probability of strain-induced crystalliza-
tion during the tensile measurements)®*"?* and
the decreasing effect of the modulus (due to a
disentanglement of some weak mechanical inter-
locks during the second crosslinking step). At rel-
atively low residual extensions, the decreasing
process dominates. However, this effect is can-
celed out by the increasing effect above a certain
level of residual extension. In addition, there
might be another effect on the tensile properties
present in the double networks, especially in the
lower residual extensions caused by network de-
fects, such as intermolecular entanglements and
intramolecular loops. However, this effect will be
diminished at higher residual extensions since
the chemical crosslinks are the main factor for the
resistance to deformation.

To determine if this interesting behavior also
appears in other properties, the tensile toughness
based on the area under the stress—strain curve
and the stress and strain at break were also deter-
mined as a function of residual extension. The
toughness and the stress at break were also found
to first decrease and then increase with increased
residual extension (Figs. 6 and 7). On the other
hand, the strain at break was not affected greatly
by the residual extension (Fig. 7).

It is interesting to note that both the ultimate
strength, such as tensile strength and toughness,
and the Young’s modulus are improved as the net-
work is changed to an anisotropic structure over
the slightly higher residual extension range. Gen-
erally, rubbery materials having a higher modu-
lus with increased crosslinking density exhibit
lower ultimate strength.?® Therefore, the utiliza-
tion of a double network can provide a useful way
of increasing the modulus without the loss of the
ultimate strength, especially when there is a need
to use a higher dosage of curing agents.

Creep, Recovery, and Permanent Set

An initially deflected length, AL, was deter-
mined 1 min after a constant weight was applied.
It was found to be generally lower for the double
networks than for a single network, except in the
case of very low residual extension, as was ex-
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Figure 6 Toughness, I', vs. residual extension ratio,
N\, for a double-networked natural rubber.

pected from the previous tensile modulus behav-
iors of the double networks. The obtained results
can again be explained by the network defects
mentioned previously in the discussion of tensile
properties. The continuous creep, AL¢, was mea-
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Figure 7 Tensile stress at break, o,, and strain at
break, g;, vs. residual extension ratio, \,, for a double-
networked natural rubber.
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Figure8 Creep, AL‘against creep time, ¢, for various
double-networked natural rubbers.

sured at appropriate time intervals until a steady
state was observed, in about 40,000 min (about
10 days). Generally, the creep of rubbery materi-
als can be expressed as a summation of physical
creep (due to molecular chain slippage) and chem-
ical creep (due to molecular chain breaking).!
Physical creep is usually expressed as a logarith-
mic function of time, and chemical creep at a con-
stant temperature is approximately a linear rela-
tion with time. Thus, the total creep is given by

Creep = a logt + [t (1)

where a and S are constants. The first term of
right-hand side of the above equation represents
the physical creep and the second term represents
the chemical one.

To examine whether the creep of double net-
works also follows the above relation or not, the
observed creep, AL®, of the various DNNRs in the
present study are plotted against a logarithmic
time scale and is displayed in Figure 8. As can be
seen, linear lines can be drawn for all cases over
the time range from 1 to 2000 min. The slope is
generally lower for the higher residual extension,
except for the case of residual extension of 1.55.
This indicates that the physical creep process
dominates under these conditions. However, in



PHYSICAL CHARACTERISTICS OF NATURAL RUBBER

923

2.0

0.98 4
0.96

r o3
ALl G
0.94 4

0.92 4

0.90

alpg

(mm)

0.0

-

A

R
N

r

Figure 9 Instantaneous recovery, AL]/ALf, and permanent set, AL, as a function
of residual extension ratio, \,., for various double-networked natural rubbers.

the case of a single network and a double network
of residual extension of 1.55, the double network
shows an even greater creep than does the single
one and there appears to be a transition at about
2000 min. The chemical creep (due mainly to the
oxygen in air) is probably responsible for the ob-
served transition, as can be surmised by the sec-
ond term on the right-hand side of eq. (1). Thus,
it should be noted here that the chemical creep
is delayed or decreased by changing the network
structure into the double network with relatively
higher residual extensions. However, it is not
clear that such a double-networked structure is
more resistant to oxidation (or ozonation).
Clearly, the effect of residual extension within the
double-networked rubber upon the rate of oxida-
tion requires further study.

Next, to understand the recovery of a double
network, the instantaneously recovered length,
AL}, was determined 2 min after removing the
applied load. Its ratio to infinite creep, ALS, was
plotted against the residual extension ratio in Fig-
ure 9. As can be seen, the instant recovery de-
creases at a lower residual extension, 1.55, and
then increases with a further increase of residual
extension.

On the other hand, a completely opposite trend
was observed for the permanent set, AL,;. It in-
creased slightly at lower residual extension and
then considerably decreased as the residual ex-

tension was increased, as is also shown in Figure
9. Thus, it can be suggested that the natural rub-
ber vulcanizates can be improved in dimensional
stability for field service under tension by intro-
ducing the double-networked structure. However,
it is not clear whether the observed results are
also true for a double network formed in a com-
pression mode. Thus, additional study is neces-
sary for the elucidation of the characteristics of a
double-networked rubber formed in a compres-
sion mode.

CONCLUSIONS

The following conclusions could be drawn from
the experimental results of the double-networked
natural rubber prepared by a “two-step crosslink-
ing” method:

1. Based on the swelling experiments, the de-
gree of the first step crosslinking was about
20% of that of the final double network
after the second crosslinking step. The
equilibrium swelling was, however, ap-
proximately the same for all double net-
works. The initial rate of volumetric swell-
ing was found to increase and equilibrium
was reached faster, as the residual exten-
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sion ratio of the double-networked rubber
was increased.

2. With increased residual extension, the ten-
sile properties including the Young’s mod-
ulus, tensile strength at break, and tough-
ness were found to slightly decrease first,
until they showed a minimum at a lower
residual extension of about 1.55 and, there-
after, to increase considerably. On the
other hand, the strain at break and the
Young’s modulus in the transverse direc-
tion were not greatly dependent on the re-
sidual extension.

3. Creep, recovery, and permanent set also
showed a minimum or maximum at a lower
residual extension of about 1.55 and then
showed considerable improvement as the
residual extension was further increased.
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