Korea Polymer Journal Vel. 4, No. 2, pp 238 - 243 (1996)

Stress Relaxation and Elastic Recovery of Rubber Melt

Shinyoung Kaang

Department of Fine Chemicals and Process Engineering,
Chonnam National Untversity, Kwangiu 500-757, Korea

ABSTRACT: Stress relaxation and elastic recovery were examined for natural rubber melt with
various molecular weights. The molecular weight was controlled through a mechanical breakdown,
using a milling machine. Observations were made over a wide range of temperatures (between -15
*C and 80 °C) and relaxation times {up to 10'sec). The stress relaxation was found to be in ac-
cordance with the WLF time-temperature equivalence principle. As the molecular weight of the
rubber melt decreased, the melt showed a rapid decrease of the stress relaxation. The elastic re-
covery was also found to follow a substantially similar time dependence. The single recovery curve
plotted against the reduced time, ¥4, where (. is the relaxation time, served to characterize the

elastic recovery.

Introduction

The elastic behaviour of the rubber melt
governs important processing features’ such as die
swell, green strength, tack strength, and shrinkage.
Even though these properties of the melt are im-
portant in the processes of rubber-based product,
relatively less attention has been given to the e-
lastic features of the rubber melts than to that of
crosslinked rubber solids or rubber solutions. Nev-
ertheless, pioneering work was carried out by Tre-
loar’ in the area of elastic recovery and plastic
flow in raw rubber. He, first, indicated the role of
mechanical entanglements in the delayed elasticity
of the raw rubber. Later, Djiauw and Gent® in-
vestigated the effects of time, temperature and the
amount of elongation on the elasticity of un-
crosslinked rubbers. They found that recovery
from a prior deformation followed simple general
laws, and suggested the following empirical re-
lation:

§ (%) =100 expl—k (14, Y] (1

where §' is a reduced set that is defined as a ratio
of the recovered deformation at time ¢ to the re-
coverable deformation, and ¢ is the time interval
of the prior deformation. The symbols & and m
were experimentally determined coefficients.

In general, raw rubber must pass through a mil-
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ling process to break the macromolecules of the
rubber and mix it with various additives before it
is extruded in the rubber product process. Due to
its structural characteristics,’ the molecular weight
of natural rubber was remarkably affected by the
period of milling. As a result, the elastic responses
of the rubber were changed accordingly. In this
study. both the stress relaxation and the elastic re-
covery will be examined for natural rubber with
different molecular weights.

Experimental

The elastomer used was natural rubber (NR,
Standard Malaysian Rubber-Constant Viscosity 60).
No additives were added in these experiments.
The raw NR was broken down using a lahoratory
two-roll mill (Brabender, PM-3000) by banding.
The miiling conditions were! roll-surface tem-
perature of 70 °C, mill opening of 1 mm, gear ratio
of 1.3:1, and 8 rpm. The miliing time was varied
from 5min to 60 min to control the molecular
weight of the NR. The average molecular weight
{M.} of the milled rubber was then calculated from
the intrinsic viscosity in toluene at 25 °C.°

Stress recovery experiments
were performed using unvulcamized NR  sheets
with a thickness of 2 mm, which were prepared by
molding the rubber between Mylar films at 100 °C

relaxation and
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for 2 hrs. The effect of molecular orientation was
minimized by placing the rubber sheets in a cross-
ing stack. After molding, the rubber sheet was cool-
ed at room temperature, and allowed to age at
least 48 hrs before beginning the tests. From these
molded sheets, rubber strips 10 mm wide and 120
mm long were cut using a razor biade. Then, the
Mylar films were removed from both sides of the
strip.

After annealing for about 30 min at the test tem-
perature prior to testing, the test strip was sub-
merged in a temperature-controlled water bath.
One end of the strip was immovably clamped on
the bottom of the bath. The cother end was gripped
to the load cell of a universal tensile tester
{Shimadzu, AGS-300D) by means of a Kevlar
string. From the originally marked length of 40
mm, the test strip was suddenly extended to 100 %
elongation and the change in the tensile force at
constant elongation was automatically recorded
versus time by the tensile tester. For recovery ex-
periments, the rubber strip was fixed between two
clamps with a 100% elongation. This strip was
quickly released by cutting through it just above
the hottom clamp after a certain holding time, call-
ed the relaxation time, which was prolonged from
0.5 min to 600 min. The test temperatures em-
ployed were between -15°C and 8(°C. The tests
at the temperatures below 0 °C were carried out in
an environmental chamber.

Results and Discussion

Figure 1 shows the change of molecular weight
with the milling time for natural rubber. The mil-
ling behaviour of both polybutadiene rubber
{Kosyn: KBR-01, solution, cis 98 %) and styrene-hu-
tadiene rubber {Kosyn SBR-1500,
Styrene 23.5%) was also included for comparison.
The molecular weight of the NR, initially about
four times higher than others, was greatly affected
by the extent of the milling time. probably due to
the property of strain-induced crystallization” or
the chain scission by relatively high shear stress.
Raw NR with a molecular weight of 900000 g/mol
had its molecular weight decreased to 300000 g/
mol by milling for 30 min. The values of the mil-
ling time and the viscosity-average molecular
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Figure 1. Change of molecular weight (M) with milling

time for green natural rubber (NRJ, polybutadiene rubber
(BR), and styrene-butadiene rubber {SBR).

weights of NR are given in Table 1. Compared to
NR. SBR is somewhat harder to break down in mil-
ling.” BR also possesses an inherently higher resist-
ance to breakdown since no high molecular species
are present.” The molecular weights of BR and
SBR are almost unchanged up to the milling time
of 60 min. The effects of the milling time, or the
molecular weight, on the stress relaxation of NR
were investigated for the selected
weights: 0.60, 0.44, and 0.30 mg/mol.
Experimentally determined values of stress (o)
are plotted in Figure 2 against time for NR with
an average molecular weight of 600000 g/mol us-
ing a log-log scale. Measurements were made at
several temperatures in the range between -15 ol
and 80°C over a time scale of 1 to 1 seconds.
The results are seen to vary widely, from about (.4

molecular

MPa at low temperature and initial time down to
about 0.007 MPa at high temperature and long re-
laxation time. This form of time and temperature
dependence is characteristic of a rubbery polymer
in transition from a rubber to a glass.” By using a
scale factor (ar) to calculate the effective time, §/
ar, at the glass transition temperature (7,), meas-
urements at different temperatures can be brought
into agreement.” The value of a; 1s given by the
WLF relation:"

loga, =—1744T - T )/(51.6+T -T,) {2)
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Table 1. Values of Milling Time and Viscosity~
Average Molecular Weight of Natural Rubber

viscosity-ave, molecular
weight (g/mol)

milling time (min}

5 600000
10 440000
30 300000
6
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Figure 2. Effect of test temperature upon the stress re-
laxation at 100% elongation for green natural rubber (M=
600000 g/mol ).

The success of this procedure indicates that the
principal effect of changing the test temperature is
to change the time of stress relaxation of molec-
ular segments, and that this variable 1s the pri-
mary cause of the ohserved time and temperature
dependence.

The temperature dependence of the relaxation
hehaviour was also investigated for a variety of
molecular weights, principally via the method of
time-temperature superposition. Figure 3 shows
the resulting master curve for the average molec-
ular weight of 0.6 mg/mol at the reference tem-
perature of -65 “C which 1s the glass transition tem-
perature. All of the isotherm stress relaxation
curves reflected a gradual decrease with time. The
isotherm segments were horizontally shifted into
superposition using the standard empirical tech-
niques. The shift factors (@) were in accord with
the universal WLF relation of Equation 2 at high
temperatures. However, at relatively low tem-
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Figure 3. Stress relaxation of green natural rubber (M=
600000 g/mol) plotted against the effective relaxation time
at the glass transition temperature (7,=-65°C).

peratures, the shift factors deviated to a higher
value than that expected from WLF-type behav-
iour, as shown in Figure 4. The ohserved su-
perposition is quite satisfactory with the precision
of the data. Deviations from the curve were found
with relatively low molecular weights, high tem-
peratures, or long relaxation times, probably due
to viscous flow.

In the same way, master curves of the siress re-
laxation could be constructed versus reduced time
for each of the other molecular weights. The de-
pendence of the stress relaxation on molecular
weight is shown in Figure 5. On the time scale of
the present experiment, each molecular weight of
the green rubber resulted in similar stress re-
laxation hehaviours. However, the stress re-
laxation was clearly delayed as the molecular
weight increased. The separation between the re-
laxation curves of the differing molecular weights
became greater with increasing time. For rubber
chains of high molecular weight, chain en-
tanglements are more effective than those of low
molecuiar weight. During the relaxation, the ex-
ternal stress tends to uncoil the portions of the
molecular chains between physical networks, that
is the chain entanglements, and simultaneously
causes a breaking and reforming in relaxed po-
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Figure 4. Shift factor {(ay) used to construct the master
curve,

6
5 =
logo
(Nim?)
4 -
—— M= 060 Mg/male k
..... . 0.43 Mg/mola \
—-—: 030 Mg/mole X
3 ' ! >

log t/a; (sec)

Figure 5. Comparison of the stress relaxation master
curves for green matural rubber with different molecular
welght.

sitions of the network junctions that are formed by
secondary bonds between the chains."*

The sample was stretched te 100% elongation
and held for various relaxation times f. The re-
laxation times imposed on the stretched sample
were eight different periods between 0.5 min and
600 min. The fractional residual deformation re-
maining at a time ¢ after liberation from restraint
was calculated by the following Equation:
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Figure 6. Effect of relaxation time (£) upon recovery [rom
100% elongation for green natural rubber {M=60U00U g/
mol).

§ :(Ir _ln)/('!.\' - fﬂ) (3)

where I, and [ are the lengths between two marks
on the test piece in the unstretched and initially
stretched states, and /I is the length of the test
piece measured at time ¢ The fractional residual
deformation, S(%), was plotted against the log-
arithm of time. The results 6 for the recovery
behaviour obtained at 30 °C for NR with a molec-
ular weight of 0.6 mg/mol are shown in Figure 6.
The fractional residual deformation gradually di-
minished with time. It should be noted that the
test piece with the shorter relaxation time showed
a highly elastic recovery returning to its original di-
mensions, while the test piece with the longer re-
laxation time showed slow elastic recovery and
would have no further recovery after the theoret-
ical infinite time. This experimental observation
can be explained by the theoretical assumption"
that the stress relaxation is attributed to the disen-
tangling of those molecular chains that formed a
transitory elastic network at the time the de-
formation was imposed. Therefore, the fractional
stress remaining after a time, ¢ is assumed to be
proportional to the fractional number of those en-
tanglements remaining. From Figure 6, the initial
value (5) was determined using an 1imtial re-
covered length obtained by the extrapolation of
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Figure 7. Reduced recovery (S') after different degrees of
elongation as indicated for green natural rubber with dif-
ferent molecular weights.

the measured length (1) back to an arbitrarily
initial recovery period of 10 sec. Ir-
recoverable strains were determined in the same
way, by extrapolating measured values of /; to an
infinite recovery time, denoted as S*.

Ir order to make a quantitative comparison of re-
covery rates, a reduced set S' is defined as!

chosen

5 =(§ -5%)/(S, -5%) (4)

Values of §' were found to follow substantially sim-
ilar time dependence. When plotted against a reduc-
ed time scale t/f, these recovery curves were in-
distinguishable from one another. Moreover, sub-
stantially the same reduced recovery curve was ob-
tained for a wide range of imposed deformations
from 20% up to 100%. The results for three dif-
ferent molecular weights at a fixed relaxation time
(¢} of 120 min are shown in Figure 7. The reduced
curves also had the same shape for all of the molec-
ular weights examined. Therefore, a single reduc-
ed curve was found to characterize the delayed
elastic recovery that follows the empirical form of
Equation 1.
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The universal behaviour pattern observed for
the delayed recovery indicated that about 60% of
the recoverable deformation was recovered after a
time # equal to the time ts for which the original
deformation was imposed. This observation is in ac-
cordance with the previous result.” This value is
also virtually independent of the size of the molec-
ular weight.

Conclusions

We have attempted to show the effect of molec-
ular weight on the stress refaxation and the elastic
recovery of unvulcanized natural rubber. The
molecular weight of the natural rubber was rapidly
decreased by the breakdown of the rubber
betweent a two-roll mill with varied milling times.
As a result, it was found that the stress relaxation
was significantly affected by the milling time. The
stress relaxation would have heen more rapid if
the molecular weight of natural rubber was de-
creased by excess milling. Recovery from a prior
deformation followed simple general laws and the
same reduced recovery curve was obtained even
for different molecular weights.
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