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SYNOPSIS 

The effect of long branching on the deformational behavior has been examined for four 
commercial high cis-polybutadienes with particular interest as to its implication on their 
processability. The techniques used were oscillatory shear measurements at  small defor- 
mation and tensile stress-strain measurements at  large deformation. In the shear mea- 
surements (linear behavior), the temperature dependence of the shift factor in the time- 
temperature superposition is related to the degree of branching obtained from dilute solution 
viscosity. In the tensile measurements (nonlinear behavior), the rubbers showed either 
strain-hardening or strain-softening. The difference was not related to the degree of 
branching determined by dilute solution viscosities. This means that the dilute solution 
viscosity is not an adequate means to explain the processability difference of the rubbers. 
The branch length, although the absolute value is unknown, is characterized as short or 
long on the basis of the strain-softening or strain-hardening behavior. Both small shear 
and large elongational measurements are necessary for characterization of branching pattern 
and processability. Rubbers with relatively short branches (strain-softening type) or with 
the smallest amount of long-branching (non-strain-hardening type) were found to strain- 
crystallize most easily. The absence of strong resistance to stretching is the apparent reason 
for the ease of crystallization. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

cis-1,4-polybutadiene is one of the most widely used 
elastomers in industry. Many grades of cis-polybu- 
tadiene have been developed in order to improve 
processability and performance. Structural variables 
include molecular weight, molecular weight distri- 
bution, long-chain-branch content, and branching 
pattern. 

This article is based on a paper presented a t  147th meeting 
of The Rubber Division, American Chemical Society, Philadel- 
phia, PA, May 2-5, 1995. 

* To whom correspondence should be addressed: Institute of 
Polymer Engineering, The  University of Akron, College of Poly- 
mer Science & Polymer Engineering, Akron, OH 44325-0301. 

Present address: Yokohama Rubber Co., 1-2 Oiwake, Hirat- 
suka 254, Japan. 
Journal of Applied Polymer Science, Vol. 61, 1525-1539 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-8995/96/091525-15 

The influence of molecular structure on rheological 
properties has been investigated systematically with 
some model polymers.’-4 Typical examples of model 
polymers are “monodispersed” linear or star- 
branched structures. The model polymers of the 
polybutadienes had a microstructure consisting of 
mixtures of cis-, trans-, and vinyl-isomers. Experi- 
mental methods were steady shear and linear visco- 
elastic measurements. However, these methods are 
not satisfactory in two respects for understanding 
the processing of elastomers: first, the commercial 
rubbers are very different from the model polymers; 
cis-polybutadienes have a broad molecular weight 
distribution and sometimes long branches, and also, 
the branch pattern is more complex than a star; sec- 
ond, the processing conditions are not in steady shear, 
nor is the rubber behavior linearly viscoelastic. 

Processing of elastomers involves small (linear) 
and large (non-linear) deformation in both shear 

1525 
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Table I Samples" 

Degree of 
cis-1.4 1.2-Vinyl T8 Branching' 

Sample Catalyst (%) Mwc*10-4 M,C*10-4 Mw/M,' MVd ("C) ( % I  

BUNA CBllb Ti 93 4 51 1 2  4.3 47  -105 10 
BUNA CB22b Nd 98 1 53 20.5 2.6 63 -109 5 
BUNA CB23b Nd 98 1 51.5 15 3.4 51 -109 5 
BUNA CB24b Nd 98 1 66.5 1 2  5.5 44 -109 3 

a A11 data supplied by the manufacturer. 
Registered trade mark of Bayer AG. 
' The data by GPC; molecular weights are not absolute, but relative values based on the hydrodynamically equivalent volume of 

polystyrene standards. 
Moony viscosity. 
Calibrated with star-branched polymers. 

and elongation. Moreover, these deformations in- 
clude non-steady, transient states. Rubbers often 
show different behavior at large deformation not ex- 
pected from small deformation; for example, strain- 
hardening or strain-induced crystallization. 

In the previous ~ o r k ~ - ~  with NBR, SBR, 
EP(D)M, poly(ethy1 acrylate) and others, oscillatory 
shear measurements were used for evaluating the 
linear behavior, and tensile stress-strain measure- 
ments were used for evaluating the nonlinear be- 
havior. These rubbers, with the exception of 
EP(D)M, were produced by emulsion-polymeriza- 
tion with a free-radical reaction and had long 
branches forming gels. Long branches and gels were 

found to be the major structural variables controlling 
the material behavior. On the other hand, cis-poly- 
butadiene is produced by solution polymerization 
and has a smaller amount of long branches. Its 
branching pattern may also be different from that 
in the emulsion rubbers. In this work, we apply the 
procedure used in the previous to high cis- 
polybutadiene to find the effect of branching on the 
deformational behavior. 

The currently available analytical techniques are 
not sensitive enough to give absolute values of the 
number and length of branches. The conventional 
method of assigning "a degree of branching" through 
the dilute solution method does not provide the 
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above information. Based on our previous experience 
in viscoelastic characterization of commercial rub- 
b e r ~ , ~ - ~  there is a possibility of obtaining information 
on the number and length of long branches, even 
though the information is a relative one, from the 
nonlinear viscoelastic behavior. The latter, of course, 
describes the processability of a given rubber. This 
work applies nonlinear viscoelastic analysis to high 
cis-polybutadiene with particular attention to the 
nature of long branching and its relation to strain- 

induced crystallization. This is a subject of large 
commercial importance and it has not been critically 
examined before. 

Mechanism of Branch Formation 

In the emulsion polymerization of dienes with a free- 
radical initiator there is an inherent mechanism of 
chain transfer which results in the formation of long 
branches. The probability of chain transfer is higher 
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for larger molecules, so that branched molecules be- 
come more branched. This results in the formation 
of a macrogel, which is an extensively branched 
mole~ule .~~ '"  

In solution polymerization employing non-free- 
radical initiators, such as the synthesis of high cis- 
1,4 polybutadiene, there is no chain transfer mech- 
anism. The polymer chain grows through a sequen- 
tial addition of the monomer inserted into the cat- 
alyst site. Thus, branch formation is a result of the 
insertion of a macromer. Once a macromer is in- 
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serted, the probability of another macromer inser- 
tion decreases because of the steric effect. Therefore, 
branch formation is self-restrictive and normally a 
gel does not form. Also, the shorter macromer is 
favored in the insertion so that the long branch may 
be shorter than that in emulsion polymerization. Of 
course, the degree and length of branching depend 
upon the availability of the macromer and the nature 
of the catalyst site. For example, cobalt-based cis- 
polybutadienes show significant branching with in- 
creased conversion" and the presence of chain in- 
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Figure 5 Comparison of master curves of storage modulus. (Reference temperature 30°C). 
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Figure 6 Comparison of log G” vs. log G’ curves. 

sertion to aluminum alkyl during polymerization was 
suggested for the neodymium catalyst system.12 It 
has also been shown that degree of branching can 
be controlled by a use of a highly reactive catalyst 
and cocatalyst.13 

Effect of Long Branching on Rheological Behavior 

Kraus and Gruver’ investigated the effect of 
branching on rheological behavior. Samples were 
polybutadienes having narrow molecular weight 
distribution of linear and star-branched structure. 
For low molecular weights the Newtonian viscosity, 
vo, of trichain or tetrachain star molecules was lower 
than that of linear polymer having the same molec- 
ular weight. For molecular weights higher than a 
critical value, the vo of the branched molecule was 
higher than the corresponding value for a linear 
polymer. This is called viscosity enhancement. 

They explained these behaviors based on the re- 
lation of branch length to entanglement-spacing 
molecular weight, Me. When the branches are not 
much longer than Me, slippage of the entanglement 
does not offer a significant resistance to flow. When 
the branches are much longer than Me (the critical 
branch length is 3 Me for trichain and 4 Me for tetra- 
chain polymer’), the resistance to flow involves slip- 
page of the entanglements of the branch as well as 
the main chain. 

For molecular weight high enough to observe vis- 
cosity enhancement of the branched molecules, the 
viscosity enhancement diminishes with increasing 

shear rate and eventually the viscosity of the 
branched molecule becomes lower than that of the 
linear equivalent. This is called viscosity reduction. 
This is interpreted to be the result of the slippage 
of the entanglements not recovering a t  the higher 
shear rates.14 Therefore, the branching “lubricates” 
the flow, resulting in the viscosity reduction. 

Grae~s ley’~  explained the enhancement of v0 of 
branched polymers with deGennes’ reptation 
model.16 The reptating motion of the chain is con- 
siderably hindered by the presence of long branches 
which are “pinned” by a significant number of en- 
tanglements. 

With commercial rubbers, vo is usually not ob- 
servable because of their very high molecular weight, 
long branches, and gel. With rubbers having long 
branches and gel, the viscosity enhancement is ob- 
served a t  low shear rates. However, a t  high shear 
rates these rubbers tend to show the viscosity re- 
duction. 

The rubbers containing long branching and ma- 
crogel tend to exhibit strain-hardening upon 
stretching. When the branches are long enough, 
preventing the slipping of the entanglements, the 
constrained entanglements work as the resistance 
to deformation and induce the strain-hardening. 
When the branches are not long enough, the 
branches slip out from the entanglements easily 
upon stretching. Such a branch aligning with the 
main chain and the resulting lubrication facilitates 
stretching, i.e., the strain-softening. 

Viscoelastic Characterization Methods 

The oscillatory shear data are presented as the stor- 
age modulus, G’, and the loss modulus, G”, as a func- 
tion of frequency. From our previous experience we 
know that a degree of branching may be assessed 
from the relative position of the curves plotted as 
log G” vs. log 

The tensile stress-strain data may be presented 
as the modulus, E,  as a function of strain, E )  and 
time, t”: 

where u is the true stress based on the cross-sectional 
area of deformed specimen and E is related to the 
extension ratio, a, as 

E = a - 1  
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Table I1 Shift Factor aT and PT 

Temperature ("C) 

Sample 30 60 90 120 150 

(YT C B l l  
CB22 
CB23 
CB24 

PT C B l l  
CB22 
CB23 
CB24 
PoTo/PT 

0.368 
0.409 
0.400 
0.449 
0.934 
0.910 
0.893 
0.938 
0.910 

0.171 
0.202 
0.202 
0.215 
0.834 
0.803 
0.844 
0.828 
0.835 

0.094 
0.124 
0.111 
0.117 
0.794 
0.753 
0.734 
0.726 
0.771 

0.052* 
0.071* 
0.066 
0.067* 
- 
- 

0.660 

0.716 
- 

* Slight degradation was noticed. 

When the experiment is performed at  a con- 
stant deformation rate, &, the time and strain are 
related as 

t = &/& ( 3 )  

With some rubbers a particular form of the strain- 
time correspondence principle is applicable and the 
modulus, E,  is a function of reduced time, at, 

fJ/& = E(at)  (4) 

where the strain-shift factor, a, is the extension ra- 
tio. Henceforth, eq. (4) is referred to as the strain- 

time correspondence. When eq. (4) is applicable, the 
tensile stress-strain results obtained a t  different 
deformation rates can be superposed to form a mas- 
ter curve. 

The modulus may be converted into a form of 
viscosity, qT with ( l / a t )  being the reduced defor- 
mation rate, 

3a7- = E(at)at ( 5 )  

The factor 3 relates shear and elongation behavior 
for Poisson's ratio of 0.5. When eq. (4) results in the 
linearization of nonlinear data, qT may be compared 
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Figure 8 Tensile stress-strain curves of CB11. 

to the absolute value of the complex viscosity, 1 q* 1 ,  
as 

the viscosities being taken at equal value of the fre- 
quency, o, rad/s and the rate, l/at. 

Gel-free elastomers and elastomers containing 
microgel (a crosslinked particle) obey the above re- 
duction scheme. However, elastomers containing 
macrogel (extensively branched molecule) do not 
obey, exhibiting strain-hardening. Subsequently, 
modulus shift is applied to obtain a master curve. 
Then, the modulus shift factor, I'(a), is a measure 
of the strain-hardeninglg 

If the polymer contains polar moieties as a major 
component, then even with gel-free elastomers, a 
relation, I q* 1 < qT, was found.' A polar association 
created upon stretching was postulated as a cause. 

EXPERIMENTAL 

Samples 

The samples were four commercial polybutadienes 
produced by Bayer AG (Table I). The sheets of gum 
rubbers were prepared by pressing at  140°C for 10 
min. After removing from the press, the sheets were 
cut in quarters, piled in four layers, and pressed 
again under the same conditions to completely re- 
move bubbles. After the second pressing the sheets 
were placed between two steel plates at  room tem- 
perature with heavy weights placed on top. The 
sheets were allowed to rest at least 2 days under the 
heavy weights in order to prevent wrinkling when 
removed. 

Oscillatory shear specimens were cut from the 
sheets as discs 25 mm in diameter and tensile spec- 
imens were cut within ASTM D412 dumbbell die C. 

The gel contents of the sheets were measured by 
dissolving about 0.4 g of rubber in 100 ml of n-hep- 
tane for 48 h. The solution was filtered through 
Whatman No. 4 filter paper. The filter paper was 
weighed before and after filtration to estimate the 
amount of gel removed from the solution. The fil- 
tered solution was evaporated in an oven at  110°C 
and the amount of dissolved polymer was measured. 
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Figure 9 Tensile stress-strain curves of CB24. 
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Figure 10 Tensile modulus as a function of time for CB24. 

Instruments 

The oscillatory shear measurements were performed 
with a Rheometrics Mechanical Spectrometer 
RMS800 with parallel plates. The angular frequency 
range was from lo-' to 10' rad/s. The samples were 
tested at 30, 60, 90, 120, and 150°C. In addition to 
the calibration specified by the instrument manu- 
facturer, a standard silicon rubber (SE30; General 
Electric Company) was used every time to double- 
check the calibration. The frequency sweep was 
made from the lowest to the highest and then re- 
versed to the lowest frequency. The data at  the low- 
est frequency should reproduce if there is no deg- 
radation during the measurements. 

Tensile tests were performed with a Monsanto 
Tensometer 500. The strip chart recorder recorded 
force against time. The force was measured with a 
0.45 kg load cell. The extent of deformation was 
measured by recording with a video camera. An ex- 
tensometer was not used because the samples were 
not strong enough to hold it. The samples were held 
with plastic grips having relatively loose springs in 
order to prevent breaking at  the grips. The tests 
were performed at  room temperature with strain 
rates of 0.004, 0.017, 0.057, 0.118, and 0.250 s-*. 

RESULTS AND DISCUSSION 

Oscillatory Shear Measurements 

Time-temperature superposition was performed in 
the following sequence: first, tan d data were plotted 

against log w. The superposition involves the log w 
axis only, because any modulus-shift in G' and G" 
cancels out. From this procedure the time-shift fac- 
tor, aT, was evaluated. Next, logIG*[ data were 
plotted against log maT. From these plots the mod- 
ulus-shift factor, &, was evaluated. The results of 
superposition are shown in Figures 1-4, where all 
the data were reduced to 30°C. 

The extent of the time-shift was rather small; for 
the data of 3O-12O0C, the frequency range was ex- 
tended only about one decade to lower frequencies. 
This is because the glass-transition temperature of 
cis-polybutadiene is very low, -110°C. All master 
curves approach the plateau region at  the higher 
frequencies. The lower frequency region is the tran- 
sition from the plateau towards terminal region. 
However, these curves do not show a cross-over of 
G' and G". They are almost parallel to each other. 
This indicates that all these samples have some 
branching. However, the branching is not extensive 
enough to form gels as will be stated later. In Figure 
5, G' curves of the four samples are compared. The 
curve of CBll  shows smaller slope and higher G' 
than those of the other samples at  low frequencies. 
This indicates that CBll contains a structure having 
longer relaxation times compared, for example, to 
CB24. This cannot be explained from the differences 
in molecular weight and its distribution because 
CB24 has higher molecular weight and broader mo- 
lecular weight distribution than CBll  (Table I). 
Therefore, this must be the effect of more extensive 
branching in CBll  than in the others. The differ- 
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Figure 11 
(b) Tensile modulus as a function of reduced time a t  fixed extension ratios for CB11. 

(a) Tensile modulus as a function of reduced time at  fixed rates for CB11. 

ences among CB22, CB23, and CB24 are related to 
their molecular weight distribution, and G' is higher 
for the higher M,. This indicates the effect of the 
low molecular weight fraction on G'. 

Figure 6 shows log G" versus log G' plot for the 
four samples. The curve of C B l l  lies a t  the right 
side of those of the others. This also indicates that 
CBll  contains more branching than the others.17 

The values of the shift factors, aT and PT are given 
in Table 11. The a+ are sample-dependent and 
CB11, which has the highest degree of branching, 
shows the highest temperature dependence. At the 
lower temperature CB24 shows a lower temperature 

dependence than CB22 and CB23. However, the dif- 
ferences diminish at the higher temperature. The 
fact that the differences of aT diminishes a t  the 
higher temperature indicates that the constraints 
introduced by the branching become less effective 
a t  the higher temperature. The observed values of 
PT (Table 11) are comparable to the values of poTo/ 
p T .  No further significant information was obtained 
from &. From the result mentioned above (Fig. 6 
and Table I), the order of degree of branching is 
C B l l  > CB22 = CB23 > CB24. 

Figure 7 shows the absolute values of complex 
viscosity, I v* 1 ,  of the samples a t  30°C. As observed 
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Figure 12 
(b) Tensile modulus as a function of reduced time at  fixed extension ratios for CB22. 

(a) Tensile modulus as a function of reduced time at fixed rates for CB22. 

in many commercial rubbers, these do not show the 
Newtonian region within the observed time scale 
because of their high molecular weight, broad mo- 
lecular weight distribution, and branching. At low 
frequencies, they show the viscosity enhancement 

to other ~amp1es.l~ For CB22, CB23, and CB24 the 
magnitude of I q* I is in the order of number average 
molecular weight, M,, (Table I). 

resulting from branching, which is longer than the 
critical length.I7 The sample of CB11, inspite of TENSILE STRESS-STRAIN MEASUREMENTS 
having thesame Mw as  those of CB22 and-CB23, 
shows the highest degree of the viscosity enhance- 
ment a t  low frequencies and the viscosity reduction 
a t  high-frequencies; that  is, the curve of C B l l  
crosses over the other curves. This also indicates 
that C B l l  has more extensive branching compared 

Figures 8 and 9 show tensile stress-strain curves of 
C B l l  and CB24 a t  various deformation rates. The 
filled circles show the data a t  break. Reproducibility 
shown in the figures is less than &15%. The modulus 
increases with increasing deformation rates. 
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Tensile modulus as a function of reduced time a t  fixed extension ratios for 

Figure 10 shows the plots of tensile modulus, 
E ( t )  , against time, t ,  a t  various deformation rates 
for CB24. The data obtained a t  different deforma- 
tion rates do not give a master curve, because the 
behavior is not linearly viscoelastic.'8 

Figures 11-13 show the plots of tensile modulus, 
E (cut), against reduced time, a t ;  as  was given by 
eq. ( 4 ) .  In Figures 11 ( a )  and 12 ( a )  the data are 
plotted for each strain rate, and in Figures 11 ( b )  , 
12 ( b )  , and 13 the lines are for constant values of 
a. C B l l  and CB22 show systematic relation with 

a while CB24 gives a master curve which is in- 
dependent of a. With C B l l  the deviation is in the 
direction of strain-softening and for CB22 and 
CB23 it is strain-hardening. Among CB22, CB23, 
and CB24 the extent of the strain-hardening re- 
lates to  the amount of branching given in Table 
I. Even though C B l l  has the highest amount of 
branching, it shows strain-softening behavior. We 
note tha t  C B l l  is made with a catalyst system 
different from tha t  used for the other systems 
(Table  I ) .  Evidently, the branches of the polymer 
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Figure 14 Reduced tensile modulus as a function of reduced time for CB22. 
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are not long enough to  provide the constrained 
entanglement upon stretching. 

When the modulus shift," eq. ( 7 ) ,  is applied, 
master curves are formed for CB11, CB22, and 

CB23. Figure 14 shows the result for CB22. With 
the emulsion-polymerized rubbers, the modulus shift 
was required only when an extensive amount of ma- 
crogel was present." However, there are no gels in 
the present samples. This is the first time when we 
observed strain hardening for the sample containing 
no gel. 

Figure 15 shows the modulus shift, I'( a), for the 
sample of CB11, CB22, and CB23 as a function of 
extension ratio. In this Figure, no data for CB24 are 
shown. Although CB24 has long branching, it shows 
neither strain-hardening nor strain-softening. This 
indicates that it has the critical length of branching 
dividing strain-hardening and strain-softening. A t  
this critical branch-length, branches no longer con- 
tribute to such behavior as strain-hardening or soft- 
ening. 

Figures 16-19 show comparisons between the 
complex viscosity, 1 q* 1, and the equivalent shear 
viscosity, qTr calculated from the tensile stress- 
strain data. The calculation of qT for CB11, CB22, 
and CB23 includes the modulus shift. The values of 
qTare higher than those of I q* 1 for C B l l  and CB24. 
These results indicate that the deformational modes 
are different for shear and extension. qT for C B l l  
and CB24 tends to converge with I q* I a t  the higher 
reduced rate, i.e., at smaller deformation. With CB22 
and CB23, the values of q~ agree with 1q*1. The 
above disagreement between qT and I q* I indicates 
strain-induced crystallization a t  the larger defor- 
mation. The rubber, CB11, was previously shown to 
give the strain-softening, and CB24 neither soft- 

BUNA CB11 1 .% 

a 

o 1.25 
0 1.5 
v 2.0 

3.0 
0 5.0 
- I T *  I 

1 o - ~  1 0 - ~  1 0 - 2  lo-'  1 oo 10' 

Reduced rate l /at  (s-1) or w (rad/s) 

Figure 16 
from tensile data for CBl1. 

Comparison of complex shear viscosity with corresponding viscosity calculated 
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BUNA CB22 i 
v 

o 1.25 
1.5 

v 2.0 
T 3.0 

- I  77* I 

1 o - ~  1 o - ~  1 o-2 lo-’ 1 oo 10’ 
Reduced Rate l/at (s-y or o (rad/s) 

Figure 17 
from tensile data for CB22. 

Comparison of complex shear viscosity with corresponding viscosity calculated 

ening nor hardening. The implication is that easily 
stretchable rubbers crystallize more easily upon 
straining. At present we do not know why strain- 
induced crystallization does not appear as strain- 
hardening. The results of this work show that the 
effect of branching and that of strain-induced crys- 
tallization are observable separately, which fact is 
an obvious advantage in analyzing the behavior. 

CONCLUSION 

Deformational behavior of four commercial high- 
cis polybutadienes was examined with oscillatory 
shear measurements at small deformation and ten- 
sile stress-strain measurements at large deforma- 
tion. The primary interest was to examine the effect 
of the long-branching structure on the above defor- 

I 1 

BUNA CB23 

1.5 
v 2.0 
T 3.0 

5.0 
-I 77* I 

10-4 10-3 1 o-2 lo-’ 1 oo 10‘ 
Reduced rate l/at (s-1) or w (rad/s) 

Figure 18 
from tensile data for CB23. 

Comparison of complex shear viscosity with corresponding viscosity calculated 
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Figure 19 
from tensile data for CB24. 

Comparison of complex shear viscosity with corresponding viscosity calculated 

mational behavior, which was characterized with the 
dilute solution viscosity. 

When the data of log G“ were plotted against those 
of log G’, rubbers were classified into two groups 
depending on their polymerization conditions; one 
group was polymerized with a Ti catalyst system 
and the other with Nd. The rubber polymerized with 
Ti had the highest degree of branching as evaluated 
from the dilute solution viscosity. The rubbers po- 
lymerized with Nd had the lower degree of branch- 
ing; differences of the degree of branching among 
the Nd-polymerized rubbers were not apparent in 
log G” versus log G’ plot. 

The temperature dependence of the shift-factor 
in the time-temperature superposition was more 
sensitive to the degree of branching than the log G” 
versus log G’ presentation. A higher temperature 
dependence was shown for the sample with the 
higher degree of branching. 

The tensile measurements showed strain-hard- 
ening for two rubbers, no-strain-hardening for one 
rubber, and strain-softening for another. The extent 
of hardening or softening was assessed as the de- 
viation from the strain-time correspondence. Among 
the Nd-polymerized rubbers the most highly 
branched sample gave the strain-hardening. In this 
case branches were long enough to give ‘<con- 
strained’’ entanglements. The Ti-polymerized rub- 
ber showed strain-softening, in spite of it having the 
highest degree of branching as evaluated from dilute 
solution viscosity. Here, however, the branches are 

not long enough to give “constrained” entangle- 
ments and they facilitate elongation by “lubrica- 
tion.” Evidently, dilute solution viscosity was in- 
adequate for characterization of the branch struc- 
ture. The observed differences in the deformational 
behavior are related to the details of the structure, 
such as the density and length of branches. 

The complex shear viscosity I q* I and the vis- 
cosity calculated from the tensile behavior, qT, 
agreed with each other for two Nd-polymerized rub- 
bers, those having the strain-hardening type of 
branching. The qT was higher than 1q*1 for the 
strain-softening type rubber (Ti) and for one Nd- 
rubber, giving neither strain-hardening nor strain- 
softening. The difference between qT and I q* I was 
attributable to strain-induced crystallization. The 
easily stretchable rubbers crystallize more easily 
upon stretching. 

The authors express their appreciation to Yokohama 
Rubber Company for their financial support. 
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