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ABSTRACT: The network structure of natural rubber (NR) achieved during vulcaniza-
tion was analyzed using the model of rubber elasticity based on the tube concept,
applied to the treatment of the stress—strain measurements. This theory allows the
separation of constraint and crosslink contributions. Also, network parameters can be
calculated. The crosslink level of the material was changed using different times and
temperatures of cure. The change in the molecular parameters of the model with the
degree of cure was estimated. The present research is useful for the precise determina-
tion of the chemical crosslink density of the NR network. The values were compared
with those obtained by means of equilibrium volume swelling measurement. © 1997
John Wiley & Sons, Inc. J Appl Polym Sci 66: 1085-1092, 1997
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INTRODUCTION

In recent years a new theory based on the tube
model for rubber elasticity has been developed.'?
The tube model assumes that, due to the topologi-
cal constraints (e.g., entanglements), the motion
of the molecular chain is essentially confined in a
tubelike region made of surrounding polymers.>*
This theory has been used to analyze stress—
strain data of natural rubber (NR) and styrene—
butadiene rubber (SBR)."*®

Gronsky et al.® compared the density of elas-
tically active crosslinks in NR vulcanizates ob-
tained by means of two experimental methods:
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13C-NMR and uniaxial stress—strain data in the
frame of the tube model.' Straube et al.>” studied
the dependence of the parameters of the tube
model on sulfur contents of cure SBR-1500. Re-
cently, Marzocca analyzed the variation of these
parameters with the time of cure of SBR-1712 at
two curing temperatures.’

Swelling by an organic solvent is one of the
methods used to characterize elastomeric net-
works. In this process, the polymer is mixed with
a solvent of low molecular weight. As a result of
swelling phenomena, the polymer—solvent sys-
tem presents a change in the Gibbs free energy.
The statistical treatment of the process of swell-
ing has been analyzed by several authors.®~'?
Queslel and Mark® proposed a relationship be-
tween swelling and the degree of crosslinking for
a randomly crosslinked polymer network.

In the present work, uniaxial stress—strain
data at room temperature of unfilled NR vulcan-
ized at different cure levels were measured. Sam-
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ples were prepared at two temperatures and at
several cure times to achieve different crosslink
levels. Data were analyzed using the tube ap-
proach developed by Heinrich et al.' The change
in the molecular parameters of the model with
the degree of cure was obtained. The crosslink
density, the molecular mass of the network chain,
and the density of elastically active crosslinks
were attained. Also, swelling measurements were
performed and these results were used to deter-
mine the density of elastically active crosslinks.
Finally, both estimations of crosslink density
were compared.

THEORY

For the case of moderately crosslinked rubbers,
Heinrich et al."? presented a relationship between
stress, o, and strain, &, based on a tube model. In
this model, the constitutive equation of an uniax-
ial deformation of an incompressible sample has
the form

0M=ﬁ=GC+an()\) (1)
with
)\0.5[3 _ )\7ﬁ
f()\) = Zm (2)

where o, is called the Mooney stress, A is the
expansion ratio (1 + ), and S describes the relax-
ation of the deformed tube in the deformed state
to an undeformed tube corresponding to the equi-
librium state.?

G, and G, represent the crosslink contribution
and the constraint contribution of the shear mod-
ulus, respectively. They are connected with the
molecular parameters by?
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with

% = a(nstlft)71/2 (5)
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where n,, is the segment number density, I, is the
length of the statistical segment, and d, is the
fluctuation range of a chain segment normally as-
sociated with the tube diameter. v, is the network
chain density.

M,, p, and ¢ represent the number-average
molecular weight of the primary chains, the poly-
mer density, and the functionality of crosslinks,
respectively.

Ny, k, and T are the Avogadros’ number, the
Boltzmann’s constant, and the absolute tempera-
ture as usual.

A is a microstructure factor that depends on
the ratio between the fluctuation range d. of a
crosslink and the end-to-end distance R, of a net-
work chain. A is defined by Kastner'? as

2 2Kexp(K2)]
A=1—-—-|1—-—"F—= 6
¢>[ Vr erf(K) ®)
with
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According to Heinrich et al.,'? eq. (6) takes into
account the fact that the constraints acting on a
crosslink are stronger than the constraints acting on
segments of network chain distant from crosslink.

The parameter « allows the connection of the
modulus G, with the plateau modulus G of the
uncrosslinked bulk polymer. The relationship was
proposed * as

0\ 1/2
a = 3.04(%) (8)

Using eqgs. (4), (5), and (6), n, can be obtained
as

~ G, \"?/2a (95 GY \?
”‘“‘1'56<Z§t> (5)‘([3)(1?,”) )

and also the fluctuation range of the chain seg-
ment, d, as

(10)

d, = 0.57(01,3)1/2(@)1/4

G,

We can introduce the network chain molecular
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Table I Compound Formulation

Ingredient Weight (%)

SMR-20 90.4
Zinc Oxide 4.5
Stearic Acid 1.8
Antioxidant 0.9
N-t-Butylbenzothiazole-2-sulfenamide

(TBBS) 0.9
Sulphur 1.3

mass as the molecular mass between two cross-
links connected by a polymer chain. M, can be
estimated as®

_ (1 - ws)Mco
()
M,

where M., = pN,/v,., w, is the sol fraction of the
sample and v, is obtained as a result of eq. (3).

Mct (]—1)

EXPERIMENTAL PROCEDURE

Materials

The polymer used in this investigation was un-
filled NR. The molecular weight was M,, = 174,750
g/mol determined by GPC and the density was p
= 0.956 g/cm®.

Natural gum mix, with the compound formula-
tion given in Table I, was prepared in a laboratory
mixer.

The unvulcanized NR gum mix was character-
ized by the value of the dynamic plateau mod-
ulus G% measured with an automated torsion
pendulum at 60 Torr in argon atmosphere.'®
G%= 0.508 MPa and was obtained at room tem-
perature.

Samples were cured in a steam-heated press at
414 K (sample A) and 433 K (sample B). Sample
A was cured at four different times: 28, 32, 50,
and 100 min, and sample B at five times: 6, 7, 9,
12, and 24 min. Vulcanized samples were supplied
as sheets 150 X 150 X 2 mm. Moldings were cooled
rapidly in ice and water at the end of the curing
cycle. Table II shows the cure conditions (time,
temperature) and the sol fraction, w, of each
sample.

To evaluate the heat of reaction of each sample,
differential scanning calorimetry (DSC) tests

were performed with a Mettler TA10 with a
DSC20 cell. Samples (15—-25 mg) were encapsu-
lated in aluminum holders under nitrogen and
scanned at 10 K/min from 303 K to 573 K. The
overall heat of reaction, @,, and the heat of reac-
tion up to time ¢, Q(¢), were measured on cured
and uncured samples. Then, the conversion at
time, y(¢t) = (Q, — Q(¢))/Q,, was calculated and
their values are given in Table II.

Mechanical Tests

ASTM D412 (die C) samples for tensile tests were
cut from the cured sheets. Stress—strain measure-
ments were carried out with an INSTRON 4201
at room temperature at a deformation rate of &
=6 X 10 * s '. Force was measured with a load
cell of 50 NV to obtain good sensitivity. Strain was
measured by means of a large deformation exten-
siometer (INSTRON XL) with 20-mm gauge
length. The tests were controlled by a PC with
software made in Basic language. The stress—
strain curves were obtained for the three probes
of a given sheet and the average curve was calcu-
lated. The standard deviation in stress of the
three tests was less than 0.015 MPa, and it was
insignificant for the strain.

Swelling Tests

The concentration of chemical crosslinks in the
network was determined by measuring swelling
in n-decane using the method described in the
article by Cunnen and Russell.'® The samples
used were the same as those in the case of stress—
strain measurement. First, the total weight was
determined for all the samples to 0.0001 g. Sam-
ples were swelled in n-decane (pg.. = 0.73 g/mol,
molar volume V; = 194.9 mL/mol) and the change
in total volume of the samples was used to deter-
mine the total number of crosslinks.

RESULTS AND DISCUSSION

Determination of Molecular Parameters by
Analysis of Stress—Strain Data

Figures 1 and 2 show the stress—strain data ob-
tained for NR gum mix at different times of cure
at 414 and 433 K, respectively. In both cases, the
data points are given together with the fit curves
obtained using eq. (1). The overall error (x?) was
less than 10 .
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Table II Cure Conditions of Samples

Cure Temperature Cure Time

Sample (K) (min) Wy v
Al 413 28 3.75 0.4
A2 413 32 4.84 0.6
A3 413 50 4.54 0.89
A4 413 100 5.15 1
B1 433 6 6.53 0.25
B2 433 7 6.64 0.45
B3 433 9 6.3 0.61
B4 433 12 5.49 0.7
B5 433 24 5.15 1

For the evaluation of the network parameters,
first G, and G, were determined by a least squares
fit of a oy versus f(\) starting with § = 1. With
G, and G., B was recalculated. The values ob-
tained for each sample are shown in Table III
and Figures 3 and 4. The error in the G, and G.
parameters was less than 1 X 10 ® MPa and 0.01
in the value of 3. The crosslink contribution, G.,
increases until a maximum value is reached,
while the constraint contribution, G,, does not
seem to have a definite tendency. Similar behav-
ior was found by others in SBR copolymers.?*’

Using eq. (8) with G¥ and G, the values of «
were estimated for the different samples and they
are given in Table III. Mean values of 5.39 = 0.30
and 5.02 + 0.28 were obtained for sample A and
B, respectively.

From the values of G, and G,,, information on
the parameters of the network structure can be
extracted. For the estimation of the parameters
associated with constraint it is necessary to know
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Figure 1 Stress—strain data and fit curves using eq.
(1) of samples cured at 414 K at different times.

the value of the Kuhn’s statistical segment length,
ls, for natural rubber. This value was taken from
literature’” being I, = 0.88 nm. Using eqs. (9)
and (10), the value of n, and d, was obtained.

If ny is known, it will be possible to evaluate
the molecular mass of the statistical segment, M,,,
by M, = p N4/n,. Then it is easy to obtain n,,
= 4.06 nm 2 and M,, = 141.6 g/mol.

The variation of the tube diameter, d,, with
the time of cure is observed in Table III. In both
samples it seems that, at low cure level, where
only a few sulphidic bridges are present, the value
of d, is higher. Once the systems begin to cross-
link, there is a slump in the value of d,, and at
higher crosslink levels the tube diameter in-
creases. As Doi and Edwards* point out, the tube
diameter is determined by local conditions of the
polymer network. As a result of this work, we be-
lieve that once the crosslinking appears, the net-
work chains become shorter and more aligned
upon stretching. In this case, the conformational
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Figure 2 Stress—strain data and fit curves using eq.
(1) of samples cured at 433 K at different times.
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Table IIT Variation of the Molecular Parameters of the Model with the Degree of Cure

t? G. G, d, M., Ve R,

Sample (min) (MPa) (MPa) Joj o (nm) (g/mol) (nm~3) (nm) A
Al 28 0.04 0.14 0.99 5.81 3.07 40030 0.018 12 0.88
A2 32 0.31 0.18 1.00 5.10 2.70 4578 0.125 4.75 0.62
A3 50 0.32 0.17 1.00 5.25 2.77 4294 0.130 4.62 0.59
A4 100 0.30 0.16 1.00 5.41 2.86 4560 0.126 4.74 0.59
B1 6 0.022 0.17 0.99 5.25 2.77 62160 0.009 13.6 0.92
B2 7 0.20 0.22 1.00 4.62 2.44 8565 0.067 6.30 0.76
B3 9 0.25 0.20 1.00 4.84 2.56 6309 0.091 5.48 0.69
B4 12 0.29 0.18 1.00 5.11 2.70 4816 0.110 4.86 0.63
B5 24 0.27 0.17 1.00 5.27 2.78 5393 0.106 5.13 0.64
2 Time of cure.

constraints are less effective and a light increase M. N\?

: : Rc = lst rva (12)

in d, is expected. < Mg)

Using the values of G, the molecular parame-
ters relative to crosslinks, M., v., and R., were
estimated. From eq. (3), and considering the case
of a four-functional network, it is possible to calcu-
late the value of the network chain density, v,
and according to eq. (11), also the value of net-
work chain molecular mass, M,,. Because in these
equations the microstructure factor A is involved,
then M, v., and itself must be determined itera-
tively using eqs. (6) and (7). In eq. (7), it must
be noted that d, is used instead of d.. This implies
that the additional constraints acting on a cross-
link are approximately equal to constraints acting
on a chain segment.” On the other hand, the end-
to-end distance of a network chain, R,, is ex-
pressed by

Sample A (414 K)
Sample B (433 K)

000 I 1 n ] L 1 n 1 L
20 40 60 80 100

Cure time [min]

Figure 3 Variation of the modulus contribution of
crosslink, G,, with the time and temperature of cure.

In Figure 5, the influence of the vulcanization
temperature and time on v, is shown. It can be
observed that as the curing temperature in-
creases, the density of the network chain de-
creases. This behavior is characteristic of a con-
ventional cure system (CV) such as the formula-
tion used in our samples where the ratio sulfur/
accelerator is greater than 1. Similar behavior
was reported in SBR vulcanizates with a CV sys-
tem also.’

If we compare the stress—strain curves (Figs.
1 and 2) at similar cure levels and in the overcure
samples, a reduction in the tensile properties ap-
pears at higher temperatures of cure. A first inter-

T T T T ¥ T T T T
Sample A (414 K)
Sample B (433 K)
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20 40 60 80 100

Cure time [min]

Figure 4 Variation of the modulus contribution of
constraints, G, , with the time and temperature of cure.
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Figure 5 Variation of the network chain density, v.,
with the time and temperature of cure. The rate of
reversion, 6, is given in for each curve.

pretation would lead us to two possible causes
for this behavior: the degradation in the polymer
backbone because of chain scission or some effect
associated with the nature and density of the
crosslink.'® The first mechanism is less probable
because, according to Loo’s investigation, ' there
is no chain scission during vulcanization between
413 and 473 K.

Loo™ reported similar results for vulcanized
NR gum at different temperatures. In that article,
he noticed a substantial fall in the maximum den-
sity of chemical crosslinks and an increase in the
rate of reversion, once the optimum crosslink is
attained, as the cure temperature is raised. In
Figure 5 we can see that the rate of reversion,
= OJv,./0t, increases substantially with the tem-
perature of cure for periods of time longer than
the maximum in v,. According to Loo’s research, '’
the conversion of poly and disulphidic bridges to
monosulphidic ones is accelerated at tempera-
tures of 433 K and above, and this affects the
mechanical properties of the material. Based on
that article, we consider in our experiences that
the reduction in the network chain density with
the vulcanization temperature is due to a drop
in the number of polysulphidic and disulphidic
crosslinks.

The behavior of the average molecular mass of
the network chain, M, (Table IV), was the same
in samples A and B. M, decreases with the time
of cure until a minimum is obtained but it does
not reach an equilibrium value. This fact shows
that degradation due to the time of cure is consid-
erable.

Table III shows the variation in R, with the
time of cure for both samples. From the results of

R,, it can be observed that I, < d, < R, for each
cure level analyzed. This kind of behavior was
reported by different authors*'* on their studies
on several elastomers.

The variation of the microstructure factor A
[eq. (6)] with the degree of cure is given in Table
III for both group of samples. This parameter de-
creases at higher cure levels reaching an asymp-
totic value. Straube and Heinrich? reported simi-
lar values in SBR-1500 vulcanizates. In that re-
search they found that A was lower with higher
amounts of crosslinking achieved with different
concentrations of accelerator.

Determination of Crosslink Density
by Swelling Test

As previously mentioned, swelling for all samples
was measured. The molecular weight of the net-
work chain between chemical crosslinks for a
phantom network, M., is expressed by*'?

(1 - 2/¢)Vwidvs,
ln(l - U2m) + ngm + Uom

(13)

cs T

where p is the density of the network chain, v,,,
the volume fraction of polymer at equilibrium
(maximum) degree of swelling, and V; molar vol-
ume of solvent.

The parameter vy, is defined by the ratio v,/
v, where v, is the volume of the dry network and
v, represents the total volume of polymer. x is an
interaction parameter between the polymer and
the swelling agent.'” According to literature,’® a
value of x = 0.43 can be used for NR and vyc can
be considered equal to 1.

Table IV Molecular Weight of the Network
Chain Obtained from Analysis of Stress-Strain
Data, M., and Measurement by Swelling, M,

Cure Time M, M,
Sample (min) (g/mol) (g/mol)
Al 28 26425 15919
A2 32 4140 4140
A3 50 3907 3662
A4 100 4111 3665
B1 6 33948 18798
B2 7 7283 7929
B3 9 5513 5489
B4 12 4331 4194
B5 24 4817 4354
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Figure 6 Density of elastically active crosslinks obtained from analysis of stress—
strain data, u,, versus the calculated for swelling measurements, p.,. (a) Cure tempera-
ture = 414 K; (b) cure temperature = 443 K.

Using eq. (13), M,, was evaluated for all the
samples and these values are given in Table IV.

With the goal of comparing the results obtained
for the mechanical and swelling methods, the den-
sity of elastically active crosslink, u., was calcu-
lated. In a four-functional network assumed in
the present case, . is related to the density of all
network chains, v,, by®

Vo = 2e + Uy (14)

where v, = Nap/M, and is the density of the pri-
mary chain prior to vulcanization. Both v, and v,
can be transformed to molecular weights by v,
= Nap/Mc and Nyp/M,,. Then u,. is defined by

1 1

. = 0.5N, —_— = — 15
H Ap<MC Mn> (15)

where M. is the network chain molecular mass.
If we replace M by M, in eq. (15), we obtain
the density of elastically active crosslinks calcu-
lated from the stress—strain measurements, u.,.
On the other hand, if we use the value of M.,
we obtain the density of elastically active cross-
links calculated from swelling measurements, .
In Figure 6(a,b), u. is plotted against u,, for
samples A and B. It is obvious that a linear rela-
tionship can be established for these cases. The
data were fitted by a linear function where slope
is 1.02 = 0.09 (regression coefficient r = 0.991)
for the sample A and 1.04 = 0.07 (r = 0.983) for
the sample B.
In the article by Gronsky et al.,® the crosslink

density determined by *C- and 'H-NMR does not
have a good correspondence with that obtained
from uniaxial stress—strain data analyzed within
the tube model. However, Simon et al.?° obtained
good correlation between the crosslink density de-
termined by "H-NMR and that of the mechanical
analysis for SBR vulcanized. In that work, the
strain rate applied to the samples in the tensile
tests was in the range of 1 X 1072 57!, two orders
higher than the strain rate used in our measure-
ments. At higher strain rates, the stress relax-
ation effects are more important and the parame-
ters, obtained when the experimental data are fit
to eq. (1), are different from the calculated ones
at lower strain rate. This fact increases the value
of G, and G, and the evaluated crosslink density.

CONCLUSION

The present study shows that the theory of rubber
elasticity based on the tube model that considers
local restriction on conformation of polymer net-
work chains can be used to explain stress—strain
data of NR cured at different conditions. One of
the advantages of using this model is that it
allows the separation between the contribution of
the entanglements and crosslinks to the elastic
modulus. In this way, the variation of the molecu-
lar parameters associated with the model with the
cure level were estimated.

A moderate change in the value of the tube
diameter was obtained during the vulcanization
process of the samples analyzed in this article.

The analysis of the density of the network chain



1092 MARZOCCA, CERVENY, AND RAIMONDO

shows a significant rate of reversion once the opti-
mum crosslink is attained when the cure tempera-
ture is increased, and this effect could be associ-
ated to the nature of crosslinks present in the
compound. There was good agreement between
the density of elastically active crosslinks deter-
mined by equilibrium volume swelling measure-
ments and by means of the stress—strain data.

We can conclude that the predictions of the the-
ory of rubber elasticity based on the tube model
can be used as a method to estimate the density
of elastically active crosslink, when the strain rate
applied to the samples in the mechanical test is
less than 10 % s *.

This work was supported by the University of Buenos
Aires, Argentina (Investigation project EX286) and
Fundacion Antorchas (B.A.). A.J.M. wishes to thank
FATE SAICI for giving permission to publish this arti-
cle.
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