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ABSTRACT: A composite of Styrene Butadiene Rubber (SBR) and Natural Rubber (NR)
loaded with 40 phr of High Abrasion Furnace (HAF) carbon black is loaded with
different concentrations of paraffin wax. From the stress–strain curves, Young’s mod-
ulus was found to decrease with increasing the amount of added paraffin wax. The
modified Mooney-Revlin equation was used to calculate the parameters C1 and C2. A
plot between the true tensile stress as a function of (l2 2 l21) was used to calculate two
parameters s0 and G, and then both the average molecular weight between crosslinks
and the number of effective plastic chains per unit volume were also calculated. © 2001
John Wiley & Sons, Inc. J Appl Polym Sci 81: 2265–2270, 2001
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INTRODUCTION

The importance of polymer composites arises
largely from the fact that such low density materi-
als can have unusually high elastic moduli and ten-
sile strength.1–4 For the most part, the tensile prop-
erties have been quite adequately dealt with by
utilizing the theory of elasticity. The molecular the-
ory of rubber elasticity developed by Flory and Er-
man5–8 is based on the idea of constraints imposed
by entangled network chains on crosslink fluctua-
tions. For developing a quantitative physical bases
for the stiffness and the strength of vulcanizate
composites, it has been studied by dealing with the
elastic behavior.9 Analysis of stress–strain data ob-
tained from rubber was based on the formula9

E 5 Eo~1 1 2.5C! (1)

where E is the Young’s modulus of the rubber
composite, Eo is the modulus of the matrix, and C
is the volume fraction of the filler.

The classical kinetic theory developed by Wall,10

Flory,11 and James and Guth12 attributed the high
elasticity of a crosslinked rubber to the change of
the conformational entropy of the long flexible mo-
lecular chains. The theory predicts the relation

s 5 AnkT~l2 2 l21! (2)

where s is the true stress, n is the number of effec-
tive plastic chains per unit volume, k is Boltzmann’s
constant, T is the absolute temperature, l is the
extension ratio, and A is a prefactor, depending on
the considered model.

In the present work the effect of paraffin wax
on the elastic behavior of the (SBR–NR) compos-
ite loaded with 40 phr of HAF carbon black has
been studied using Mooney-Rivlin and Yong-Hua
Zang et al.13 relations.

EXPERIMENTAL

A master batch of styrene–butadiene rubber
(SBR) and natural rubber (NR) with equal ratios
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and loaded with 40 phr (parts per hundred parts
of rubber by weight) was prepared. Different con-
centrations of paraffin wax were then added. All

samples were prepared according to the recipes
presented in Table I.

All rubber mixtures were prepared on a two
roll mill 170 mm in diameter, with a working
distance of 300 mm. The speed of the slow roll was
24 revolution per minute and the gear ratio is 1.4.
Vulcanization of all samples was conducted at
140°C under a pressure of 40 kg/cm2 for 20 min.

The stress–strain measurements were carried
out at 30°C using a tensile machine at a constant
extension rate of 0.4 mm/s at the Physics Depart-
ment Suez Canal University.

RESULTS AND DISCUSSIONS

The stress–strain curves of the 40 HAF/(SBR–
NR) vulcanizates loaded with different concentra-
tions of paraffin wax are shown in Figure 1. At
strains lower than 20%, the kinetic theory holds.
At large deformations there is limited extensibil-

Table I Mix Formation of 40 HAF/(SBR-NR)
Composites Loaded with Paraffin Wax

Ingredient
(phr) S0 S1 S2 S3 S4

SBR 50 50 50 50 50
NR 50 50 50 50 50
HAF 40 40 40 40 40
Processing oil 10 10 10 10 10
Stearic acid 2 2 2 2 2
MBTSa 2 2 2 2 2
PBNb 1 1 1 1 1
Zinc oxide 5 5 5 5 5
Sulfur 2 2 2 2 2
Paraffin wax 0 10 20 30 40

a Dibenthiazole disulphide.
b Phenyl-b napthylamine.

Figure 1 The stress–strain for 40HAF/(SBR 1 NR)
loaded with different concentrations of paraffin wax.

Figure 2 The dependence of Young’s modulus on the
concentration of paraffin wax for 40HAF/(SBR 1 NR).
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ity of the crosslinked chains. Meanwhile, there is
a stress-softening effect at moderate strains. The
linear portions (at low extensions) of the curves
illustrated in Figure 1 are used to estimate the
values of Young’s modulus E, which are shown in
Figure 2 as a function of the concentration of
paraffin wax in phr. The full line in the figure
represents the theoretical line given by the equa-
tion

E 5 Eo~1 2 aC! (3)

with Eo 5 2.9 3 104 N/m2 and slope a 5 0.017.
It is clear from the figure that, Young’s modulus
decreases with the concentration of paraffin wax
and indicating the softening properties of waxes
and degradation of the matrix.

It has been shown by Rivlin et al.9 that the
stress–strain behavior of rubber vulcanizates can
be described by the Mooney-Rivlin14 relation
which, in simple extension, gives

s

2~l 2 l22!
5 C1 1 C2l21 (4)

where s is the true stress, which produces an
extension ratio l in the sample, and C1 and C2 are
parameters characteristic of the rubber vulcani-
zate. It has been shown that15 C1 is a quantity
pertaining to the ideal elastic behavior, while C2
expresses the departure from the ideal elastic
behavior.

Figure 3 shows the experimental stress–strain
curves given in Figure 1 replotted in the form

s

2~l 2 l22!
vs. l21.

A limited linear part of the stress strain curves
may be utilized to find C1 from the intercept with
the ordinate and C2 from the slope. However, this
situation may be dealt with as follows.

The tendency of paraffin wax to redistribute
the carbon agglomerations is taken into account
and the strain amplification factor is defined as:

Figure 3 Stress–strain curves in Figure 1 replotted
as s/2(l 2 l22) vs l21 for studied vulcanizates.

Figure 4 Stress–strain curves of Figure 3 replotted
with the use of a strain amplification factor.
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X 5
s

«Eo
5

E
Eo

(5)

where « is the strain produced by a stress s, and
Eo is the modulus of the matrix, meaning that the
local strains are on the average X times greater
than the overall strains. So the extension ratio l
in eq. (3) is replaced15 by L 5 1 1 X«.

Knowing the strain amplification factor given
by eq. (5), the curves of Figure 3 are replotted in
Figure 4 as

s

2~L 2 L22!
vs. L21

in the range of low strains. From these plots the
constants C1 and C2 are readily determined, and
their dependence on the concentration of paraffin
wax is shown in Figure 5. The constant C1 de-
scribes the behavior predicted by the statistical

theory of rubber-like elasticity, and its value is
directly proportional to the number of network
chains per unit volume of the rubber.16 The value
of C2 determines the number of steric obstruc-
tions and the number effectively trapped elastic
entanglements as well as other network defects.17

In the case of high contents of wax, effects such
as the isolation of network crosslinks results in
the decrease of the number of networks and de-
crease in steric obstructions and other network
defects becomes possible. These effects are mani-
fested as a decrease in the values of C1 and C2
with paraffin wax, as illustrated in Figure 5.

Returning to eq. (2), again, it is noticed that the
stress is a linear function of the quantity (l2

2 l21) in a moderate range of deformations. Ac-
cording to the experimental data in Figure 1, the
tensile stress can be described as a simple func-
tion of (l2 2 l21) according to the following ex-
pression

s 5 s0 1 G~l2 2 l21! (6)

where s0 is a parameter depending only on the
chemical nature of the rubber matrix, and G is

Figure 5 The dependence of C1, C2, and (C1 1 C2) on
the concentration of paraffin wax for 40HAF/(SBR
1 NR).

Figure 6 The dependence of the true stress on l2

2 l21 for all vulcanizates.
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the rubbery modulus of the kinetic theory that
depends on the degree of crosslinking.13 The data
in Figure 1 are replotted between the true stress
and (l2 2 l21), and shown in Figure 6, where a
good agreement between the theoretical solid line
in the figure, which represent eq. (6), and the
experimental data is clear. The interception of
these lines with the stress axis at (l2 2 l21) 5 0
gives the values of s0, while their slopes give the
values of G.

It is seen from the figure that, s0 has a con-
stant value of 2.2 3 105/m2 for all used rubber
vulcanizates independent on the concentration of
paraffin wax. The average value of s0, for both NR
and SBR is about 1.05 3 105 N/m2 and 3.2 3 105

N/m2, respectively,13 with an average value of
2.125 3 105 N/m2, which is in good agreement
with the value (2.2 3 105 N/m2) obtained for the
used matrix containing SBR and NR with equal
proportions. From these discussions, s0 is a ma-
terial constant, its value depends only on the
chemical nature of the considered rubber and not
on the crosslinking density or functionality. This
term probably results from local interactions be-
tween chain segments, and by the way, may be
related to the energy dissipated during deforma-
tion.

The values of G are listed in Table II. It is

noticed that the values of G agree well with the
values of (C1 1 C2) obtained from Figure 4.

Figure 7 shows the relation between G and C1
1 C2 and the concentration of paraffin wax and
quite an agreement between them is observed.
Figure 8, on the other hand, shows the correspon-
dence between Young’s modulus E of the vulcani-
zates and the values of both G and C1 1 C2
determined before.

The average molecular weight Me between
crosslinks and the number of effective plastic
chains per unit volume n have been calculated
from the values of G according to the equation13

G 5 AnkT 5 A
rRT
Me

(7)

where r is the density of the rubber matrix, and
R is the universal gas constant. The calculated
values of Me and ne for all the studied vulca-
nized samples have been calculated assuming A
5 1,13 and are illustrated in Figure 9 as a func-
tion of the concentration of paraffin wax. The
figure shows a maximum average molecular
weight between crosslinks for vulcanizates con-
taining 30 phr of paraffin wax. The behavior of
the number of effective plastic chains as seen

Figure 7 The dependence of G and (C1 1 C2) on the
concentrations of paraffin wax.

Table II The Calculated Values of G and s0 for All Studied Composites

Concentration of
Wax (phr) 0 10 20 30 40

G (Pa) 6.7 3 105 1.97 3 105 2.9 3 105 1.3 3 105 3.0 3 105

Figure 8 The dependence of G and (C1 1 C2) on
Young’s modulus for all vulcanizates.
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from Figure 9 is opposite to that of the average
molecular weight.

CONCLUSIONS

From this study one concludes that the addition of
paraffin wax to an SBR–NR composite loaded
with 40 phr of HAF carbon black decreases
Young’s modulus as a result of softening. Paraffin
wax reduces also the values of C1, C2, and G as
calculated using the Mooney-Revlin and Yong-
Hua Zang equations, while the value of s is inde-
pendent on paraffin wax but is a parameter char-
acteristic of the rubber. The values of (C1 1 C2) is
in good agreement with the rubbery elastic mod-
ulus G, and consequently, the degree of crosslink-
ing. The average molecular weight between
crosslinks is calculated, and was found to have a

maximum for vulcanizate containing 30 phr of
wax.

The author expresses his gratitude to Prof. M. Amin for
his support during this work.
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