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ABSTRACT: The mechanical behavior and microhard-
ness characteristics of a natural rubber vulcanizate loaded
with 40 phr high abrasion furnace carbon black swollen in
kerosene were studied. The measured parameters (i.e., the
Young’s modulus, tensile strength, and elongation at
break) varied with the swelling time in kerosene. The
hardness degree decreased as the swelling time in kero-
sene increased. Different models were applied to describe
this mechanical behavior. The Mooney–Rivilin relation

agreed with the experimental data at low extension ratios,
whereas the Blatz relation agreed at high extension ratios
only. The strain rate sensitivity was taken into account to
describe this mechanical behavior. The strain energy den-
sity as a function of the swelling time in kerosene was cal-
culated with three different equations. � 2008 Wiley Periodi-
cals, Inc. J Appl Polym Sci 109: 3361–3368, 2008
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INTRODUCTION

Polymeric materials have an enormous and intrigu-
ing range of desirable features. This is basically due
to the linking and arrangement of their smaller units
or monomers. The syntheses, arrangements, and con-
formations of these monomeric units result in a class
of materials with a range of various properties.1 The
many attractive mechanical characteristics of poly-
mers have made it desirable to choose these materi-
als over traditional materials for numerous types of
applications, such as binder constituents in explo-
sives, load-bearing components, and jet engine mod-
ules. As the uses of polymers increase, an under-
standing of the mechanical behavior of these materi-
als becomes vital for creating innovative and
economical designs for various components. Poly-
mers have more complicated properties as they dis-
play elastic and viscous responses at different strain
rates and temperatures.2,3

Rubber elastomers are usually nonresistant to oils,
greases, or fuels and therefore are swollen by them.
This causes changes in their mechanical characteris-
tics (particularly their moduli and loss angles) and
shortens the time of exploitation.4–8 There are a lot

of publications concerning the influence of many fac-
tors on the mechanical and dynamic properties of
rubbers.9–13 However, only a few of them take into
account the significance of the problem (practical
and theoretical) of the influence of vulcanizates
swollen by liquids on their mechanical properties.

Models of deformation in polymers have been
investigated for a long time. The classical kinetic
theory14–16 attributed the high elasticity of a cross-
linked rubber to the change in the conformational
entropy of the long, flexible molecular chains. A
nonlinear viscoelastic constitutive model based on
the assumptions of nonlinear elasticity and linear
viscoelasticity has been developed.17 The basic for-
mulation assumes stress relaxation functions with
two different relaxation times to describe strain rate
effects. The strain energy functions have been com-
monly used to describe the mechanical properties of
rubber or rubberlike materials under quasistatic
loading conditions. Using a strain energy function
and a stress relaxation function with only one relaxa-
tion time, a viscohyperelastic model that combines
static hyperelastic behavior and a viscoelastic model
for incompressible-like rubber materials has been
presented.18 Reese19 developed a material model for
the thermoviscoelastic behavior of rubberlike poly-
mers that is based on transient network theory.
There are also some other studies dealing with poly-
mer modeling based on overstress20–22 and shape-
memory polymers.23

On the other hand, the measurement of the
hardness degree may be important for assessing prod-
uct performance and is used in the identification,
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classifications, and quality control of products. Hard-
ness tests provide a rapid evaluation of variations in
mechanical properties affected by changes in the
chemical or processing conditions, the addition of
compounding ingredients, heat treatments, swelling,
aging, and the microstructure of the samples. Micro-
hardness measurement offers a nondestructive tech-
nique for studying the mechanical behavior of materi-
als, and it is applied to polymeric materials widely
now.24–27

The interaction of polymeric materials with differ-
ent solvents is an important problem from both aca-
demic and technological points of view.28–30 Cross-
linked polymers brought into contact with different
solvents during service applications usually exhibit
the phenomenon known as swelling. The capacity of
crosslinked polymers for the degree or amount of
swelling assesses swelling expressed as the amount
of liquid absorbed by the polymer. The swelling
properties of polymers are mainly related to the elas-
ticity of the network, the extent of crosslinking, and
the porosity of the polymer.31,32 The determination
of the resistance of a polymer to solvents and gases
is standardized in test procedures before the poly-
mer finds successful applications involving exposure
to such solvents and gases.33,34

The objective of this work was to study the effect
of swelling in kerosene on both uniaxial stress–strain
behavior under tension and the hardness degree of
natural rubber (NR) vulcanizates loaded with 40 phr
high abrasion furnace (HAF) carbon black. We also
sought to develop a simple and flexible phenomeno-
logical constitutive model to characterize the
observed dependence of the mechanical behavior on
the time of swelling in kerosene.

EXPERIMENTAL

Compounding and curing

A master batch of NR loaded with 40 phr HAF car-
bon black (N-330) was prepared. Samples were pre-
pared according to the recipe presented in Table I.
The compounds were mixed according to ASTM D
3182 in a laboratory-sized mixing mill at a friction
ratio of 1:1.19 by careful control of the temperature,
nip gap, time of mixing, and uniform cutting opera-
tion. The temperature range for mixing was 60–708C.

The order and time periods of mixing were as fol-
lows: 0–3 min of mastication, 3–6 min of adding
one-third of the filler plus one-third of the process-
ing oil, 6–13 min of adding one-third of the filler
and one-third of the oil, 13–18 min of adding the
remaining filler and oil, 18–26 min of adding other
ingredients, and 26–30 min of refining through a
tight nip gap and dump (the nip gap was 1.5 mm).
After mixing, the rubber compositions were molded
in an electrically heated hydraulic press to the opti-
mum cure with molding conditions that were previ-
ously determined from torque data with a Monsanto
R100 rheometer (New York).

Testing

The tensile tests were determined on unswollen and
swollen dumbbell-shaped specimens. The measure-
ments were carried out at 258C on an Instron
3345J8621 (Norwood) tensile machine with a grip sep-
aration of 40 mm at a crosshead speed of 500 mm/
min per ASTM D 412 and ASTM D 624, respectively.

The hardness (Shore A) of the studied samples
was determined with a Zwick/Roell 3130/3131
DGM 93 18 389.5 hardness tester (Ulm, Germany) in
accordance with ASTM D 2240-05. The tests were
performed on unswollen and swollen samples 30
mm in diameter and 6 mm thick. The readings were
taken after 10 s of indentation after firm contact had
been established with the specimen.

RESULTS AND DISCUSSION

Stress–strain curves

The stress–strain curves of 40HAF/NR vulcanizates
at different swelling times in kerosene are shown in
Figure 1. At strains lower than 20%, the kinetic
theory holds. At large deformations, there is limited
extensibility of the crosslinked chains. Meanwhile,
there is a stress-softening effect at moderate strains.
Separate plots (not shown here) of dr (Stress)/de
(Strain) versus e were determined for all swelling
times. They showed strain-independent regions at
very low strain values. These constant values are
taken to be Young’s modulus (E) at different swel-
ling times, which are shown in Figure 2. A sharp
decrease in the values of E can be observed at low

TABLE I
Recipe of the 40HAF/NR Composites

Ingredient

NR HAF Processing oil Stearic acid MBTSa PBNb Zinc oxide Sulfur

phr 100 40 10 2 2 1 5 2

a Dibenthiazole disulfate.
b Phenyl-b-naphthylamine.
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swelling times up to approximately 3 h, and this is
followed by a gradual decrease up to 40 h. The
reduction of E could be due to plasticization by the
absorbed kerosene and the disruption of hydrogen
bonds between the molecular chains in the rubber
matrix.

The effect of the swelling time in kerosene on the
tensile strength (rb) for NR vulcanizates loaded with
40 phr HAF is shown in Figure 3. rb for the vulcani-
zates decreases sharply with the time of swelling
increasing up to 3 h, and it seems to be time-inde-
pendent after approximately 10 h. The same behav-
ior has been recorded for the elongation at break
(eb), as shown in Figure 4.

Both rb and eb obey an empirical formula of the
following form:

FðtÞ ¼ F0½A expð�atÞ þ B expð�btÞ� (1)

where F(t) describes either rb or eb and F0 is the ten-
sile strength for unswollen samples (10.88 MPa)
when F(t) is the tensile strength or the elongation at
break for the same samples (782%) when F(t) is the
elongation at break. A, B, a (i.e., 1/s1) and b (i.e., 1/
s2) are constants, and their values were estimated
with the iterative method and are shown in Table II.

The constants s1 and s2 are considered the relaxation
times needed for rubber chains to take a new config-
uration under the effect of swelling with short and
long swelling times, respectively. This is because the
values of s1 [which affects the behavior of F(t) for
short times of swelling] are low compared with
those of s2 [which affects the behavior of F(t) for rel-
atively long times of swelling]. The values of s1 may

Figure 1 Stress–strain curves for 40HAF/NR vulcanizates
with different immersion times in kerosene.

Figure 2 Dependence of E of 40HAF/NR vulcanizates on
the time of swelling in kerosene.

Figure 3 Dependence of rb of 40HAF/NR vulcanizates
on the time of swelling in kerosene.
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indicate that the rubber chains take a short time to
return to their original configuration when swollen
for short intervals of time in kerosene, and this time
becomes longer when a sample is swollen for long
times, as indicated by the values of s2.

Microhardness

Figure 5 illustrates the dependence of the difference
in the hardness degree with the swelling time. It
shows an abrupt decrease at short swelling times fol-
lowed by a slow decrease at long swelling times in
accordance with E. The degree of hardness (H) is
related to E according to the following relation:6

Es=E0 ¼ mH=ð100�mHÞ (2)

where Es and E0 are the tensile elastic moduli for the
swollen and unswollen samples, respectively, and m
is a conversion factor, the value of which is deter-
mined with Es/E0 5 1 and H 5 66.86 for an unswol-
len sample. The value of m was found to equal
0.748. Figure 6 shows the variation of Es/E0 and Hs/

H0 (where Hs and H0 are the hardness degrees of
swollen and unswollen samples, respectively) with
the swelling time in kerosene. A good agreement
between the values from eq. (2) and the experimen-
tal values of E displayed previously in Figure 2 can
be observed in Figure 6. The decrease in either E or
H may be attributed to the weakness or degradation
of the rubber–filler and filler–filler interactions and/
or the predominance of chain scissions and rever-
sion.

TABLE II
Calculated Values of Constants A, B, a, and b

Physical property

A B s1 5 1/a (h) s2 5 1/b (h)

For rb 0.85 0.14 1.82 1.00 3 104

For eb 0.75 0.26 2.5 6.67 3 103

Figure 5 Dependence of the difference in the hardness
degree (DH) of 40HAF/NR vulcanizates on the time of
swelling in kerosene.

Figure 6 Dependence of both Es/E0 and Hs/H0 of
40HAF/NR vulcanizates on the time of swelling in kero-
sene.

Figure 4 Dependence of eb of 40HAF/NR vulcanizates on
the time of swelling in kerosene.
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Theoretical models

It has been reported35 that the stress–strain behavior
of rubber vulcanizates can be described by the
Mooney–Rivilin (MR)36 relation, which in a simple
extension gives

r

2ðk� k�2Þ ¼ C1 þ C2k
�1 (3)

where r is the true stress, which produces extension
ratio k in the sample, and C1 and C2 are parameters
characteristic of the rubber vulcanizate whose values
are readily determined from r–k plots, as shown
later in Figures 8–12. These values are tabulated in
Table III. The constant C1 describes the behavior pre-
dicted by the statistical theory of rubberlike elastic-
ity, and its value is directly proportional to the num-
ber of network chains per unit of volume of the rub-
ber.37 The value of C2 determines the number of
steric obstructions and the number of effectively
trapped elastic entanglements as well as other net-
work defects.38 In the case of a long time of immer-
sion for vulcanizates in kerosene, effects such as the
degradation and isolation of network crosslinks
result in a reduction of the number of networks, and
a reduction of steric obstructions and other network
defects becomes possible. These effects are mani-
fested as decreases in the values of C1 and C2 with
swelling in kerosene. On plotting r versus k, as

shown later in Figures 8–12 for different immersion
times of the studied samples in kerosene, one can
obtain an agreement between the experimental val-
ues and MR relation at low k values, whereas a
deviation between them appears at moderate strains,
and it becomes highest at high strains.

Figure 8 Dependence of r on k of unswollen 40HAF/NR
vulcanizates.

Figure 7 Dependence of log r on log k of 40HAF/NR
vulcanizates with different times of swelling in kerosene.

Figure 9 Dependence of r on k of 40HAF/NR vulcani-
zates when swollen in kerosene for 1.5 h.
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The strain energy density (W) associated with this
deformation is determined as follows:39

W ¼ �1=2kTm½k2 þ ð2=kÞ � 3� (4)

where k is Boltzmann’s constant, m is the number of
effective plastic chains per unit of volume, and T is
the absolute temperature. The values of m are calcu-
lated from the slopes of separate plots (not men-
tioned here) between r and (k2 2 k21).40

Blatz et al.41 showed that it is possible to represent
the stress–strain behavior of several rubberlike mate-

rials by a very simple stress–strain relation in which
the strain is based on the n measure, with n being
adjusted to fit the appropriate material data. Accord-
ing to Blatz et al., the true stress–strain extension ra-
tio [r(k)], under simple tension conditions, is given
by a simple form, in which the strain is based on the
n measure considered by Sethe42 as follows:

rðkÞ ¼ 2ðG=nÞðkn � k�n=2Þ (5)

where G is the shear modulus. In this equation, r(k)
is derived from the strain energy density equation
[w(k)]:

wðkÞ ¼ 2ðG=n2Þðkn þ 2k�n=2 � 3Þ (6)

n is independent of temperature and is considered
to be a material constant as well as a kinematic
quantity for unswollen rubber vulcanizates. More-

Figure 12 Dependence of r on k of 40HAF/NR vulcani-
zates when swollen in kerosene for 14 h.

Figure 11 Dependence of r on k of 40HAF/NR vulcani-
zates when swollen in kerosene for 8 h.

Figure 10 Dependence of r on k of 40HAF/NR vulcani-
zates when swollen in kerosene for 3 h.

TABLE III
Calculated Values of the Constants in

Eqs. (3), (5), (7), and (13)

t (h)
C1

(MPa)
C2

(MPa)
D0

(MPa)
G

(MPa)
E0

(MPa) n er

0 0.170 0.350 0.145 0.355 0.453 1.43 0.30
0.25 0.145 0.290 0.120 0.290 0.380 1.44 0.50
0.67 0.130 0.249 0.113 0.250 0.347 1.50 0.60
1.5 0.120 0.238 0.108 0.240 0.334 1.49 0.82
3 0.110 0.220 0.100 0.220 0.294 1.53 0.70
8 0.090 0.220 0.100 0.220 0.280 1.69 1.00
14 0.070 0.185 0.084 0.190 0.237 1.80 1.38
38 0.066 0.170 0.077 0.170 0.214 1.92 1.45
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over, El-Lawindy and El-Guiziri43 found that the n
measure is still a material constant, even after the
addition of carbon black, but with higher values
than those for unloaded rubber.

The stress–strain value [eq. (5)] was approximated
by Malkin et al.44 as follows:

log
2r
3E0

� �
¼ n log k� log n (7)

where E0 is a constant. A suggested graphical
method for determining the constants n and E0 by
the construction of a plot of log r versus log k is
shown in Figure 7. The n measure is obtained from
the slopes, whereas E0 is obtained from the intercept
of the fitted curves. These values are listed in Table
III, and it can be observed that E0 decreases with
increasing swelling time in kerosene as a result of
the cession of rubber chains due to internal pressure
caused by solvent molecules. The kerosene mole-
cules occupy positions between the rubber mole-
cules, forcing these macromolecules apart and pro-
ducing internal strains.

These calculated values of both E0 and n were used
in eq. (5). Then, a plot of r(k) versus k was con-
structed for the studied vulcanizates at different swel-
ling times in kerosene, as shown in Figures 8–12, and
the values of G were calculated. A fairly good agree-
ment between experimental and theoretical values
was obtained at high strains, and a small deviation
between them took place at low strain values.

From this discussion, we can observe that the MR
relation fits the experimental values well at low
strains, whereas the Blatz equation agrees at high
strains; however, it does not satisfy the E/G relation.
To achieve a full description of the uniaxial stress–
strain behavior of a rubber matrix, it was determined
to be strain-rate-sensitive and nonlinear.45,46 The
stress can be represented as follows:

r ¼ f ðeÞgð_eÞ (8)

where f(e) represents the strain-rate-independent
behavior and g(_e) accounts for the effects of the
strain rate. With these considerations, Song et al.47

derived the strain-rate-dependent constitutive model
for rubber, which is represented as follows:

r ¼ D0ðk2 � k�1Þ þ g1ð_eÞðk� k�2Þ

þ g2ð_eÞ 1� exp
k� 1

er

� �� �
ð9Þ

where D0 and er are constants and g1(_e) and g2(_e)
correspond to strain rate effects at large and small
strains, respectively. Formulations have recently
been used to describe the strain rate effects of mate-
rials containing metals48 and composites49 in the fol-

lowing form:

gð_eÞ ¼ a= þ b=ð_eÞa (10a)

or

gð_eÞ ¼ a= þ b1
_e
_e0

� �a

(10b)

where _e is the reference strain rate; _e0, a, a
/, and b/

are material constants; and b1 5 b/_ea0 . The strain-
rate-dependent model for rubber can be expressed
as follows:

r ¼ D0ðk2 � k�1Þ þ A0 þ A1
_e
_e0

� �a� �
½k� k�2�

þ B0 þ B1
_e
_e0

� �� �
1� exp � k� 1

er

� �� �
ð11Þ

where A0, A1, B0, and B1 are constants. The strain
energy density (W) takes the following form:

W ¼ 1=2D0 k2 þ 2

k
� 3

� �
þ B1

_e
_e0

� �
1

k2
þ 2k� 3

� �
(12)

The stress–strain behavior of the studied samples
was checked with eq. (11), and a fairly good agree-
ment was observed between them, as shown in Fig-
ures 8–12. Interestingly, the second term in eq. (11),
½A0 þ A1

�
_e
_e0

�a�ðk� k�2Þ, has no significant effect on
the behavior of the studied samples. Moreover,
when this term is deleted from the equation, the
behavior is unchanged. Therefore, eq. (11) could be
written as follows:

r ¼ D0ðk2 � k�1Þ þ B0 þ B1
_e
_e0

� �� �
1� exp � k� 1

er

� �� �

(13)

The parameters B0, B1, and _e0 have constant values of
0.8 MPa, 2 6.3 3 1026 MPa, and 0.004, respectively,
and are independent of the time of swelling in kerosene.
The values of D0 and er are listed in Table III. First, G
� C2, so one can describe G with the constant C2 in
the MR equation, and second, D0 � ½C2 � ½G.

The dependence of the calculated strain energy
density on the time of swelling in kerosene for the
investigated composites for the three different mod-
els discussed previously in this work is shown in
Figure 13 at an elongation ratio of 2. This energy
density is calculated with eqs. (4), (6), and (12). It
always decreases with the time of swelling increas-
ing for the three discussed models. This indicates
that at small intervals of rubber immersion in kero-
sene, all the chains need energy to be deformed. As
the time of swelling is increased, the number of
chains that need energy for deformation becomes less,
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and this results in a small change in the energy den-
sity, which appears time-independent, as shown in
Figure 13. In addition, there is an approximate coinci-
dence between the values of the strain energy density
calculated with eqs. (4) and (12) at this value of k. On
the other hand, these values are far from those calcu-
lated with eq. (6), and this may be referred to the
agreement between the classical theory and the strain
rate considerations at low strains.

CONCLUSIONS

From this study, it is concluded that the swelling of
NR vulcanizates loaded with HAF carbon black in
kerosene reduces E, rb, eb, H, and W. The MR model
agrees with the experimental data at low strains,
whereas the Blatz model agrees at high strains. The
strain rate sensitivity is embedded to describe the
strain rate dependence at both large and small
strains. The model exhibits good agreement with the
experimental results over a wide range of strains.
The relatively small number of material constants
and simple formulation increase the applicability of
the model in numerical analysis. G can be deter-
mined from the constant C2 in the MR relation.

The authors acknowledge the Deanship of Scientific
Research and Faculty of Science, King Faisal University,
for providing the facilities required for this investigation.
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