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Abstract

The values of crack growth rate for styrene–butadiene copolymer (SBR) and acrylonitrile–butadiene copolymer (NBR) under dynamic
tearing condition were measured in both dry and swollen conditions. For swollen samples, tearing energy was adjusted by a simple
geometrical factorl s

2 (wherel s is the linear swelling ratio), in order to take into account the reduction in number of molecular chains
per unit fracture plane. The crack growth rate of a swollen elastomer was observed to be significantly increased over the measured range of
tearing energy compared to that of an unswollen elastomer. The effects of the type of elastomer, degree of swelling, and crosslinking structure
on fatigue crack behaviour of swollen elastomers are discussed.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

When an elastomer is subjected to the repeated deforma-
tion, small-scale crack growth can occur in elastomers at
energies below those required for tearing or catastrophic
failure. Since the amount of cyclic crack growth is mainly
determined by the maximum tearing energy attained during
a cycle G, the fatigue crack growth can be represented as
[1–3]

dc=dn� BGa �1�
wherec is the crack length,n is the number of load applica-
tions, andB anda are constants. For most rubber vulcani-
zates, values of exponenta range from 2 to 6, depending
strongly on the type of elastomers and to a lesser extent on
other factors such as the degree of crosslinking and the type
of crosslink [4,5]. It tends to be lower if the material exhibits
the higher mechanical hysteresis, since the fatigue crack
growth is mainly governed by dissipative processes, parti-
cularly those arising from internal molecular motions and
from stress-induced crystallization [6].

There are many evidences that the strength of elastomer is
significantly influenced by the test conditions, such as
temperature and environment [3,7–12]. For example, in
the presence of low-viscosity fluid, tear and adhesive
strength of elastomers are observed to be remarkably

decreased. In some case, however, the swollen material
has been usefully employed to determine the threshold
strength of elastomers, since the viscoelastic energy dissipa-
tion during deformation may be minimized in the presence
of solvent [11,12].

Even though the presence of low-viscosity fluid is also
expected to give the significant influence on fatigue beha-
viour of elastomers, there is little published reference.
Therefore, in this study, an experimental study of swollen
vulcanizates was carried out in an attempt to clarify effects
of swelling on fatigue crack growth of elastomers.

2. Experimental

2.1. Materials and sample preparation

The elastomers used were a standard styrene–butadiene
copolymer (SBR, Kumho Petrochemical Co., SBR-1502,
styrene content:23.5 wt.%) and acrylonitrile–butadiene
copolymer (NBR, Kumho Petrochemical Co., KNB230H,
Acrylonitrile content: 35 wt.%). For SBR, crosslink density
and degree of swelling were varied, whereas only degree of
swelling was varied for NBR. Mix formulation and vulca-
nization conditions are given in Table 1.

SBR vulcanizates were swollen in mineral oil at room
temperature till equilibrium swelling had been reached.
NBR vulcanizates were swollen to various extents in deca-
hydronaphthalene. The degree of swelling of NBR vulcani-
zate was controlled by varying the swelling temperature and
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time. In the case of partially swollen sample, elastomer was
placed in an oven at 608C for three days in order to achieve
the homogenous distribution of solvent prior to the test.

2.2. Fatigue test

Pure-shear specimens with a length of 100 mm, a width of
25 mm and a thickness of 1.8 mm were used for crack
growth measurements. A specimen with sharp precrack
was subjected to an intermittently applied strain at a
frequency of 150 rpm at room temperature. The magnitude
of applied deformations was varied from 10 to 35%. The
tearing energy of pure-shear specimen is determined at the
deformation rate of 10 mm/min at room temperature using
universal testing machine (Instron 4206). For this geometry

tearing energy of elastomer (G) is given by [3,13]

G�Wh0 �2�
whereh0 is the unstrained width of the specimen andW is
the strain energy density. The values ofW were determined
from tensile stress–strain relation for uncut specimen. For
swollen samples, tearing energyG was adjusted by a simple
geometrical factorlS

2 (wherelS is linear swelling ratio), in
order to take into account the reduction in number of mole-
cular chains per unit fracture plane.

2.3. Equilibrium swelling test

The crosslinking density (N), network molecular strand
per unit volume, was determined by equilibrium swelling
method using the Flory–Rehner equation [14]

�ln�1 2 y2�1 y2 1 x1y
2
2� � 2V1N{ y1=3

2 2 y2=2} �3�
wherey2 is the volume fraction of polymer in the swollen
mass,V1 is the molar volume of the solvent, andx1 is the
Flory–Huggins interaction parameter, taken as 0.391 in
SBR/toluene system [15].

3. Results and discussion

The rates of fatigue crack growth of SBR vulcanizates
with high sulfur content (SBR-H) were determined as a
function of tearing energy and the results are given in Fig.
1. By swelling, the rate of crack growth of SBR is increased
remarkably, becoming as much as 100 times dc/dn of
unswollen vulcanizate. However, in the case of swollen
elastomer, it should be taken into account that the number
of molecular chains crossing a unit fracture plane is reduced
and thereby contributes to the fracture energy [11,16]. Thus,
the values ofG for the swollen elastomer are multiplied by
geometrical factorlS

2, wherelS is the linear swelling ratio
(lS is unity for unswollen elastomer). The values of dc/dn
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Table 1
Mix formulations (phr), vulcanization and swelling conditions

SBR-L SBR-H NBR

Ingredients
SBR 100 100
NBR – – 100
Zinc oxide 5 5 3
Stearic acid 2 2 1
Sulfur 1.5 2.5 1.5
Delac NSa 1.2 1.2 0.7
Vulcanization
Temperature/time 1508C/30 min 1508C/30 min 1508C/40 min
Crosslinking density
(105 mol/cm3) 9.2 10.8 –
Swelling
Solvent mineral oil mineral oil decahydronaphthalene
l s (temperature/time) 1.26 (258C/40days) 1.21 (258C/40days) 1.07 (258C/ 4 days), 1.10 (258C/50 days), 1.13 (608C/3 days)

a N-t-butylbenzothiazole-2-sulfenamide (TBBS).

Fig. 1. Crack growth rate versus tearing energyG for SBR-H vulcanizates:
(W) in dry condition; (B) in swollen condition without correction ofG; (X)
in swollen condition after correction ofG.



are replotted against the correctedG and results are also
given in Fig. 1. After adjustment for tearing energyG, the
effect of swelling on fatigue behaviour becomes less signif-
icant. In this study, thereafter, reduced concentration of
molecular strands crossing unit fracture area is considered
in determiningG of the swollen sample.

Rates of fatigue crack growth of SBR-H and NBR are
plotted against corrected tearing energyG on logarithmic
scale in Fig. 2. Over measured range of tearing energyG, the
rates of crack growth of SBR-H and NBR are in good agree-
ment with power law Eq. (1). The values ofa of SBR-H and
NBR in unswollen state are ca. 3.0 and 2.7, respectively. At
a given value ofG, the rates of crack growth of elastomers in
swollen state are observed to be much higher than in dry

state. However, the fatigue resistance of the swollen elasto-
mer is not lowered by the constant factor, depending on the
magnitude of tearing energy and the type of elastomer. That
is, the increase of fatigue crack growth (FCG) of swollen
NBR is most prominent in the high values ofG, whereas the
effect of swelling on FCG of SBR-H seems to be slightly
larger in the low tearing energy region over the measured
region ofG, and the effect of swelling on fatigue behaviour
seems to be more significant in highly swollen SBR-H
(lS� 1.21) than NBR (lS� 1.10). Fig. 3 manifests the
influence of the degree of swelling more clearly. The fatigue
crack resistance of NBR vulcanizates is lowered in propor-
tion to the degree of swelling as the linear swelling ratiolS

is increased gradually from 1.00 to 1.13.
The increase of crack growth rate of the swollen elasto-

mer is considered to arise mainly from the reduced internal
friction between network strands during deformation due to
swelling, since the internal energy dissipation such as
mechanical hysteresis is a major factor governing the
mechanical strength of elastomers [11,12,17]. In addition,
it is speculated that the variation of torn surface roughness
in swollen state may also contribute to the fatigue behaviour
of elastomers. Fig. 4 presents SEM micrographs of the frac-
tured surface for SBR-H. The tearing energies imposed
repeatedly on specimens during fatigue test are 454 J/m2

in dry state (Fig. 4(a)) and 400 J/m2 in swollen state (Fig.
4(b)). As shown in Fig. 4, torn surface of swollen specimen
looks much smoother, compared with that of unswollen
elastomer, i.e. the steps are more widely spaced on the frac-
ture surface of the swollen elastomer. It has been reported
that the smooth surface indicates sharp tear while the rough
surface results from blunt tear [18]. Thus it is suggested that
the propensity for crack tip sharpening in swollen state also
contributes to the lowering of fatigue resistance of elasto-
mers, since the strength of elastomers is strongly dependent
on the radius of the crack tip [19,20].

It can be suggested that pre-strain may be imposed on
molecular strands by the penetration of solvent into network
structure, which may lead to the poor fatigue resistance.
However, the effect of pre-strain on fatigue resistance of
elastomers is conjectured to be small in this study, since
the relatively long flexible molecular chains between junc-
tion points may have sufficient time to relax during the
period of swelling.

The crack growth rates for SBR-L and SBR-H are plotted
against corrected tearing energyG in Fig. 5, using logarith-
mic scales for both axes. The crosslinking density of SBR-H
vulcanizate is higher than that of SBR-L vulcanizate (see
Table 1) and SBR-H is likely to consist of a higher propor-
tion of polysulfidic crosslinks than SBR-L, based on the
ratio of sulfur to accelerator in mix formulations [21]. Fig.
5 shows that, unlike the SBR-H, SBR-L shows the change of
slope atG� ca.700 J/m2, probably due to the variation of
fatigue crack growth pattern from the mechano-oxidative to
power law regions [4,20,22]. In spite of different values of
slopea , however, the rates of crack growth of both systems
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Fig. 2. Crack growth rate versus corrected tearing energyG for vulcani-
zates: (W) SBR-H in dry condition; (X) SBR-H in swollen condition; (A)
NBR in dry condition; and (B) NBR in swollen condition.

Fig. 3. Crack growth rate versus corrected tearing energyG for NBR
vulcanizates with different swelling ratio,lS.



are more or less in the similar order of values. It arises from
the fact that at a given strain the higher crosslinking density
of elastomer gives rise to a higher tearing energyG, which
simultaneously increases the rate of fatigue crack growth.

Similarly for elastomers in dry states, the swollen SBR-H
holds for Eq. (1) over the measured range ofG, whereas the
swollen SBR-L shows the change in slope atG� ca.
700 J/m2. In contrast, the reduction in fatigue resistance in
the swollen state seems to be greater in SBR-H than SBR-L,
especially in the high tearing energy region. If the crosslink
density determines the fatigue properties in the swollen
state, the reduction in fatigue resistance will be less signifi-
cant in SBR-H vulcanizate with a higher crosslinking
density (more elasticity), since (a) the degree of swelling
is lower and (b) the loss of internal friction in the presence
of solvent will be less significant compared with SBR-L
vulcanizate. Thus the observation in Fig. 5 may leads to a
conclusion that the crosslink type contributes to the fatigue
of swollen SBR systems more than the crosslinking density.
That is, in the unswollen state, polysulfidic crosslinks easily
break and reform during deformation, which is an important
strengthening mechanism of the vulcanizates [17].
However, in the swollen state sulfide radicals formed from
the breakage of polysulfidic crosslinks are exposed to a
solvent, which may suppress the recombination of sulfide
radicals and thereby contributes to the lowering of the
strength. Therefore, the effect of swelling will be more
significant in SBR-H, which is expected to contain the
higher concentration of polysulfidic linkage, compared
with SBR-L.

4. Conclusions

The fatigue resistance of elastomer is remarkably
decreased in the presence of low-viscosity fluid, in propor-
tion to the degree of swelling. However, the rates of crack
growth of swollen elastomers are not increased by a
constant factor, depending on the magnitude of tearing
energy and the type of elastomer. It is considered that the
variation of fatigue resistance of elastomer in the swollen
state is due to a reduction in viscoelastic energy loss and
sharpening of crack tip in the swollen state.

In the presence of the swelling solvent, the reduction in
fatigue resistance for SBR-H is greater than SBR-L. This
may be due to the loss in the strengthening mechanism in the
swollen state, since the recombination of sulfide radicals
formed from the breakage of polysulfidic crosslinks may
be hindered due to the solvation of sulfide radicals with
the solvent.
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Fig. 4. Scanning electron micrographs of torn surface for SBR-H vulcani-
zates: (a) in dry condition; (b) in swollen condition.

Fig. 5. Crack growth rate versus corrected tearing energyG for SBR-H and
SBR-L vulcanizates: (W) SBR-H in dry condition; (X) SBR-H in swollen
condition; (A) SBR-L in dry condition; and (B) SBR-L in swollen condi-
tion.
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