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1. Introduction

Natural rubber (NR) is a versatile elastomer that has been used
industrially for well over a century. It has found use in many differ-
ent applicationsmainly because of its ability to dissipate energy and
undergo large elastic deformation whilst maintaining excellent
resistance to crack growth. Themajority of NR is used in production
of automobile tires. Additionally, it finds use in the marine environ-
ment (upon a selection of appropriate formulations) because of its
low water absorption and consistent mechanical properties after
prolonged immersion in seawater. With recent growth of interest
inoff-shore energyproduction, ranging fromoil ornatural gas,wave,
wind to tidal energy, better understanding of fatigue behavior of
natural rubber in seawater is of interest at present.

The study of NR fatigue is divided into two complementary
approaches that lead to determination of fatigue life [1]: the crack
nucleation approach, which focuses on the prediction of crack ini-
tiation in a material without defects; and, the crack propagation
approach, which considers the cyclic growth of an existing crack.
The crack nucleation approach refers to continuum mechanics,
whereas the crack propagation approach refers to fracture
mechanics. Several factors influence fatigue properties of NR. In
general, they are separated into three groups [2]: mechanical load-
ing conditions, environmental conditions, and chemical formula-
tion (addition of antioxidants, antiozonants, fillers, and other
additives used in the industrial process).

The mechanical loading conditions for soft materials are usually
defined by prescribed displacement or strain energy density [3]. In
both cases, we classically define the R-ratio, or the loading ratio, as
the ratio of the minimum to the maximum loading quantity. In
terms of the stretch ratio k ¼ l=l0, it is defined as:

R ¼ ðkmin � 1Þ
ðkmax � 1Þ ð1Þ

The R-ratio is a useful descriptor of mechanical loading and its value
considerably affects the fatigue behavior. For R = 0, i.e. the mini-
mum loading quantity is zero, the mechanical loading conditions
are said to be relaxing; when R > 0, i.e. the minimum loading quan-
tity is positive, they are said to be non-relaxing. Under the latter
type of loading conditions, fatigue resistance of NR improves (nota-
bly in contrast to metals). The general consensus is that presence of
strain-induced crystallization (SIC) is responsible for such improve-
ment [4,5]. The effects of SIC in fatigue will be discussed in further
detail in Section 4. For further information on SIC in rubber, the
reader can refer to the review articles of Tosaka [6] and Huneau [7].

The second factor that influences fatigue properties of rubber is
the environment. In air, the fatigue behavior has been extensively
studied: see for example Cadwell et al. [8], Rivlin and Thomas [9],
Lindley [4,10], Lake [11], and many others. In air, fatigue is a
mechanico-oxidative process [12]. Comparison with results in an
oxygen free environment (nitrogen) reveals that gaseous oxygen
accelerates crack growth and decreases the fatigue crack propaga-
tion threshold [13]. A study by Gent and Hindi [14] shows that in
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vacuum environment, i.e. with no exposure to oxygen, the crack
propagation rate is reduced roughly by a factor of 2 as compared
to air environment. Oxygen also has a long term effect on NR fati-
gue due to aging, which is driven by diffusion of oxygen in NR; pri-
marily, it affects the mechanical properties making it hard and
brittle [15]. For NR, aging reduces the fatigue life, fastens crack
propagation, and reduces fatigue threshold [1].

In contrast, effects of seawater (or water in general) on NR fati-
gue have not been investigated to the same extent as in air. Mott
and Roland [16] carried out accelerated aging experiments and
found that the concentration of oxygen in seawater has a direct
effect on degradation of NR. As for fatigue behavior, under relaxing
loading conditions (R = 0), one study suggests that fatigue crack
propagation rates are almost identical to the ones in air [17]. More-
over, after a long-term immersion in seawater of 2.25 years, no dif-
ference (compared to air) in crack propagation properties has been
observed for R = 0 [17]. Additionally, it has been shown that fatigue
life under relaxing loading conditions is similar in distilled water
[18] and in seawater [19] as compared to air. On the other hand,
under non-relaxing loading conditions at R = 0.2, the fatigue
threshold is higher and crack propagation is slower in water com-
pared to air regardless of temperature [13]. In the recent study of
Le Gac et al. [19], a decrease in fatigue life is observed in seawater
compared to air under non-relaxing loading conditions; this result
is obtained for filled NR (15 phr of carbon black) with and without
antioxidants. Moreover, it appears that antioxidant leaching has no
effect on fatigue life of NR in seawater [19].

In the present paper, the focus is primarily on mechanical load-
ing and environment. Since fatigue properties of NR are relatively
well-understood in air, the objective is to compare these properties
in seawater; an important question is whether the vast knowledge
of fatigue behavior in air can be expanded to the seawater environ-
ment. The present work parallels the study of Le Gac et al. [19],
specifically, to a greater range of strain levels under which the ben-
eficial effects of strain-induced crystallization are greatly
enhanced. Both fatigue life and fatigue crack propagation experi-
ments are carried out, and the corresponding damage mechanisms
are observed by scanning electron microscopy (SEM).

2. Experimental program

2.1. Material

The composition of the studied material is given in Table 1. The
material is molded into sheets of 2 mm uniform thickness and the
specimens are cut using a die and a pneumatic press. The experi-
ments are performed on a virgin material and no pre-aging steps
are considered.
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2.2. Specimens

Fatigue life tests are performed on flat dumbbell specimens
(H3) with dimensions shown in Fig. 1 (ISO 37:2005 standard,
dumbbell: type 3). In the middle of the specimen, the gauge length
is 17 mm long and the stress state is that of uniaxial tension. Fati-
gue crack propagation tests are performed on single-edge-notched
tension (SENT) specimens shown in Fig. 2; the dimensions are
146 mm � 25 mm � 2 mm and a 1 mm cut is introduced in the
middle of the specimen with a brand new blade. The design of
the experimental grips reduces the effective length of H3 and SENT
specimens to 28 mm and 96 mm respectively.

2.3. Experimental procedure

Actual fatigue tests are performed on custom-built electrically
driven machines (actuators Parker PRA 3810S). The testing machi-
nes apply a sinusoidal waveform that is displacement controlled.
The sinusoidal movement of the actuators is verified manually
(minimum and maximum positions) and by using an LVDT. Tests
are performed in both air and seawater environments. The loading
ratios R = 0 and R = 0.2 are considered. These values are calculated
considering the local maximum stretch ratio klocal. All fatigue
experiments are performed at 2.0 Hz. Experiments in air are car-
ried out at laboratory room temperature, i.e. 22 �C. For the experi-
ments in seawater, specimens are submerged into home-made
tanks (12 L in volume). The seawater is extracted directly from
the roadstead of Brest and its properties are shown in Table 2.
Seawater is continuously renewed by slow drainage and addition
of extra seawater; the rate of water flow through the tank is in
the order of magnitude of 1 L/h, which does not affect the temper-
ature that is held constant at 25 �C by using a thermocouple-
controlled heater. Water is aerated and its closed circulation is
managed by a pump. The seawater is replaced for each test. The
experimental setup for fatigue life tests is shown in Fig. 3.

Before the fatigue experiments, the Mullins effect is removed by
performing 50 cycles at 110% of the maximum local stretch ratio
prescribed in fatigue experiments. The frequency of these accom-
modation cycles is set to 0.5 Hz and a 15 min long relaxation per-
iod is imposed between accommodation and start of the fatigue
experiments.

2.3.1. Preliminary tests
The maximum local stretch ratio klocal differs from the pre-

scribed global stretch ratio due to sample geometry. Here, the local
stretch ratio is measured by digital image correlation (DIC). The
material stress–strain response and the details of the DIC experi-
ments are expanded in Appendix A. Additionally, experiments



Table 1
Material composition.

Ingredients Amount (phr)

Natural rubber 100
Carbon black 45
Sulfur 1.5
CBS 1.5
Stearic acid 2.0
Zinc oxide 2.5
6PPD 2.0

Fig. 1. Dimensions of H3 specimen used for fatigue life tests.

Fig. 2. Dimensions of SENT specimen used for crack propagation tests.

Table 2
Properties of seawater extracted from the roadstead of Brest (data provided by
SOMLIT http://somlit-db.epoc.u-bordeaux1.fr/bdd.php).

Min Max

Experimental temperature (�C) 25.00
Salinity (PSU) 34.40 35.13
Oxygen content (mL/L) 5.44 6.47
pH 7.96 8.11
are carried out to measure the heat build-up of the H3 specimens
in air. The average temperatures of the surface of the specimen are
monitored using an infrared thermometer for given maximum
stretch ratios klocal = 1.5, 2.0, 2.5, 3.0 and 4.15 at a frequency of 2 Hz.

2.3.2. Fatigue life
For fatigue life experiments, the end-of-life criterion is defined

as the number of cycles until complete failure of the specimen.
Experiments are carried out at constant stretch ratio amplitudes
Dk = kmax � kmin = 1.0, 1.5, 2.0, and 2.5, for R = 0 and R = 0.2; values
for maximum and minimum applied stretch ratios are shown in
Table 3. The corresponding displacements prescribed to the testing
machines are calculated from the DIC results. Special home-made
grips allowed to test up to 7 specimens per single experiment.
With fatigue life testing of rubbers in general, there is usually a
high dispersion of results due to presence of preexisting micro-
scopic flaws of inhomogeneous sizes [20,21]. Therefore, for statis-
tical significance, at least 14 specimens are tested for each loading
level at R = 0 and R = 0.2 in each environment.

2.3.3. Fatigue crack propagation
Crack propagation experiments are performed at low and high

stretch ratio amplitudes in order to measure crack growth rates
for a wide range of tearing energies. Due to testing machine con-
straints, the prescribed amplitudes vary from Dk = 0.3 to Dk = 0.7
for both loading ratios; values for maximum and minimum applied
stretch ratios are shown in Table 4. The tearing energy of the SENT
specimen is approximately related to the crack length c and the
strain energy density W by [9]:

T ¼ 2kWc ð2Þ

where k ffi p=
ffiffiffi
k

p
[10]. The value ofW is measured experimentally as

the total area under the stress–strain curve after accommodation
cycles [9]. Experiments are run continuously at constant amplitudes
3

until fracture of the specimen and the crack length is recorded by a
high speed camera. However, during experiments under R = 0.2,
crack branching occurs where secondary cracks are formed and
their growth direction is not perpendicular to the loading direction.
In such cases, a test is stopped if crack branching occurs for crack
lengths greater than half of the width of the SENT specimen; if crack
branching occurs for crack lengths less than half of the width of the
specimen, the test is paused and a new notch is cut along the orig-
inal path of the crack in the direction perpendicular to the direction
of loading. Crack propagation rate measurements are made only
after the fatigue blunting of the new notch.
2.3.4. Damage mechanism analysis
JEOL JSM-6060LA scanning electron microscope (SEM) is used

for microscopic analysis of specimens tested for fatigue life. The
fractured specimens and those obtained from interrupted tests just
before failure are considered; the interrupted tests are carried out
at stretch amplitude Dk = 1.5 and R = 0.2 in both air and seawater.
All specimens are stretched up to k = 1.3 using a Deben micro-



Fig. 3. Experimental setup for fatigue life tests in seawater (for experiments in air,
the tests are performed on the same setup but without water); magnified is the
design of the grips.

Table 3
Maximum and minimum applied stretch ratios for each fatigue life test level.

Level/
amplitude

R = 0 R = 0.2

Min. local
stretch

Max. local
stretch

Min. local
stretch

Max. local
stretch

1: ka = 0.50 1 1.50 1.13 1.63
2: ka = 1.00 1 2.00 1.25 2.25
3: ka = 1.50 1 2.50 1.38 2.88
4: ka = 2.00 1 3.00 1.51 3.51
5: ka = 2.50 1 3.50 1.65 4.15

Table 4
Maximum and minimum applied stretch ratios for each crack propagation test level.

Level/
amplitude

R = 0 R = 0.2

Min. local
stretch

Max. local
stretch

Min. local
stretch

Max. local
stretch

1: ka = 0.10 1 1.10 1.03 1.13
2: ka = 0.20 1 1.20 1.05 1.25
3: ka = 0.30 1 1.30 1.07 1.37
4: ka = 0.40 1 1.40 1.10 1.50
5: ka = 0.50 1 1.50 1.12 1.62
6: ka = 0.60 1 1.60 1.15 1.75
7: ka = 0.70 1 1.70 N/A N/A
tensile machine in order to open cracks and defects during obser-
vations. Additionally, energy dispersive spectroscopy (EDS) is used
to inspect the chemical composition of surfaces around and within
the cracks by keeping the electron beam stationary on several
points for localized information.
4

3. Results

3.1. Fatigue life

The fatigue life results are shown on a Wöhler curve, where the
fatigue life (number of cycles to failure) in both environments is
plotted with respect to the stretch amplitude Dk (Fig. 4). The geo-
metric averages of fatigue lives with their 95% confidence intervals
are presented for each testing condition. The equation for calcula-
tion of 95% confidence intervals is the following:

C95 ¼ �t95
sp
n

ð3Þ

where s is the estimated standard deviation, n is the number of
tested specimens, and t95 is the upper (1 � 0.95)/2 critical value
for a T-Distribution (since the true standard deviation is not known)
with n � 1 degrees of freedom. Because testing of 14 specimens for
each testing condition in each environment provides statistical sig-
nificance, small differences in the fatigue life results can be
discussed.

In general, the fatigue life decreases as stretch ratio amplitude
increases for both relaxing (R = 0) and non-relaxing (R = 0.2) load-
ing conditions. The average fatigue lives and the corresponding
95% confidence intervals in seawater and in air significantly over-
lap under relaxing loading conditions (R = 0). For all loading levels,
it is clear that the fatigue lives are identical in both environments.

As expected, under non-relaxing loading conditions (R = 0.2),
the fatigue life increases in both environments. Moreover, the aver-
age fatigue life at Dk = 0.5 decreases by around 7% in seawater as
compared to air with a considerable overlap of the confidence
intervals. At Dk = 1.0, the average fatigue life in seawater decreases
by around 21% as compared to air within the boundaries of confi-
dence intervals. The average fatigue life at Dk = 1.5 in seawater
increases by around 6%, but also with a considerable overlap of
the confidence intervals. Finally, the fatigue life in seawater is
revealed to be longer than in air for large stretch ratio amplitudes
(an increase of around 66% at Dk = 2.0 and 77% at Dk = 2.5).

3.2. Fatigue crack propagation

The fatigue crack propagation results are shown in Fig. 5, where
the crack propagation rate is plotted with respect to the tearing
energy. The crack propagation rate is identical in seawater and
air under both loading conditions, R = 0 and R = 0.2. Moreover,
the crack propagation rate under non-relaxing loading conditions
is slower and the fatigue threshold increases in both seawater
and air in comparison to relaxing loading conditions. It should be
noted that crack branching is observed during experiments under
non-relaxing loading conditions (Fig. 6).

3.3. Damage mechanism analysis

Surfaces of specimens tested for fatigue life are inspected using
scanning electron microscopy (SEM) (Figs. 7–12). Microscopic
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Fig. 6. Example of crack branching under R = 0.2 loading of a SENT specimen
(direction of loading is vertical).
damage features are similar irrespective of the stretch ratio ampli-
tude and the environment for relaxing loading conditions R = 0
(Fig. 7). Cracks form on a plane perpendicular to the loading direc-
tion and their lengths vary from 100 lm to 500 lm. Crack densities
on the surface increase with stretch ratio amplitude in a similar
manner for both environments.

Under non-relaxing loading conditions (R = 0.2), morphology of
cracks differs between air and seawater. In air, cracks appear on a
5

plane perpendicular to the loading direction (Fig. 8a). Damage in
seawater is completely different. Cracks appear in form of a cross
on the surface and two cones form an ‘‘hourglass-shape” in 3D;
qualitatively speaking, the majority of such cracks are symmetric



Fig. 7. SEM micrographs in (a) air and (b) seawater under relaxing loading
conditions; horizontal direction of loading; failed specimen stretched at Dk = 1.5. Fig. 8. SEM micrographs in (a) air and (b) seawater under non-relaxing loading

conditions; horizontal direction of loading; interrupted specimen right before
failure stretched at Dk = 1.5.
with only few cracks appearing in form of a half of an ‘‘hourglass.”
Energy dispersive spectroscopy does not identify in the matrix any
foreign inclusions such as oxides or other poorly dispersed com-
pound ingredients within cracks. The difference in the damage
mechanisms is also revealed by edge cracks. In seawater, the direc-
tion of crack growth is parallel to the loading direction, and both
crack branching and secondary cracks are observed (Fig. 9b). How-
ever in air, the cracks are mostly uniform and develop on a plane
perpendicular to the loading direction (Fig. 9a). Moreover, a high
density of microscopic cracks (inferior to 100 lm in length) is
observed on specimens tested in air (Fig. 10), but similar features
do not take place in seawater.

Additionally, the effect of the stretch amplitude under non-
relaxing loading conditions is shown in Figs. 11 and 12. The crack
morphology depends on both the stretch ratio amplitude and the
environment. In seawater, crack paths on the surface evolve from
smooth curves at lower stretch ratio amplitudes (Fig. 11a) to more
irregular ones at higher ones (Fig. 11b). In air, the crack morphol-
ogy is similar for low (Fig. 12a) and high (Fig. 12b) amplitudes with
only difference in their densities: the number of cracks of all sizes
increases as the stretch ratio amplitude increases.

4. Discussion

4.1. Relaxing loading conditions

Under relaxing loading conditions (R = 0), the three experimen-
tal approaches reveal with significant correlation that the fatigue
behavior of NR is similar in seawater and in air. Primarily, fatigue
6

lives are the same in both environments for all stretch ratio ampli-
tudes. These results agree with those of Le Gac et al. [19]. Secondly,
the crack propagation behavior is also identical in both environ-
ments; likewise, this is in agreement with literature [17]. Thirdly,
the damage mechanisms observed by SEM are the same in both
environments; cracks in seawater and air are perpendicular to
the direction of loading. Thus, it appears that NR fatigue properties
under relaxing loading conditions are not affected in a positive or
negative manner by seawater in comparison to the properties in
air.

4.2. Non-relaxing loading conditions

On the other hand, the results under non-relaxing conditions
(R = 0.2) are not as clear-cut. The results highlight a considerable
improvement of fatigue lives and reduction of crack growth rates
at R = 0.2 in comparison to R = 0 loading conditions for both air
and seawater. Therefore, it is sensible to first discuss the overall
effect of the R-ratio separately from the effect of the environment.

4.2.1. Effect of positive R-ratio irrespective of the environment
As mentioned in the introduction, it is widely accepted that

improved fatigue properties of NR for R > 0 are due to increased
presence of SIC in NR. It is now well-established that under
quasi-static loading conditions, strain-induced crystallites appear
at a given threshold stretch ratio (for 50 phr carbon black content,



Fig. 9. SEM micrographs of edges in (a) air and (b) seawater under non-relaxing
loading conditions; horizontal direction of loading; interrupted specimen right
before failure loaded at Dk = 1.5.

Fig. 10. Small cracks on the surface of a specimen tested in air at R = 0.2; horizontal
direction of loading; failed specimen loaded at Dk = 0.5.

Fig. 11. SEM micrographs in seawater under non-relaxing loading conditions at (a)
Dk = 1.0 and (b) Dk = 2.0; horizontal direction of loading; taken at failure.
it varies from around 2.0 to 2.4); moreover during unloading, the
crystallites melt at a smaller threshold stretch ratio, which for
filled NR is close to the above-mentioned crystallization stretch
ratio [22–24]. It should be noted that these threshold values
change with both temperature and strain rate [26]. Thus, no pre-
cise values of these quantities will be given in the following discus-
sion. As a consequence, the influence of SIC on fatigue properties
depends on both minimum and maximum cyclic stretch ratios,
7

and thus on the R-ratio: number of studies have demonstrated that
fatigue life increases as R-ratio increases [8,27,28] mainly because
fatigue crack growth is retarded [4,13,20,29,30]. This hypothesis is
supported by the results of crack propagation experiments. In ini-
tial observations, there is the occurrence of crack branching due to
SIC under non-relaxing loading conditions. Since the crystalline
regions at the crack tip are significantly larger and induce an aniso-
tropic microstructure [34,29,30], the symmetry around the crack
disappears and the crack branches out with growth proceeding
in a path not perpendicular to the direction of loading. This obser-
vation is reinforced by the experimental results, where the crack
propagation rate is slower and the fatigue threshold is generally
higher for R = 0.2 as compared to R = 0.

However, the positive effect of non-relaxing loading conditions
differs in regards to the stretch ratio amplitude. For R = 0.2 loading,
the relative increase of fatigue life observed between the results for
Dk = 1.0 and those for Dk = 0.5 (with respective maximum
stretches of kmax = 2.25 and kmax = 1.63) is almost negligible consid-
ering the large decrease in the stretching level. The incidence of SIC
and its beneficial effects are reduced for Dk = 0.5 in comparison to
Dk = 1.0; it can be explained by the relative position of the loading
conditions with respect to the above-mentioned crystallization
and melting thresholds [23,31].

For higher stretch ratio amplitudes (DkP 1.5), there are how-
ever three competing phenomena. First, the material reinforces
due to the increase in crystallinity during cyclic loading. Neverthe-
less, it is counteracted by the effect of large loading, which pro-
motes damage and therefore shortens fatigue life. The third
phenomenon is the increase of heat build-up due to high stretch



Fig. 12. SEM micrographs in air under non-relaxing loading conditions at (a)
Dk = 1.0 and (b) Dk = 2.0; horizontal direction of loading; taken at failure.
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ratio amplitudes, which also greatly contributes to deterioration in
fatigue properties [32,13]. These three factors explain why the pos-
itive effect of R-ratio on fatigue life diminishes with increasing
strain levels for DkP 1.5.

4.2.2. Effect of the seawater environment in comparison to air
Due to these different behaviors at low and large stretch ratio

amplitudes, the effect of seawater on fatigue properties under
non-relaxing loading conditions is now discussed in the two next
sections.

4.2.2.1. Low stretch ratio amplitudes. For Dk = 0.5, 1.0 and 1.5, fati-
gue lives in seawater and air are close and within the 95% confi-
dence intervals. Although, the experimental methods of the
present work differ to those of Le Gac et al. [19], a comparison of
the results can be performed. Loading conditions considered in
Le Gac et al. parallel the low stretch ratio amplitudes investigated
in the present work (Fig. 13). At first glance, the results of Le Gac
et al. and of the present work could appear different: Le Gac
et al. observe a tangible difference in fatigue life in both environ-
ments. However, some parallels are noticeable upon closer inspec-
tion of the present results. The average fatigue lives are shorter in
seawater than in air within the stretch ratio amplitude range
Dk = 0.5–1.0: the difference in fatigue life is about 7% with a signif-
icant 98% overlap of the confidence intervals for Dk = 0.5 and, for
Dk = 1.0, it is about 26% with a 22% overlap of the confidence inter-
vals. However, in the present work, the fatigue lives (in both air
and seawater) are longer. These discrepancies between the two
studies are explained by different experimental methods: most
8

importantly, the material formulations are different. The longer
fatigue lives of the present work can be explained because the pre-
sent material has a higher CB content (45 phr vs 15 phr). With ref-
erence to the earlier discussion in Section 4.2.1, the stretch ratio
thresholds at which crystallization appears and melts depends on
filler content; these thresholds are higher for NR with carbon black
content of 15% as compared to 45% [22,25,24]. As such, the benefi-
cial influence of SIC is greater in the present work under the effects
of non-relaxing loading conditions.

Now, considering that the fatigue crack propagation is the same
in both environments, it suggests that crack nucleation and subse-
quent growth occur slightly earlier in seawater for low stretch ratio
amplitudes. It is difficult to give a precise explanation for this phe-
nomenon. Le Gac et al. suggest that the decrease in fatigue life
could be attributed to reduced presence of SIC in seawater. Another
explanation can be proposed: the influence of air (oxygen) on the
formation of multiple micro-cracks on the surface of the specimens
as shown in Fig. 10; these micro-cracks appear at all stretch ratio
amplitudes on specimens tested in air, but are absent on those
tested in seawater. We argue that the energy available for crack
growth is distributed amongst all these micro-cracks, thus retard-
ing the emergence of a main crack which causes the failure. Obvi-
ously, this phenomenon should not be taken into account at the
very end of fatigue life when crack coalescence takes place.

4.2.2.2. Large stretch ratio amplitudes. For stretch ratio amplitudes
Dk = 2.0 and 2.5, fatigue lives are longer in seawater than in air
(these amplitudes are larger than those considered in Le Gac
et al.). Compared to the low stretch ratio amplitudes, the principal
differences are: a higher incidence of SIC due to the increase in the
minimum stretch ratio kmin; and higher specimen temperatures in
air than in seawater due to heat build-up of NR. Indeed, as men-
tioned above, seawater temperature is held constant at 25 �C; thus,
it can be argued that the surface temperatures of seawater tested
specimens are in equilibrium around this temperature because of
high heat conductivity of seawater. Conversely, air is a much
poorer conductor of heat (lower by a factor of about 30 as com-
pared to seawater) and therefore, for the largest stretch ratio
amplitude the surface temperature in air is measured to be about
35 �C. As noted previously, the fatigue life shortens and crack prop-
agation rates increase at elevated temperatures. This argument
does not contradict fatigue crack propagation results. Indeed, the
temperature of SENT specimens in air is not as large as the one
in H3 because of a smaller prescribed stretch ratio and a larger sur-
face area of the SENT specimens; thus crack propagation results are
the same in both environments and they do not correlate to the
fatigue life tests measured for large stretch ratio amplitudes. Addi-
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Fig. A.1. Uniaxial stress–strain behavior of the tested material.
tionally, the incidence of SIC in NR highly depends on temperature:
as it increases, the onset of crystallization is shifted toward higher
values of k and the total levels of crystallinity decrease [33]. To
confirm the hypothesis of the deleterious effect of heat build-up
in air, supplementary fatigue life experiments are carried out for
these large stretch ratio amplitudes, under the same testing condi-
tions, and in both environments at a lower frequency of 0.5 Hz.
This reduces the temperature in air-tested specimens; however,
the temperature of the water-tested specimens remains around
25 �C (the temperature of seawater) because of higher heat con-
ductivity. The hypothesis is confirmed with the fatigue life being
the same in both environments. With these explanations, it is pos-
sible to rationalize the longer fatigue life in seawater as compared
to the one in air for large stretch ratio amplitudes.

In regards to scanning electron microscopy, the damage
observed in air under non-relaxing loading conditions is typical
to that of oxygen/ozone aging, where numerous cracks are present
and are perpendicular to the direction of loading (Fig. 8a). In con-
trast, the damage in seawater is noticeably different (Fig. 8b); these
observations are original and have not been encountered in litera-
ture. More so, the mechanisms behind this type of damage are
unknown. It should be noted that no inclusions have been detected
by EDS and, as such, do not appear to be responsible for the initi-
ation of the cracks. At first glance, if one considers only one half
of the symmetric ‘‘hourglass” cracks, it could appear to resemble
decohesion at the poles due to presence of CB agglomerates [35].
Consequently, the presence of symmetry would imply formation
of cracks in exact pairs, i.e. initiation of these cracks due to a pair
of CB agglomerates, which is highly unlikely. Moreover, conical
shaped crack induced by CB agglomerates has not been reported
in the literature. Therefore, initiation due to carbon black agglom-
erates can also be excluded.

In seawater, the morphology of edge cracks is indicative of the
effects of SIC (Fig. 9b), where the cracks propagate in the direction
parallel to the direction of loading. This is analogous to the crack
branching phenomenon observed during fatigue crack propagation
experiments under non-relaxing conditions. Additionally, the
increased irregularity of crack paths at larger stretch ratio amplitudes
in seawater is also characteristic of crack branching and, accordingly,
is indicative of a large presence of local crystallinity (Fig. 11b). The
absence of such branching at larger stretch ratio amplitudes in air
supports the hypothesis that the incidence of SIC is reduced under
high internal temperatures of the specimens (Fig. 12).

5. Conclusions

Three experimental techniques are applied to study the fatigue
properties of NR in seawater under both relaxing and non-relaxing
loading conditions: fatigue life and crack propagation experiments,
and SEM analysis. Results show that the NR fatigue properties in
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seawater are identical to that in air under relaxing loading condi-
tions (R = 0). For non-relaxing loading conditions (R = 0.2), where
increased beneficial effects of strain-induced crystallization are
observed, the fatigue behavior in seawater differs from that in
air. At small stretch ratio amplitudes (Dk = 0.5, 1.0, 1.5), the fatigue
life is very close in seawater and in air. However, the fatigue life is
longer in seawater than in air for large stretch ratio amplitudes
(Dk = 2.0 and 2.5). Heat build-up of specimens at large stretch ratio
amplitudes appears to have significant influence on the properties:
because of thermal properties of seawater, temperatures of speci-
mens in seawater are lower than temperatures of the ones tested
in air. Degradation of fatigue properties at high temperatures could
be attributed to the reduction of the beneficial effects of SIC in such
conditions. This conclusion is supported by the damage observed
in seawater and air for R = 0.2 loading conditions. The damage
mechanisms in seawater appear to be unique and are not fully
understood. However, increased presence of crack branching in
seawater and its relative absence in air points to reduction of SIC
in specimens tested in air for large stretch ratio amplitudes and
high temperatures.
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Appendix A

The contents of Appendix A are related to the uniaxial mechan-
ical behavior of the present material as obtained from tensile tests
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and digital image correlation (DIC). Before tensile testing, the spec-
imens are preconditioned for 50 cycles.

The stress–strain experimental data are shown in Fig. A.1.
Digital image correlation is used to find the relationship

between the global and the maximum local stretch ratios. Com-
mercial software Vic2D is used to measure the local stretch ratio;
after calibration, the software automatically calculates the Hencky
strain on a speckled specimen. The magnitude of the Hencky strain
is related to the local stretch ratio by the following equation:

eH ¼ ln
l
l0

� �
¼ lnðkÞ ðA:1Þ

The results of DIC analysis show a linear correlation between
local and global stretch ratios for both H3 and SENT specimens
(Fig. A.2).
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