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Abstract: In the field of engineering, the annual economic loss caused by material fatigue failure
reaches 4% of the total economic output. The deep understanding of rubber fatigue failure can
help develop and prepare rubber composites with high durability. The crack precursor sizes within
the rubber composites are vital for the material mechanical and fatigue properties. In this study,
we adopted three different characterization methods to analyze crack precursor sizes and their
distribution. First, based on the theoretical formula of fracture mechanics, the size of the crack
precursor was deduced from 180 um to 500 um by the uniaxial tensile experiment combined with tear
test (nicked angle tear, planar tear and trouser tear). Second, by combining the uniaxial fatigue test of
dumbbell specimen with the fatigue crack growth rate test, the average size of the crack precursor
was calculated as 3.3 um based on the Thomas fatigue crack growth model. Third, the average size
of the crack precursor was 3.6 um obtained by scanning electron microscope. Through theoretical
calculations and experimental tests, the size and distribution of the crack precursors of rubber
composites were systematically presented. This work can provide theoretical guidance for the
improvement of fatigue performance of rubber composites.
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1. Introduction

Rubber composites are extensively used in the manufacture of vibration isolators, elastic bearings,
tires, seals, gaskets, and other rubber products due to its good elastic, mechanical, and dynamic
properties [1,2]. However, the rubber composites materials will gradually break and fail due to the
initiation and growth of cracks in the long-term dynamic processes. The failure of rubber composites
will bring great safety risks and economic losses to society. For example, when silicone rubber prosthetic
materials first entered the market in 1962, there was no in-depth study on the fatigue performance of
the material, which eventually led to many fatigue failure cases. The companies that launched this
product (Corning, Baxter, 3M, etc.) were fined $3.4 billion [3]. So, it is imperative for us to put great
importance on rubber fatigue. Fatigue is a very complicated dynamic process [4] in which the inherent
defects in the materials gradually develop into cracks under cyclic stress and eventually lead to local
fracture [5-7].

Generally speaking, the fatigue failure of rubber composites is divided into two stages: Crack
nucleation stage, the crack precursors inside the rubber composites gradually grow into small cracks
under the dynamic stress. And crack propagation stage, the small cracks expand further under the
dynamic stress until the rubber composites break down. Corresponding to different stages, current
research methods for rubber fatigue include crack nucleation method [8-13] and crack propagation
method [14-17], which are often used to predict the fatigue life of rubber [18-21].

Materials 2019, 12, 3442; do0i:10.3390/ma12203442 www.mdpi.com/journal/materials


http://www.mdpi.com/journal/materials
http://www.mdpi.com
http://www.mdpi.com/1996-1944/12/20/3442?type=check_update&version=1
http://dx.doi.org/10.3390/ma12203442
http://www.mdpi.com/journal/materials

Materials 2019, 12, 3442 2of 14

During the fatigue test, the number of cycles in the crack nucleation stage is more important than
the crack propagation stage. This is because, for specific component geometry and load level, the
fatigue life of the crack nucleation stage accounts for more than 90% of the total fatigue life of the
rubber composite [22]. What is more worth noting is that the crack nucleation stage always occurs
before the component fails, but the crack propagation may not occur (because the small initial crack
may be enough to cause the component to fail due to the stiffness drop). Therefore, prevention of crack
nucleation is often regarded as the main design goal.

Le Cam et al. [23,24] observed the crack propagation process of the rubber composites by in situ
scanning electron microscopy and found that the original internal defects were formed by the interface
slip between zinc oxide and the rubber matrix. Under cyclic dynamic stress, these defects usually
became the initiation points of crack nucleation. These original defects were crack precursors, whose
sizes (co) were usually ranged from 0.01 mm to 0.1 mm [22]. Although the sizes of the crack precursors
were small, they were fatal for rubber composites. During the fatigue process, after many cycles, the
crack precursors inside the rubber will gradually grow to visible small cracks, which would eventually
lead to the failure of the rubber composites and bring unpredictable dangers.

Besides, in rubber composites, carbon black (CB) particles tend to form CB agglomerates in
processing. The appearance of stress concentration and initial cracks were due to CB agglomerates,
which decreased the mechanical properties of the rubber composites [22,25]. It is evident that
distribution of all components in the rubber matrix has an important influence on the fatigue resistance
of the composites. In addition, it is not difficult to imagine that if the rubber composite was not well
vulcanized, long molecular chains will not form a good cross-linking network, leading to the poor
mechanical properties and fatigue life [26].

Based on the fatigue crack propagation theory, if we obtained the crack precursor size, then
the fatigue life of the rubber composite is available. Besides, we can quickly judge the mixing effect
and stability of the same batch of rubber by the crack precursor sizes, so as to adjust the production
process in time, which is significant for guiding the actual production process. Therefore, a reliable
calculation method for determining the size of crack precursors is very meaningful. Factors that affect
the fatigue life of rubber had been extensively studied [27], but there were few reports on the systematic
characterization and analysis of the crack precursor sizes of rubber composites. Crack precursor is
an important factor in the fatigue failure of rubber. In our previous work [22], we obtained crack
precursor size by computer simulation. However, this method was not easy for laboratory technician
to implement, so we needed to find a simple and fast way to get the crack precursor size.

In this study, we introduced three different methods to characterize the crack precursors sizes. The
first method, based on the fracture mechanics theory, through simple tension, nicked angle tear, planar
tear, and trouser tear experiments, we obtained the crack precursors with sizes of 499.3 um, 383.6 pum,
and 182.3 pm, respectively. The second method, based on the Thomas model [15,22], through crack
growth rate test and uniaxial tensile fatigue life test, we obtained the average crack precursor size of
3.3 pm. The third method, through observing the low-temperature brittle fracture morphology of the
rubber composites by scanning electron microscopy (SEM), we found that the crack precursor sizes
were normally distributed.

2. Experimental

2.1. Materials

Ethylene propylene diene monomer rubber (EPDM 4045) was supplied by the Petro China Jilin
Petrochemical Co., Ltd (Jilin, China); ethylene content was 53.0-59.0 wt% and Mooney viscosity was
38-52 (ML (1 + 4) @100 °C). Carbon black was supplied by Cabot Co., Ltd (Tianjin, China). Other
materials used were all commercial reagents. The specific details of the formula were not shown here
due to commercial protection.
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2.2. Materials Preparation

The EPDM composites were prepared by traditional mixed technology. First, the EPDM rubber
was mixed with carbon black and other agents in an open mixer. When the mixture was uniformly
mixed, a sheet was extruded. Then, the vulcanization characteristics were analyzed with a rotorless
vulcanizer (MR-C3, Beijing Ruida Yuchen Co., Ltd, Beijing, China). Finally, the EPDM compound was
compression-molded and crosslinked at 165 °C and the pressure of 15 MPa to obtain rubber composite.

2.3. Characterization

2.3.1. Nicked Angle Tear Test

Nicked angle tear sample was shown in Figure 1. The nicked angle tear energy was measured by
an electronic tensile machine (CMT4104, Xin Sansi Co., Ltd, Shenzhen, China) according to the ISO
34-1: 2010, the test rate was 500 mm/min.
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Figure 1. Nicked angle tear test specimen (length 100 mm, width 19 mm, thickness 2 mm, pre-cut
angle 90°).

2.3.2. Planar Tear Test

The planar tension specimen with pre-cut was shown in Figure 2a. The width (L) was 100 mm,
the height (h) was 10 mm, the thickness was around 1 mm, and the pre-cut length was 15 mm. The
tear energy was measured by an electronic tensile machine (CMT4104, Xin Sansi Co., Ltd, Shenzhen,
China) with the tensile rate 10 mm/min, the fixture was shown in Figure 2b. The stretching process
was recorded with a camera as shown in Figure 2c.

Figure 2. (a) Planar tension test specimen (length 100 mm, width 10 mm, thickness 1 mm, pre-cut
15 mm), (b) specimen fixture (c), shape and location of crack tip at different loading displacements.
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2.3.3. Trouser Tear Test

According to the ISO 34-1: 2010, the trouser tear energy was measured by an electronic tensile
machine with the tensile rate 100 mm/min. The trouser tear specimen and the tear process during the
test were shown in Figure 3a and b, respectively.

Figure 3. (a) Trouser tear test specimen during unloading stage (length 100 mm, width 15 mm, thickness
2 mm, pre-cut 40 mm), and (b) the trouser tear specimen during loading stage.

2.3.4. Simple Tension Test

The mechanical properties were measured by an electronic tensile machine (CMT4104, Xin Sansi
Co., Ltd, Shenzhen, China) according to the ISO 37: 2011.

2.3.5. Crack Propagation Test

As was shown in Figure 4, the crack propagation rates of the rubber composites were determined
by a crack extension analyzer (DMA+1000, METRA VIB, France) at a frequency of 20 Hz at 23 °C.
The sample size was 2 mm X 6 mm X 40 mm and the pre-cut depth was 1.5 mm [28].

Figure 4. The crack tip and fatigue crack growth test specimen (length 40 mm, width 6 mm, thickness
2 mm, pre-cut 1.5 mm).

2.3.6. Fatigue Life Test

The fatigue life [29,30] of rubber composites under the condition of maximum strain 150% were
obtained through fatigue testing machine (FT3000-2, Beijing Ruida Yuchen Co., Ltd, Beijing, China),
according to ISO 6943:2007.

2.3.7. Scanning Electron Microscope

First, the rubber composites were broken into two parts in liquid nitrogen, and then we observed
the fracture surface by scanning electron microscope (5-4800, Hitachi Co., Ltd, Japan). Finally, we
measured and counted the crack precursor sizes.
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3. Results and Discussion
3.1. Method 1: Critical Tear Enerqy Method

3.1.1. Theoretical Basis

The specimen’s tear energy under uniaxial stretching can be calculated by the following formula:

2nWce

T = (1)
Vi+e
When the sample breaks:
2
T, = 2nWico @)

V1+ ¢

where T was the tear energy, Tj, was the tear energy at break, W;, was the strain energy density, cy was
the crack precursor size, ¢, was the elongation at break, and o, was the tensile strength. The strain
energy density W}, was the energy stored per unit volume, which can be quickly estimated:

1

Wh ~ EO'bEh (3)
S0 TLOLEpC
b<bl0
Ty = 0 @
V1+¢gp
Tb \/1 + €&
= ———— ®)
TtOpEY
Suppose
Ty =T (6)
where T, was the critical tear energy, then the crack precursor size:
T V1
co~ Levlte )

TLOpEY
3.1.2. Tear Energy Test

Nicked Angle Tear

The force-displacement curve of nicked angle tear was shown in Figure 5. The force perpendicular
to the plane of the cut was applied to the specimen, and the tear strength was calculated as follows:

Ts =~ (8)
where Ts (kN/m) was the tear strength, F (N) was the maximum force required for the sample to tear,

d (mm) was the thickness of the sample. Because kN/m = kJ/m?, Ts and T. were numerically consistent,
and the critical tear energy of the nicked angle tear: T, = 42.4 kJ/m?.
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Figure 5. Force-displacement curve of the ethylene propylene diene monomer (EPDM) rubber composite
under nicked angle tear test.

Planar Tear

The stress—strain curve of the plane tear was shown in Figure 6. Where ¢, was the strain at
break, and o}, was the stress at break. The strain energy density W = 3.28 x 10° J/m? was obtained by
integrating the stress—strain curve. The sample height & was 10 mm, and the critical tear energy of
planar tear specimen was calculated by the following:

T.=Wxh )

where T, = 32.8 kJ/m?.
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Figure 6. Stress-strain curve of the EPDM rubber composite under planar tension.

Trouser Tear

The force-displacement curve of the trouser tear was shown in Figure 7. The maximum force F was
calculated according to ISO 6133:1998, and the tear strength was calculated according to formula (8), T
= T,, so the critical tear energy of trouser tear sample: T, = 15.6 KJ/m?2.



Materials 2019, 12, 3442

Figure 7. Force-displacement curve of the EPDM rubber composite under trouser tear.

3.1.3. Simple Tension Test
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The stress—strain curves of simple tension are shown in Figure 8, and the tensile strength and
elongation at break of each sample are shown in Table 1.
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6.0

Stress(MPa)

Strain(%)

Figure 8. Stress—strain curves of the EPDM rubber composite under simple tension.

Table 1. Mechanical properties of different samples.

Samples Tensile Strength Elongation at Stress at Stress at

at Failure /MPa Break/% 100%/MPa 300%/MPa
1# 13.1 370 41 11.4
2# 14.3 432 3.7 11.2
3# 13.4 417 3.7 10.7
44 13.4 422 3.8 10.8
5# 13.7 444 3.7 10.5
6# 13.5 409 52 11.4
7# 13.9 436 5.7 11.8
8# 14.8 431 5.9 12.2
o# 14.6 462 5.7 11.8
10# 15.2 472 6.2 12.5
11# 15.1 439 6.0 12.4
12# 15.1 456 6.0 12.2
13# 15.6 478 6.2 12.5
14# 14.8 459 6.1 12.5
15# 15.7 473 6.7 12.9
1o6# 14.8 453 6.6 12.8
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It can be clearly observed that the tensile strength and elongation at break of the same batch
of samples were different, which were related to the distribution and size of the crack precursor in
the sample. As shown in Figure 9a, crack precursors (black spots) were randomly distributed in the
specimen. If the crack precursor was in the yellow working area of the sample, stress concentration
would occur at the crack precursor position during the stretching process, thereby the crack precursor
further expanding into larger-sized micro-crack, and finally leading to early fracture failure of the
specimen, showing less elongation at break and tensile strength shown by the second tensile curve in
Figure 9b. The other four samples without crack precursor in work area showed similar elongation at
break and tensile strength. Therefore, more than three samples were needed in the test to reduce the
error caused by the crack precursor distribution.

Stress(MPa)

. a 0 ll;ﬂ 2(‘]0 31‘]0 4{‘}“ 500
a . b Strain(%)

Figure 9. (a) Schematic diagram of the distribution of crack precursors on vulcanized rubber sheet

(b) Stress—strain curves of the five samples under simple tension.

3.1.4. Analysis of Crack Precursor Size

The crack precursor sizes of samples can be obtained by substituting tensile strength, elongation
at break, and critical tear energy under three different modes (nicked angle tear, planar tear, and trouser
tear) into formula (7). The crack precursor sizes in different modes were shown in Table 2 and Figure 10.
It can be clearly seen that even in the same mode, the crack precursor sizes were different from each
other due to the differences in tensile strength and elongation at break of the samples. The tear energy
of the same sample in the three modes was also different from each other, therefore, the crack precursor
sizes calculated according to the tear energy also had a big difference. In the nicked angle tear mode,
the average size of the crack precursor was 499.3 pm. In the planar tear mode, the average size of
the crack precursor was 383.6 um. In the trouser tear mode, the average size of the crack precursor
was 182.3 um. In simple tension tests, the tensile strength and elongation at break were critical and
directly related to the error in the calculation results. As shown in Figure 10, the more samples tested
for the same sample, the smaller the result error. The linear fitting result of tensile strength and crack
precursor size was shown in Figure 11, where the crack precursor size was negatively correlated with
tensile strength (R > 0.9). The larger the crack precursor size, the lower the tensile strength.
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Table 2. Crack precursor size ¢y (um) for different samples.
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Figure 10. Crack precursor sizes of the different samples under different tear modes.
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Figure 11. Linear fitting curves of tensile strength and crack precursor size under different tear modes

for the EPDM rubber composite.
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3.2. Method 2: Crack Propagation Method

3.2.1. Theoretical Basis

Based on the Thomas fatigue crack growth model [31]:

Tmax = 2TWmaxc (10)
T F
r=r ) (1)
_ (™1 _ (= 1
Nf—LO 7dC— o wlﬁk
F o T (12)
T 1-F

= ———C
(F=1)r(2nWpax)F 0

1

[Nf(F - 1)rc(2nWmax)F]1F
o) =

13
F (13)
where cy is the crack precursor size, Nf is the fatigue life, F is the power law index, 7. is the critical
crack growth rate, Wpax is the strain energy density [32], and T is the critical tear energy measured by
the planar tensile test.

3.2.2. Crack Growth Rate Test

The crack growth rates of rubber composites under different tearing energies were determined by
crack propagation test platform (DMA+1000). First, the Mullins effect was eliminated with 2000 cycles.
Then, the crack growth rates were obtained by observing the distance of the crack tip propagated after
a certain number of cycles by a Leica camera [28,33]. The results were shown in Table 3.

Table 3. Crack growth rates for different tear energy.

Tear Energy (J/m?) Crack Growth Rate (m/cycle)

500 1.15x 1078
1000 2.06 x 1078
1500 1.30 x 1077
2000 447 x 1077
2500 8.72 x 1077

The linear fitting result of tear energy and crack growth rate was shown in Figure 12. The critical tear
energy was T, = 3.28 x 10* J/m?, corresponding to the critical crack growth rate r, = 9.73 x 10~* m/cycle.
The slope of the fitted line was F = 2.83.

10
107 4
::J rL’
£.10°
9
lf— 107 4
E 5
& 107 =283
@ 106 2 —
;)10 1 (\O R°=0.91
x A o F
§10—7] " de. r Low
o] a aNn T
10 4 Q
T,
10 T . 8
100 1000 10000 100000
Tear energy(J/m?)

Figure 12. Fitting curve of crack growth rate and tear energy.
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3.2.3. Analysis of Crack Precursor Size

In Figure 8, the curve with a strain range of 0-150% was integrated to obtain an average strain
energy density Wpax = 4.61 X 10° J/m3. The uniaxial tensile fatigue lives of samples at a maximum
strain of 150% was shown in Table 4. It can be seen that the fatigue lives of different samples were
quite different. So, more samples should be tested as much as possible in the experiment to reduce the
error. The above parameters were substituted into the formula (13) to obtain the crack precursor sizes
of different samples. As shown in Table 4, the average size of the crack precursor was 3.3 um. The
maximum size of the crack precursor was 2.8 pum smaller than the minimum size, but the fatigue life
was reduced by 38,827 cycles. It can be seen that the size of the crack precursor had a direct impact on
the durability of the rubber composite.

Table 4. Fatigue lives (Ny) and crack precursor sizes for different samples.

Sample Ny co (um)

1# 26,978 3.4
2# 29,098 32
3# 27,179 3.3
4# 50,921 24
S5# 21,472 3.8
6# 48,201 24
7# 29,881 32
8# 30,198 32
o# 35,084 29
10# 25,064 3.5
11# 24,792 3.5
12# 12,094 52
13# 18,025 4.2
14# 33,219 3.0
15# 28,843 32
16# 43,005 2.6

The nonlinear fitting result of crack precursor size and fatigue life was shown in Figure 13.
It can be seen that the larger crack precursor size, the shorter the fatigue life of the rubber composite.
This was because, during the cyclic loading process, the stress concentration of the crack precursor
in the larger size of the rubber composite was more obvious. So that the crack precursors rapidly
developed into micro-cracks, which eventually led to the fracture failure of the rubber composites.
In Figure 13, the fitting result was very good (R? > 0.999), which can be used to predict the fatigue life
of rubber composites.

Y¢  Test data

50000 Nonlinear fitting data
= 40000
2]
g
£ 30000- N=247x10° ¢, 1%
:fo R2=0.9999
Z 20000 -

10000 1

20 25 30 35 40 45 50 55
c,(pm)

Figure 13. Fitting curve of fatigue life and crack precursor size.
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3.3. Method 3: Direct Observation Method by SEM

The cross-sectional morphology of the rubber composite was shown in Figure 14. It can be
seen that there were many crack precursors marked by red arrows. These crack precursors were
caused by the interfacial separation of zinc oxide particles or carbon black agglomeration particles [27].
We calculated the crack precursor sizes in 10 different SEM photographs. The result showed that
the average size of the crack precursor was 3.6 um. The Gaussian function fitting result was shown
in Figure 15, the crack precursor size showed normal distribution, where the correlation coefficient
R? = 0.97. It showed that for the same batch of rubber, its crack precursor sizes were distributed in a
certain range, and the average size of the crack precursors was closely related to the process.

Figure 14. The representative SEM images of EPDM rubber composite surface in different area (a)

and (b).
20 4 20 Percentage of ¢,
% == Gauss fitting curve
—
2157 % \
@
=14
£ 0
£ 104
)
- 8 R?=0.97
=]
~ %
5 b 4 ? s 4
Z Vjma’
0 G

1 2 3 4 5 6 7
¢,(pm)

Figure 15. Distributions of the crack precursor sizes.

4. Conclusions

(1) The crack precursor size had a great influence on the physical and mechanical properties
and fatigue durability of rubber composites. In this study, we characterized and analyzed the crack
precursor size of rubber composites by three different methods.

(2) The first method is critical tear energy method. Based on the theory of fracture mechanics, the
average size of the crack precursors obtained by the simple tension test and the critical tear energy
in three tear modes were 499.3 um, 383.6 um, and 182.3 pum, respectively. The second method is
crack propagation method. Based on the Thomas fatigue crack growth model, the average size of the
crack precursor was 3.3 um calculated by the fatigue life and crack growth rate test data of the rubber
specimens. The third method is direct observation method by SEM. Observing the cross-section of the
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rubber composite by SEM, we found that the average size of the crack precursor was 3.6 um and the
crack precursor sizes exhibited a normal distribution.

(3) By using the first method, we can quickly obtain the sizes of the crack precursors, which can be
used for rapid detection of rubber compounding stability. The second method can accurately reflect the
sizes of the rubber crack precursors which can be used for further study of fatigue theory. By using the
third method, we can directly observe the size and distribution of the real crack precursor and verify the
accuracy of the first two methods, but the operation was complicated and time-consuming. Through
the above three methods, we systematically characterized and analyzed the crack precursor sizes, which
provided theoretical guidance for the in-depth study of the fatigue properties of rubber composites.

Author Contributions: FL. and S.W. conceived and designed the experiments; H.G. performed the experiments;
EL. and H.Y. performed the result analysis; L.Z. contributed analysis tools and theoretical guidance; H.G. and F.L.
wrote and revised the paper.

Funding: This research were funded by the National Key Research and Development Program of China
(2018YFB1502501), the Fundamental Research Funds for the Central Universities (ZY1911), the Human Key
Laboratory of Near-Space Meteo-Ballon Materials and Technology (ZZX]J-2018-2).

Acknowledgments: We gratefully acknowledge the National Key Research and Development Program of China
(2018YFB1502501) and the Fundamental Research Funds for the Central Universities (ZY1911). The Human Key
Laboratory of Near-Space Meteo-Ballon Materials and Technology is also greatly appreciated. The authors declare
that they have no conflict of interest.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Medina, N.E; Garcia, R.; Hajirasouliha, I.; Pilakoutas, K.; Guadagnini, M.; Raffoul, S. Composites with
recycled rubber aggregates: Properties and opportunities in construction. Constr. Build. Mater. 2018, 188,
884-897. [CrossRef]

2. Wang, X.; Xia, ].; Nanayakkara, O.; Li, Y. Properties of high-performance cementitious composites containing
recycled rubber crumb. Constr. Build. Mater. 2017, 156, 1127-1136. [CrossRef]

3. Schleiter, K.E. Silicone breast implant litigation. Virtual Mentor 2010, 12, 389-394.

4. Moon, S.-I.; Cho, I.-].; Woo, C.-S.; Kim, W.-D. Study on determination of durability analysis process and
fatigue damage parameter for rubber component. J. Mech. Sci. Technol. 2011, 25, 1159. [CrossRef]

5. Young, D.G. Application of fatigue methods based on fracture mechanics for tire compound development.
Rubber Chem. Technol. 1990, 63, 567-581. [CrossRef]

6. Gent, AN. (Ed.) Engineering with Rubber: How to Design Rubber Components, 3rd ed.; Hanser Publications:
Cincinnati, OH, USA, 2012.

7. Braden, M.; Gent, A.N. The attack of ozone on stretched rubber vulcanizates. III. Action of antiozonants.
J. Appl. Polym. Sci. 1962, 6, 449-455. [CrossRef]

8. Mars, W.V,; Fatemi, A. Fatigue crack nucleation and growth in filled natural rubber. Fatigue Fract. Eng. Mater.
Struct. 2003, 26, 779-789. [CrossRef]

9. Zine, A.; Benseddiq, N.; Abdelaziz, M.N. Rubber fatigue life under multiaxial loading: Numerical and
experimental investigations. Int. J. Fatigue 2011, 33, 1360-1368. [CrossRef]

10. Cadwell, S.M.; Merrill, R.A.; Sloman, C.M.; Yost, EL. Dynamic fatigue life of rubber. Ind. Eng. Chem. 1940,
12,19-23.

11.  Mars, W.V,; Fatemi, A. Multiaxial fatigue of rubber: Part II: Experimental observations and life predictions.
Fatigue Fract. Eng. Mater. Struct. 2005, 28, 523-538. [CrossRef]

12.  Abraham, F; Alshuth, T.; Jerrams, S. The effect of minimum stress and stress amplitude on the fatigue life of
non strain crystallising elastomers. Mater. Des. 2005, 26, 239-245. [CrossRef]

13. Saintier, N.; Cailletaud, G.; Piques, R. Multiaxial fatigue life prediction for a natural rubber. Int. |. Fatigue
2006, 28, 530-539. [CrossRef]

14.  Greensmith, H.-W.; Thomas, A.G. Rupture of rubber. III. Determination of tear properties. J. Polym. Sci. 1955,
18, 189-200. [CrossRef]

15. Thomas, A.G. Rupture of rubber. II. The strain concentration at an incision. J. Polym. Sci. 1955, 18, 177-188.
[CrossRef]


http://dx.doi.org/10.1016/j.conbuildmat.2018.08.069
http://dx.doi.org/10.1016/j.conbuildmat.2017.09.024
http://dx.doi.org/10.1007/s12206-011-0221-6
http://dx.doi.org/10.5254/1.3538274
http://dx.doi.org/10.1002/app.1962.070062209
http://dx.doi.org/10.1046/j.1460-2695.2003.00678.x
http://dx.doi.org/10.1016/j.ijfatigue.2011.05.005
http://dx.doi.org/10.1111/j.1460-2695.2005.00895.x
http://dx.doi.org/10.1016/j.matdes.2004.02.020
http://dx.doi.org/10.1016/j.ijfatigue.2005.05.011
http://dx.doi.org/10.1002/pol.1955.120188803
http://dx.doi.org/10.1002/pol.1955.120188802

Materials 2019, 12, 3442 14 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lake, G.J.; Lindley, P.B. The mechanical fatigue limit for rubber. J. Appl. Polym. Sci. 1965, 4, 1233-1251.
[CrossRef]

Greensmith, H.-W. Rupture of rubber. X. The change in stored energy on making a small cut in a test piece
held in simple extension. J. Appl. Polym. Sci. 1963, 7, 993-1002. [CrossRef]

Mars, W.V,; Fatemi, A. A literature survey on fatigue analysis approaches for rubber. Int. J. Fatigue 2002, 24,
949-961. [CrossRef]

Previati, G.; Kaliske, M. Crack propagation in pneumatic tires: Continuum mechanics and fracture mechanics
approaches. Int. |. Fatigue 2012, 37, 69-78. [CrossRef]

Cha, D.W,; Jeong, H.Y. Development of a Mode III fatigue test method and a peel test method for tire
specimens. Int. ]. Fatigue 2011, 33, 912-920. [CrossRef]

Zhu, CS.; Wang, G.L.; Li, PP; Chen, S.W. Crack-propagating direction of tire bead rubber determined by
Jmax Criterion. Appl. Mech. Mater. 2011, 43, 628-632. [CrossRef]

Li, F; Liu, J.; Mars, W.V,; Chan, TW.,; Lu, Y.; Yang, H.; Zhang, L. Crack precursor size for natural rubber
inferred from relaxing and non-relaxing fatigue experiments. Int. J. Fatigue 2015, 80, 50-57. [CrossRef]

Le Cam, ].B.; Huneau, B.; Verron, E.; Gornet, L. Mechanism of fatigue crack growth in carbon black filled
natural rubber. Macromolecules 2004, 37, 5011-5017. [CrossRef]

Jle Cam, B.; Huneau, B.; Verron, E. Description of fatigue damage in carbon black filled natural rubber.
Fatigue Fract. Eng. Mater. 2010, 31, 1031-1038. [CrossRef]

Cao, L.; Sinha, TK,; Tao, L.; Li, H.; Zong, C.; Kim, ].K. Synergistic reinforcement of silanized silica-graphene
oxide hybrid in natural rubber for tire-tread fabrication: A latex based facile approach. Compos. Part B Eng.
2019, 161, 667-676. [CrossRef]

Mujtaba, A.; Keller, M.; Ilisch, S.; Radusch, H.J.; Thurn-Albrecht, T.; Saalwéchter, K.; Beiner, M. Mechanical
properties and cross-link density of styrene-butadiene model composites containing fillers with bimodal
particle size distribution. Macromolecules 2012, 45, 6504-6515. [CrossRef]

Yun, L.T.; Mei, S.L.; Andriyana, A. Recent advances on fatigue of rubber after the literature survey by Mars
and Fatemi in 2002 and 2004. Int. J. Fatigue 2018, 110, 115-129.

Zhang, S.; Zheng, L.; Liu, D.; Xu, Z.; Zhang, L.; Liu, L.; Wen, S. Improved mechanical and fatigue properties
of graphene oxide/silica/SBR composites. RSC Adv. 2017, 7, 40813—40818. [CrossRef]

Zine, A.; Benseddiq, N.; Abdelaziz, M.N.; Hocine, N.A.; Bouami, D. Prediction of rubber fatigue life under
multiaxial loading. Fatigue Fract. Eng. Mater. 2010, 29, 267-278. [CrossRef]

Shangguan, W.B.; Wang, X.L.; Deng, ] X.; Rakheja, S.; Pan, X.Y.; Yu, B. Experiment and modeling of uniaxial
tension fatigue performances for filled natural rubbers. Mater. Des. 2014, 58, 65-73. [CrossRef]

Thomas, A.G. Rupture of Rubber. V. Cut Growth in Natural Rubber Vulcanizates. |. Polym. Sci. Polym. Chem.
2010, 31, 467-480.

Mars, W.V. Cracking energy density as a predictor of fatigue life under multiaxial conditions. Rubber Chem.
Technol. 2002, 75, 1-17. [CrossRef]

Weng, G.; Yao, H.; Chang, A.; Fu, K,; Liu, Y,; Chen, Z. Crack growth mechanism of natural rubber under
fatigue loading studied by a real-time crack tip morphology monitoring method. RSC Adv. 2014, 4,
43942-43950. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/app.1965.070090405
http://dx.doi.org/10.1002/app.1963.070070316
http://dx.doi.org/10.1016/S0142-1123(02)00008-7
http://dx.doi.org/10.1016/j.ijfatigue.2011.10.002
http://dx.doi.org/10.1016/j.ijfatigue.2011.02.002
http://dx.doi.org/10.4028/www.scientific.net/AMM.43.628
http://dx.doi.org/10.1016/j.ijfatigue.2015.05.011
http://dx.doi.org/10.1021/ma0495386
http://dx.doi.org/10.1111/j.1460-2695.2008.01293.x
http://dx.doi.org/10.1016/j.compositesb.2019.01.024
http://dx.doi.org/10.1021/ma300925p
http://dx.doi.org/10.1039/C7RA06635J
http://dx.doi.org/10.1111/j.1460-2695.2005.00989.x
http://dx.doi.org/10.1016/j.matdes.2014.01.035
http://dx.doi.org/10.5254/1.3547670
http://dx.doi.org/10.1039/C4RA06518B
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials 
	Materials Preparation 
	Characterization 
	Nicked Angle Tear Test 
	Planar Tear Test 
	Trouser Tear Test 
	Simple Tension Test 
	Crack Propagation Test 
	Fatigue Life Test 
	Scanning Electron Microscope 


	Results and Discussion 
	Method 1: Critical Tear Energy Method 
	Theoretical Basis 
	Tear Energy Test 
	Simple Tension Test 
	Analysis of Crack Precursor Size 

	Method 2: Crack Propagation Method 
	Theoretical Basis 
	Crack Growth Rate Test 
	Analysis of Crack Precursor Size 

	Method 3: Direct Observation Method by SEM 

	Conclusions 
	References

