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Abstract: The mechanical behaviour of carbon-black (CB)-filled rubber is temperature-dependent. It
is assumed that temperature affects the fatigue life of rubber products by changing the tear energy
of the material. The static tearing behaviour and fatigue crack propagation behavior of CB-filled
rubber at different temperatures were investigated in this study. The critical tear energy of the
material was measured through static tear fracture tests at different temperatures; it is shown that
the critical tear energy decreases exponentially with increasing temperature. A fatigue crack growth
test of a constrained precracked planar tension specimen was conducted at room temperature; the
measurements verify that the fatigue crack growth follows a Paris—Erdogan power law. Considering
the temperature dependence of the critical tear energy, the temperature dependent fatigue crack
growth kinetics of CB-filled rubber was established, and the fatigue life of the material at high
temperatures was predicted based on the kinetics. The predictions are in good agreement with
experimental measurements.
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1. Introduction

The excellent mechanical properties of rubber enable its widespread use in many applications [1-3].
Many rubber components, such as tires, vibration isolators, and impact bumpers, experience cyclic
loading, which could lead to fatigue failure. Hence, estimating the fatigue life of rubber components
has become a highly important industrial issue. To prevent the fatigue failure of rubber components in
service, studies focusing on the durability of rubber have been increasing significantly for the past few
years [4-9], and the prediction of fatigue failure in rubber has become very important [7-9].

During fatigue loading, due to the self-heating of the rubber and environmental conditions, rubber
components can reach temperatures up to 110 °C [10]. Several studies have investigated the effect of
temperature on the fatigue behaviour of rubber materials. For example, Lake and Lindley showed
that the fatigue life of styrene butadiene rubber (SBR) gum decreases by a factor of 10,000 when the
temperature increases from 0 to 100 °C, and the fatigue life of natural rubber (NR) gum decreases by a
factor of 4 for the same temperature range [11]. Wu showed that the fatigue life of NR decreases with
increasing temperature, and it decreases obviously when the temperature is higher than 75 °C [12].
An increase in temperature leads to a decline in the anti-fatigue property of the rubber. Therefore, the
effective prediction of the fatigue life at different temperatures is of great significance for the timely
replacement and extension of the service life of rubber products.

Although fatigue life prediction at different temperatures is very important for rubber components
to ensure their reliability and safety, more research is needed on the fatigue life prediction considering
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temperature factors. To better understand and predict the fatigue life of rubber components, the
temperature dependence of the critical tear energy is experimentally determined in the present study;
the fatigue crack growth kinetics and fatigue life prediction model at high temperatures are also
developed based on the fatigue crack growth law at room temperature.

2. Materials and Testing

2.1. Basic Mechanical Behaviour

The tested material was CB-filled natural rubber with a shore-A hardness of 60, generously
provided by the Zhuzhou Times New Material Technology Co., Ltd. in China. The main formulation
of the rubber compound was as follows: 100 phr NR (Thailand RSS3), 42 phr carbon black (N330),
5 phr zinc oxide, 2 phr antioxidant, 2.2 phr sulfur, 2 phr stearic acid and 0.8 phr vulcanization activator.
To understand the basic mechanical properties of the material, simple tension, planar tension and
equal biaxial tension tests were carried out. The stress—strain curves for these tests are shown in
Figure la—c, respectively.
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Figure 1. Loading/unloading stress-strain curves of carbon-black (CB)-filled rubber under (a) simple
tension, (b) planar tension and (c) equal biaxial tension at 23 °C.

2.2. Tear Fracture Tests

A high temperature shortens the fatigue life of rubber products. The main reason for this is that
an increasing temperature reduces the crack propagation resistance of the material. According to
Thomas [13], the tear energy of a rubber material is defined as the energy spent per unit thickness per

unit increase in crack length:
oW
n %), “>

where T, is the tear energy (or energy release rate), W is the elastic energy stored in the specimen, and
A is the area of one surface of the crack. The suffix u denotes differentiation with constant displacement
of the boundaries on which forces are applied. For a constrained precracked specimen, which consists
of a wide strip of rubber material whose long side edges are attached to rigid grips, as shown in
Figure 2, the tear energy is given by

Ty = who (2)

where h is the specimen height and w is the storage energy density of the specimen under constrained
tension, which can be found from the stress—strain curve of the specimen.

‘ 150 ‘ Thickness: 1

Figure 2. Dimensions of the tearing test specimen.

The critical tear energy T. is a criterion index to determine if the crack is unstable. To obtain the
temperature dependence of T, for CB-filled rubber, the rubber specimens were stretched at a strain
rate of 0.01 s7! at four different temperatures (—40, 23, 40 and 70 °C) to complete fracture on an Instron
tensile testing machine. The tear fracture tests at each specified temperature were repeated three times.

2.3. Fatigue Crack Growth Tests (23 °C)

Fatigue crack growth tests were performed on an MTS 810 machine at an ambient temperature
of 23 °C by applying fatigue loads in displacement-controlled mode to the specimens, as shown in
Figure 2, to obtain the relationship between the crack growth rates and tear energy. The specimens
were stretched by a prescribed sinusoidal pulse with a maximum strain €max and a minimum strain
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€min at a frequency of 3 Hz, and the crack growth rates were obtained by measuring the changes in the
crack contour length with fatigue cycles.

The strain loading history, which comprises 9 stages, is shown in Figure 3. The 9 stages can be
categorized into 3 loading types: (i) when strain ratio R = 0 with increasing emax, such as in stages 1, 4,
7; (ii) when R = 0 while emax remains constant, such as in stages 2, 5, 8; (iii) when 0 < R < 0.8 and emax
remains constant while ¢, increases gradually, such as in stages 3, 6, 9. The detailed strain history is
listed in Table 1.
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Figure 3. Graphical strain loading history.
Table 1. Detailed fatigue strain history.
Loading Stages R Emin Emax N/Cycles
1 0 0 0.05~0.125 0~15,000
2 0 0 0.125 15,000~76,000
3 0~0.8 0~0.10 0.125 76,000~176,000
4 0 0 0.125~0.425 176,000~190,000
5 0 0 0.425 190,000~210,000
6 0~0.8 0~0.34 0.425 210,000~246,000
7 0 0 0.425~0.4625  246,000~248,000
8 0 0 0.4625 248,000~261,000
9 0~0.8 0~0.37 0.4625 261,000~282,500

3. Test Results and Discussion

3.1. Temperature Dependence of Critical Tear Energy

The stress—strain curves for the tear fracture tests at four specified temperatures are shown in
Figure 4. The critical tear energy is calculated by Equation (2), and the averaged values for different
temperatures are plotted in Figure 5. It is obvious that the critical tear energy decreases exponentially
with increasing temperature. Thus, the critical tear energy at temperature T can be expressed as follows:

Te = Teretexp|—k(T — Tp)] (3)

where T ,f denotes the critical tear energy at a reference temperature Ty and k measures the degree of
the temperature sensitivity.
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Figure 4. Planar tearing stress—strain curves at four different temperatures.
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Figure 5. Variation of critical tear energy with temperature.

Fitting the experimental data in Figure 5 by Equation (3) with Ty = 23 °C yields k = 0.014/°C
and T ef = 30.2 KJ/m?. The correlation coefficient r = 0.994, which indicates that the model fit the
experimental data well. Thus, the critical tear energy of the tested CB-filled rubber was related to the
temperature, as described by Equation (4):

T. = 30.2 exp[—0.014(T - Tp)] (4)

3.2. Fatigue Crack Growth at 23 °C

The specimen used for fatigue crack growth testing is the same as those used in tear fracture
tests, and it was subjected to cyclic strain as depicted in Figure 3. Figure 6 shows the corresponding
crack front profiles for different loading stages, from which the crack length can be determined for
any specified load cycle by image analysis, as shown in Figure 7. Consequently, the crack growth rate
da/dN can also be determined by differentiating the crack length with respect to load cycle, and plotted
as a function of the corresponding tear energy Tamax, Which is the driving force for crack growth
corresponding to a maximum strain emax in a fatigue cycle. For an intermediate tear energy region,
e.g., 0.3 KJ/m? < Ta,max < 10 kJ/m?, the relation of da/dN ~ Tamax for rubbers often approximates the
Paris—Erdogan power law from [14]:

=re: [ ©)

ﬂ _ Ta,max F
dN €
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where 7. denotes the critical crack growth rate. The determination of the model parameters requires
curve fitting of the double logarithmic correlation of the crack growth rate and the tear energy. Figure 8
shows the measured da/dN ~ T4 max plot of the tested rubber on a double logarithmic scale. Recalling
T. = 30.2 kJ/m?, as obtained in the static tear fracture test at 23 °C, the Paris—Erdogan parameters,
rc and F, for the tested CB-filled rubber can be determined by fitting the plotted points in Figure 8
with Equation (5). The resultant fatigue crack growth kinetics for R = 0 at 23 °C is then expressed by

Equation (6), where r. = 0.039 mm/cycle, F = 1.96.

da Ta,max 1.96 -5 1.96
N 0.039( o ) = 4.90 X 107%(Ta max)
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Figure 6. Crack front profiles for different load stages.
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Figure 7. Crack contour length as a function of fatigue cycles for CB-filled rubber at 23 °C.
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Figure 8. Relationship between crack growth rate and maximum tear energy.
4. High-Temperature Fatigue Life Prediction

Equation (5) shows that the fatigue crack growth rate depends on both the tear energy (Tamax),
which is the crack driving force, and the critical tear energy (T.), which is the crack growth resistance.
In the previous section, the temperature dependence of T. was obtained, as given by Equation (4).
Because of the viscoelasticity of CB-filled rubber, it is generally accepted that the storage energy density
of the material under cyclic loading is also temperature-dependent. That is, the tear energy (Ta max)
should vary with temperature. For the cyclic planar tension of the constrained precracked specimen,
the tear energy is the energy released during unloading. It is expressed by Equation (2), and its
value is independent of crack length; therefore, the storage energy density in cyclic deformation is
also independent of crack length but varies with temperature and the experienced maximum strain.
Figure 9 shows the experimental data for the variation of the storage energy density of the CB-filled
rubber specimen that experienced a maximum strain at 23, 40 and 70 °C. The temperature dependence
of the storage energy density is very weak because the glass transition temperature, Tg, of the CB-filled
rubber material is below —41 °C, as measured from the temperature sweep tests of dynamic mechanical
analysis at various load frequencies ranging from 1 to 50 Hz by Hu et al. [15], while the test temperatures
in Figure 9 are far higher than the Tg. In the test temperature range, CB-filled rubber is hyperelastic
rather than viscoelastic in nature, so the temperature dependence of the storage energy density is also
very weak and negligible in predicting the high-temperature fatigue life of the CB-filled rubber.
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Figure 9. Variation of the storage energy density with maximum strain at different temperatures.

Figure 9 shows that the storage energy density for test temperatures above 23 °C is linearly related
to the maximum strain on a double logarithmic scale; thus, the power law is as follows:

w(emax) = 908.15 x ¢ 1608 7)
The tear energy for fatigue loading is thus obtained by substituting Equation (7) into Equation (2):
Tamax (Emax) = W(Emax) - o = 908.15 % 0.01 X £:608 — 9 081608 (8)

The temperature-dependent fatigue crack growth of the constrained CB-filled rubber specimen at
high temperatures beyond 23 °C can then be quantitatively estimated by combining Equations (4), (8)
and (5):

F F F
da(smax,T) _ . Ta,max(é'max) =7.. Ta,max(fmax) = 7. Ta,max(fmax) . eF-k~(T—T0)
dN ¢ T.(T) ¢ Tc,ref'e_k(T_TO) ¢ T ref (9)
9 081608 11.96 o _
— 0.039 - [ 3(6)?21“ . @1.96x0.014-(T To) — 0.0037 - e?{.lg)? . @0-0274(T-To)

The fatigue crack growth rate predictions by Equation (9) for 23, 40, 60, 80 and 100 °C are shown
in Figure 10 by solid lines with different colours. The test data for 23 °C are also plotted in the same
figure to verify the model.
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Figure 10. Predictions of fatigue crack growth rate at temperatures above 23 °C.
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For the cyclic simple tension of a single edge notched specimen, the tear energy depends on the
gauge section strain energy density w, the crack length, 4, and a deformation dependent parameter
q [16]:

Tamax = 24 - w(gmax) a4 (10)

Substituting Equation (10) into Equation (5) and recalling the temperature dependency T.(T), the
fatigue crack growth rate at different temperatures can be expressed as follows:

da(emax, T) . Ta,max(gmax) F o F F _Fk(T-Tp)
dN =Ter [ Tc(T) = B[2q- w(emax)]'a" - e (11)

where B =r.-TF .
c,ref

The fatigue life can be obtained by integrating Equation (11) as follows:

1 1 1 1
N; = e—F-k-(T—To)[_ _ _} (12)
FTE-I B[2q- w(‘?maX)]F alg—l alf:_1

where ay is the initial crack length, which usually defines the intrinsic flaw size in the material or the
typical size of the nucleated fatigue crack, and was set to 0.006 mm in this study; a5 is the critical final
crack length corresponding to the final fatigue failure. In the case that a; > ay, the fatigue life becomes
independent of the critical crack length.

1 1
Nf _ e—F-k-(T—Tg) — (13)
F=1B[2q w(emax)]" ay!

Recalling the model parameters for the investigated CB-filled rubber material, namely F = 1.96, r. =
0.039 mm/cycle, T ref = 30.2 kJ/m?2, and k = 0.014/°C, and setting g = 2.5 for the intermediate strain
range, the fatigue cycles that cause a specified final crack length can be calculated by Equation (12) for
different temperatures. The calculated results are shown in Figure 11 for a final crack length of 1 mm,
which is the critical flaw size for a fatigue safety inspection of rubber components based on a visual
inspection. The fatigue life predicted by Equation (12) is in good agreement with the test data at 23 °C.
Figure 12 shows the model prediction of the variation of fatigue life under different maximum strains
and temperatures.
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Figure 11. Variation of fatigue life at different temperatures with maximum strain: predictions vs. tests.
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Figure 12. Variation of fatigue life under different maximum strains with temperature: predictions
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5. Conclusions

For an intermediate strain range and high temperatures in which only the temperature dependence
of the critical tear energy is of concern, the fatigue crack growth rate of CB-filled rubber follows the
Paris—Erdogan power law with respect to the maximum strain, and the critical tear energy decreases
exponentially with increasing temperature. Consequently, the fatigue life decreases with increases in
temperature and strain.

Based on the viewpoint that temperature affects the fatigue life of rubber products by changing the
tear energy of the material, a model based on the tear fracture test data at different temperatures and
fatigue crack growth test data at room temperature can be used to estimate the temperature-dependent
fatigue life of the rubber studied in this paper. According to the proposed method, the fatigue life
prediction of the CB filled rubber at different temperatures can be obtained without carrying out the
corresponding fatigue tests. It can decrease the test time and reduce the research and development costs.

Author Contributions: Conceptualization, W.L. and X.H.; data curation, Y.H.; formal analysis, W.L., M.L.,
Y.H. and X.H.; funding acquisition, W.L.; methodology, W.L. and X.H.; writing—original draft, M.L. and B.Y,;
writing—review & editing, W.L. and X.H.

Funding: This research was funded by NSFC with grant No. 11572275.

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

References

1. Fang, Y.; Long, L; Niu, S.; Yang, PK,; Wang, Z.; Chen, J; Zhou, Y, Zi, Y, Jie, W,; Liao, Q.
Stretchable-rubber-based triboelectric nanogenerator and its application as self-powered body motion
sensors. Adv. Funct. Mater. 2015, 25, 3688-3696.

2. Yang, X.; Tu, Q.; Shen, X,; Zhu, P; Li, Y.; Zhang, S. A novel method for deposition of multi-walled carbon
nanotubes onto poly(p-phenylene terephthalamide) fibers to enhance interfacial adhesion with rubber matrix.
Polymers 2019, 11, 374. [CrossRef] [PubMed]

3. Chen, X; An, ],; Cai, G.; Zhang, J.; Chen, W.; Dong, X.; Zhu, L.; Tang, B.; Wang, ].; Wang, X. Environmentally
friendly flexible strain sensor from waste cotton fabrics and natural rubber latex. Polymers 2019, 11, 404.
[CrossRef] [PubMed]

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

5. Mars, W.V. Factors that affect the fatigue life of rubber: A literature survey. Rubber Chem. Technol. 2004, 77,
391-412. [CrossRef]

6. Tee, Y.L; Loo, M.S.; 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. [CrossRef]


http://dx.doi.org/10.3390/polym11020374
http://www.ncbi.nlm.nih.gov/pubmed/30960358
http://dx.doi.org/10.3390/polym11030404
http://www.ncbi.nlm.nih.gov/pubmed/30960388
http://dx.doi.org/10.1016/S0142-1123(02)00008-7
http://dx.doi.org/10.5254/1.3547831
http://dx.doi.org/10.1016/j.ijfatigue.2018.01.007

Polymers 2019, 11, 768 11 of 11

10.

11.

12.

13.

14.
15.

16.

Carleo, F; Barbieri, E.; Whear, R.; Busfield, J.J.C. Limitations of viscoelastic constitutive models for
carbon-black reinforced rubber in medium dynamic strains and medium strain rates. Polymers 2018, 10, 988.
[CrossRef] [PubMed]

Marco, Y.; Huneau, B.; Masquelier, I.; Saux, V.L.; Charrier, P. Prediction of fatigue properties of natural rubber
based on the descriptions of the cracks population and of the dissipated energy. Polym. Test. 2017, 59, 67-74.
[CrossRef]

Seichter, S.; Archodoulaki, V.M.; Koch, T.; Holzner, A.; Wondracek, A. Investigation of different influences on
the fatigue behaviour of industrial rubbers. Polym. Test. 2017, 59, 99-106. [CrossRef]

Ruellan, B.; Le Cam, ].B.; Jeanneau, I.; Canévet, F.; Mortier, F.; Robin, E. Fatigue of natural rubber under
different temperatures. Int. |. Fatigue 2018. [CrossRef]

Lake, G.J.; Lindley, P.B. Cut growth and fatigue of rubbers. II. Experiments on a noncrystallizing rubber.
J. Appl. Polym. Sci. 1964, 8, 707-721. [CrossRef]

Wu, J.; Chen, L.; Li, HH.; Su, B.L.; Wang, Y.S. Effect of Temperature on Tensile Fatigue Life of Natural Rubber; IOP
Conference Series; IOP Publishing: Bristol, UK, 2018; p. 012024.

Thomas, A.G. The development of fracture mechanics for elastomers. Rubber Chem. Technol. 1994, 67, 50-67.
[CrossRef]

Lake, G.J. Fatigue and fracture of elastomers. Rubber Chem. Technol. 1995, 68, 435-460. [CrossRef]

Hu, X.L.; Luo, W.B; Liu, X,; Li, M.; Huang, Y.J.; Bu, J.L. Temperature and frequency dependent rheological
behaviour of carbon black filled natural rubber. Plast. Rubber Compos. 2013, 42, 416-420. [CrossRef]
D’Amico, E; Carbone, G.; Foglia, M.M.; Galietti, U. Moving cracks in viscoelastic materials: Temperature
and energy-release-rate measurements. Eng. Fract. Mech. 2013, 98, 315-325. [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/10.3390/polym10090988
http://www.ncbi.nlm.nih.gov/pubmed/30960913
http://dx.doi.org/10.1016/j.polymertesting.2017.01.015
http://dx.doi.org/10.1016/j.polymertesting.2017.01.018
http://dx.doi.org/10.1016/j.ijfatigue.2018.10.009
http://dx.doi.org/10.1002/app.1964.070080212
http://dx.doi.org/10.5254/1.3538688
http://dx.doi.org/10.5254/1.3538750
http://dx.doi.org/10.1179/1743289813Y.0000000060
http://dx.doi.org/10.1016/j.engfracmech.2012.10.026
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Testing 
	Basic Mechanical Behaviour 
	Tear Fracture Tests 
	Fatigue Crack Growth Tests (23 C) 

	Test Results and Discussion 
	Temperature Dependence of Critical Tear Energy 
	Fatigue Crack Growth at 23 C 

	High-Temperature Fatigue Life Prediction 
	Conclusions 
	References

