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Abstract: Below the incipient characteristic tearing energy (T), cracks will not grow in rubber under
fatigue loading. Hence, determination of the characteristic tearing energy Ty is very important in
the rubber industry. A rubber cutting experiment was conducted to determine the Ty, using the
cutting method proposed originally by Lake and Yeoh. Then, a fatigue crack propagation experiment
on a edge-notched pure shear specimen under variable amplitude loading was studied. A method
to obtain the crack propagation rate da/dN from the relationship of the crack propagation length
(Aa) with the number of cycles (N) is proposed. Finally, the T obtained from the cutting method
is compared with the value decided by the fatigue crack propagation experiment. The values of T
obtained from the two different methods are a little different.

Keywords: filled natural rubber; characteristic tearing energy; cutting experiment; fatigue crack propagation

1. Introduction

Rubber is widely used in industrial field due to its excellent mechanical properties. In
the traditional fields, rubber is used for tires, driving belts, seismic isolators, engine bushing
and so on [1,2]. Nowadays, it is emerging in new fields, such as soft robotics, stretchable
electronics, tissue engineering and others [3-5]. In these applications, soft rubbers often
suffer complex cyclic loads. When suffering cyclic loads, catastrophic failure frequently
induced in rubbers caused by crack propagation. During the fatigue crack propagation
process, the incipient tearing energy (T) is very important for the anti-fatigue property of
rubber [6]. Below T, cracks will not grow in rubber under fatigue loading. Ty is generally
regarded as a material constant of fatigue resistance. To prevent the fatigue failure, one
strategy is to improve the T of rubber. Thus, measuring the T has caught much attention.

There are various approaches for quantifying T¢. One is near-threshold fatigue crack
propagation measurements. This method can get the T easily, but it requires a long
duration of continuous testing [7]. Lake and Thomas [8] proposed a model to calculate
the incipient characteristic tearing energy of an elastomer on an arbitrary orientation
plane. Although the theoretical and experimental results are in good agreement, the
model is complex and difficult to calculate. A cutting method which is easy and can
obtain the T in a short time was proposed by Lake and Yeoh [9]. Chang and Wang [10]
suggested that cutting tests are capable of conveniently measuring the fracture toughness
of polymers; however, the results are affected by the cut depth and the sharpness of
cutting tools. Zhang et al. [11] investigated the effects of the cutting tool and cutting rate
on the tearing energy using a “Y-shaped” rubber sample. Due to the convenience of the
cutting method, the classic Lake-Yeoh cutting method was even introduced into an Intrinsic
Strength Analyser (ISA), which is a commercial testing instrument and can test the T in
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two hours [7]. Moreover, new methods were proposed to decide the characteristic tearing
energy of a rubber material by analyzing the profile of the crack surface or the crack tip
shape during the tearing process [12,13]. Since the characteristic tearing energies are very
important for understanding the crack propagation behavior of rubber components, the
methods used for the determination of tearing energies and their influencing factors are
focused on by researchers in nowadays.

The aim of this work was to study the correlation of the Ty obtained from the classic
Lake-Yeoh cutting method with the fatigue crack propagation measurement. A simple
rubber cutting experiment was performed on an edge-notched pure shear rubber specimen
under different stretch conditions. The T\ of the material was obtained based on the
relationship of the cutting energy and tearing energy. In addition, under the condition
of variable amplitude loading, a fatigue crack propagation experiment with the edge-
notched pure shear specimen was conducted. From the crack propagation rate and the
corresponding tearing energy, the Ty of the material was obtained. The Ty obtained from
the cutting method was checked by the crack propagation test.

2. Tearing Energy and Fatigue Crack Propagation Law

The mechanical energy stored in the specimen is represented by U, and it will have a
change (dU) when the crack surface area (A) has a unit change (dA). The tearing energy T

can be defined as [14]:
du

“qA @

Note that Equation (1) is calculated on the condition of a constant displacement. When
a force is applied on the specimen, the tearing energy should be redefined. If a cutting
implement is presented at the crack tip and then a force f is applied, the corresponding
cutting energy E can be acquired [9]. Finally, the total energy S, which drives the crack
grow, is the sum of the two terms [9]:

T =

S=T+E @)

where T is the tearing energy only caused by the displacement and E is caused by the cutting.

The fatigue crack propagation behavior can be divided into four regimes of increasing
maximum tearing energy T for R = 0 cycles in rubber [6], where R is the ratio of minimum
tearing energy to maximum tearing energy. In Regime I, the maximum tearing energy T
below the incipient tearing energy T, the crack propagation rate da/dN is independent of
the mechanical loading.

d—r (1<) @

where 7 is the crack length, N is the number of load cycles and r is the crack propagation rate.

When T increases from T to a transition tearing energy T;, the relation of the rack
propagation rate da/dN and T satisfies the following function:

da
— =A(T-T, To<T<T, 4
dN ( 0) t+r ( 0> = t) ( )
where A is a constant parameter of material property.
After the transition, when the T increases from T} to the critical tearing energy T, the
relation of the fatigue crack propagation rate with the tearing energy obeys the following
power law. The B and F are constant properties of the material.

aN:BTF (T <T<T) (5)
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Finally, In Regime IV (T > T,), the crack propagation is unstable, and the crack
propagation rate is essentially infinite.

da
a7 ® (T>Te) (6)
3. Experiments

3.1. Specimen

The material we tested was a carbon black (CB) filled rubber with a shore-A hardness
of 55, and it was generously provided by the Zhuzhou Times New Material Technology
Co., Ltd., China. The main formulation of the rubber compound was as follows: 100 phr
natural rubber, 30 phr CB (N774), 25 phr silica (VN3), 5 phr zinc oxide, 2 phr stearic acid,
3.5 phr antioxidant, 2 phr sulphur and 2.5 phr accelerator ‘promoter. The edge-notched
pure shear specimen shown in Figure 1 was used for all of the tests conducted later. The
specimens had widths of 150 mm, thicknesses of 2 mm and heights of 10 mm. An initial
crack of length 25 mm was cut into the edge by a sharp razor blade.

L A
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Figure 1. Dimensions of the test specimen (unit: mm).

3.2. Pure Shear Tension Experiment

The tensile mechanical behavior of a rubber material is usually studied before the
rubber cutting and crack propagation experiments. The tensile behavior is used to de-
termine the tearing energy and the maximum load imposed on the specimen during the
fatigue experiment. The pure shear tension test on the edge-notched pure shear specimen
shown in Figure 1 was carried out at 23 °C with an Instron machine manufactured by
Instron Co. (Boston, MA, USA). The strain rate 0.01s~! was used for the stretching process.
In the experiment, three identical pure shear specimens (S1, S2, S3) were repeated. The
measured results of engineering stress (¢) vs. engineering strain (e) are shown in Figure 2.
The strain energy density W can be obtained by integrating the test data through the
following equation:

W= /(:ade @)
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Figure 2. The engineering stress versus engineering strain.
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The tearing energy at a constant tensile strain can be calculated using the following function:
T=W-h ®)
where £ is the unstrained sample height.

3.3. Rubber Cutting Experiment

Figure 3 is the setup of the rubber cutting experiment. In the rubber cutting experiment,
razor blades were adopted as a cutting implement, because they can provide sharp and
reasonably reproducible cutting edges. The pre-cracked planar tension test specimens were
strained to three different strain levels, and the cutting force f was applied to the crack
tip. The schematic of the loading is shown in Figure 4. At each strain level, the specimen
was held at a fixed level of strain and allowed to equilibrate for a minimum of 10 min.
Then, a carefully controlled, highly sharpened blade was brought into contact with the
crack tip and driven to slice the specimen at a constant rate of 1 mm/min. The steady state
reaction force on the blade was measured at each strain level. At each strain level, three
identical pure shear specimens were used. Thus, nine specimens were needed (54, S5, S6,
57,58, 59, 510, S11, 512). All the cutting experiments were carried out at room temperature,
23 °C. The cutting force vs. time curves obtained during the rubber cutting experiments
are shown in Figure 5.

Figure 3. The setup of the rubber cutting experiment.

VLA

P ——

VLA

Figure 4. Schematic of cutting loading.
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During a “catastrophic” cutting process, the cutting energy can be characterized by
a critical value, E;, which can be calculated by equation [9]:

E.=f/t )

where f. are the cutting forces before the instantaneous drop to zero during the cutting pro-
cess, which are the values pointed out by the arrows in Figure 5; and ¢ is the thickness of the
test piece. The values of the f; and the corresponding E, calculated by Equation (9) are listed
in Table 1. The result of E. varying with T (which can be calculated by Equations (7) and (8)
based on the engineering stress versus engineering strain curve shown in Figure 2) for the
three strain levels is shown in Figure 6 (solid point).

Table 1. Cutting force f. and the corresponding cutting energy E..

. Cutting Force Cutting Energy
Strain Levels Sample £ (N) E. (J/m?)
0.05 S1 2.94 1.470
0.05 52 5.61 2.805
0.05 S3 1.01 0.505
0.10 54 0.41 0.205
0.10 S5 0.53 0.265
0.10 56 0.43 0.215
0.15 57 0.22 0.110
0.15 S8 0.31 0.155
0.15 59 0.34 0.170
3000 r T : T r T r
PY ® Testdata
Linear fit
2500 + .
2000 1 .
C\T—\
£
— 1500 1 ® =
@)
S|
1000 + .
E =-T+510.99
0 r T ¥ r

I I |
0 200 400 , 600 800
T (J/m")

Figure 6. The test and linear fitting results of cutting energy versus tearing energy.

At low tearing energy T (<~200 ] /m?), the relation between cutting energy and tearing
energy was linear [9], and their relationship satisfies the following function:

S, =T+ E, (10)

where S, is a constant for a given sharpness of blade and a particular vulcanizate. Moreover,
values of T for the various vulcanizates are in direct proportion to those of S¢, and their
relationship is found to satisfy the equation Ty = 0.149S; from the study of Robertson
(2021) [7]. Thus, to get the Ty of the material we studied, we should first obtain the S; in the
low tearing energy region. Here we fitted the lowest cutting energy data points at different
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tear energies lay in the low tear energy range with Equation (10), as the straight line shown
in Figure 6. A value of 510.99 J/m? of the S. was obtained. Then, by substituting the value
of S into the equation Ty = 0.149S,, a value of 76.14 ]/ m? for the T was obtained.

3.4. Fatigue Crack Propagation Experiment

To check the accuracy of the Ty obtained from the cutting experiment, a long-term
fatigue crack propagation test was carried out. The test was conducted at room temperature
(23 °C) in displacement-controlled mode. The setup of the fatigue crack propagation
experiment is shown in Figure 7. The geometry of the specimens for the fatigue tests is
shown in Figure 1. To quickly obtain the crack propagation test data, a variable amplitude
sinusoidal load was applied to the specimen. The loading frequency was 8 Hz; R =0 (R is
defined as the ratio of minimum to maximum deformation of rubber during cycles); and
the maximum strain linearly increased from 3% to 56% (see Figure 8). A digital camera
was employed to measure the length of the crack. During the fatigue test, the machine was
periodically stopped to record the number of cycles and measure the length of the crack.

Figure 7. The setup of the fatigue crack propagation experiment.

0.6 T T T T T T T T
=+ =+~ Minimum strain
0.54 —— Maximum strain .

Cycles ( x 105)

Figure 8. The imposed variable amplitude loading in the strain-controlled experiments.
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The number of cycles N and the corresponding crack propagation length Aa were
measured, as shown in Figure 9. It can be seen that when the number of cycles was smaller
than about 250,000, the crack grew slowly, whereas it grew fast when the cycles exceeded
250,000. From Figure 8, we can see that when loading was less than 250,000 cycles, the
loading strain was below about 35%. The result also indicates that a critical strain of 35%
exists for the material under study, above which the crack grows rapidly. This observation
is in accordance with the study of Ghosh (2014) and Young (1985) [15,16].

40 1 . : . : . : . | ;
O Test data )
354 Fitting curve | |
{1 = = Fitting curve Aa=463 x 105N ; ]
304 - ]
\ . _
254

T ]

[
[}
1
N
1

g

—12 224 ﬁ -

Aa=221x10"N

—
o

Crack growth length Aa (mm)
L
1 N

o
| I

0 1 2 3 4 5
Cycles ( x 105)

Figure 9. Crack contour length as a function of fatigue cycles for CB filled rubber at 23 °C.

The corresponding crack propagation path is shown in Figure 10. It shows that at the
beginning of the loading cycles, the crack grew to form the natural rough crack. After a certain
number of load cycles, the crack tip expanded vertically in the direction of imposed load.
Thus, the crack grew slowly first, and after a certain number of load cycles, it grew fast.

18 T T T T T T T T T T T T T T

16 -+ .

14 - -

m)
[N
N

1
.G
1

4 T T T T T T T T T T T T T T T
15 20 25 30 35 40 45 50 55
X (mm)

Figure 10. Crack front profiles for different load stages. x and y represent the coordinate positions of
the points forming the crack contour, and its coordinate axis direction is shown in Figure 1.
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The results of the crack propagation test indicate that the crack propagation has
two different stages. As the loading strain increased to 35%, the crack propagation rate
significantly accelerates. Thus, the relationships of the crack propagation length and the
number of cycles at different strain levels below and above 35% may follow different rules.
Based on the nonlinear least squares method, the relations of the crack propagation length
(Aa) and the number of cycles (N) in the two different strain regions were found to satisfy
the following two power functions, respectively.

Maximum strain below 35%:

Aa =221 x10712N??* R? = 0.996 (11)

Maximum strain above 35%:
Aa=463x10"20N*"7, R? =0.998 (12)

where R? is the correlation coefficient of the fitting of the power functions.

The da/dN can be determined by the derivative of Equation (11) or Equation (12). In
addition, the corresponding T values were obtained from Equation (8) at different crack
lengths. Figure 11 represents the double logarithmic plot of tearing energy, T versus crack
propagation rate (da/dN), of the studied material. We compared the test data with the
typical fatigue crack propagation behavior of the unfilled SBR and NR obtained by Lake
and Lindley [6], as shown in Figure 11. We can see that the da/dN of the material we tested
presents two different laws during the crack propagation, which are almost consistent
with the second and third stages of the classical curves of the unfilled SBR and NR. This
verifies that the method provided in this study to obtain the da/dN is practicable. The
transition tearing value T is about 1800 ]/ m?. The data in the region of Tmax < 1800 J/ m?
in Figure 11 of the studied rubber were taken to determine the linear relationship of crack
propagation rate and the maximum tearing energy, as shown in Equation (4). The data in
the region of Tmax > 1800 J/m? satisfy the power relationship of crack propagation rate
and maximum tearing energy, as shown in Equation (5). By fitting the corresponding test
data with Equations (4) and (5), the fitting lines became those shown in Figure 11. The
fitting results show that the fitting formulas (Equations (4) and (5)) are in good agreement
with the measured data. A value of 66.24 J/m? of Ty was obtained for the fatigue crack
propagation, which is little different from the value 76.14 J/m? measured by the cutting
method. This indicates that the cutting method is sufficient for quantifying Tj.

2.14

2] o NRI[6] da/dN =296 x 10 ¥ x T
] X SBRJ[6] %
107y * Rubber we tested X

10

da/dN (mm/cycle)
)

¢ Z7.086 x 10° x (T - 66.24)

o T ML ML | T AR | e
0.1 1 10 100 1000 10,000
T (J/m”)

Figure 11. Relationship between crack propagation rate and maximum tear energy (in log-log coordinate).

4. Conclusions

A rubber cutting experiment was conducted on an edge-notched pure shear rubber
specimen. The force versus time traces at different strain levels were recorded. According
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to the rubber cutting test data and tearing energy theory, the incipient characteristic tearing
energy T of the material was obtained. Under variable amplitude loading, the fatigue
crack propagation experiment with edge-notched pure shear specimen was performed.
A method to obtain the crack propagation rate was proposed. Additionally, from the crack
propagation rate versus the corresponding tearing energy plot, the Ty of the material was
determined. The values of T obtained from the fatigue crack propagation and cutting
method are a little different. The study indicates that the cutting method is sufficient for
quantifying the Ty of the rubber material, and it is less time-consuming.

Author Contributions: Writing—original draft, ].R.; data curation, Y.H. and ].Y.; formal analysis, ].Y.;
funding acquisition, W.L. and X.H.; methodology, J.Y. and X.H.; writing—review and editing, X.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (11802259,
12072308), Natural Science Foundation of Hunan Province (2021]J]30642), The Research Foundation
of Education Bureau of Hunan Province (20B558, 20C1756).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

1. 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. ]. Fract. 2018, 110, 115-129. [CrossRef]

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

3. Fang, Y, Long, L; Niu, S.; Yang, PK.; Wang, Z.; Chen, ].; 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.

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

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

6. Lake, GJ; Lindley, P.B. The mechanical fatigue limit for rubber, L.]. Appl. Polym. Sci. 1965, 9, 1233-1251. [CrossRef]

7. Robertson, C.G.; Stocek, R.; Mars, W.V. The Fatigue Threshold of Rubber and Its Characterization Using the Cutting Method. In
Fatigue Crack Growth in Rubber Materials, 1st ed.; Heinrich, G., Kipscholl, R., Sto¢ek, R., Eds.; Springer International Publishing:
Cham, Switzerland, 2021; pp. 57-83.

8. Rivlin, R.S.; Thomas, A.G. The incipient characteristic tearing energy for an elastomer crosslinked under strain. J. Polym. Sci.
1983, 21, 1807-1814. [CrossRef]

9. Lake, G.J.; Yeoh, O.H. Measurement of rubber cutting resistance in the absence of friction. Int. J. Fract. 1978, 14, 509-526.
[CrossRef]

10. Chang, L.; Wang, H. Cutting tests: A new method to determine the fracture toughness of polymeric materials. J. Appl. Mech. Eng.
2013, 2, 2-3. [CrossRef]

11.  Zhang, B.; Shiang, C.S.; Yang, S.J.; Hutchens, S.B. Y-shaped cutting for the systematic characterization of cutting and tearing. Exp.
Mech. 2019, 59, 517-529. [CrossRef]

12.  Morishita, Y.; Tsunoda, K.; Urayama, K. Velocity transition in the crack growth dynamics of filled elastomers: Contributions of
nonlinear viscoelasticity. Phys. Rev. E 2016, 93, 043001. [CrossRef] [PubMed]

13.  Morishita, Y.; Tsunoda, K.; Urayama, K. Crack-tip shape in the crack-growth rate transition of filled elastomers. Polymers 2017,
108, 230-241. [CrossRef]

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

15.  Ghosh, P; Stocek, R.; Gehde, M.; Mukhopadhyay, R.; Krishnakumar, R. Investigation of fatigue crack growth characteristics of
NR/BR blend based tyre tread compounds. Int. J. Fatigue 2014, 188, 9-21. [CrossRef]

16. Young, D.G. Dynamic property and fatigue crack propagation research on tire sidewall and model compounds. Rubber Chem.

Technol. 1985, 58, 785-805. [CrossRef]


http://doi.org/10.1016/j.ijfatigue.2018.01.007
http://doi.org/10.1016/j.matdes.2014.01.035
http://doi.org/10.3390/polym11020374
http://doi.org/10.3390/polym11030404
http://www.ncbi.nlm.nih.gov/pubmed/30960388
http://doi.org/10.1002/app.1965.070090405
http://doi.org/10.1002/pol.1983.180210916
http://doi.org/10.1007/BF01390472
http://doi.org/10.4172/2168-9873.1000e110
http://doi.org/10.1007/s11340-019-00479-2
http://doi.org/10.1103/PhysRevE.93.043001
http://www.ncbi.nlm.nih.gov/pubmed/27176379
http://doi.org/10.1016/j.polymer.2016.11.041
http://doi.org/10.1016/S0142-1123(02)00008-7
http://doi.org/10.1007/s10704-014-9941-9
http://doi.org/10.5254/1.3536093

	Introduction 
	Tearing Energy and Fatigue Crack Propagation Law 
	Experiments 
	Specimen 
	Pure Shear Tension Experiment 
	Rubber Cutting Experiment 
	Fatigue Crack Propagation Experiment 

	Conclusions 
	References

