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Fatigue failure is a critical issue frequently encountered by the rubber components in service. In this work fatigue
crack propagation experiments with an edge-notched pure shear specimen under variable amplitude loading,
which brings effectiveness in experiment time, are carried out. Based on the dispersed data of measured crack
lengths versus number of cycles, an alternative method for dealing with the dispersed data is proposed and
compared with two conventional methods used in constant amplitude loading. The comparisons of the three
types of methods shows that the secant method and the incremental polynomial method are not applicable
whereas the proposed method with one power function is superior to characterize the crack propagation
characteristics of rubbery materials. The crack propagation rate (crack propagation length per cycle) is then
calculated from the determined power function, and a fatigue life prediction model for filled natural rubbery
materials is established as well as applied to calculate the fatigue life of dumbbell specimens under uniaxial
tension fluctuating loading. The consistence between the calculated fatigue lives and the measured lives of the
dumbbell specimens validates the proposed data processing method for dealing with the dispersed measured

data of crack length versus number of cycles.

Introduction

Rubbery materials have the advantage of withstanding very large
strains but without permanent deformation or fracture, which make it
ideal for many applications such as tires, vibration isolators, accessory
drive belts and so on [1,2]. Rubber components are usually subjected to
large static and fluctuating loads, and often fail due to the nucleation
and propagation of defects or cracks. To prevent such mechanical fa-
tigue failure, it is of prime importance to understand the deformation
mechanisms involved during cyclic loading, and to study the fatigue
crack propagation characteristics of rubbery materials.

The mechanical fatigue of rubbery materials is defined as the phe-
nomenon that the mechanical properties of the material are gradually
deteriorated due to the nucleation and propagation of the crack under
dynamic loading. Some researchers found that fatigue failure of rub-
bery materials is due to the gradual propagation of small cracks in the
rough materials under external cyclic loading [3,4], which necessitates
investigations on the fatigue crack propagation characteristics of rub-
bery materials. Rubbery materials’ crack propagation characteristic
experiments were frequently conducted under constant amplitude
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loading [5-7], which concludes limited levels of loading and costs long
experiment time. The variable amplitude loading are thus chosen to
more effectively get the crack propagation measurements of the studied
rubbery materials.

Establishing the mathematical model of crack propagation char-
acteristics of rubbery materials based on the experimental data is a
challenge task that is quite distinct from metal-like materials. For metal
materials, Jia et al. [8] and Meng et al. [9] studied different data
processing methods for determining crack propagation rate based on
the directly measured crack length versus number of cycles, including
seven incremental polynomial method [10], Smith method [8] and the
integral method [9] derived from Paris formula [11]. However, rubbery
materials’ crack propagation data shows immense dispersion, especially
under variable amplitude loading.

In this paper, taking an edge-notched pure shear specimen of filled
natural rubbery materials used for automotive engine mounts as a
studying example, a fatigue crack propagation experiment under vari-
able amplitude loading is carried out. An alternative method of dealing
with the dispersed data of the measured crack length versus number of
cycles is proposed based on measured crack propagation characteristics
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and the basic principle of the power law of the crack propagation rate
(crack propagation length per cycle) and tearing energy of rubbery
materials. The calculation results show that the crack propagation rate
calculated by this method can obey the power law well. Finally, the
established crack propagation rate model is applied to calculate the
fatigue life of dumbbell specimens under uniaxial tension fluctuating
loading. The comparison of the calculated fatigue lives and the mea-
sured lives of the dumbbell specimens shows that the crack propagation
rate model based on the proposed method is appropriate in dealing with
the dispersed measured data of crack length versus number of cycles.

Tearing energy and fatigue crack propagation law

Griffth [12] was the first to propose an energy based criterion to
describe the fracture of brittle materials. In this approach, the energy
release rate (noted G) is assumed to govern the crack initiation in a
linear elastic material. Thomas [13] then extended the Griffith (1920)
criterion to the tearing of rubbers [9]. They found that the amount of
potential energy decrease per unit crack area, which is called the
tearing energy noted T (equal to the energy release rate G), have the
following equation [3]:

_au
dA

@
where the minus means that the potential energy U decreases with
increasing crack area A.

The crack propagation rate da/dN is used to characterize the crack
propagation speed per load cycle. The fatigue crack propagation per-
formance under the fully relaxing cycles (e.g. the minimum tearing
energy equals to zero) is very important for materials. Under the fully
relaxing cycles, the fatigue crack propagation behavior of rubbery
materials frequently experiences four regimes [3] as shown in Fig. 1.
The rupture occurs when the tearing energy T reaches or overcomes a
critical value noted as T, (Regime IV), which suggests that T, is a ma-
terial property of fracture resistance. There is also a threshold tearing
energy, denoted by T, which means the lower limit that the mechanical
crack propagation occurs. It is suggested that no mechanical crack
propagation exists if T < T, (Regime I), which is also a material
property of fatigue resistance. However, if there is ozone in the lab, the
crack propagation proceeds at a constant rate r (much slower than the
mechanical crack propagation) which attributes to ozone chemical at-
tack when the maximum tearing energy remains below T,. The fatigue
crack propagation behavior between T, and T, is divided into two re-
gimes (Regimes II and III). The transition value of tearing energy be-
tween Regimes II and III is noted by 7;. In practice, the fatigue crack
propagation in Regime III can approximately represent those in other
three regimes [14,15]. Therefore, Regime III is frequently utilized to
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Fig. 1. Four regimes of fatigue crack propagation characteristics in rubbery
materials.
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analyze the fatigue crack propagation characteristics of rubber com-
ponents [14,15].

The fatigue crack propagation behavior in Regime III is expressed
using the following power law expression [14]:

da/dN = ATE,, T € Tnax < T &)

where a is crack length, N is number of load cycles, A and F are material
parameters determined from the fatigue crack propagation experiment.
The equation above can also be rewritten as:

T F
=r ( ax )
I 3)

where 1, = AT is defined as the critical crack propagation rate corre-
sponding to the critical tearing energy T.. The two parameters, 7, and T,
are determined by the material itself, which means that they are
identical for one type of material [16].

It can be found from Eq. (3) that the crack propagation rate da/dN
keeps constant under constant amplitude fluctuating loading with the
minimum tearing energy equal to zero (T,.x keeps constant), which
indicates that the relation between the crack propagation length and
number of cycles is linear. However, under variable amplitude loading,
the crack propagation rate da/dN is no longer constant and the relation
between the crack propagation length and number of cycles is to be
investigated carefully.

da
dN

Fatigue crack propagation experiment
Specimen

The pure shear specimen shown in Fig. 2 is used in the experiment
since the tearing energy (T) is independent of crack size. The tearing
energy can be obtained as the product of the strain energy density (W)
far away from the crack tip and the specimen gauge length (hy) [3]:

The pure shear specimen (Fig. 2) has a width of 140 mm, a height of
10 mm, and a thickness of 2 mm. The specimen size in the experiment
has a slightly deviation from the nominal size since the inevitable error
during the manufacturing process. The largest deviation from the
nominal size is within 0.3 mm, 0.72 mm and 0.03 mm in width, height
and thickness, respectively. The vulcanization temperature is up to
150 °C and the curing time is 10 min.

The specimen geometry should meet the appropriate ratio of width
to height in order to assure that the specimen effective area is under
pure shear state [4]. In general, the ratio of width to height (I/h,) with
no smaller than 5 is preferred; the specimen is supposed to be thin
enough to reduce the temperature accumulation effect on fatigue
characteristics. In the meanwhile, the width area between 1.5 and 2
times height from the free end couldn’t be used for measuring fatigue
crack propagation characteristics due to boundary effect. Therefore, in
the experiment, the pure shear specimen has an initial crack length of
25 mm, which is greater than 2h,.

The crack orientation should be perpendicular to the tensional

?
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Fig. 2. The pure shear specimen.
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Fig. 3. The configuration of the dumbbell specimen.

loading direction as well as within the middle plane of the specimen
when given the initial crack. It is noted that the measurement must be
stopped and a new crack must be given again if the crack propagation
direction changes or bifurcates in the experiment. When the crack
grows and arrives at the area that is 2h, length from the other free end,
one new specimen should be taken place of the old one.

Another specimen with a dumbbell-like configuration (in Fig. 3) is
made to validate the established fatigue crack propagation model. The
dumbbell specimen was designed in accordance with the ASTM stan-
dard (ASTM: D4482-11) [17].

The material strength parameters

The material's tensile properties are needed to be determined firstly
before the rubber crack propagation experiment and the conventional
fatigue experiment. The tensile properties (such as tensile strength) are
helpful to determine the upper limit of load imposed on the specimen
during the fatigue experiments. The quasi-static stretching tests with
the two types of specimens shown in Figs. 2 and 3 are thus carried out
in the Instron electronic universal testing machine. The laboratory
temperature is about 23 °C, and the strain rate of the stretching process
is 0.01per second.

The engineering strain and stress data in the gauge length are re-
corded during the tests, which are used to determine the critical load
such as the tensile strain at break, ultimate tensile strength and the
critical tearing energy. The recorded strain is measured using the laser
extensometer, and the recorded stress is calculated using the load
measured from the force sensor divided by the initial sectional area of
the specimen.

The test process with dumbbell specimen is shown in Fig. 4. The
tensile strain at break, ultimate tensile strength and the 300% elonga-
tion modulus of the dumbbell specimen are shown in Table 1. In the
following fatigue tests with the dumbbell specimens, the tensile strain
in Table 1 is the upper limit of load imposed on the specimen.

Meanwhile, the quasi-static stretching test with the pure shear
specimen is carried out to determine the maximum load applied to the
pure shear specimen during the fatigue crack propagation experiments.
In the experiment, three identical pure shear specimens (noted by
s1-s3) are repeated. The measured engineering stress and engineering
strain curve is shown in Fig. 5. The gauge height hO for measuring the
three specimens' strain using laser extensometer has the value of
8.59mm, 10.61 mm and 10.11 mm, respectively.

The engineering stresses (o) and engineering strain (¢), as recorded
in Fig. 5, are substituted into the following Eq. (5) to solve the critical
strain energy density (W;) at break of the rubbery materials.

b
Wo= ) ode ®)

The critical tearing energy (T) at break can be obtained using Eq.
(4) and the determined critical strain energy density (W;) from Eq. (5).
The calculation results of the strain energy density (W}) and the critical
tearing energy (T.) of the three pure shear specimens are shown in
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Fig. 4. The process of measuring strain with one laser extensometer.

Table 1
Mechanical properties of the studied rubbery materials.
Temperature (°C)  Density Shore Tensile Ultimate 300%
(g/cm®  hardness strain at tensile elongation
fracture strength modulus
(%) (MPa) (MPa)
23 1.05 48 620 26 4.4
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Fig. 5. The engineering stress versus engineering strain.

Table 2
Mechanical parameters of the studied rubbery materials at break in tension.
Specimens  Engineering Engineering Strain energy  Tearing
stress o (MPa) strain gp (%) density W, energy T,
(MPa) (kJ/m?)
sl 1.9740 188.54 2.0241 17.4007
s2 2.7606 199.44 2.7604 29.2880
s3 1.7535 163.49 1.6184 16.3669

Table 2. The median [17] of the three specimens’ critical tearing energy
is taken as the critical tearing energy of the tested rubbery materials,
which has a value of 17.4007 kJ/m>. The corresponding tensile strain at
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break is 188.54%. Therefore, during the fatigue crack propagation test
with the pure shear specimen, the strain applied on the specimen
should be less than 188.54%, and the maximum tearing energy should
be less than 17.4007 kJ/m?>.

Fatigue crack propagation experiment

Experimental method

The fatigue load of rubbery materials is much less than the max-
imum static load that the material could withstand. Therefore, the
tearing energy of the edge-notched pure shear specimens during crack
propagation tests is far less than the critical tear energy T. of the rub-
bery materials. Fatigue tests were conducted on a displacement-con-
trolled machine. The measured strain and stress can be used to calculate
the corresponding tearing energy, which is frequently used as the
governing variable of fatigue crack propagation.

The crack propagation tests in this work were carried out under the
load of R = 0 where R is defined as the ratio of the minimum tearing
energy and the maximum tearing energy during one cycle. The crack
propagation tests of rubbery materials are mainly to obtain the crack
propagation characteristics of the materials, namely the relationship
between the crack propagation rate of rubbery materials and the
maximum tearing energy noted as Tmax. In order to quickly obtain the
crack propagation test data of rubbery materials at R = 0, variable
amplitude loading is forced on the specimens.

Fatigue tests were conducted at room temperature and at atmo-
spheric pressure in open air. The waveform of the fatigue cycle was
sinusoidal with variable amplitude. Before testing, initial cracks of
various lengths were cut into the edge of the rubber specimens with a
very sharp razor blade.

Two groups of edge-notched pure shear specimens were required to
be produced in the experiment. The first one was used to determine the
tearing energy T of the cyclic loading by integrating the unloading
stress versus strain curve in the gauge length and combing with Eq. (4);
the second was used to determine the rate of crack propagation rate
da/dN by measuring the crack length a and recoding the corresponding
number of cycles N. It should be noted that the loads imposed on the
two groups of specimens are identical. Based on the measurements of
the two sets of specimens, the measured curve between the crack pro-
pagation rate and the tearing energy can be obtained. Three repeated
experiments were carried out using three edge-notched pure shear
specimens (s4-s6) for determining the crack propagation rate of the
rubbery materials.

The crack propagation tests with the pure shear specimen were
carried out on one servo hydraulic machine, as shown in Fig. 6. The
CCD camera is used to photograph the crack and output the crack
length a in real time through the data processing system with the CCD.

The analysis and measured data of crack propagation
In the crack propagation tests of rubbery materials, the imposed

Servo-hydraulic

Environmental
actuator

/ chamber

CCD camera

\

Edge-cracked
specimen

Load cell

Fig. 6. The hardware system for fatigue crack propagation experiments [17].
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Fig. 7. The imposed variable amplitude loading in the strain-controlled ex-
periments.

strain load are shown in Fig. 7. It can be found that the minimum strain
remains zero and the maximum strain is linearly increased with the
number of cycles. The maximum strain has been increased to 75%,
which is about 40% of the tensile strain of the specimen at break. The
corresponding maximum tearing energy is shown in Fig. 8, and the
value of the minimum tearing energy remains zero.

The crack propagation length Aa = a—a,, where a and a, represent
the current crack length and the initial crack length on the specimen,
respectively. The initial crack length a, was prefabricated before ex-
periment. The number of cycles N and the corresponding crack pro-
pagation length a were measured, as shown in Fig. 9.

As shown in Figs. 7 and 9, the crack grows faster with the increase of
the maximum strain (the slope of the curve in Fig. 9 is getting steeper
with the number of cycles). It can be found from Figs. 7 and 8 that the
maximum tearing energy increases with identical slope of the max-
imum strain, but remains stable and even decreases between the
number of cycles about 200,000 and 250,000. However, the crack
propagation rate keeps increasing at the numbers of cycles larger than
200,000. The reason for this phenomena is mainly due to the stress
softening effect and permanent deformation of the rubbery materials.

In order to obtain the relationship between the crack propagation
rate and the tearing energy of the rubbery materials, the key is to de-
termine the crack propagation rate with the measured crack length
data. It can be seen from Fig. 9a that the crack length increases gra-
dually with the number of cycles globally. However, due to the factors
such as the light, the measured crack length data can fluctuate locally
(shown in Fig. 9b), which leads to various attempt of data processing
method for modeling the crack propagation behavior.
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Fig. 8. The relationship between the maximum tearing energy versus number
of cycles.
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Fig. 9. The experimental crack growth length with the increase of number of cycles.

The modeling of rubber crack propagation behavior

The crack propagation rule based on the conventional secant and seven-point
polynomial methods

The secant method and the seven-point polynomial method are two
conventional methods to deal with the crack length to obtain the cor-
responding crack propagation rate. The secant method to get the crack
propagation rate is expressed as [10]:

(da) o Qit1—a;
dN /)i Nij—N;

~

©

where the subscript i is one positive integral and its maximum is up to
the number n of data points minus 1, namely n — 1; g; represents the
crack length at the number of cycles N;.

The seven-point polynomial method (also called incremental poly-
nomial) is to select successive seven points from the mass data of crack
length a versus number of cycles N, and approach these seven points
with one quadratic polynomial to get the local fitting formula, which
differentiates the number of cycles to obtain the crack propagation rate.
The crack propagation rate with the seven-point polynomial method is
obtained as [10]:

(av), -

where the subscript i is the sequence number apart from the previous
three and last three points of the measured data points; b; and b, are the
regression coefficients based on the least square method. C; and C, are
determined from the following equations:

b
G,

2b,(N—Cy)

c; %)

G
G

1/2(Ni=3 + Niz3)
1/2(Ni43—Ni-3)

(8

Taking specimen s4 for example, the crack propagation rate is ob-
tained using the conventional secant and seven-point polynomial
methods from the data of measured crack length and the number of
cycles, which is shown in Figs. 10 and 11 with the corresponding
maximum tearing energy as the abscissa, respectively. As shown in
Figs. 10 and 11, the data of the crack propagation rate based on the
secant method and the seven-point polynomial method is highly dis-
persed. It can be seen from Figs. 10 and 11 that the crack propagation
rate is negative when the maximum tear energy is smaller than 1200 J/
m2 and the crack propagation rate is always positive when the max-
imum tearing energy becomes larger than 1200 J/m?. Similar results
are found for specimens s5 and s6. The negative crack propagation rate
with the increase of the maximum tearing energy is beyond under-
standing, and the frequently reported power law is not appropriate for

2.0 1

1.6 1

1.2

0.8 1

0.4

0.0 1

Crack growth rate da/dN (1 O'3mm/cycle)

0 250 500 750 10001250 1500 17502000 2250

The maximum tearing energy T (J/mz)

max

Fig. 10. The relationship between crack growth rate and the number of cycles
using the secant method (Specimen s4).

0.6-
0.5-
0.4-
0.3-
0.2-
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Crack growth rate da/dN (10'3mm/cycle)

500 1000 1500
The maximum tearing energy T

max

2000 2500

(JIm°)

Fig. 11. The relationship between crack growth rate and the number of cycles
using the seven-point polynomial method (Specimen s4).

unifying the relationship between the crack propagation rate and the
maximum tearing energy. Therefore, an alternative data processing
method for obtaining the crack propagation rate based the measured
crack length and the number of cycles under variable amplitude loading
instead of constant amplitude loading should be considered.
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The interpolation method with one power function

According to the shortcomings of the two methods above, one in-
terpolation method with the power function is proposed to deal with
the measured crack propagation data under variable amplitude loading,
and then the model for characterizing the crack propagation length and
the number of cycles is obtained.

It can be seen from Eq. (3) that the crack propagation rate of rub-
bery materials satisfies the relation of power function. It can be seen
from Eq. (4) that the tearing energy of pure shear specimens is pro-
portional to strain energy density. It can be seen from Fig. 7 that the
relation between the maximum strain and the number of cycle are
linear. Based on the mentioned information and the observation of
Fig. 9, it can be assumed that the crack propagation length and number
of cycles of pure shear specimens are approximately satisfying the re-
lation of one power function.

When using a power function to globally approximate the data of
crack propagation length and number of cycles, the effective data
source should be firstly selected from the original measured data. It can
be seen from Fig. 9b that the crack propagation rate in the early stage
experiences one region that is fast to slow and rapidly growing. This is
because the sharp crack has larger crack propagation rate than a natural
rough crack. The initial crack given by the blade is sharp enough, and
the stress concentration of the crack tip is higher. The sharp crack has a
larger effective tear energy than the natural rough crack, and the dif-
ference between the two crack propagation rules has been studied in
the literature [3]. Therefore, the load cycles initially applied in the test
is considered to be used to pre-cycle the prefabricated sharp cracks to
form a natural rough crack. The crack propagation path from Fig. 12
also shows that the sharp crack grows to form the natural rough crack at
the beginning of the loading cycles. It can be found from Fig. 12 that
crack tip slightly change in the early stage, but after a certain load
cycles the crack tip keep expanding in vertical to the direction of im-
posed loads.

The data of crack propagation length Aa after 1 mm and the cor-
responding number of cycles (N) as the effective data source to establish
the global relationship for characterizing the crack propagation length
and the number of cycles. Based on the nonlinear least square method,
the relationship between the crack propagation length (Aa) and the
number of cycles (N) of the pure shear specimen is obtained using the
power function as follows.

Specimen s4: Aa = 1.42855 X 10720(N;)39%65, r2 = 0.9905

9

r2 = 0.9970

Specimen s5: Aa = 4.31014 x 10721(N;)*02823, 10)

114

y (mm)

14— N=43 == = N=70283

0 o= oo N=154283 =« « N=238283 =« N=287843

20 25 30 35 40 45 50 55 60 65 70
x (mm)

Fig. 12. Crack tip evolution with the increase of number of cycles (Specimen
s4).

238

Results in Physics 10 (2018) 233-240

40

Eq. (9)
o Experimental data

35

Crack growth length Aa (mm)

200 250 300

Number of cycles N (10°cycles)

Fig. 13. The relationship between crack growth rate and the number of cycles
using the interpolation method with one power function (Specimen s4).

Specimen s6: Aa = 9.61766 X 10720(N;)*76%,  r2 = 0.9891 11

where the correlation coefficient of the fitting of the power function is
larger than 0.99, which means that the fitting precision is high enough.

Taking specimen s4 for example, a comparison of the calculated
crack propagation length from Eq. (9) and the measured result is shown
in Fig. 13, which shows a high correlation. It should be noted that the
effective numbers of parameters in the upper formula has a great in-
fluence on the calculation results since the magnitude of the number of
cycles N is much larger than the length of crack propagation. It is found
from the experiment that the proposed model parameters must be kept
at least four decimal places to avoid the influence of data truncation
error. Therefore, the parameters in the upper formula have values with
5 decimal places, and finally the parameters in the crack propagation
rate model keep 4 decimal places to minimize data truncation error
affecting the results.

Establishment of fatigue crack propagation rate model

In order to get the relationship between the crack propagation rate
and the maximum tearing energy, Egs. (9)-(11) should firstly differ-
entiate with respect to the number of cycles N, to obtain the crack
propagation rate of specimens s4-s6, respectively. The values of cal-
culated crack propagation rate based on Egs. (9)-(11) and the corre-
sponding maximum tearing energy in Fig. 8 are then plotted in Fig. 14.
It can be seen that the fluctuation of crack propagation rate is very
small and the crack propagation rule is more consistent with the power

) 60
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< 20
2
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The maximum tearing energy T (J/m2)
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Fig. 14. The relationship between crack growth rate and the maximum tearing
energy.
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Fig. 15. The comparison between the fitted curve and the measured data for
specimens s4-s6 (in log-log coordinate).

law when using the interpolation method of power function (Fig. 14),
compared to the secant method (Fig. 10) and the seven-point poly-
nomial method (Fig. 11).

It can be seen from Fig. 14 that the crack propagation rate of the
three specimens increases rapidly when the maximum tearing energy is
larger than 2100 J/m? The reason for the remarkable acceleration of
crack propagation rate is the result of temperature accumulation effects
at the end of the experiment, and the crack propagation mechanism in
the region is more complex. Therefore, the data in the region of
Tmax < 2100J/m? in Fig. 14 are taken to determine the power re-
lationship of crack propagation rate and the maximum tearing energy.

The crack propagation rate model is obtained by approaching the
data of the three specimens in Fig. 14 based on nonlinear least square
method as:

da/dN = ATE,, = 4.65802 X 10712(Tj,, 333362 12)

The correlation coefficient is r> = 0.9678. The comparison between
the fitting curve and the measured data in the double-log coordinate is
shown in Fig. 15, which shows that the fitting formula (12) is in good
agreement with the measured data.

The critical crack propagation rate can be determined as follows:

. = ATF = 3.66499 x 10~ (m/cycle) (13)

The equivalent crack propagation rate model of formula (12) with
substituting Eq. (13) into Eq. (3) is expressed as:

da/dN = 1. (Ta/ T.)F = 3.6650 X 1075(Tipax/17400.7)%3336 (m/cycle)
14)

Table 3

Results in Physics 10 (2018) 233-240

Application examples

In order to apply the established fatigue crack propagation rate
model, fatigue lives of dumbbell specimens (shown in Fig. 3) are cal-
culated through integrating the established crack propagation rate
model shown in Eq. (14), and then compared with the measured lives.
The uniaxial tensile fatigue tests of identical rubbery materials were
conducted on dumbbell specimens.

The tearing energy of the edge-notched simple tensile specimen
such as dumbbell specimens (shown in Fig. 3) can be calculated using
the following expression [3]:

T = 2kWa (15)

where W is the strain energy density of far-field away from the crack; a
is the crack length; K is a coefficient related to the strain level of ma-
terials and the tip of the crack tip [3]:

2.95-0.086mx

k= (1 + ema)'/? (16)

The calculation formula of fatigue life of rubbery materials under
uniaxial fatigue tensile load can be calculated by substituting Eq. (15)
into Eq. (14) and taking integration of Eq. (14), which is expressed as:

—17F
1 T 1-F

—_ _ - ¢ Tc _ql-F
F—1 (2kw)F 0 T )

N a7
where a, represents the initial crack size of the blank material; a; re-
presents the maximum crack size which corresponds to fatigue fracture
of the material. When the tearing energy reach the critical tearing en-
ergy (T;), the material gets fatigue fracture. Therefore, the maximum
crack size can be solved by letting the tearing energy in Eq. (15) equal
to the critical tearing energy T, as:

a = T./2kW (18)

Substituting Eq. (18) into Eq. (17) can be obtained:

Noo L T al_p_( [ )I‘F
T Fa@aw)E | \aw (19)

where kW could be determined once given the applied fatigue load on
specimens.

In order to calculate the fatigue life using Eq. (19), the initial crack
size a, should be given. The original defect size of rubbery materials is
generally distributed between 2.0 X 10~° m~ 6.0 X 10 m [15]. The
uniaxial tensile fatigue lives of rubbery materials under three different
initial crack sizes (namely the initial crack size is given as 60 pm, 40 um
and 20 pym, respectively) are calculated from Eq. (19), noted as Ny, Ny
and Np; listed in Table 3, respectively.

The fatigue tests of dumbbell specimens is referred to Ref. [2]. In the
fatigue tests, ten different loading cases of strain peak (the maximum
strain per cycle) were performed and 20 identical rubber dumbbell
specimens were tested in each loading case. The measured average lives

Comparisons between the calculated lives and the measured lives with different initial crack sizes.

Load case Strain peak emax  Strain valley enin ~ Calculated life N, (cycle)

Measured average fatigue life N,, (cycle) The ratio of calculated life and measured life

Ny Npa Ny Np1/Nin Nps/Nm Nys/Nim
1 1.83 0.00 15,617 26,869 67,827 25,181 0.62 1.07 2.69
2 1.61 0.00 22,097 38,006 95,910 38,967 0.57 0.98 2.46
3 1.35 0.00 35,977 61,854 156,044 62,206 0.58 0.99 2.51
4 1.23 0.00 46,766 80,390 202,780 82,049 0.57 0.98 2.47
5 1.19 0.00 51,371 88,301 222,725 100,290 0.51 0.88 2.22
6 1.00 0.00 84,751 145,644 367,289 139,460 0.61 1.04 2.63
7 0.93 0.00 104,770 180,032 453,977 185,560 0.56 0.97 2.45
8 0.82 0.00 152,008 261,171 658,515 312,590 0.49 0.84 2.11
9 0.71 0.00 234,248 402,425 1,014,577 398,730 0.59 1.01 2.54
10 0.62 0.00 354,082 608,242 1,533,366 522,450 0.68 1.16 2.93
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Fig. 16. The comparison between the measured life and the calculated life with
the crack growth rate model.

obtained by averaging 20 measured lives in each loading case are
shown in Table 3.

It can be seen from Table 3 that the initial crack size has great in-
fluence on the calculation results. The calculated results of fatigue life
are best consistent with the measured results when the initial crack size
ap = 4.0 X 107> m, shown in Fig. 16. According to Table 3 and Fig. 16,
the prediction lives based on the crack propagation rate model shown in
Eq. (14) fall within two times of the measured lives, which demon-
strates a high accuracy of the crack propagation rate model established
above.

Conclusions

(1) Using variable amplitude loading is more effective than constant
amplitude loading in fatigue crack propagation experiments of
rubbery materials. However, an alternative data processing method
to determine the crack propagation rate based on the measured
dispersed data should be considered. The proposed interpolation
method of one power function to approach the measured crack
propagation length and number of cycles shows a reasonable and
convenient way.

The established fatigue crack propagation rate model based on the

power law is applied to predict the uniaxial fatigue life of rubbery

materials. Once given the appropriate initial flaw size, the pre-

dictive lives fall within two times of measured lives, which shows a

high accuracy.

(3) Some key points should be taken into consideration using the pro-
posed interpolation method including: 1) an effective data source
should be selected from the original measured data through the
analysis of the measured data of the crack propagation length and
the number of cycles. The data that the crack propagation rate in-
creases with the decrease of the tearing energy should be
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eliminated; 2) the effective numbers of parameters in the model has
a great influence on the calculation results since the magnitude of
the number of cycles N is much larger than the length of crack
propagation. The proposed model parameters must be kept at least
four decimal places to avoid the influence of data truncation error.
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