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ABSTRACT

An investigation of the fatigue behavior of tire rubber was undertaken. The tire rubber used in this work is a blend of natural rubber and polybutadiene. It is vulcanized and filled with carbon black. Fatigue tests were conducted on edge-notched prismatic specimens subjected to tension-tension loading in a displacement-controlled machine. The maximum strain was 8% and the minimum strain was 0.8%. The waveform of the fatigue cycle was sinusoidal at a frequency of 10 Hz. Initial cracks of various lengths were cut into the edge of the rubber specimens with a sharp razor blade. The tearing energy and the stress intensity factor were calculated during the test. Crack growth plots relating the crack growth rate with the tearing energy and the change in the stress intensity factor were obtained. In the latter case the results were fitted to the Paris law. A power law relation between the crack growth rate and tearing energy or change in stress intensity factor were obtained. The constants entering in these relations were determined. The fatigue life of tire rubber was estimated based on the integration of the power law relations as well as the tearing energy versus fatigue cycles curves in conjunction with the critical tearing energy at crack growth initiation.

Introduction

The Griffith criterion for growth of a crack in brittle materials was extended by Rivlin and Thomas [1] to the case of crack growth in vulcanized rubber. The energy necessary to grow the crack is supplied either from the strain energy in the deformed rubber, or as work done by the applied forces or both. When the loaded boundaries do not move the energy for crack growth, the tearing energy, T, is the rate of decrease of elastically stored energy in the cracked body per unit virtual increment of crack surface area. Rivlin and Thomas [1] used a number of test pieces for which T can be calculated for elastic materials undergoing large deformations without the necessity to solve difficult boundary value problems. From these tests they were able to determine a critical value of the tearing energy, Tcr, that is characteristic of the elastomer, analogous to the Griffith characteristic energy. When the tearing energy T exceeds the value Tcr crack growth will occur.

Many investigators [2-4] have demonstrated that Tcr is independent of the geometry and dimensions of the test piece and can be considered as a material property. For component design the tearing energy, T, is calculated for a hypothetical crack and is compared with Tcr to determine if the crack will propagate. Thomas [4] has shown that the tearing energy depends on the work required to break a unit volume of material in simple tension in the absence of cracks and the diameter of the notch tip, which measures the bluntness of the notch. Fatigue crack growth studies of rubber are listed in [5 - 7].

In the present work an investigation of the fatigue behavior of tire rubber was undertaken. The tearing energy and the stress intensity factor were calculated during the test. Crack growth plots relating the crack growth rate with the tearing energy and the change in the stress intensity factor were obtained. The fatigue life of tire rubber was estimated based on the integration of the crack growth rate versus tearing energy or stress intensity factor difference relations.

Tearing Energy

Tearing energy is defined as the energy released per unit area of crack surface growth [1]
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where

T 
= tearing energy (or energy release rate)


W = elastic energy stored in specimen


A  = area of one fracture surface of the crack

The suffix l denotes differentiation with constant displacement of the boundaries over which forces are applied. If the derivative is obtained under constant applied forces, then the work done by these forces must be included in Eq. (1).

The tearing energy can be considered as the driving force for crack propagation. Experimental measurements show that when crack propagation is expressed in terms of the tearing energy, the relation is independent of specimen type and geometry. Fatigue crack growth characteristics can also be related to tearing energy. Thus, the tearing energy is a fundamental property which governs crack propagation in elastomers. Experimental results indicate that the value of tearing energy at crack initiation, Tcr, is a characteristic property of the material. When the tearing energy, T, reaches the critical value, Tcr, crack growth will occur.

Experimental determination of tearing energy according to Eq. (1) requires the measurement of force-deflection relation in specimens with different crack lengths, calculation of the energy stored and differentiation with respect to crack length.

Determination of tearing energy in terms of applied forces or deformations for an arbitrarily shaped specimen is formidable due to nonlinear behavior and large deformations of rubber.  However, by suitably choosing the specimen geometry T can be determined without knowledge of the detailed strain distribution.

Rivlin and Thomas [1] gave the following expression for tearing energy for a specimen with the edge-notched geometry



[image: image2.wmf]kwa

2

T

=


(2)

where
w   =
recoverable strain energy density per unit volume


a    =
crack length


k    =
strain-dependent term

Lake [8] proposed an approximate relation for k
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where
(  =  1 + (  =  extension ratio


ε =  strain

Thus, Equation (2) takes the form
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The strain energy density term w can be found from analysis of the appropriate tensile stress-strain curve, where the area under the curve is the strain energy density.


To calculate tearing energy T, edge-notched specimens with various crack lengths are tested in tension and the load-displacement curves are obtained. The area under these curves is the strain energy W stored in the specimen upon deformation. The difference between this and the energy measured with no crack, Wo, is the energy loss, (W, due to crack growth. To find the energy density loss, (w,, the energy loss is divided by the specimen volume. The energy density is then plotted versus the normalized crack length (a/b) and a mathematical function is fitted to the results. Then, the tearing energy can be calculated by differentiating the energy loss curve with respect to crack length and multiplying by the appropriate specimen dimensions as 
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where b, h, lo are the width, thickness and gage length of the specimen.  The above tearing energy is plotted versus normalized crack length and fitted by a polynomial of the form
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where k1, k2 and k3 are fitting coefficients.


With this expression, the tearing energy can be determined during the fatigue test of a specimen of similar geometry by substituting the appropriate crack length into the curve-fitted equation.

Experimental

Fatigue tests were conducted on edge-notched prismatic specimens. The specimens had a gage length of 89.0 mm (3.5 in.),, width of 25.4 mm(1.0 in.), thickness of 2.0 mm (0.079 in.) and initial cracks of length 2.54 - 10.2 mm (0.10 -0.40 in.) The specimens were subjected to tension-tension fatigue in a displacement-controlled machine. The maximum strain was 8% and the minimum strain was 0.8%, putting the R-ratio for the tests at 0.1. The waveform of the fatigue cycle was sinusoidal at a frequency of 10 Hz. Tests were conducted at room temperature and at atmospheric pressure. 

Before testing, initial cracks of various lengths were cut into the edge of the rubber specimens with a very sharp razor blade. Specimens were then loaded into the fatigue machine with additional rubber grip material on each end, so that the machine grips could hold the specimen firmly. The displacement of the machine was adjusted to produce the correct levels of strain and the speed of the machine was set. During the test, the machine was periodically stopped, so that the number of cycles and the length of the crack could be recorded as the crack length was measured by hand with digital slide calipers. 

Due to the strength anisotropy of strain-crystallized rubber the crack does not propagate along its own plane but deviates during crack growth. To ensure that crack propagates along its initial plane direction a shallow groove was cut along the crack ligament on both sides of the specimen. The depth of the groove was 0.076-0.10 mm (0.003-0.004 in.). 

Results
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Figure 1 shows the crack growth versus fatigue cycles plot for specimens of various initial crack lengths. As can be expected, the shorter the initial crack, the longer the fatigue life of the specimen. All the specimens displayed in this plot follow the same trend. The curves are characterized by an initial portion where the crack length is somewhat slow, followed by a long period of constant crack growth, and a sharp upturn in crack growth as the crack reaches the far edge of the specimen to fail it. These characteristics of the fatigue life curve will be important in the analysis process. Comparing different specimens, the middle section of the plot is consistent, meaning the crack growth rates are roughly the same in this area. Because of the curves’ high degree of similarity, a collapsed plot can be formulated where the data points are offset to coincide as one curve. In this plot, only the crack growth up to 0.65 in. was included to eliminate edge effects. Also, after this cutoff, the crack growth rate can be considered constant, upon examining Figure 1. This curve can then be assumed to represent the average behavior of the material. A trend line will be fit to this curve to get crack length as a function of the number of fatigue cycles. The trend line’s equation will then be differentiated to obtain the crack propagation rate. Figure 2 displays the collapsed resuls.

Figure 1. Crack length vs. fatigue cycles 
Calculation of the tearing energy in the specimen during the test was based on the procedure developed previously. The strain energy density of the rubber was plotted versus crack length (Figure 3). In this curve, the energy density loss is found as the edge crack in the specimen is increased. The figure illustrates that as a crack grows in a specimen, less strain energy exists to be released and the change in strain energy ((W) due to increasing crack length gets larger. The tearing energy can be found with these values, and the plot of the corresponding tearing energy values is shown in Figure 3. The line fitted to the plot yields the needed constants in Equation 6 which takes the form
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Figure 2. Collapsed data and trend line fit
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Trendline Equation:


Figure 3. Strain energy density of the specimen as a function of crack length 
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Figure 4. Tearing energy as function of crack length [

With this equation, the tearing energy in the specimen can be calculated for any normalized crack length (a/b). Figure 4 illustrates that as the crack length increases, so does the tearing energy. At a normalized crack length of around 0.6, edge effects are apparent. 

An alternate analysis for fatigue crack growth is based on stress intensity factor and involves the use of Paris law [9]. While the Paris law is widely accepted in classical fracture mechanics, its application to elastomeric materials has been debated. However, it may shed light on the mechanics of failure in this analysis. For an applied load that is cycled uniformly between Kmax and Kmin, the Paris Law relation is given by [9]
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where 
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and C and m are material-dependent constants that depend on test conditions such as frequency, environment and mean load.
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The Paris law is suited for non relaxing fatigue tests because it deals with a change in the stress intensity factor ((KI), where the assumption is made that the stress is never returned to zero during the fatigue cycle. In the analysis, the relevance of the Paris law to fatigue testing of a natural rubber compound will be determined.

Figure 5. Maximum and minimum load during fatigue cycle

Calculating the stress intensity factor KI at a crack tip involves the length of the crack, the stress in the material. Therefore, at a given crack length the stress intensity factor at a crack tip is directly proportional to the stress level in the test specimen.

The stress in the specimen during the fatigue tests was measured using the load cell. The load was measured at the maximum displacement of the fatigue cycle as well as at the minimum displacement. Figure 5 shows a typical plot of the variation of   load on a specimen throughout a test. The decrease in maximum load during the test was much more pronounced than the decrease in minimum load. Once the load is known at a certain crack length, the maximum and minimum stress intensity factors can be found. Through this (KI is determined.
Analysis of the Results

Figure 6 shows the relation between crack growth rate and tearing energy on a logarithmic scale. It can be described by 
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In calculating these values, the first point at a low crack growth rate was considered an outlier and was not included in the analysis. The other points fall very close to the fitted line. It is important to note also that only the initial and upturning portions (up to 0.65 in) of the crack growth plot of Figure 1 were used in this power law analysis. Subsequent analysis methods will address the constant crack growth portion of the plot.

Figure 6. Crack growth rate as a function of tearing energy

The Paris law and tearing energy relationships are similar in that they both are based on a power law equation. The Paris law is different however because it explicitly takes into account the non-relaxing characteristic of a fatigue cycle. Presently, the applicability of the Paris law to the behavior of rubber fatigue is shown. Other studies have claimed that when analyzing elastomeric materials, a classical Paris law treatment is not as suited to account for the complexities of the rubber behavior [10].

[image: image19.wmf]y = 0.0065x

1.2345

0.01

0.1

1

1

10

100

log

 

Tearing Energy (lbs/in)

log

 Crack Growth Rate da/dn (in/10

6

cyc)


Figure 7. Crack growth rate as a function of ΔΚΙ
Figure 7 shows the plot of crack growth rate as a function of (KI. As with the tearing energy plot, the data points fall on a straight line, with slightly more scatter towards the lower (KI values. Equation (8) takes the form
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Estimation of Fatigue Life

Based on the crack growth versus tearing energy relation of the form
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where B and  β are material constants, an approximation of the fatigue life of a specimen can be made. Through the integration of the above relation, the following equation is obtained to calculate the number of cycles N to failure [9]
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where
a0 = final failure size


ac = initial flaw size


k = strain dependent term from Equation (2)

This fatigue life estimate may not be fully applicable in this case because when β is less than or equal to one the equation is not valid.
Another way to calculate a fatigue life estimate involves applying the critical tearing energy value to the fatigue testing data. By combining tearing energy concepts from both static and fatigue testing, a more robust model can be formulated. When the tearing energy in a specimen reaches the critical value Tcr, crack growth becomes unstable and failure occurs. Also, as a crack becomes longer, the tearing energy in the specimen increases, according to Equation (2). These concepts can be used to find a level at which, if a crack propagates in a specimen of semi-infinite width, the crack becomes long enough to cause the tearing energy in the specimen to reach Tcr. At this point, failure would occur and the fatigue life of the specimen could be defined. Therefore, if T=f(a) and a=f(n), then the equation T=f(n) can be found. At the point where T=Tcr, the cycles to failure can be determined. Figure 8 shows a plot of tearing energy versus fatigue cycles and the estimation of the fatigue life at the critical tearing energy Tcr=35.6 N/mm (199 lb/in). This value of Tcr was determined using the constrained (shear) tension specimen [11].
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Figure 8. Fatigue life estimation using Tcr considerations
Conclusions

A study of the fatigue behavior of tire rubber was undertaken using the concepts of tearing energy and critical stress intensity factor. The strain crystallizing nature of rubber slowed the crack growth process and caused crack branching. To avoid out-of-plane crack propagation grooves were introduced along the crack growth direction on both sides of the specimen. The fatigue data were presented as power law relations between the crack growth rate and the tearing energy or the difference of stress intensity factor. The parameters entering in these relations were determined by the experiment. The values of the exponents in the power law equation describe the slope of the da/dn versus tearing energy or difference of stress intensity factor curves plotted on a logarithmic scale. The higher the slope of the line, the faster the crack growth rate increased during the test. An estimate of the fatigue life of the order of 8.1 million cycles based on the critical tearing energy was made. 
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