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ABSTRACT

Polymer resins exhibit viscoelastic behavior not only above the glass transition temperature but also below

this temperature. It has been confirmed that composite materials using polymer resins as matrices have this

viscoelastic behavior. Hence, one could accelerate the fatigue testing if the stress amplitude, frequency or

temperature is changed. The purpose of this study is to invest the accelerated fatigue properties of single-fiber

composites and to predict their life. For this purpose, this paper develops the all-life range of the

sigmoid S-N curve that is under the assumption that the damage of a composite is a process of

multiple initiations, coalescence of micro-cracks, and final failure. In order to establish the

accelerated fatigue properties of glass/epoxy and carbon/epoxy composites, the fatigue testing of

unidirectional specimens from different angel is conducted at room temperature under different

stresses, frequencies, and stress ratios. The "time-frequency" and "time- stress" superposition are

used to relate the fatigue behavior of the composites with time. Both the straight and sigmoid S-N

curves are also proposed to show the effects of different stresses, stress frequencies, and stress

ratios on the fatigue life. Comparing the straight S-N curves, the sigmoid S-N curves are

recommended to express the accelerated fatigue data.

1 INTRODUCTION

Because of the complex failure modes of composites, their fatigue failure properties are

complicated and hard to be predicted. There are many models proposed to analysis fatigue

properties of composites. For example, Reifsnider [1] divided the processes of composite fatigue

into three steps, the initiation of matrix cracks, the matrix cracking and delamination growth, and

the fiber breaking as well as the failure of the whole composite. Besides, fatigue endurance limit,

fatigue damage cumulative theory, stiffness degradation model and residual strength model, etc.



have been developed. In general, the popular style to present the fatigue data is S-N curve [2-5].

Furthermore, since polymer resins exhibit viscoelastic behavior not only above the glass transition

temperature but also below this temperature, it has been confirmed that composite materials using

polymer resins as matrices also have this viscoelastic behavior. Hence, the "time-frequency" and

"time-stress" superposition are used to relate the fatigue behavior of the FRP with time. Miyano et

al. [4-6] developed the master curve under different temperature. Rotem and Nelson [7] utilized

temperature transformation factor to predict the fatigue life of the FRP. Some studies [7-10]

investigate the influence of stress ratio and stress frequency on the fatigue behavior of composites.

The purpose of this study is to invest the accelerated fatigue properties of single-fiber composites

and to predict their life. For this purpose, this paper develops the all-life range of the sigmoid S-N

curve that is under the assumption that the damage of a composite is a process of multiple

initiations, coalescence of micro-cracks, and final failure. In order to establish the accelerated

fatigue properties of glass/epoxy and carbon/epoxy composites, the fatigue testing of

unidirectional specimens from different angel is conducted at room temperature under different

stresses, frequencies, and stress ratios. The "time-frequency" and "time- stress" superposition are

used to relate the fatigue behavior of the composites with time. Both the straight and sigmoid S-N

curves are also proposed to show the effects of different stresses, stress frequencies, and stress

ratios on the fatigue life.

2 THE EXPRESSION OF FATIGUE DATA

2.1 Straight S-N curve

Straight and sigmoid forms of S-N curve are utilized to present fatigue data. The form of straight

S-N curve is shown as below:
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where a and b are material parameters. Because the stress ratio (R) and stress frequency (f) could

change the fatigue life, the position of the straight S-N curve will be changed. For each S-N curve,

the values of a and b are different because of different R or f. According to the "time-frequency"

and "time-stress" superposition theory, the a and b could be expressed as functions of stress ratio

or stress frequency. The functions of a(f,R) and b(f,R) are decided by different straight S-N curves

that are regressively plotted from fatigue testing data. Therefore, a master curve could be obtained



by using these a(f,R)s and b(f,R)s to transform all S-N curves to a reference line.

2.2 Sigmoid S-N curve in all-life range

Assume that the fatigue of a composite is a process of multiple initiations, coalescence of

micro-cracks, and final failure. Let D(n) be an index of the fatigue damage of the composite.

Suppose the growth rate of D(n) is proportion to the quantity of itself, D(n). Furthermore, the size

of the specimen will limit to the growth rate of D(n). One can derive the form of the growth rate of

D(n) as below:
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where n = log(2N). To solve this differential equation, one can presume that the sa /σu is linear

depend on 1-D(n). After applying the initial and ultimate conditions in the equation, one can obtain

the following equation:
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There are two parameters, k (or c) and m, which need to be decided by experiments. The profile of

this equation is a sigmoid S-N curve and it could fit the full-range life of fatigue data. Again, the

"time-frequency" and "time-stress" superposition theory could be applied, and experimental data in

different R and f conditions could be utilized to obtain the functions of k(R,f) and m(R,f) for

composite materials.

3 EXPERIMENTAL DETAILS

The fatigue tests of unidirectional specimens with different angels for two types of composites,

which are glass/epoxy and carbon/epoxy composites, are conducted at room temperature under

different stresses, frequencies, and stress ratios. The angles of the composite specimens are 0° and

90°. The stress levels of the fatigue testing are 60 ﹪to 90 ﹪of the strength of the composite. The

stress frequencies are 1Hz to 30Hz. The stress ratios are 0 to 0.5. When the testing were executed,

the data of the stress, strain, stiffness, and hysteresis loops, etc, which were corresponding to the

loading cycles, must be recorded.

4 RESULTS

The 0° and 90° composite laminate specimens are tested in the conditions of different R and f.



Figure 1 shows some tested data and the fitting straight S-N curves in the life periods of 103~106

cycles. It shows that different stress ratios cause different S-N curves, which have different slopes

(b) and intercepts (a). Figure 2 and Figure 3 are the graphs of a and b versus R at f = 1,

respectively. The fitting-curves in these figures indicate the relations between a or b with R, which

can be expressed as a(R) and b(R). The different S-N curves in the Figure 1 can be transformed to

a master curve by the relations of a(R) and b(R). The result is showed in Figure 4. To use the

interpolation method to predict the a(R) and b(R) at an assigned stress ratio (R), one can transform

the master curve to establish the corresponding S-N curve, which can predict the fatigue life of the

composite specimens at the condition of this assigned stress ratio (R). The same process can be

utilized to build the material parameters a and b corresponding to stress frequency f.

Figure 5 shows the full-range life of sigmoid S-N curves, which are obtained from different fatigue

stress frequencies at R = 0 for 0° composite laminate specimens. It shows that different stress

frequencies could result in different S-N curves, which have different material parameters k and m.

By the fitting curves in Figure 5, the parameters k and m can be expressed in terms of f. Figure 6

and Figure 7 shows the distribution of m and k versus f at R = 1, respectively. From Figure 6 and

Figure 7, one can use the interpolation method to predict the m and k at any fatigue stress

frequency. Hence, a new S-N curve can be established without any experiments. The same process

can be utilized to build the material parameters m and k corresponding to stress frequency R.
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Figure 1: Straight S-N curves of 900 G/E laminate with

different R (R =0, 0.1, 0.3, 0.5) and f =1.
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Figure 3: The function of b versus R at f =1.
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Figure 2: The function of a versus R at f =1.
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Figure 4: The master curve of Figure1.



Figure 5: Sigmoid S-N curves of 90°C/E laminate with

different f ( f = 5, 10, 15, 30 Hz ) and R = 0.

Figure 6: The function of k versus f at R = 0.

Figure 7: The function of m versus f at R=0.

5 CONCLUSIONS

Both the straight S-N curves and the sigmoid S-N curves are used in this work to express the

fatigue testing data. The straight S-N curves are used to represent the fatigue life of glass/epoxy

composites under different stress ratios, and a master curve in the conditions of different stress

ratios is established such that the fatigue life at an assigned stress ratio could be predicted. The

Sigmoid S-N curves are used to express the full-life fatigue data of carbon/epoxy composites

under different stress frequencies. A new sigmoid S-N curve could be also developed for a specific

stress frequency, and the full-life fatigue data could be predicted. Comparing the straight and

sigmoid S-N curves, the former could just be used in limited life cycles and large errors may occur

in the low or high cycles. However, the sigmoid S-N curves could be applied to the whole fatigue

life, and the errors in the low or high cycles are small. Hence, the sigmoid S-N curves should be

recommended.

ACKNOWLEDGEMENTS

The financial support from the National Science Foundation, ROC, through NSC

92-2212-E224-002 is gratefully acknowledged.



REFERENCES

1. Reifsnider, K. L., Schulte, K., and Duke, J. C, "Long-Term Fatigue Behavior of Composite

Materials," Long-Term Behavior of Composites, ASTM STP 813, T. K. O'Brien, Ed.,

American Society for Testing and Materials, pp.136-159, 1983.

2. Harris, B., "Fatigue and Accumulation of Damage in Reinforced Plastics," Composites, pp.

214-220, 1977.

3. Mandell, J. F., Huang, D. D., and McGarry, F. J., "Tensile Fatigue Performance of Glass

Fiber Dominated Composites," Composites Technology Review, Vol. 3, No. 3, pp. 96-102,

1981.

4. Miyano, Y., Nakada, M., McMurray, M. K., and Muki, R., "Prediction of Flexural Fatigue

Strength of CFRP Composites under Arbitrary Frequency, Stress Ratio and Temperature,"

Journal of Composite Materials, Vol.31, No.6, pp.619-638, 1997.

5. Miyano, Y., McMurray, M. K., "Loading Rate and Temperature Dependence on Flexural

Fatigue Behavior of a Satin Woven CFRP Laminate," Journal of Composite Materials, Vol.

28, No. 13, pp. 1250-1260, 1994.

6. Miyano, Y., Kanemitsu, M., Kunio T., and Kunh, H., “Role of Matrix Resin on Fracture

Strengths of Unidirectional CFRP,” Journal of Composite Materials, Vol. 20, pp. 520-538,

1986.

7. Rotem, A. and Nelson, H. G., "Fatigue Behavior of Graphite-Epoxy Laminates at Elevated

Temperature," Fatigue of Fibrous Composite Materials, ASTM STP 723, pp. 152-173, 1981.

8. Xiao, X. R., "Modeling of Load Frequency Effect on Fatigue Life of Thermoplastic

Composites," Journal of Composite Materials, Vol. 33, No. 12, pp. 1141-1158, 1999.

9. Sun, C. T. and Chan, W. S., "Frequency Effect on the Fatigue Life of a Laminated

Composite," Composite Materials: Testing and Design, ASTM STP 674, pp. 418-430, 1979.

10. Mandell J. F. and Mrier, U., "Effects of Stress Ratio, Frequency, and Loading Time on the

Tensile Fatigue of Glass-Reinforced Epoxy," Long-Term Behavior of Composites, ASTM

STP 813, pp. 55-77, 1983.


