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Abstract. Because of their excellent mechanical properties, low cost and good 

workability, the application of ductile cast iron has been increased in various industries such 

as the automotive, construction and rail industries. For safety designing of the ductile cast 

iron component, it is necessary to understand the effect of stress ratio, R, on fatigue limit of 

ductile cast iron in the presence of small defects.  
Correspondingly in this study, rotating bending fatigue tests at R = –1 and tension-

compression fatigue tests at R = –1 and 0.1 were performed by using a ferritic-pearlitic 

ductile cast iron. To study the effects of small defects, we introduced a small drilled hole at 

surface of a specimen. The diameter and depth of a drilled hole were 50, 200 and 500 m, 

respectively.  

The non-propagating cracks emanating from graphite particles and holes edge were 

observed at fatigue limit, irrespective of the value of stress ratio. From the microscopic 

observation of crack propagation behavior, it can be concluded that the fatigue limit is 

determined by the threshold condition for propagation of a small crack. It was found that 

the effect of stress ratio on the fatigue limit of ductile cast iron with small defects can be 

successfully predicted based on area  parameter model. Furthermore, a use of the tensile 

strength, B, instead of the Vickers hardness, HV, is effective for fatigue limit prediction. 

1.  Introduction 

Because of their excellent workability, low cost as well as good mechanical properties, ductile cast irons 

are widely used for industrial application such as crankshafts, railways and gas pipes. Correspondingly, 

a number of researches have been conducted on the fatigue limit prediction to employ the ductile cast 

irons in the structural components. However, in essence, the fatigue limit prediction for ductile cast irons 

is difficult because it has intrinsic defects such as graphite and casting defects in the structure.  

The fatigue strength of ductile cast iron is affected by the size and distribution of casting defects and 

graphite particles and by the phase distribution of matrix materials. It is known that the fatigue limit of 
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many metallic materials with small defects can successfully be predicted with the area parameter model 

by using area as a geometrical parameter of defect and the Vickers hardness, HV, as a material 

parameter [1]. Several researchers [2-6] proposed the fatigue limit predictions using HV for ductile cast 

iron with single-phase matrix. The prediction using HV of the matrix showed a good agreement with the 

experimental data. However, ductile cast irons have a vast number of graphite particles in the complex 

matrix structure. The measurement of HV of ductile cast iron is affected by soft graphite particles. 

Furthermore, when a ductile cast iron contains two-phase matrix, the measurement of HV of the matrix 

is rather impossible. This is because ferrite and pearlite phases are evenly distributed within the matrix 

structure, in addition to the influence of interference by graphite particles. 

In our previous study [7-9], we proposed a fatigue limit prediction for ferritic-pearlitic ductile cast 

iron with small and large defects based on the area  parameter model by using the tensile strength, B, 

as material parameter, instead of HV, for stress ratio R = 1 [7, 8]. The fatigue limit of ferritic-pearlitic 

ductile cast iron specimens with small defects could successfully be predicted by using B. In addition, 

the fatigue limit for larger defects could be predicted based on the conventional fracture mechanics 

approach. However, ductile cast iron is frequently used under the condition where the mean stress is 

applied (i.e., R  1). Accordingly, for safety designing of the products with ductile cast iron, it is 

necessary to understand the effects of small defects and stress ratio, R, on the fatigue limit. 

In this study, we investigated the fatigue limit of a ductile cast iron with a two-phase matrix of almost 

evenly distributed ferrite and pearlite phases by using the specimens containing small defects at R = 0.1 

in addition to R = 1. The purpose of this study is to present a simple yet useful method for prediction 

of the fatigue limit as a function of R. 

2.  Experimental procedure 

 The material investigated was an as-cast ductile cast iron. The chemical composition is listed in Table 

1. The microstructure is shown in Figure 1. The area fractions in the microstructure were 10.5% for 

graphite, 45.3% for ferrite and 44.2% for pearlite. The ultimate tensile strength, B, and 0.2% yield 

strength, Y, were 552 and 335 MPa, respectively. The shapes and dimensions of test specimens are 

shown in Figure 2(a) and 2(b). After lathe turning of specimens, the surface was finished with an emery 

paper up to #1000 and then by buffing with an alumina paste. Thereafter, a small hole was introduced 

at the specimen surface, as shown in Figure 2(c). Before fatigue test, the surface layer of about 10 μm 

in thickness was removed from the specimens by electro-polishing. 

The rotating bending fatigue tests were carried out at R = –1 using a machine of uniform moment 

type, and its capacity was 100 Nm and the operating frequency was 50-67 Hz. The tension-compression 

 
Figure 1. Microstructure. 

Table 1. Chemical compositions (wt.%.). 

C Si Mn P S Cu Mg 

3.84 2.5 0.66 0.017 0.009 0.21 0.043 
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fatigue tests were carried out at R = 0.1 using a uniaxial hydraulic fatigue test machine and the operating 

frequency was 35 Hz. The fatigue limit was defined by the maximum stress amplitude, a, for which a 

specimen endured N = 107 cycles without failure. 

3.  Results and discussion 

3.1.  S-N diagram and non-propagation behavior 

The S-N diagram of smooth and holed specimens at the stress ratios of R = –1 and 0.1 are shown in 

Figure 3. The fatigue strength decreases with increase in the defect size at R = –1 as well as at R = 0.1. 

However, the fatigue strength of the holed specimen with d = h = 50 m was not decreased. It means 

that the critical size of defect that does not affect the fatigue strength of ferritic-pearlitic ductile cast iron 

exists. 

Figures 4 and 5 show the non-propagating cracks observed at the hole edge of holed specimens at 

fatigue limit. Figures 4(c) and 5(c) show the non-propagating crack observed at N = 107 cycles. In the 

 
(a) Specimen for rotating bending fatigue test (in mm) 

 
 

(b) Specimen for tension-compression fatigue test (in mm) (c) Drilled holes 

Figure 2. Shapes and dimensions of test specimens and artificial defects. 

 

 

Figure 3. S-N curve. 
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case of holed specimens, the fatigue cracks emanated from the hole edge, and they stopped the 

propagation before N = 107 cycles. In the case of smooth specimens, several fatigue cracks emanated 

from different graphite particles at the specimen surface and they coalesced, but they ceased propagation 

before N = 107 cycles [8]. Consequently, all those cracks can be regarded as non-propagating crack and 

it is concluded that the fatigue limit of ferritic-pearlitic ductile cast iron is determined by the threshold 

condition for crack propagation, regardless of hole sizes and stress ratios.  

3.2.  Fatigue limit prediction for ductile cast iron 

In our previous study [7-9], the fatigue limit prediction for ferritic-pearlitic ductile cast iron based on 

the area parameter model by using ultimate tensile strength, B, instead of the Vickers hardness, HV, 

was proposed. The relationship between the fatigue limit of smooth specimen, w0, and B was obtained 

by linear regression [7]. A predictive equation of fatigue limit for smooth specimens, w0, was rendered 

as: 

 


w0 B0.25 110   (1) 

 

 where w0 and B are in MPa. Further, the following form of a predictive equation for the fatigue limit 

in the presence of small defect, w, for ductile cast irons was proposed by taking advantage of the area  

parameter model: 
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where Floc is the correction coefficient for the location of small defect being 1.43 for surface defects, 

1.56 for internal defects and 1.41 for defects just in contact with the surface [1]. Here, w is in MPa and 

area  is in m. Further, based on the area parameter model, it is expected that the effect of stress ratio, 

R, can be accounted for by using a term of {(1-R)/2}as follows:  

 
Figure 5. Non-propagation cracks emanating from the hole at the fatigue limit (a = 120 MPa) at R = 0.1 

 
Figure 4. Non-propagation cracks emanating from the hole at the fatigue limit (a = 150 MPa) at R = 

0.1 
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where  is a correction coefficient that depends on the material. Figure 6 shows the values of w 

( area )1/6/{Floc(0.34B + 170)} as function of (1R)/2 on a logarithmic graph. The slope of line in Figure 

6 represents the value of . In Figure 6, the results for the hole specimens with d = h = 200 m and d = 

h = 500 m were plotted. The slope indicated the values of  = 0.476 and this value was adopted for the 

prediction of fatigue limit. 

 
Figure 6. Influence of stress ratio on the fatigue limit. 

 
Figure 7.  Relationship between fatigue limit and area . 
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Figure 7 shows a comparison of prediction by Eqs. (1) and (3) with the experimental results for 

smooth specimens as well as holed specimens. The prediction of fatigue limit is in reasonable agreement 

with the experimental data. Irrespective of the stress ratio, there is a critical size of defect that has no 

effect on the fatigue limit of ferritic-pearlitic ductile cast iron. Defects with the area  smaller than about 

80 m (region I), designated herein as 0area , are not harmful to the fatigue limit. Prediction with Eq. 

(3) shows a good agreement with the experimental results for the artificial defects with 80 m area 

1000m (region II). 

Figure 8 shows the relationship between the fatigue limit normalized by the term of {(1R)/2}a and  

area . The data of FCD400 and FCD700 were taken from the previous study [5, 7]. The tensile strength 

 
Figure 8. Relationship between normalized fatigue limit by {(1-R)/2} and area . 

 
Figure 9. Effects of mean stress on fatigue limit. 
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of FCD400 and FCD700 were 420 MPa and 734 MPa, respectively. The prediction of fatigue limit is in 

reasonable agreement with the experimental data.  

Figure 9 shows the effect of mean stress on fatigue limit. The solid lines calculated by Eq. (3) show 

the fatigue limit prediction. It is noted that to make use of Eq. (3) even for smooth specimen, we 

substituted area = 80 m (cf. Figure 8) in Eq. (3). The fatigue limit of smooth specimen is slightly 

higher than the modified Goodman relationship and the yield strength at R = 0.1. Near the fatigue limit 

at R = 0.1, the effect of plastic yielding would be negligible because of the possible activation of elastic 

shake-down. As a whole, the predictions with Eq. (3) show a reasonably good agreement with the 

experimental results both for smooth and holed specimens.  

4.  Conclusions 

The effects of small defects and stress ratios on the fatigue limit of ferrite-pearlite ductile cast iron were 

investigated. The obtained conclusions are as follows: 

 

(1) From the microscopic observation, it is revealed that the fatigue limit is determined by the threshold 

condition for propagation of a crack emanating from the hole edge, regardless of defect sizes and 

stress ratios. 

 

(2) In the region I where area  is smaller than 80 m, the defect can be regarded as a non-detrimental 

defect and the fatigue limit is the same as that of smooth specimen. 
 

(3) In the region II where 80 m area 1000m, the fatigue limit can be quantitatively predicted 

based on the area parameter model in terms of a geometrical parameter of defects, area , and a 

material parameter, B. Furthermore, the stress ratio dependency of fatigue limit can be described 

by the term of {(1 ) / 2}R  . The value of  = 0.476 was obtained for the investigated ferritic-

pearlitic ductile cast iron. 
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