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Abstract: The porosity of nickel-base single crystals (NBSX) is still an unavoidable 

casting problem that has a significant influence on the fatigue life of NBSXs. In order 

to quantify the porosity effect, a porosity-distribution-related life prediction method is 

proposed in this paper. The porosity size in a NBSX was measured and the size 

distribution was regressed. The results show that the porosity size which is 

characterized by Feret diameter follows a modified logarithmic normal distribution. 

The relation among the applied stress, porosity size and lifetime is expressed by using 

the proposed method. The disperse band of S-N curve is investigated based on the 

probability distribution of the porosity size. The results show that the predicted S-N 

curve agrees well with the experimental data. 
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1. INTRODUCTION 

Niciel-base single crystal (NBSX) superalloy is the main material of aeroengine 

turbine blades. Due to the elimination of the grain boundaries where cracks are prone 

to initiate, the mechanical properties of NBSX have been significantly improved 

compared to polycrystalline materials. This feature makes NBSXs a preferential 

solution for the manufacturing of turbine blades. Due to the working condition of high-

temperature, high-pressure and complex load, turbine blades suffer from mechanical 

failure problems, of which fatigue is a predominant failure mode. 

The diffuse pores remain an unavoidable problem in the casting of directionally 

solidified NBSXs.1 The effect of porosities on the fatigue performance of NBSX cannot 

be neglected, which has been widely investigated ln the last three decades. 2-5 The 

fatigue performance of NBSX is one of the focuses of these previous investigations. 

Bouchenot et al.6 proposed an analytical stress-strain hysteresis model based on 

thermomechanical fatigue mechanisms, which can enhance the ability of LCF life 

estimation. Rai et al. 7 investigated the dislocation and cyclic plastic deformation 

behaviour of a nickel base superalloy through extensive scanning electron microscope 

(SEM) and transmission electron microscope (TEM) examinations. The low cycle 

fatigue behavior of NBSX at elevated temperature has been widely investigated 

experimentally.8-15 Ravi Chandran 16, 17 presented an S-N curve model employing the 

Gumbel distribution. Vacchieri et al. 18 used the safe life approach to estimate the fatigue 

life of a gas turbine first-stage blade. The Theory of Critical Distances was used to 

predict the fatigue life in notched single crystal superalloy components. 19, 20 Yuan et al. 
21 concluded that the lifetime of NBSX CMSX-4 under thermal mechanical cyclic 

loading is significantly affected by the temperature gradient and then proposed a 

modified model to consider the temperature gradient effect and the thermal-mechanical 

phase angle. Other factors influencing the fatigue performance of NBSX have also been 

experimentally and numerically studied, such as the secondary crystal orientation 22-24, 

mean stress 25, tension-torsion multiaxial loading 26-28, size-effect 29, 30, etc. Porosity 

size and its distribution are the key factor that affects the fatigue life of NBSXs. Rémy 

et al.31 proposed an engineering damage model to describe the micro-crack growth from 
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pores based on a process zone concept. Musinski et al. 32 presented a formulation that 

links the microstructure heterogeneity (grain size distribution) to size effect and fatigue 

scatter in notched polycrystalline Ni-base superalloy IN100 specimens. Microstructure-

based fatigue life models have been considered in detail by many researchers. 33-38 

However, just a few investigations have been conducted to quantify the existing links 

between porosity distribution and fatigue lifetime of NBSXs. 

Murakami’s theory has laid the foundations for the research on the fatigue 

behavior of metallic materials that contain small defects and non-metallic inclusions. 39 

Based on the available knowledge 40-43, this paper focuses on the S-N curve dispersion 

of NBSX DD5 caused by pore size distribution. A Porosity-distribution-related life 

prediction model is proposed, and the test results are used for validation. 

2. POROSITY-DISTRIBUTION-RELATED LIFE PREDICTION METHOD 

OF NBSX 

2.1 Material and specimen 

The test material was the second generation nickel base single crystal superalloy 

DD5 made in China. 43 Compared to the first generation, the high-temperature 

resistance of DD5 has been further enchanced thanks to the introduction of refractory 

element Re (3%). The nominal composition of the alloy is given in Table 1. The tensile 

properties in the [001] direction at 980 °C and the engineering elastic constants in the 

[001] direction at 1000 °C are reported in Table 2. 

TABLE 1 The nominal composition of DD5(wt%) 

Cr Co Mo W Ta Re Hf Al C Ni 

7 8 2 5 7 3 0.2 6.2 0.05 Balance 

TABLE 2 The mechanical properties of DD5 (in [001] direction) 

Elastic modulus 

E/GPa 

Poisson's ratio
  

Shear modulus 

G/GPa 

Yield strength

0.2 /MPa 

Ultimate strength 

b /MPa 

95.34 0.416 89.7 792 850 
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The single crystal test bars were produced by using the spiral crystal selection 

method in a high gradient vacuum induction furnace. The designed axis orientation of 

the bars is [001], and the orientation deviation is controlled to be within 15°. To obtain 

specially introduced pores with a certain pore size in the test bars, an alumina ceramics 

filter with different mesh densities was used in the casting to control the gas content. 

Two groups of test bars with different porosity size distribution were finally obtained, 

and further processed into the shape of test pieces, as shown in Figure 1. 

 

FIGURE 1 The configuration of test piece (unit: mm) 

2.2 Porosity characterization 

In order to obtain the porosity size distribution of the NBSX specimens being 

tested, metallographic observations were carried out on 12 randomly selected view 

fields of the two groups of samples. The samples were cut along the axial [001] 

direction of the test piece, and careful mirror polishing was applied to the nominal (001) 

plane of the samples by the order of using 600#, 800#, 1000#, 1200#, 1500#, 2000#, 

3000#, and 5000# sandpaper for preliminary grinding, followed by 5, 3.5, and 0.5μm

diamond polishing paste to remove the surface small scratches. Finally the 0.05 and 

0.02 micron silica fine polishing liquid was used for final finish. The mirror-polished 

samples were placed under the optical microscope VHX-1000 3-DVM for 

metallographic photography. 

A representative view field is shown in Figure 2(a). It can be seen that the pores 

are clearly distributed on the sample surface. In order to eliminate the influence of low-

qualified image noise, the defects smaller than 10 pixels (which is equal to an effective 

diameter of ~5μm ) were not taken into account.  

It can be seen from Figure 2(a) that the shape of the pores is not regular. In order 
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to quantitatively describe the size of pores, it was necessary to define a uniform rule. 

Both Murakami’s parameter area   44 and Feret’s diameter 
surr
   45, 46 are widely 

used in situations of practical interest. Murakami’s parameter is defined as the square 

root of the projected area of the defect in the direction perpendicular to the principal 

stress. Feret’s diameter is defined as the diameter of the circumscribed circle of the 

defect, as shown in Figure 2(b). Since Feret’s diameter has a better accuracy and 

reliability in quantifying the size of defects with complex shapes, 45, 46 in what follows 

it will be used to characterize the pore size. 

(a)

Feret diameter:  

118.3um   

Feret diameter:  

46.1um  
Location

Sample 
surface

Feret diameter

(b)

 

FIGURE 2 The metallographic observation: (a) a representative view field, (b) the 

definition of feret diameter 

 

The final measurement results of the size distribution of the two groups of samples 

are shown in Figure 3. It can be seen that the size distribution of NBSX can be well 

described via a log-norm distribution. For both groups, about 85% of the pores were 

seen to have size in the range 10-20 μm. In the tail distribution part, the second group 

was characterised by larger pores, which means that the large pores in the second group 

were on average larger than those in the first group. The observed largest pore in the 

first group had size equal to 90.1 μm, whereas the observed largest pore in the second 

group to 138.4 μm. Thus the first group was named Group S and the second named 

Group L thereinafter. 
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(a) Group S (b) Group L 

FIGURE 3 Pore size distribution of NBSX: (a) Group S; (b) Group L 

2.3 S-N curve prediction 

As discussed above, Feret’s diameter, a, was employed to mearsue the size of a 

porosity and follows a modified logarithmic normal distribution that can be described 

as: 

2

a
0 2

aa

(ln )
( ) exp

22

aA
f a f

d




 
   
 

     (1) 

For the two groups of samples, the values of the parameters in Equation 1 are listed 

in Table 3. 

 

TABLE 3 Distribution parameters 

 
0f  A 

a  
a  

Group S 0.00132 0.88168 2.50 0.22 

Group L 0.00076 0.90264 2.54 0.25 

According to Murakami’s theory, when the defect is small, it can be treated as a 

crack. 39  

Accroding to Paris’s law, the growth of crack can be modelled and quantified as:  

  
f

d
( ) ( )

d

M ba
C S a t Q a t

N
      (2) 

where Q is a parameter which is related to loading S, b is a material constant which is 

close to but greater than 1, a is the equivalent crack length, and Nf is the number of 
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fatigue cycles. After integration of Equation 2, it is straightforward to obtain: 

 
 f 1 1

c 0

1 1 1

1 b b
N

Q b a a
 

 
    

 (3) 

where a0 is the initial equivalent crack diameter, and ac is the critical fracture crack 

length. Since 1b  , and
c 0a a , Equation 3 can be rewritten as 

 
 f 1

0

1 1

1 b
N

Q b a
 


 (4) 

Considering the fatigue limit of the material (
e 0S  ) and assuming that Q can 

be written in the following form: 

 

2

e1
1

b
S

Q
C S

   
 

 (5) 

where S is the applied loading, C is a constant, Equation 3 can then be written as 

 

 
f 2 1

0e

1

11

b b

C
N

aS
b

S

 
    
 

 (6) 

Equation 6 is an S-N curve model which contains three parameters, C, b and Se. 

According to Murakami’s theory, 44 the fatigue limit of NBSX can be obtained as: 

   6 2

e 1.43 120 /S HV a   (7) 

where HV is the Vickers hardness, a is the equivalent crack length. 

According to Equation 7, the fatigue limit is related to the hardness and the defect 

size of the material, since hardness is a value that can be obtained through tests, fatigue 

limit can be uniquely determined by the defect size. Once the defect size and its 

distribution are obtained, the fatigue life distribution can be deduced by combining 

Equation 6 and Equation 7. 

 

3. FATIGUE TEST AND MODEL VERIFICATION 

3.1 Test implementation 

In order to obtain the S-N curve data of the two groups of NBSX, the high cycle 
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fatigue tests were designed to be carried out under four stress levels. At least three test 

pieces were prepared for each stress level. The material and test piece configuration 

have been presented in Section 2.1. The test equipment is the GBQ50-B high frequency 

fatigue testing machine, and the maximum loading capacity of the testing machine is 

50KN . The loading frequency is 110Hz and the test temperature is 980 °C. Before 

the test, the test piece was installed on the test machine through the clamp, and the 

thermocouple was tied to the middle of the test piece for temperature measurement. 

Before loading, the test piece was placed in the high-temperature furnace and slowly 

preheated to 980 °C. The loading was not applied until the temperature was stable and 

the temperature fluctuation did not exceed 3°C. The loading waveform was a sinusoidal 

wave and the stress ratio was set equal to 0.1. 

Fatigue test machine

Furnace

Thermocouple

 

FIGURE 4 Test implementation 

 

3.2 Test results and model verification 

3.2.1 Group S 

The test results of Group S are listed in Table 4. From this table it is straightforward 

to see that the fatigue life of NBSX was inversely proportional to the porosity size under 

a certain cyclic loading. For example, the fatigue crack of specimen S8 initiated from a 
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pore with 44.6μm in size, and the fatigue life of S8 was 1.768×106cycles. While under 

the same stress level, the specimen S10 had a fatigue life of only 4.0×104 cycles, 

because the pore size of S10 was equal 334.2μm . It can be seen from Fig.5 that the 

fatigue limit corresponding to 107 cycles was within 480MPa~540MPa. 

TABLE 4 Fatigue test results of Group S 

Specimen No. max / MPaS  
fN /103

 
0 / μma  

S1~S3 765 130  113  198 96.6  103.1  90.4 

S4~S6 710 202  343  482 120.5  92.7  72.6 

S7~S8, S10 640 701  1768  40 77.7  44.6  334.3 

S11~S12, 

S14~S15 

560 1120  2572  475  3092 

142.1  90.1  243.5  

103.2 

S20, S26 540 7765  >10000 80.4   46.6 

S19, S21, S23, 

S25 

520 11518  3,361  8077  >10000 42.9  105.8  82.8  72.3 

S16, S18, S22, 

S24 

500 

7005  

14229  >10000  >10000 

137.5  59.3  84.4  68.6 

S17 480 >15000 43.4 

 

 

FIGURE 5 S-N curve of Ni-based single crystal superalloys at 980℃ (Group S) 
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The microhardness tester was adopted to measure the hardness of DD5. For each 

group, 12 samples were tested, and on each sample, 5 points were tested and the final 

hardness was taken as the average value. The results show that there is not obvious 

difference in the hardness of the two groups, and the Vickers hardness of Group S and 

Group L are separately 455.5kgf/mm2 and 448.9kgf/mm2. 

The porosity distribution of DD5 were obtained via Equation 1. After obtaining 

the porosity distribution and the hardness, the fatigue limit distribution was derived 

from Equation 7. Table 5 lists the statistical parameters of the equivalent pore size and 

the calculated fatigue limit for the samples belonging to Group S. 

TABLE 5 Statistical parameters of equivalent pore size a and calculated fatigue limit 

(Group S) 

Statistical parameter value/μm  Se/MPa 

Average a  15.6 520.6 

5%a  7.4 589.5 

95%a  45.9 434.9 

95%a  45.9 434.9 

 

After obtaining the statistical parameters, the values of C and b in Equation 6 were 

obtained by using the fitting method (stress level, fatigue life and initial defect size a0 

are given in Table 1). By combining with the data in Table 3, the average S-N curve and 

its 5% and 95% boundaries were obtained, as shown in Figure 6. 
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FIGURE 6 S-N curves estimated by Equation 6 and experimental data (Group S) 

 

It can be seen from Fig.6 that all the experimental data fall into the 5% and 95% 

boundary, and the predicted average S-N curve well describes the actual experimental 

data distribution. This fully proves the validity of the proposed method. 

 

3.2.2 Group L 

The test results generated by testing the samples from Group L are listed in Table 

6. The tendency of the test results of Group L is the same as that described for the 

specimens from Group S. For a given stress level, a test piece with a larger porosity 

size showed a lower fatigue life than another one containing smaller pores. 

TABLE 6 Test results of Group L 

Specimen No. max / MPaS  fN /103
 0 / μma  

L1~L3 765 42  54  36 124.0  120.0  140.2 

L4~L6 710 151  174  116 108.5  112.7  118.9 

L7~L9 640 959  421  1168 134.1  1820.  107.0 

L11~L13 560 2989  5342  3905 108.3  116.1  120.9 
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Specimen No. max / MPaS  
fN /103

 
0 / μma  

L14, L16, L19, L21 490 8994  7371  6029  13204 102.2  115.6  127.5  89.7 

L15, L20 470 13330  >10000 102.7  93.5 

L18 450 >10000 70.6 

 

The porosity distribution characterising Group L was again determined via 

Equation 1. After determining the porosity distribution and the hardness, the fatigue 

limit distribution was estimated from Equation 7. Table 7 lists the statistical parameters 

of the equivalent pore size and the calculated fatigue limit for the samples from Group 

L. 

TABLE 7 Statistical parameters of equivalent pore size a and calculated fatigue limit 

(Group L) 

Statistical parameter Value/μm  Se/MPa 

Average a  17.1 512.9 

5%a  7.4 589.3 

95%a  55.2 421.7 

 

Following the same method as the one used to post-process the results from the 

previous group, the average S-N curve and its 5% and 95% boundaries were determined 

also for Group L. The results are shown in Figure 7. In total 22 test pieces were in 

Group L and, among them, 19 test pieces were cyclically tested. The test results were 

compared with the predicted S-N curves, as shown in Figure 7.  
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FIGURE 7 S-N curves estimated by Equation 6 and experimental data (Group L) 

 

It can be seen that all the test data fall into the predicted 5% and 95% S-N scatter 

band. Most of the test data matches well the predicted average S-N curve, except that 

the test data in the 107 cycles to failure region that slightly deviate from the average S-

N curve and are closer to the 95% S-N curve. This can be explained from our previous 

research result: when the NBSX is loaded under a high temperature and when a long 

lifespan can be expected, oxidation from the specimen surface can have a synergistic 

effect with the porosity, with this resulting in an increase of fatigue damage. 47 However, 

it is possible to conclude by saying that, in general, the predicted S-N curve can well 

describe the distribution of the test data, which demonstrates again the validity of the 

proposed method. 

 

4. DISCUSSION 

4.1 Link between porosity distribution and life distribution 

It can be seen from the analyses discussed in the previous sections that the fatigue 

lifetime is influenced by the distribution of porosity. To perform the complete analysis, 

104 105 106 107
300

400

500

600

700

800

900

1000

 broken

 survival

 aaverage S-N curve

 a5% S-N curve

 a95% S-N curve
S

tr
es

s 
S

/M
P

a

Fatigue life N/cycles



14 

at least three fatigue test data are necessary, which makes the analysis simple and fast. 

Since the life distribution is almost uniquely determined by the porosity distribution, 

the accuracy of predicted S-N curve strongly depends on the accuracy of the porosity 

distribution. Besides, it is obvious that more fatigue test data can lead to a more precise 

S-N curve configuration. 

 

4.2 Other influencing factors 

When porosity is not the main reason that leads to fatigue failure, the predicted 

life distribution can deviate from the actual S-N curve. According to Section 3.2, for 

both groups the fatigue lives of the tested specimens are shorter than the predicted 

average fatigue life at the life interval in the 107 cycles to failure region. This is the 

result of the synergistic effect with oxidation. In other cases, for example, under the 

concomitant effect of creep, corrosion or other factors, the additional damage should 

be taken into account carefully to avoid non-conservative estimates. 

 

5. CONCLUSIONS 

Diffuse porosity still remains an unavoidable problem in the casting process of 

directionally solidified nickel-base single crystals. The introduced largest pore can 

reach a size of the order of hundred microns. These pores acts as local stress 

concentrators, triggering the fatigue crack initiation process. In order to quantify the 

influence of porosity on the fatigue strength, a model is proposed in this paper to 

describe the stress-life behavior of nickel-base single crystals. The conclusions can be 

drawn as follows. 

(1) The distribution of porosity size is introduced into the relation of stress and 

fatigue life, so that a new perspective to describe the S-N curve is established.  

(2) The distribution of fatigue life strongly depends on the distribution of porosity. 

According to the proposed model, the S-N curve scatter band under different life 

probabilities can be obtained once the distribution of porosity is obtained. 

(3) Under the current investigated background, when porosity is the direct cause 
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of fatigue failure, the predicted life distribution agrees well with the experimental life 

data, which demonstrates that the proposed model can well describe the physical nature 

of the porosity-induced fatigue failure of nickel-base single crystals. 

(4) The practicality of the proposed model lies in that only more than three fatigue 

data are necessary to obtain the S-N curve, though more data are recommended to 

obtain a higher accuracy. 
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