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Abstract: Nickel-based superalloys are easy to produce low cycle fatigue (LCF) damage when they are subjected to high 
temperature and mechanical stresses. Fatigue life prediction of nickel-based superalloys is of great importance for their reliable 
practical application. To investigate the effects of total strain and grain size on LCF behavior, the high temperature LCF tests were 
carried out for a nickel-based superalloy. The results show that the fatigue lives decreased with the increase of strain amplitude and 
grain size. A new LCF life prediction model was established considering the effect of grain size on fatigue life. Error analyses 
indicate that the prediction accuracy of the new LCF life model is higher than those of Manson−Coffin relationship and Ostergren 
energy method. 
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1 Introduction 
 

Nickel-based superalloys have become the key 
materials for turbine disks in aeroengines due to 
excellent high temperature strength, hot corrosion 
resistance, high temperature oxidation resistance and 
fatigue resistance at elevated temperatures [1−7]. Turbine 
disks are subjected to the combined effects of mechanical 
stress and high temperature in the service condition, 
which can easily produce low cycle fatigue (LCF) 
damage [8]. A large number of investigators have arrived 
at a conclusion that microstructures have a significant 
impact on LCF behavior of nickel-based superalloys. 
ZHANG et al [9] established a good link between the 
cyclic/fatigue behavior and microstructures. The fatigue 
life of the alloy with fine grains is higher than that of the 
alloy with coarse grains at the same total strain amplitude, 
which indicates that grain size plays an important role in 
fatigue behavior. HE et al [10] investigated the effect of 
γ′ phase on the LCF behavior of a nickel-based 
superalloy. The fracture modes can be divided into three 
types due to the deformation of the γ′ phase at different 

temperatures, which contain crystallographic plane facet 
fracture in low temperature region, mixed fracture mode 
in middle temperature region and non-crystallographic 
fracture in high temperature region. GRIBBIN et al [11] 
investigated the effect of initial microstructure on LCF 
life of direct metal laser sintered (DMLS) Inconel 718 
superalloy at room temperature. The results revealed that 
the role of porosity present in the DMLS specimens at 
low strain amplitudes is not as significant as that at high 
strain amplitudes. Furthermore, a high content of 
annealing twins present in the hot isostatic pressing (HIP) 
material microstructure has a larger effect on shortening 
the life of the samples than porosity. ZHANG et al [12] 
investigated the effect of volume fraction of δ phase on 
the strain-controlled LCF behavior of nickel-based 
GH4169 alloys at room temperature. The results showed 
that fatigue life increased with increasing volume 
fraction of δ phase. QIN et al [13] identified the 
mechanism of multi-scale fatigue crack propagation of 
nickel-based alloy GH4169 with different grain sizes  
by using the specimens with micro-notches. The   
results indicated that grain size effect on the growth  
rate of small crack could not be distinguished due to the 

                       
Foundation item: Project (51575129) supported by the National Natural Science Foundation of China; Project (J15LA51) supported by Shandong Province 

Higher Educational Science and Technology Program, China; Project (2017T100238) supported by China Postdoctoral Science 
Foundation 

Corresponding author: Chuan-jie WANG, Tel: +86-631-5687324; E-mail: cjwang@hitwh.edu.cn 
DOI: 10.1016/S1003-6326(18)64854-X 



Peng ZHANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 2102−2106 

 

2103

fluctuation of crack growth rate and the small fatigue 
crack stage accounted for a larger fraction of the total 
fatigue life for the specimen with finer grain size. 

The LCF life prediction is of great significance for 
the practical application of nickel-based superalloys. 
Manson−Coffin relationship [14−16] and Ostergren 
energy method [17] are always used to predict LCF life. 
As described above, microstructures of nickel-based 
superalloys have a significant impact on their LCF 
behaviors. However, the effect of grain size on fatigue 
life is not included in these two fatigue life models. In 
this work, LCF tests were carried out under the condition 
of different strain amplitudes for nickel-based 
superalloys with different grain sizes. Considering the 
effects of fatigue limit and grain size on fatigue 
resistance, a new LCF life prediction model was 
established. 
 
2 Experimental 
 

The chemical composition (mass fraction, %) of 
GH4698 superalloy was as follows: C 0.042, Cr 14.50, 
Mo 3.18, Al 1.70, Ti 2.68, Fe <0.10, Nb 2.02, and Ni the 
rest. Two kinds of heat treatment procedures were shown 
as follows: 

(1) ((1050 °C, 8 h) + AC) + ((1000 °C, 4 h) + AC) + 
((775 °C, 16 h) + AC) + ((700 °C, 16 h) + AC); 

(2) ((1100 °C, 8 h) + AC) + ((1000 °C, 4 h) + AC) + 
((775 °C, 16 h) + AC) + ((700 °C, 16 h) + AC). 

The fatigue specimens selected from heat-treated 
specimens were machined into 6.350 mm in diameter 
and 16 mm in gauge length. LCF tests were carried out 
on an MTS 810 fatigue testing machine (MTS Systems 
Corporation, Eden Prairie, MN, USA) in air. 
Experimental program was total axial strain-controlled 
from 0.3% to 0.8% at constant temperature of 650 °C. 
The strain ratio was R=−1 and the loading frequency was 
0.50 Hz. The fatigue specimens were mechanically 
ground, polished and chemically etched so as to observe 
the grain morphology of the GH4698 superalloy by 
Olympus microscope. The size of the grains was 
calculated using the intercept method. 
 
3 Modeling of grain size based low cycle 

fatigue life 
 

A large number of studies demonstrate that there is 
a linear function relationship between fatigue life and 
total strain amplitude in double logarithmic coordinates, 
which is shown in Fig. 1 [18−20]. Therefore, it can be 
obtained that there is a power function relationship 
between fatigue life and total strain amplitude in 
Cartesian coordinates. It can be illustrated as follows: 

Nf=m(∆εt−b)−n                                 (1) 
 
where Nf is the fatigue life; ∆εt is the total strain 
amplitude; b, m and n are material constants to be 
determined and their values are positive. It can be 
obtained through the mathematical model that n value 
determines the rate of change in fatigue life Nf with total 
strain amplitude ∆εt and m value influences the order of 
magnitude of fatigue life Nf. 
 

 
Fig. 1 Total strain amplitude versus fatigue life 

 
In Eq. (1), Nf will approach infinity when ∆εt 

approaches b. It is well known that the alloy may be 
subjected to unlimited fatigue cycles without fatigue 
fracture when the applied stress is lower than fatigue 
limit during fatigue process [21]. It can be inferred that 
fatigue limit is equivalent to elastic limit. Thus, it can be 
inferred that b is able to be calculated as follows: 
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where ε−1 is the elastic strain limit; σ−1 is the fatigue limit; 
and E is the elastic modulus. 

Then, Eq. (1) can be shown as follows: 
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As for nickel-based alloys, there is a certain 

proportional relationship between fatigue limit and 
tensile strength [22]. Fatigue limit can be described as 
follows: 
 
σ−1=Pσb                                     (4) 
 
where P is the scale factor; and σb is the tensile strength. 

Studies have illustrated that a similar Hall−Patch 
relationship occurs between tensile strength and grain 
size [23−25]. Tensile strength can be interpreted as 
follows: 
 
σb=σb0+kbd

−1/2                                 (5) 
 
where σb0 is the friction stress; kb is a factor related to the 
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alloy; and d is the mean grain size. 
Above all, a new fatigue life prediction model 

considering the effect of grain size on LCF fatigue 
behavior is established, which is demonstrated as 
follows: 
 

1/2
b0 b

f t
( + )

=

n
P k d

N m
E

 
  
  


                 (6) 

 
4 Results and discussion 
 
4.1 Parameters determination of grain size based low 

cycle fatigue life prediction model 
The relationship between the fatigue life and total 

strain amplitude is shown in Fig. 2 for the alloys with 
different grain sizes, in which the upper right corner 
shows the metallographic diagrams. It can be found that 
fatigue life rapidly decreased with the increase of total 
strain amplitude. This indicates that the effect of total 
strain amplitude on LCF behaviors is very significant. 
When the alloy is subjected to small total strain, it 
possesses better LCF properties. In addition, the fatigue 
life of the alloy with grain size of 70.7 μm is higher than 
that of the alloy with grain size of 144.3 μm at the same 
total strain amplitude. This shows that microstructures of 
nickel-based superalloys especially grain size have a 
significant impact on their LCF lives. In addition, it can 
be inferred that the tested superalloy with finer grain 
possesses more excellent fatigue resistance than that with 
coarser grain. 
 

 
Fig. 2 Relationship between fatigue life and total strain 

amplitude for alloys with different grain sizes 

 
The experimental determination shows that elastic 

modulus of the alloy at 650 °C is 178 GPa. In addition, 
the relationship between tensile strength and grain size of 
the alloy is shown as follows: 
 
σb=1096.85+186.70d−1/2                         (7) 
 

As for the nickel-based alloys, the relationship  
between tensile strength and fatigue limit is shown as 

follows [26]: 
 
σ−1=0.35σb                                   (8) 
 

The new LCF life prediction model can be obtained 
according to Eqs. (6)−(8): 
 
Nf=m(∆εt−3.6710×10−4d−1/2−2.1567×10−3)−n        (9) 
 

The relationship among the fatigue life of the alloy, 
the total strain amplitude and grain size was fitted 
according to Eq. (9). The results are as follows: 
 
Nf =2.49552×10−5· 

(∆εt−3.6710×10−4d−1/2−2.1567×10−3)−2.93617     (10) 
 
4.2 Prediction accuracy analysis 

In order to analyze the prediction accuracy of the 
grain size based fatigue life model, the comparison of 
fatigue life prediction values and experimental values is 
illustrated in Fig. 3. The prediction accuracies of 
Manson−Coffin relationship and Ostergren energy 
method are also analyzed. It represents a high forecast 
accuracy that the prediction values are closer to the red 
line. Two parallel black lines represent two-fold safety 
factor specified dispersing band. It can be observed that 
fatigue life predicted values of the grain size based LCF 
life model are all within two-fold safety factor specified 
dispersing band, which indicates that the prediction 
accuracies are high. However, a few fatigue life 
predicted values of Manson−Coffin relationship and 
Ostergren energy method are out or on the two-fold 
safety factor specified dispersing band, which indicates 
that their prediction accuracies are low. 
 

 
Fig. 3 Comparison of predicted and experimental fatigue lives 

 
The error analysis method is used to assess the 

predicted accuracy of LCF life models, which is shown 
as follows: 
 
Err=lg(Np/Ne)                                (11) 
 
where Np is the predicted value of LCF life; Ne is 
experimental value of LCF life; and Err is the error. 
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Error analysis results of prediction accuracy for 
LCF life models are shown in Table 1. As for 
Manson−Coffin relationship, the error of prediction 
accuracy is up to 44.13% at the total strain amplitude of 
0.004 for the alloy with grain size of 144.3 μm. As for 
Ostergren energy method, the errors of prediction 
accuracy are up to 21.88% and 24.95% at the total strain 
amplitudes of 0.007 and 0.008 respectively for the alloy 
with the grain size of 70.7 μm. In addition, the errors of 
prediction accuracy are up to 26.81% and 30.23% at the 
total strain amplitudes of 0.007 and 0.008 respectively 
for the alloy with grain size of 144.3 μm. However, as 
for the grain size based fatigue life model, the biggest 
error of prediction accuracy is 15.07% at the total strain 
amplitude of 0.004 for the alloy with grain size of 70.7 
μm. A conclusion can be drawn that the prediction 
accuracies of the grain size based fatigue life model are 
higher than those of Manson−Coffin relationship and 
Ostergren energy method, which is consistent with the 
analysis in Fig. 2. The reasons are as follows: (1) ∆εt will 
approach zero when Nf approaches infinity in 
Manson−Coffin relationship because Manson−Coffin 
relationship does not take the effect of fatigue limit on 
fatigue life into consideration; (2) Ostergren energy 
method ignores the deformation damaging that is caused 
by σ<σ0, where σ equals the gross stress and σ0 equals a 
positive constant; (3) Manson−Coffin relationship and 
Ostergren energy method do not consider the effect of 
grain size on fatigue life. However, both the effects of 
fatigue limit and grain size on fatigue life have been 
considered in the grain size based fatigue life model. 
 
Table 1 Error analysis results of prediction accuracy for LCF 

life models 

Fatigue life 

model 

Grain 

size/μm 

Error at different total stains/%

0.004 0.005 0.006 0.007 0.008

Manson−Coffin 
70.7 9.60 6.52 12.50 1.22 0.58

144.3 44.13 6.37 3.96 4.52 0.37

Ostergren 

energy method 

70.7 0.20 6.58 6.23 21.88 24.95

144.3 0.70 7.73 6.62 26.81 30.23

Grain size based 

fatigue life 

model 

70.7 15.07 4.81 8.09 5.63 2.47

144.3 9.23 2.21 1.15 11.93 9.21

 
Manson−Coffin relationship and Ostergren energy 

method cannot predict fatigue lives for alloys with 
different grain sizes under the condition of different total 
strain amplitudes until the LCF tests are respectively 
conducted. It will undoubtedly increase extensive 
consumption of materials and cost of LCF tests. 
However, the grain size based fatigue life prediction 
model can predict fatigue lives for alloys with different 
grain sizes, which only needs a small amount of LCF 

tests. It can be inferred that the grain size based fatigue 
life prediction model possesses higher prediction 
accuracy and wider applicability. 
 
5 Conclusions 
 

1) Total strain-controlled LCF tests were 
investigated for GH4698 superalloy with different grain 
sizes. A new LCF life prediction model has been 
established, which considers the effect of grain size on 
fatigue life. 

2) The LCF behavior is influenced by the material 
microstructure especially the grain size and applied total 
strain amplitude. The fatigue lives rapidly decreased with 
the increase of total strain amplitude. The fatigue 
resistance of fine-grain superalloy is higher than that of 
coarse-grain superalloy. 

3) The grain size based LCF life prediction model 
possesses high prediction accuracy. It can predict fatigue 
life for the alloy with different grain sizes based on a few 
experiments. 
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摘  要：镍基高温合金在承受高温和机械应力时很容易产生低周疲劳损伤，疲劳寿命预测对于镍基高温合金的实

际应用是非常重要的。为了研究总应变和晶粒尺寸对镍基高温合金低周疲劳行为的影响，本文作者对一种镍基高

温合金进行高温低周疲劳试验。结果表明，合金的疲劳寿命随应变振幅和晶粒尺寸的增加而减小。建立一个考虑

晶粒尺寸对疲劳寿命影响的低周疲劳寿命预测模型。误差分析表明，低周疲劳寿命模型的预测精度高于

Manson−Coffin 和 Ostergren 能量法模型的预测精度。 

关键词：镍基高温合金；低周疲劳；寿命预测模型；晶粒尺寸 
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