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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

Measurement of the short fatigue crack propagation can come across a lot of difficulties from the experimental point of view and 
interpretation of the results is also sometimes controversial. For simplicity, usual description of the short cracks is based on linear 
elastic fracture mechanics (using the concept of stress intensity factor). In this case, significant differences between short cracks 
and long cracks are usually presented. Most of the discrepancies are simply given by non-validity of the linear elastic fracture 
mechanics approach. In our case of physically short fatigue cracks the level of applied stress is close to cyclic yield stress of the 
material and, due to large amount of plasticity, conditions of linear elastic fracture mechanics are not satisfied. As a consequence, 
non-linear elastic plastic fracture mechanics is used for description of the short crack behavior in this article. Concept based on 
plastic part of J-integral is proposed for the description of the short crack behavior and data obtained for different strain amplitudes 
are compared. This concept is validated on experimental data obtained on steel 316L. 
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1. Introduction 

Damage tolerant design has been a highly regarded design philosophy in the last two decades in the area of the 
fatigue failures (Lawson et al. (1999)). Based on this philosophy, structures are designed to allow limited crack 
propagation and propagated cracks should be detected early enough to prevent failure of the component. Due to the 
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nature of the fatigue failure, the important part of the residual lifetime is given by short crack propagation in many 
applications. Problem is that behavior of the short cracks is still a “hot topic” in fatigue research and many effects are 
not fully understood. In the last few decades many papers have been published to show “short crack effect” or 
“anomalous behavior of the short cracks”, see e.g. McDowell (1997), Hussain (1997), Maurel et al. (2009), Polák et 
al. (2010). Generally, this effect is given by the fact that the fatigue crack growth rates of short cracks are directly 
correlated with long cracks at the same stress intensity factor range (Ritchie & Peters (2000)). In the case of low cycle 
fatigue regime, plastic size at the crack tip is usually larger than the small scale yielding conditions allow. The 
application of stress intensity factor is, therefore, generally invalid.  

In this respect, the main aim of the presented work is to provide a description of short crack propagation for several 
metallic materials. Experimental procedure of short fatigue crack propagation rate measurement on the steel 316L is 
described in detail. Short fatigue crack propagation rates under low cycle fatigue regime for Eurofer 97 or ODS variant 
of Eurofer steel are presented for comparison (see Hutar et al. (2014) or Kruml et al. (2011) for details). For all of 
these materials J-integral values were numerically calculated and short fatigue crack propagation was described using 
the plastic part of the J-integral. It is shown that plastic part of J-integral controls short crack propagation under low 
cycle regime and new concept for residual fatigue lifetime estimation based on this value is proposed. 

 
Nomenclature 

εa total strain amplitude 
ν Poisson’s ratio 
σ nominal stress 
a crack length 
CJp material constant 
E Young’s modulus 
J total J-integral value 
Ja amplitude of J-integral 
Ja,pl amplitude of the plastic part of the J-integral 
Jel elastic part of the J-integral 
Jpl plastic part of the J-integral 
KI stress intensity factor 
mJp material constant 
N number of cycles 
Rε load ratio
Rm ultimate strength 
Rp0.2 yield stress 
w specimen width  

2. Experimental procedure 

The 316L steel was fabricated by Acerinox Europa (Spain) in the form of hot-rolled sheet of 20 mm in thickness. This 
treatment resulted in rather equiaxed grains with 40 m in average diameter. Chemical composition is given in Table 
1. Tensile material properties as declared by the producer are: Rp0.2 = 336 MPa, Rm = 586 MPa, fracture elongation 
57%. 
 
Table 1. Chemical composition of 316 L steel in wt.% 

C Cr Mn Mo N Ni P S Si Fe 
0.018 16.631 1.261 2.044 0.042 10.000 0.032 0.001 0.380 bal. 
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nature of the fatigue failure, the important part of the residual lifetime is given by short crack propagation in many 
applications. Problem is that behavior of the short cracks is still a “hot topic” in fatigue research and many effects are 
not fully understood. In the last few decades many papers have been published to show “short crack effect” or 
“anomalous behavior of the short cracks”, see e.g. McDowell (1997), Hussain (1997), Maurel et al. (2009), Polák et 
al. (2010). Generally, this effect is given by the fact that the fatigue crack growth rates of short cracks are directly 
correlated with long cracks at the same stress intensity factor range (Ritchie & Peters (2000)). In the case of low cycle 
fatigue regime, plastic size at the crack tip is usually larger than the small scale yielding conditions allow. The 
application of stress intensity factor is, therefore, generally invalid.  

In this respect, the main aim of the presented work is to provide a description of short crack propagation for several 
metallic materials. Experimental procedure of short fatigue crack propagation rate measurement on the steel 316L is 
described in detail. Short fatigue crack propagation rates under low cycle fatigue regime for Eurofer 97 or ODS variant 
of Eurofer steel are presented for comparison (see Hutar et al. (2014) or Kruml et al. (2011) for details). For all of 
these materials J-integral values were numerically calculated and short fatigue crack propagation was described using 
the plastic part of the J-integral. It is shown that plastic part of J-integral controls short crack propagation under low 
cycle regime and new concept for residual fatigue lifetime estimation based on this value is proposed. 

 
Nomenclature 

εa total strain amplitude 
ν Poisson’s ratio 
σ nominal stress 
a crack length 
CJp material constant 
E Young’s modulus 
J total J-integral value 
Ja amplitude of J-integral 
Ja,pl amplitude of the plastic part of the J-integral 
Jel elastic part of the J-integral 
Jpl plastic part of the J-integral 
KI stress intensity factor 
mJp material constant 
N number of cycles 
Rε load ratio
Rm ultimate strength 
Rp0.2 yield stress 
w specimen width  

2. Experimental procedure 

The 316L steel was fabricated by Acerinox Europa (Spain) in the form of hot-rolled sheet of 20 mm in thickness. This 
treatment resulted in rather equiaxed grains with 40 m in average diameter. Chemical composition is given in Table 
1. Tensile material properties as declared by the producer are: Rp0.2 = 336 MPa, Rm = 586 MPa, fracture elongation 
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Fig. 1. Schematics of experimental specimen used for fatigue crack propagation measurement 

Cyclic tests were performed using MTS 810 servohydraulic machine at room temperature. A symmetrical cycle was 
used and the total strain amplitude was kept constant during cycling (R = -1). Strain was measured by an extensometer 
attached to the specimen gauge length. Plastic strain amplitude was determined as a half-width of the hysteresis loop 
in the middle of fatigue life. 
Cylindrical specimens for fatigue testing had a diameter of 8 mm. Specimens designed for the study of fatigue crack 
nucleation and measurement of short crack growth rate contained a very shallow notches grinded in the gauge length 
(Fig. 1). The notch was mechanically and electrolytically polished.  
 

 

Fig. 2. Short fatigue cracks observed after 14 000 cycles (strain amplitude 0.32 %) 

The fatigue tests were regularly interrupted and micrographs were taken in the notch area by a light microscope Navitar 
with long focal distance attached to the machine frame. Micrographs were subsequently analysed, nucleation 
mechanisms were determined and the dependence of crack length on the number of cycles was obtained. The crack 
length was defined as a half of the surface crack length projected into the direction perpendicular to the specimen axis. 
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The crack growth was followed in the length interval between 30 to ~ 1000 m. The resolution of the light microscope 
is better that 1 m. The specimens were also dismounted and observed in SEM Tescan Lyra.  

3. Short crack propagation 

Short crack propagation was measured using three specimens machined from the 316L steel. Typical light microscope 
micrographs of crack propagation are shown in Figs. 2,3,4. Several short cracks with size 30~50 m clearly show 
multiple crack initiation in the specimen subjected to constant strain amplitude loading (see Fig. 2.). After next 2000 
cycles some short cracks are arrested and main crack (marked as M) continues propagating (see Fig. 3.). Coalescence 
of the two neighbouring cracks to the final one is also visible in Fig. 3. Propagation trajectory of approx. 0.5 mm long 
crack is shown in Fig. 4. In all of the cases, crack propagation is generally in mode I (perpendicularly to the loading 
axis), but the microstructural nature of the crack propagation is also visible. Therefore, some scatter of the 
experimentally obtained fatigue crack propagation rates due to this microstructural effects is expected. 
 

 

Fig. 3. Short fatigue cracks observed after 16 000 cycles (strain amplitude 0.32 %) 

 

Fig. 4. Short fatigue crack observed after 18 000 cycles (strain amplitude 0.32 %) 

The crack length is defined as half length of the crack on surface projected into the direction perpendicular to the 
loading axis (see Fig. 4). Typical dependence between number of cycles and crack length is shown in Fig. 5. Crack 
length was measured in given periods with the aim to obtain about 20 crack length measurements before final failure. 
Some areas of deceleration and further acceleration of the crack is visible (see e.g. Fig.5 length increment close to 
3000 cycles for strain amplitude 0.55%). This is typical for coalescence of the two neighbouring cracks.  
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Fig. 5. Typical dependence between number of cycles and crack length for 316L steel. 

4. Description of short fatigue crack grow rate 

To describe fatigue crack propagation rates of short cracks, it is necessary to determine corresponding fracture 
mechanics parameters. Usually, stress intensity factor is considered as the parameter of choice, in spite of the fact that 
small scale yielding conditions are not valid in this case. The value of the stress intensity factor is given by the formula 
Hutar et al. (2011): 

2

I
a aK a 1.6525 0.4975 0.7772
w w

                 
         (1) 

where  is the applied stress, a is the crack length and w is the specimen width. An example of the fatigue crack 
growth rates for three different loading conditions  = 0.32%, 0.55% and 1% is shown in Fig. 6. It can be seen that the 
same KI values lead to the different crack propagation rates with different applied strain amplitude. Description of the 
stress field around crack tip based on stress intensity factor is not sufficient, because the plasticity near the crack tip 
exceeds the small scale yielding conditions. Therefore, it is necessary to use the J-integral for the given loading 
conditions and material model. 
Due to the specific geometry of the cylindrical specimens and material properties of the studied material J-integral 
value was calculated numerically. Typical numerical model of the cracked specimen is shown in Fig. 7. For the sake 
of simplicity, symmetry was used and only one quarter of the cylindrical part of the specimens (shown in Fig. 1.) was 
modelled by finite element method. A typical 3D numerical model contains approximately 20000 isoparametric 
elements non-uniformly distributed, due to stress concentration along the crack front; see Fig. 7. A uniform applied 
displacement corresponding to the experimental conditions was applied, so only loading mode I was considered. 
Material properties were defined as homogenous, isotropic and non-linear corresponding to a measured cyclic stress 
strain curve. 
The total value of the J-integral is given by sum of elastic and plastic part and for mode I can be expressed as: 
 

2
I

el pl pl*

KJ J J J
E

                                          (2) 

where KI is the stress intensity factor, J is the J-integral and Jel and Jpl are respectively the elastic and the plastic part 
of J-integral. The identity * E E  is valid for plane stress conditions and * 21 E E  for plain strain conditions. 
The increase of the total strain amplitude leads to an increase of the ratio between the plastic and the elastic part of 
the J-integral and the plastic effects are more important. 
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Fig. 6. Short crack growth rate vs. KI at room temperature. Specimens were cycled at different constant strain amplitudes. 

  

 
 

Fig. 7. Finite element model used for calculation of the J-integral values. 
 
An example of mutual dependence between da/dN vs. Ja  for 316L steel is shown in Fig. 8. Similarly to the KI 
interpretation, there is still a visible difference between strain amplitude 0.32% and rest of the data. Therefore, neither 
the description based on J-integral is general for different loading conditions. As reported previously in Hutar et al. 
(2014), the plastic part of the J-integral (Jpl) can be used for interpretation of the crack propagation rate of short cracks, 
see Fig. 9. In this case, the dependence of the applied strain amplitude is lower, however difference between strain 
amplitude 0.32% and rest of the data is still visible. We can describe the short fatigue crack propagation rate for high 
plasticity conditions using the relation proposed in Hutar et al. (2014): 
 

_( ) Jpm
Jp a pl

da C J
dN

                                                                                                                                        (3) 

 
Where Ja,pl is the amplitude of the plastic part of the J-integral and CJp and mJp are material characteristics obtained by 
experimental measurement. 
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2
I

el pl pl*

KJ J J J
E

                                          (2) 

where KI is the stress intensity factor, J is the J-integral and Jel and Jpl are respectively the elastic and the plastic part 
of J-integral. The identity * E E  is valid for plane stress conditions and * 21 E E  for plain strain conditions. 
The increase of the total strain amplitude leads to an increase of the ratio between the plastic and the elastic part of 
the J-integral and the plastic effects are more important. 
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Fig. 6. Short crack growth rate vs. KI at room temperature. Specimens were cycled at different constant strain amplitudes. 

  

 
 

Fig. 7. Finite element model used for calculation of the J-integral values. 
 
An example of mutual dependence between da/dN vs. Ja  for 316L steel is shown in Fig. 8. Similarly to the KI 
interpretation, there is still a visible difference between strain amplitude 0.32% and rest of the data. Therefore, neither 
the description based on J-integral is general for different loading conditions. As reported previously in Hutar et al. 
(2014), the plastic part of the J-integral (Jpl) can be used for interpretation of the crack propagation rate of short cracks, 
see Fig. 9. In this case, the dependence of the applied strain amplitude is lower, however difference between strain 
amplitude 0.32% and rest of the data is still visible. We can describe the short fatigue crack propagation rate for high 
plasticity conditions using the relation proposed in Hutar et al. (2014): 
 

_( ) Jpm
Jp a pl

da C J
dN

                                                                                                                                        (3) 

 
Where Ja,pl is the amplitude of the plastic part of the J-integral and CJp and mJp are material characteristics obtained by 
experimental measurement. 
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Fig. 8. Short crack growth rate vs. Ja at room temperature. Specimens were cycled at different constant strain amplitudes. 

 

 

Fig. 9. Short crack growth rate vs. Ja,pl at room temperature. Specimens were cycled at different constant strain amplitudes. 

Based on proposed short crack propagation law, experimental data obtained on steel 316L, were compared with 
published data of EUROFER 97 and ODS variant of the EUROFER steel (see Hutar et al. (2014)). This three materials 
have totally different cyclic stress-strain curves, but short fatigue crack propagation rate expressed by relation (3) 
seems to be similar (Fig.10). It leads to the conclusion that fatigue crack propagation of short cracks under low cycle 
fatigue conditions is controlled by plastic part of J-integral only and can be described generally for a wide rank of 
metallic materials. This conclusion is in agreement with Polák (Polák 2005), who observed that fatigue crack growth 
rates of short cracks depends mainly on the plastic strain amplitude. 
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Fig. 10. Comparison of the short crack growth rate vs. Ja_pl for 316Lsteel, and previously published data of Eurofer 97 and Eurofer ODS. 

5. Conclusions 

The fatigue crack propagation in 316L steel has been studied in the presented paper. Proposed methodology based 
on plastic part of J-integral is able to accurately describe the fatigue crack propagation rate of physically short cracks 
under low cycle fatigue loading conditions. The obtained results were compared with fatigue crack growth rates of 
short cracks measured previously using EUROFER 97 and ODS variant of the EUROFER steel. All three materials 
show similar fatigue crack propagation rates controlled by plastic part of J-integral. 
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