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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. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 

Keywords: High Pressure Turbine Blade; Creep; Finite Element Method; 3D Model; Simulation. 

 

 

 
* Corresponding author. Tel.: +351 218419991. 

E-mail address: amd@tecnico.ulisboa.pt 

Procedia Structural Integrity 8 (2018) 67–74

2452-3216 Copyright  2018 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of AIAS 2017 International Conference on Stress Analysis
10.1016/j.prostr.2017.12.008

10.1016/j.prostr.2017.12.008 2452-3216

Copyright © 2018 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of AIAS 2017 International Conference on Stress Analysis

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2017) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of AIAS 2017 International Conference on Stress Analysis.  

AIAS 2017 International Conference on Stress Analysis, AIAS 2017, 6-9 September 2017, Pisa, 
Italy 

Sensibility analysis of the fatigue critical distance values assessed 
by combining plain and notched cylindrical specimens 

C. Santusa,*, D. Taylorb, M. Benedettic 

aDepartment of Civil and Industrial Engineering, University of Pisa, Pisa, Italy
bDepartment of Mechanical & Manufacturing Engineering, Trinity College Dublin, Dublin, Ireland 

cDepartment of Industrial Engineering, University of Trento, Trento, Italy  

Abstract 

The material critical distance is often deduced from plain and notched specimens, instead of experimentally measuring the (long) 
crack threshold, which is a challenging task and not adequate in some cases. A dedicated V-notched specimen was proposed 
along with a dimensionless numerical procedure to derive the critical distance from the fatigue stress concentration factor, by 
implementing both the line and the point methods. An experimental validation activity is provided here on 42CrMo4+QT steel, 
focusing on how the critical distance result is sensitive to the actual local radius, the specimen sharpness, and the choice between 
the line or the point method. The determination of the critical distance with the point method systematically provides higher 
values than the line method. However, these length discrepancies do not produce large effects in terms of the component strength 
assessment if the same method for the fatigue limit evaluation is used. By alternatively considering the specimen not involved in 
the critical distance determination, as a potential design component, the prediction accuracy was evaluated. This analysis 
confirmed that a small notch radius is recommended for the fatigue strength assessment of larger radius notches or even of a 
crack, whereas by deducing the critical distance from a blunt notch, a noticeable inaccuracy can be found on smaller radius and 
crack threshold. 
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Nomenclature 

ΔKth Threshold stress intensity factor, full range. 
Δσfl  Plain specimen fatigue limit, full range. 
L Fatigue critical distance. 
ΔσN,fl  Notched specimen fatigue limit, nominal stress, full range. 
Kf  Fatigue stress concentration factor. 
D  Specimen external diameter. 
R  Notch radius. 
A  Notch depth. 
ρ R/A notch radius ratio. 
α Notch angle. 
lmin, lmax Minimum and maximum critical distance accuracy range limits. 
R Fatigue load ratio 
L-1, L0.1 Experimental critical distances for the load ratios -1 and 0.1. 

 

1. Introduction 

The strength of notched components, both under fatigue loading and monotonic brittle fracture, can be evaluated 
with the Theory of Critical Distances (Taylor (2007), Taylor (2008)) and different methods can be formalized within 
the framework of this theory. Among them, the Line Method and the Point Method are the simplest and most 
commonly used, assuming the maximum principal stress as criterion. When multiaxial fatigue is involved, the Point 
method may be preferential, such as for the fretting application (Araújo et al. (2007), Bertini and Santus (2015)), 
while the Line method can better consider the residual stress field (Benedetti et al. (2010), Benedetti et al. (2016)). 

According the its basic definition, the Critical Distance length is obtained by combining the threshold stress 
intensity factor full range ΔKth and the plain specimen fatigue limit full range Δσfl: 

2

th

fl

1 KL
 
 

   
    (1) 

However, an accurate measurement of the threshold may be a challenging experiment, moreover, the status of the 
material at the crack tip is different from the machined condition typical of any component notch and, for some 
materials, this may cause inaccuracy in terms of strength assessment. For these reasons, any sharply notched 
specimen can be considered as an alternative of the fracture mechanics testing to evaluate the L value (Taylor 
(2011)), or ultimately to obtain the threshold after Eq. 1 inversion. This approach has been emphasized by Susmel 
and Taylor (2010) finding both the threshold and the fracture toughness for a large variety of materials and fatigue 
load ratios. 

The use of a sharp V-notched specimen has been recently proposed by Santus et al. (2017), providing a 
formulation to straightforwardly calculate the critical distance. After briefly presenting this procedure, experimental 
fatigue limits and thresholds are provided for 42CrMo4+QT steel under load ratios -1 and 0.1, then assessment 
analyses are performed and results discussed. 

2. Critical distance determination 

Two similar procedures were proposed by implementing both the Line and the Point methods, as summarized in 
Fig. 1. The analysis is expressed in dimensionless form, and a first length is analytically obtained just by assuming 
the singularity term solution. This length is calculated introducing the unitary N-SIF (KN,UU) and the fatigue stress 
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concentration factor (Kf), which is the only experimental input of the procedure. This initial length may not be an 
accurate assessment of the actual critical distance. A correction function is therefore introduced to consider the notch 
root radius, which in turn allowed the definition of an inverse function. This turned out to be conveniently modeled 
just as a linear relationship for the Line Method (LM), while a 4th degree polynomial was required for the Point 
Method (PM). The coefficients for implementing this procedure were obtained from a series of accurate simulations, 
not reported here for brevity, avoiding the need of a finite element simulation of the specific specimen. 

 

 

Fig. 1. (a) V-notch root stress distribution and specimen dimensions; (b) Line and Point method inverse search procedures. 

The LM correction function was also considered for defining the limits of a range in which the inversion is 
accurate, or at least less sensitive to any material or experimental issues. By imposing minimum and maximum 
values of the inverse function, lmin and lmax were obtained. If the critical distance to be found is either too small or too 
large, and therefore near these limits or even outside the range, small variations of the fatigue limit causes large 
variation of the deduced critical distance, Fig. 2. When L is small, such as for a high strength steel as investigated in 
this paper, the notch radius may be the limiting factor being required to be manufactured quite small as well. On the 
contrary, for large critical distance materials, such as a gray cast iron, the specimen size needs to be relatively large 
while the local radius is less critical, however this latter situation is not such typical for structural metals. 

 

 

Fig. 2. (a) Correction function and accurate inverse search range; (b-c-d) Inaccurate determination outside, or near, the range limits. 
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3. Sensitivity 

The sensitivity of the inverse search problem, where the unknown is the length L, can be defined as the effect on 
the critical distance for any variation of the experimental input which is the fatigue stress concentration factor Kf. A 
derivative definition can be proposed, Eq. 2, and, as evident in Fig. 3 (a), this sensitivity has a minimum in the lmin – 
lmax range and it is lower for a sharper notch especially at lower values of the critical distance itself. 

f f

1 d 1 d
d d

L lS
L K l K

        (2) 

 

Fig. 3. (a) Sensitivity functions for blunt and sharp notches; (b) Accuracy map of the critical distance and the fatigue strength assessments. 

Fig. 3 (b) shows an accuracy assessment map for a small critical distance situation that can be deduced from the 
sensitivity just introduced: by combing the plain fatigue limit with the strength of a sharp specimen (or even the 
crack threshold) a good estimate of the critical distance is obtained, being less sensitive to any potential bias; on the 
contrary, if the critical distance is evaluated with a blunt notched specimen, a large discrepancy of the critical 
distance can result. Assuming the other specimen as a design component for which the strength should be assessed, 
the accuracy of the critical distance evaluation can be effectively quantified in terms of the fatigue limit prevision. 
The evaluation of the blunt notch is expected to be accurate with either sharp or crack threshold derived critical 
distances, while a large stress difference between the experimental fatigue limit and the assessed value can result 
about the sharp notch if the length L is evaluated with the blunt specimen. Obviously, the crack threshold, the sharp 
and the blunt fatigue limits could even be in perfect agreement, leaving these trends not evident. However, this 
situation is only hypothetical, indeed these variations have been found, quite clearly, by elaborating and comparing 
the experimental data reported below. 

4. Experiment 

Though a quite common steel was investigated, the literature data was not considered to avoid any material 
source of inconsistency. All the specimens for the tests were extracted from laminated bars (63 mm diameter) in 
42CrMo4+QT which was provided as a unique supply to avoid any material mismatch due to slightly different heat 
treatment or material composition, and they were: tensile test specimen, plain specimen, sharp and blunt V-notched 
specimens, C(T) and M(T) specimens according to the standard ASTM E647 – 15, Fig. 4 (a). The C(T) specimen 
was used to measure the crack growth rate under the load ratio 0.1, while the data for the load ratio -1 was obtained 
with the M(T) specimen. The drawing of the sharp notched specimen is shown Fig. 4 (b) with a local radius quite 
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small R = 0.2 mm, and a SEM visualization after section cut was performed to verify the accuracy of this dimension, 
Fig. 4 (c). Since the expected critical distance for this kind material is in the order of a few tens of microns, even a 
smaller radius would be recommended, however a tool nose radius lower than 0.2 mm was difficult to find. The 
same drawing was also considered for the blunt specimen, however with 1.0 mm root radius, which was 
(intentionally) much larger than the expected critical distance, reproducing the situation of Fig. 2 (b). 

 

 

Fig. 4. (a) Specimen extraction from bars; (b) V-notched specimen drawing; (c) Visualization of the actual notch radius by SEM. 

 

Fig. 5. (a) R = -1, (b) R = 0.1 fatigue data and fit lines of plain (smooth), and blunt and sharp notches. 

Typical quenched and tempered steel tensile test properties were found: Yield and Ultimate 727±13 MPa, 875±15 
MPa respectively, percentage elongation at fracture 17.6±0.25%, and reduction of area 57.7±0.43%, in agreement 
with the standard EN 10083-3:2006. The obtained fatigue test results are reported in Fig. 5 (a) and (b) for the load 
ratios -1 and 0.1 respectively and for the plain (smooth), the sharp (R = 0.21 mm) and the blunt (R = 1.0 mm) 
specimens. For brevity, the crack growth curves are not reported, however the threshold stress intensity factor 
ranges are listed in Table 1 along with all the cylindrical specimen fatigue limits and their standard deviations. 
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Table 1. Crack threshold and plain, blunt and sharp specimen fatigue limits for R = -1 and R = 0.1 load ratios. 

R = -1 ΔKth = 9.1 MPa m0.5 R = 0.1 ΔKth = 7.2 MPa m0.5 

Plain Δσfl/2, MPa Blunt ΔσN,fl/2, MPa Sharp ΔσN,fl/2, MPa Plain Δσfl/2, MPa Blunt ΔσN,fl/2, MPa Sharp ΔσN,fl/2, MPa 

390 (50%) 163 (50%) 87.5 (50%) 337 (50%) 119 (50%) 80.5 (50%) 

20.7 (St. dev.) 12.1 (St. dev.) 2.9 (St. dev.) 5.3 (St. dev.) 3.7 (St. dev.) 2.7 (St. dev.) 

5. Results analysis 

5.1. Critical distance evaluation 

The critical distance determination with the analytical procedure briefly described above was applied considering 
the notch fatigue factor both for the sharp and the blunt specimens at the two analyzed load ratios, and then the 
obtained lengths were compared to the values deduced from the thresholds. This comparative analysis is reported in 
Table 2 and graphically in Fig. 6. A variation of the actual radius, in the range of the drawing tolerance, from R = 
0.2 (nominal) to R = 0.21 (actual), produces a quite small effect in terms of critical distance output, approximately 
on the order of 5%, Fig. 6 (a). More evident is the effect of the method considered. The length obtained with the 
point method is systematically larger than the value obtained with the line method and the relative ratio is almost a 
factor of two. The threshold deduced length was intermediate for the load ratio -1, just slightly closer to the point 
method value, while a more accurate prediction was obtained by the line method for the load ratio 0.1, Fig. 6 (b). 
 

 

Fig. 6. Critical distance determination: (a) notch radius variation effect for the load ratio -1, (b) inverse search for the load ratios -1 and 0.1. 
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The prediction with the blunt specimen is also reported in Table 2, and large differences were obtained: much 
larger critical distances for load ratio -1, and too small values for load ratio 0.1 even lower than the minimum range 
limit previously introduced. 

5.2. Fatigue strength assessment 

The critical distance material property is used to evaluate the fatigue strength at the design stage, therefore a 
better measure of the accuracy should be defined as the fatigue limit prediction of a structural component, or a 
different kind of specimen, rather than the value of the critical distance itself. 

After having deduced the critical distance length either from the sharp or the blunt specimen, the estimated 
threshold stress intensity factor range was easily obtained by reversing Eq. 1. The results of this analysis are 
reported in Table 3 and the assessed thresholds are then compared with the experimental values. In agreement with 
the accuracy map reported in Fig. 3 (b), the crack fatigue strength was quite correctly predicted by the sharp 
specimen especially with the Point Method for R = -1 and the Line Method for R = 0.1. The discrepancies reported 
in Table 3 are obviously in agreement with the critical distance length assessments in Table 2, however with lower 
percentages, approximately reduced by a factor of two. 

Table 3. Crack threshold ranges compared with the sharp and the blunt specimen derived values. 

R = –1 ΔKth = 9.1 MPa m0.5 R = 0.1 ΔKth = 7.2 MPa m0.5 

Plain – Sharp  Plain - Blunt  Plain - Sharp  Plain - Blunt  

LM PM LM PM LM PM LM PM 

7.23 MPa m0.5 9.82 MPa m0.5 13.6 MPa m0.5 18.7 MPa m0.5 7.24 MPa m0.5 9.78 MPa m0.5 3.34 MPa m0.5 3.01 MPa m0.5 

-20.6% 8.0% 49.6% 105.9% 0.5% 35.9% -53.6% -58.2% 

Table 4. Fatigue limit assessments of the sharp and the blunt specimens obtained with different critical distance evaluations. 

Results obtained with Plain - Threshold critical distances 

R = –1, Sharp  R = 0.1, Sharp  R = –1, Blunt  R = 0.1, Blunt  

ΔσN,fl/2 = 87.5 MPa ΔσN,fl/2 = 80.5 MPa ΔσN,fl/2 = 163 MPa ΔσN,fl/2 = 119 MPa 

LM PM LM PM LM PM LM PM 

96.9 MPa 85.0 MPa 80.3 MPa 71.3 MPa 148.4 MPa 143.1 MPa 126.5 MPa 122.8 MPa 

10.8% -2.8% -0.2% -11.4% -9.0% -12.2% 6.3% 3.2% 

Results obtained with Plain - Blunt critical distances Results obtained with Plain - Sharp critical distances 

R = –1, Sharp  R = 0.1, Sharp  R = –1, Blunt  R = 0.1, Blunt  

ΔσN,fl/2 = 87.5 MPa ΔσN,fl/2 = 80.5 MPa ΔσN,fl/2 = 163 MPa ΔσN,fl/2 = 119 MPa 

LM PM LM PM LM PM LM PM 

122.5 MPa 130.0 MPa 64.0 MPa 61.6 MPa 143.7 MPa 144.1 MPa 126.6 MPa 126.6 MPa 

40.0% 48.6% -20.5% -23.4% -11.8% -11.6% 6.4% 6.4% 

 
The fatigue strength of any V-notched specimen can also be obtained with the proposed modelling, briefly 

described above and summarized in Fig. 1, after implementing the “direct” problem. Instead of the inverse search, 
the critical distance is known and the notch fatigue factor Kf is found, and then the stress amplitude deduced from 
the plain specimen fatigue limit. The details of this calculation, not reported here for brevity, can be retrieved in 
Santus et al. (2017). The sharp and the blunt specimen fatigue limit predictions are listed in Table 4. Again, in 
agreement with the accuracy map of Fig. 3 (b), when the critical distance is evaluated with the sharp specimen, the 
assessment of the blunt notch is quite accurate with errors on the order of 10%. On the contrary, the errors are 
significantly larger (20-40%) by assessing the sharp specimen strength with the critical distances deduced with the 
blunt specimen. 
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Apparently, LM and PM produced quite different results in terms of critical distances and, as mentioned above, 
the PM values are larger than the LM, Table 2. However, the LM critical distance was then used to assess the fatigue 
strength according to the LM for sharp and blunt specimens, and similarly for the PM, while for the crack threshold 
assessment this distinction vanishes. As evident in the lower part of Table 4, despite the different length values, the 
assessments obtained via LM and PM turn out to be very similar both for the blunt prediction from the sharp critical 
distance and vice versa. 

Along the diagonal of the accuracy map of Fig. 3 (b), no experimental data is available and then an intermediate 
accuracy can only be conjectured. Obviously, if the same specimen were used to derive the critical distance and 
verify the assessment, a fictitiously perfect agreement would result. A significant test would be the assessment of a 
different geometry specimen, or a component, however with the same notch radius sharpness. On the other hand, if a 
different crack is assessed, there will be no need to convert the threshold into the critical distance through the plain 
specimen fatigue limit, since the threshold is already the fatigue strength for any long crack. 

In conclusion, the most effective way to have good accuracy is to use a sharper notch for the critical distance 
length evaluation and then assess the fatigue strength of blunter notched components, with no significant effect in 
terms of LM or PM. If the design component notch is sharp itself, the threshold derived critical distance can be used, 
or again the sharp notch, which in the end can be considered effective for all cases. 

6. Conclusions 

• The critical distances of 42CrMo4+QT steel were experimentally determined with rounded V-notched 
specimens to test the recently proposed line and point method inverse search procedure. 

• Crack threshold, plain and notched specimen experimental data was reported for load ratios -1 and 0.1, 
then allowing a series of comparisons both in terms of length values and fatigue strength assessments. 

• The obtained critical distances were not very sensitive to small notch radius variations while dependent 
on the method, indeed the PM length was significantly larger than the LM one, however still producing 
quite similar predictions when assessing the fatigue strength. 

• Since the critical distance was quite small for this investigated high strength steel, accurate fatigue 
assessments were only obtained with the sharp notch and the crack threshold derived critical distances. 
Therefore, the use of a blunt notch to find the material length and then the strength of higher sharpness 
notches, or even the crack threshold, is not recommended. 
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