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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 

This paper investigates the effect of a galvanizing coating on the fatigue strength of S355 structural steel. While in the literature 
some results from fatigue tests made on unnotched specimens can be found, very few results are available dealing with notched 
components and, at the best of authors’ knowledge, no results are available dealing with welded joints. The aim of the present 
paper is to partially fill this lack of knowledge. A comparison is carried out, between hot dip galvanized fillet welded cruciform 
joints made by S355 structural steel and not treated welded joints characterized by the same geometry, subjected to a load cycle R 
= 0. 34 new experimental data are summarized in the present contribution, in terms of stress range Δσ and averaged strain energy 
density range W  in a control volume of radius R0 = 0.28 mm.  
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1. Introduction  

Hot-dip galvanizing is a surface treatment that allows protecting components from corrosion. Galvanizing is 
found in several industrial applications, in particular when iron or steel are used. Hot-dip galvanizing has a proven 
and growing history of success in a large number of applications worldwide.  
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Nomenclature 

2α notch opening angle 
γ supplementary angle of α: γ = π – α  
ν Poisson’s ratio 
Δσ stress range 
ΔσA fatigue strength in terms of stress range at NA cycles 
ΔK1,2,3 mode 1, 2 and 3 notch stress intensity factor range  
ΔK1A fatigue strength in terms of notch stress intensity factor range at NA cycles 

W  averaged strain energy density (SED) 
CW  critical value of the SED range 

λ1,2,3 mode 1, 2 and 3 Williams’ eigenvalues 
E Young’s modulus 
e1,2,3 mode 1, 2 and 3 functions in the SED expression 
f frequency 
K1,2,3 mode 1, 2 and 3 notch stress intensity factor (NSIF) 
k inverse slope of the Wöhler curve 
N number of cycles 
Ps survival probability 
R load cycle ratio  
R0 radius of the control volume for the calculation of the averaged SED value 
Tσ scatter index referred to the stress range 
TW scatter index referred to the SED range 

 
While the monotonic behaviour of steel is not greatly affected by the presence of the zinc layer, except for the 

yield stress, under cyclic stress the fatigue strength is usually reduced. This point has been discussed by Bergengren 
and Melander (Bergengren and Melander, 1992) dealing with high-strength steels without any stress concentration 
effect or geometrical discontinuity. In (Bergengren and Melander, 1992) it was found that there is a reduction of the 
fatigue life increasing with the thickness of the zinc layer. On the other hand other authors did not find any 
correlation in terms of loss of the fatigue strength due to the coating thickness (Browne et al., 1975; Nilsson et al., 
1989). The effect of a galvanizing coating on the fatigue strength of unnotched ferritic steel has been extensively 
investigated in (Vogt et al., 2001) and a tool based on the Kitagawa–Takahashi diagram has been employed for the 
prediction of the fatigue resistance of hot-dip galvanized steel. It was proven that the fatigue strength of a ferritic 
steel is not affected by the zinc layer if the thickness does not exceed the threshold value of 60 μm.  

Some recent studies have been recently performed, dealing with galvanized steel wires for bridge construction 
(Jiang et al., 2009; Yang et al., 2012), the fatigue behaviour of two hot-dip galvanized steel with similar static load-
bearing capability (Berchem and Hocking, 2007) and of galvanized rear axles made of micro-alloyed steel (Dimatteo 
et al., 2011). Other aspects tied to the galvanizing process are discussed in (Maaß and Peißker, 2011). 

While in the literature some results from fatigue tests made on unnotched specimens are nowadays available, very 
few results are available dealing with notched components. At the best of authors’ knowledge the only complete set 
of data from notched specimens is due to Huhn and Valtinat (Valtinat and Huhn, 2004). Low-cycle and high-cycle 
fatigue tests were carried out on S 235 JR G2 specimens. Plates with holes and bearing-type connections with 
punched and drilled holes were examined. Plates with holes were able to withstand a higher stress range Δσ at the 
same number of cycles N up to failure than the joints. A comparison between specimens with punched holes and the 
ones with drilled holes has showed the negative influence of punching on the fatigue strength. However, a direct 
comparison between uncoated and hot-dip galvanized notched steel is not available in (Valtinat and Huhn, 2004) and 
it is not possible to quantify the fatigue strength reduction due to the galvanizing process. Finally, no results about 
the effect of hot-dip galvanization on the behaviour of welded structural steel are available. The main aim of the 
present paper is to partially fill this lack considering uncoated and hot-dip galvanized fillet welded cruciform joints 
made of structural steel S355. Two new fatigue sets of data are summarized in the present paper. The reduction of 
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the fatigue strength due to the presence of the zinc layer is fully investigated. The results are shown in terms of stress 
range Δσ and of the averaged strain energy density range W  in a control volume of radius R0 = 0.28 mm. 

 

 
Fig. 1. Geometry of the fillet welded cruciform specimen and typical fracture surface. 

 

2. Experimental details 

The steel plates used to fabricate the samples were 10 mm in thickness, while the complete specimen had a global 
length of 250 mm. The complete geometry of the specimen can be seen in Fig. 1. Fatigue tests have been conducted 
on transverse non-load carrying fillet welded joints, made of S 355J2+N structural steel. Welding beads have been 
made by means of automatic MAG (Metal Active Gas) technique. One of the two series of welded joints has been 
later hot dip galvanized. Tests have been performed on a servo-hydraulic MTS 810 test system with a load cell 
capacity of 250 kN at 10 Hz frequency, in air, at room temperature. All samples have been tested using a sinusoidal 
signal in uniaxial tension (plane loading) and a load ratio R = 0, under remote force control. Regarding the 
galvanized series, the coating treatment has been carried out at a bath temperature of 452 oC and the immersion time 
was kept equal to 4 minutes for all the specimens. As a consequence, the coating thickness resulted in a range 
between 96 and 104 μm.  

3. Results 

Fatigue tests results are here presented in terms of the stress range Δσ = σmax - σmin versus the number of cycles to 
failure, in a double logarithmic scale. The stress range is referred to the nominal area (400 mm2). Failure has always 
occurred at the weld toe, as expected, with a typical fracture surface as that shown in Fig. 1. The results from the 
tests were statistically elaborated by using a log-normal distribution. The ‘run-out’ samples, over two million cycles, 
were not included in the statistical analysis and are marked in the graphs with an arrow. Figure 2 refers to uncoated 
and coated series, while Figure 3 shows all the data elaborated together: in addition to the mean curve relative to a 
survival probability of Ps = 50%, (Wöhler curve) the scatter band defined by lines with 10% and 90% of probability 
of survival (Haibach scatter band) is also plotted. The mean stress amplitude values corresponding to two million 
cycles, the inverse slope k value of the Wöhler curve and the scatter index Tσ (the ratio between the stress 
amplitudes corresponding to 10% and 90% of survival probability) are provided in the figure. For the complete 
listing of the results of the fatigue tests, please refer to Table 1.  

It can be noted, comparing the uncoated and coated series (Fig. 2), that the scatter index reduces from 1.6 to 1.3. 
This value is reasonably low both for the uncoated series and the galvanized one. Moreover also in terms of fatigue 
strength the effect of the galvanization is found to be negligible with a reduction, at N = 2×106 and Ps = 90%, from 
83 to 82 MPa. Furthermore, from the data summarised in Fig. 3, it is possible to see that the fatigue strength at N = 
2×106 and Ps = 90% is 75 MPa: this value is comparable with the fatigue stress range (from 71 to 80 MPa) given for 
the corresponding detail category in Eurocode 3.  
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