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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 

IN718 is a commonly used nickel-base alloy for high temperature applications, e.g., in gas and steam turbines. At elevated 
temperatures, this and other superalloys are prone to the failure mechanism "dynamic embrittlement". Dynamic embrittlement 
can be considered as a kind of stress corrosion cracking, driven by tensile-stress-controlled oxygen grain boundary diffusion. 
Oxygen embrittles the grain boundaries by weakening the grain boundary cohesion resulting in fast and brittle intercrystalline 
crack propagation. In order to reveal the mechanism of dynamic embrittlement, high-temperature fatigue crack propagation tests 
were carried out at 650°C applying various dwell times and testing frequencies. Most of the tests were performed in laboratory 
air, but some experiments were run in vacuum as well, in order to eliminate environmental effects and, hence, to define the 
reference fatigue crack propagation behaviour. The observations show that at low stress intensity factor ranges KI, continuous 
crack growth occurs. At intermediate values of KI, no crack propagation takes place during the dwell part of the cycle. Rather, 
the crack extends during unloading and reloading between subsequent hold times. The time necessary to grow the crack under 
sustained load during the dwell time was found to decrease with increasing stress intensity factor. Therefore, at high values of 
KI, there is a contribution of the crack propagation at constant stress, since the incubation time is shorter than the dwell time. A 
mechanism-based model was developed for the range of test parameters, where intergranular and transgranular areas exist side 
by side in the fracture surface. The total crack growth per cycle is calculated by a linear combination of the intergranular and the 
transgranular contribution using the corresponding area fractions as weighting factors. It is shown that simulation calculations 
based on this model approach correspond very reasonably to the experimental observations. Hence, the model provides a 
quantitative mechanismen-related description of the effect of dynamic embrittlement on fatigue crack propagation rate. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21. 
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1. Introduction 

Dynamic embrittlement of Ni-based alloys can take place at temperatures above 500°C. Different mechanisms 
were proposed in the literature, in order to explain the premature intergranular failure. Pfaendter and McMahon 
(2001) developed a well-accepted model that comprises of three steps. In the first step oxygen diffuses along grain 
boundaries in front of the crack tip. The diffusion is activated by high temperatures and promoted by tensile 
stresses. The oxygen embrittles in the second step the grain boundary leading to grain boundary decohesion. 
Finally, in the third step the external stress breaks the grain boundary open. A comprehensive consideration of this 
and corresponding theories on dynamic embrittlement with special emphasis on the alloy IN718 can be found in 
Krupp (2005) and Krupp (2007). 

A slightly different model was introduced by Kang et al. (1995) and is commonly termed SAGBO (Stess 
Assisted Grain Boundary Oxidation). Here, the diffusing oxygen reacts with an alloying element, such as Niobium 
in IN718, at grain boundaries ahead of the crack tip forming an oxide. This oxide is considered to be responsible for 
the embrittling effect and the fast intercrystalline crack propagation. Ma and Chang (2003) have taken this idea up 
and tried to measure the SAGBO-induced damage zone by determining the zone of accelerated room temperature 
fatigue crack propagation after a prior hold time at 650°C. However, in a reply to a comment on this study (Ma et 
al. (2006)) they stated that the damage in front of the crack tip may not be caused by the reaction of grain boundary 
oxygen to an oxide. 

The concept of an oxygen-induced damaged zone was also pursued in recent investigations and particular in 
studies performed in Sweden (Viskari et al. (2011), Hörnquist et al. (2010), and Gustafsson et al. (2011)). The 
results obtained convincingly show that a damage zone forms in front of a fatigue crack manifesting itself by a 
transient crack propagation behaviour after a change from a dwell time cycle to a fatigue cycle of high frequency. 
The crack grows fast through the damage zone and establishes its normal propagation rate after having reached the 
end of the damaged area. The transient region increases with increasing temperature and dwell time. According to 
Gustaffson et al. (2011) a parabolic time dependence, which is typical of diffusion-controlled mechanisms, holds 
true. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Cyclic deformation curves of dwell time tests in (a) vacuum and (b) air on IN718 under strain control at a strain amplitude of 0.7% and 
650°C applying dwell times of 0s, 30s, and 300s (from Wagenhuber et al. (2005)) 

Besides the dwell time, the oxygen from the environment (mostly air) plays an important role in the process of 
dynamic embrittlement, since oxygen is considered to diffuse from the crack tip into the material along grain 
boundaries. Hence, the extent of fatigue lifetime reduction must be strongly connected to the oxygen (partial) 
pressure of the ambient atmosphere. In Fig. 1 cyclic deformation curves of strain-controlled dwell time tests at 
650°C are depicted, which have been carried out in vacuum (Fig. 1a) and in laboratory air (Fig. 1b) on IN718 
(Wagenhuber et al. (2005)). It is evident from the results that the number of cycles until failure is even for the tests 
without dwell time almost one order of magnitude higher in vacuum as compared to air environment. The effect of 
dwell time is negligible in vacuum (Fig. 1a), since time-dependent effects such as environmental attack and creep 
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deformation are of marginal significance. However, under identical cyclic loading conditions but in air (Fig. 1b), the 
fatigue life is strongly reduced with increasing dwell time. 

In the literature, many attempts can be found to model the dynamic embrittlement process. Besides sole 
phenomenological approaches which are based on a plain description of experimental data, numerical concepts have 
been introduced. These concepts (e.g. Zhao et al. (2010) and Xu (1999) combine the modeling of the oxygen grain 
boundary diffusion in the stress gradient ahead of the crack with a visco-plastic material deformation model and 
need a rather high number of fitting parameters. 

Often a quasi-fracture-mechanics approach is applied by considering the contribution of each damage 
mechanism to the crack growth rate individually and superimposing these contributions. This concept philosophy 
traces back to early works of Wei and Landes (1969) and Solomon and Coffin (1973). Fatigue crack propagation 
under the influence of dynamic embrittlement is mostly assumed to be affected by two damage mechanisms only. 
One is the time-independent cyclic plastic deformation and the second is the time-dependent damage resulting from 
the oxygen attack and at sufficiently high temperatures from creep. These contributions are in the simple case 
linearly combined ignoring the mutual interactions of the damage mechanisms (e.g. Gustafsson (2012)). 
Alternatively, exclusively the term is considered which results in the fastest crack propagation (e.g. Antunes et al. 
(2000)), or the different term are weighted by individual weighting factors (e.g. Wei et al. (2009)). 

In the investigation presented, the dynamic embrittlement of the Ni-base superalloy IN718 was studied by 
putting the focus on the development of a detailed understanding of the mechanisms controlling the dynamic 
embrittlement process (Wackermann (2015). The results were used as a sound basis for the development of a 
mechanism-related model of the dynamic embrittlement phenomenon aiming at a reliable and unerring fatigue life 
assessment. 

2. Material and Experimental Methods 

IN718 is a commonly applied nickel-base alloy mostly used for high-temperature applications, e.g. in gas and 
steam turbines. Prominent components made of IN718 are forged disks in aero-engines. This application demands 
highest safety and reliability standards. The material used in this study was provided as forged ring of 810 mm in 
diameter. Before manufacturing the samples, a heat treatment was carried out, which consisted of solution 
annealing at 1080°C for 20 min followed by water quenching, annealing at 718°C followed by slow furnace cooling 
to 620°C, and finally cooling to room temperature in air. After this heat treatment, the microstructure is 
characterized by  precipitates and is free of δ phase. 

The effect of dynamic embrittlement was studied applying corner crack (CC) specimens with a quadratic cross 
section of 77 mm2. These specimens were taken from the ring in radial direction and were manufactured by 
turning and milling. Afterwards, the surface was mechanically polished with a finishing using a 1 micron 
suspension. The pre-cracks were grown from a 0.25 mm eroded starter notch by cyclic loading at room temperature 
to a length of about 1.6 mm. For this purpose, a stress ratio R of 0.1 and a maximum load of 25 kN was applied. The 
stress range was decreased stepwise, until the predefined value of the subsequent fatigue crack propagation test at 
high temperature was attained. Pre-cracking and crack growth tests were performed on a servohydraulic test 
machine, which is equipped with a vacuum chamber allowing a pressure down to about 510-5 mbar. A standard 
temperature of 650°C was applied and established by means of an induction heating system. All tests were carried 
out under load control at R = 0.1 in vacuum or laboratory air at various frequencies and with different durations of 
dwell time in tension. Additional tests were performed with changes in frequency, dwell time and environment 
(air/vacuum) within the experiment. 

For the crack length measurements an alternate current potential drop technique (ACPD) was used with one 
measuring channel applied to the crack face and a reference channel applied to the opposite crack-free specimen 
side. The signal of the reference channel was utilised to normalise the signal of the measuring channel. By means of 
this procedure, changes in the crack length signal resulting from temperature changes and the mechanical load 
applied could widely be eliminated. An AC frequency of about 4000 Hz was use to avoid skin effects. This 
frequency corresponds to a penetration depth for IN718 of about 8 mm exceeding the specimen thickness. 
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