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Introduction





To demonstrate the feasibility of (-TiAl low pressure turbine (LPT) blades, General Electric Aircraft Engines (GEAE) successfully engine tested Ti-48Al-2Nb-2Cr (at.%) low-pressure turbine blades (LPT) in 1993 (ref.1).  These blades were only partially redesigned to accommodate the properties of gamma and were cast overstock.  A team consisting GEAE, Precision Cast Parts (PCC), Oremet, and Chromalloy-Harrisburg were awarded a NASA sponsored  Aerospace Industry Technology Program (AITP) to develop a design and manufacturing capability that will lead to engine test demonstration and eventual implementation of a Ti-48Al-2Nb-2Cr LPT blade into commercial service.  One of the technical risks of implementing TiAl LPT blades is the poor impact resistance of TiAl in comparison to the currently used nickel-based superalloy, Rene 77.   A blade in the 1993 engine test did survive an impact event, Figure 1, but the consequences of the impact damage is still uncertain.  Therefore, the impact resistance of TiAl is being investigated as part of the AITP program.





The overall objective of this work is to determine the influence of impact damage on the high cycle fatigue (HCF) life of (-TiAl simulated LPT blades, as HCF is the probable failure mechanism of impacted LPT blades.  To minimize the quantity of HCF tests required, a design of experiments (DOE) was initiated to determine the level of importance of  various impact variables based on a microstructural analysis.  The variables studied included energy, specimen thickness, hardness of projectile, and impact temperature.  A few impact conditions will be down selected  for a follow-on fatigue study.  





Materials and Procedure





Impact specimens were cast to size to give a microstructure representative of an actual LPT blade.  A typical processing sequence, consisting of  hot isostatic pressing, chem-milling, heat treating, and media finishing, was given followed by an exposure at 650oC (1200 oF) for 20 hours to simulate embrittlement at service conditions.  Specimens were cast in a dog-bone configuration, 22.9cm (9 in) long  with a 2.5cm (1 in) wide gage section.  Three different leading edge thicknesses were cast, each with a different bluntness (Fig. 2).  





A phase I DOE was based on a 3.2 mm (1/8”) projectile size at high energies.  However, based on the size and mass of some debris observed in an engine test, a decision was made to use 1.6 mm(1/16”) projectiles at lower energies for a Phase II DOE exploring the effects of thickness, projectile hardness, and energy on the impact resistance of TiAl.  The specimens were impacted at 260 oC (500 (F) under a 69 MPa (10 Ksi) load.  Each impact condition was repeated three times along one edge of a specimen.  The specimens were impacted 90 ( to the leading edge and the distance from the leading edge to the impact center was aimed to be 0.5 mm (0.020”) for the small projectiles and 0.6 mm (0.025”) for the large projectiles.  The projectiles were steel ball bearings with a hardness of approximately 60 on the Rockwell C scale in the as-received condition and ( 20 after an annealing heat treatment.  A side experiment, utilizing thick specimens at medium energy, investigated the effect of temperature on impact resistance.  Specimens were cut to 17.8 cm (7”) after impacting and photographed at 40 X in a scanning electron microscope (SEM).  Four types of cracking (Fig. 4) were measured: 1) Front side major, 2) Front side total, 3) Backside straight, and 4) Backside total.  Front side major is a summation of the largest cracks observed on the front (impacted) side of the specimen, front side total is a summation of the length of all cracks observed at 40 X, backside straight is the length from the edge of the specimen to the end of any cracking on the backside, whereas backside total is a summation of all the crack lengths on the backside of the sample.  The backside straight crack length is emphasized in this paper but all the crack types have been characterized.  The type of cracking which correlates best to the fatigue strength has yet to be determined.  The majority of the paper reports the results of simple linear regressions but a complete multiple regression analysis was also performed and the results are reported at the end of the paper.  





Results and Discussion





Low energy impacts resulted in dents but very little damage (cracking) for both thin and thick specimens on the front side of the specimens (Fig. 5).  Backside cracks were only observed with the thin and medium thickness specimens (Fig. 6).  Thin and thick specimens impacted at high energy are shown in Figures 7 and 8.  The thin specimens exhibited extensive cracking (near blow-out) or were blow-outs.  An impact is considered a blow-out when the projectile passes through the material leaving a notch on the leading edge.  Thick specimens had circumferential and radial cracking on the front side of the specimen.  For the nearly blown-out thin specimens, the circumferential cracks nearly linked up on the backside (Fig. 8).   





The backside straight crack length was strongly dependent on the projectile energy but the projectile hardness had no effect on backside straight crack length or any of  the other crack types measured (Fig. 9).  Therefore, unless otherwise stated, the hard and soft projectile data was grouped.  Backside straight crack lengths are plotted as a function on energy for all three specimen thicknesses in Fig. 10.  The thin and medium thickness specimens exhibited similar crack resistance for the low and medium energies but the backside straight crack length increased substantially for the thin specimens impacted at high energies.  These specimens were either blow-outs or near blow-outs and the crack length was measured up to the circumferential crack (Fig.8).  The thick specimens exhibited improved impact resistance at all energy levels.





A comparison between Phase I and Phase II DOE is shown in Fig. 11, with the backside straight crack length plotted as a function of energy for all three thicknesses.  The large and small projectiles resulted in similar damage at equivalent energies for the medium and thick specimens.  However, blow-outs tended to occur on the thin specimens impacted with the small projectiles.  This may be due to the reduced area being impacted compared to the  large projectiles.  Temperature had no effect on the backside straight crack length for both hard and soft projectiles impacted at the medium energy (Fig. 12).  Projectile hardness showed some tendency to be important for the front total crack length but needs substantiated.  





Specimen variability and an imprecise fit between the small projectile and the gun barrel resulted in some variation in the location of impact from the specimen edge (x).  Variation in x could potentially result in large variations in cracking degree and ultimately fatigue life.  X was measured for every impact in Phase I and II and the aim accuracy was found to be better for the large projectiles (Fig. 13).  The side experiment data was used to examine the effect of x on crack length, Figures 14 and 15.  There was possibly an effect of x on the front total cracks at 23 (C but this needs to be substantiated.  The backside straight crack length was independent of x distance.  





A summary of the preliminary results of the Phase II DOE models are shown in Fig. 16.  Of the main variables, energy, thickness, hardness, and x distance, energy was the most important for all crack types.  Thickness was more important for the backside crack types but also had some significance for the front crack types.  Hardness did appear in the models but an opposite than expected effect was observed for the backside crack types, i.e. soft projectiles resulted in increased cracking.  Hardness had a small effect on the front total cracks.  X distance was generally modeled only as an interactive effect.  For example, x was more important to backside straight crack length when the specimens were thin.  Energy and x were also interactive for the backside straight crack length, energy had a larger effect when the projectiles were shot close to the specimen edge.  Several quadratic terms (E2, t2, and x2) were in the various models and resulted a curvilinear effect.  The various models resulted in R2’s ranging from 86 to 89.  An R2 of 93% could be achieved by square root transforming the data but resulted in difficulty plotting the data.  





Conclusions





The experimental impact conditions chosen produced a spectrum of damage from minor denting to major cracking.  The actual damage tolerable for LPT blade application will be determined by a combination of fatigue testing and consideration of actual engine conditions.  In terms of the results of this study, LPT blades should be as thick as possible for improved impact resistance.  With thickness held constant, the initial selection of impact variables can be down-selected to energy for the follow-on fatigue study.  Some variation in aim can be tolerated, especially with the thick specimens.
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