200205

Kffect of Shot Peening on Fatigue Performance of Gamma
Titanium Aluminides

Janmy Lindemann D Dan Roth—F‘agamsealmz) and Lothar Wagner])

1 Chair of Physical Metallurgy and Materials Technology, Technical University of Brandenburg at Cottbus, Cott-
bus, Germany )

2 Rolls-Royce Deutschland, Dahlewitz, Germany

1 Introduction

Gamma titanium aluminides are attractive candidates for application as blade material in the
high-pressure part of the compressor of gas turbines. Compared to the yield stress values at both
room temperature and the typical service temperature of 650 °C, the 107 cycles fatigue strengths
at these temperatures are extraordinarily high, particularly if related to the material’s density
being only half that of the commonly used Ni-superalloys [1, 2]. To further improve the fatigue
performance of y(TiAl), mechanical surface treatments such as shot peening or roller-burnis-
hing can be utilized. These treatments induce high dislocation densities owing to plastic defor-
mation in near-surface regions, change the surface topography and generate residual
compressive stresses. While the effect of process parameters of mechanical surface treatments
on fatigue in structural steels, aluminum and conventional titanium alloys was often studied, no
such information is available for gamma titanium aluminides. The present work is part of a pro-

ject which was undertaken to determine potential improvements in room and elevated tempera-

ture applications of y(TiAl) by shot peening.

2 Experimental

The y(TiAl) base ingot with the chemical composition Ti-47Al-3.7(Nb, Cr, Mn, S1)-0.5B was
received from Duriron (USA). The material was hipped, extruded and forged to turbine blades.
After forging, the turbine blades were heat treated to achieve fully lamellar microstructures.
Specimens for mechanical tests were machined from the turbine blade forgings with the load
axis in longitudinal blade direction (L) as indicated in Figure 1.

Tensile tests were performed on electropolished specimens having a gage length of 20 mm
and a gage diameter of 4 mm. The initial strain rate was 8.3 x 1074 57! . Compression lests were
done on Lylllldl](,dl sppumcns with a length of 8§ mm and a diameter of 4 mm. The initial strain

rate was 2.1 x 1077 §7', Fatigue tests were performed on hourglass shaped specimens with a

gage diameter of 2.5 mm in rotating beam loading (R = ~1). Some tests were also done on cy-
lmu ical circumferentially notched specimens having a notch fdc.t(n I, =1.7. The specimen geo-
metries Tor the various mechanical tests are illustrated in Figure

Shot peening was performed by means of an injector type system using spherical zirconia ba-
sed ceramic shot with an average diameter of 0.5 mm. The Almen intensity was varied from
0.08 to 0.40 mmN. All peening was done to full coverage.
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Figure 1: Turbine blade forging Figure 2: Specimen geometries for mechanical testing

The change in surface layer properties was characterized using profilometry, microhardness
and residual stress-depth profile measurements by means of the incremental hole drilling me-
thod [3]. The diameter of the drill was 1.7 mm. The oscillating drill was driven by an air turbine
with a rotational speed of about 200.000 rpm. The shot peening induced strains in the surface
layer were measured with strain gage rosettes at drilled depths of about every 20 pm. The resi-
dual stresses at each depth were calculated from the measured strain gage response using a
Young’s modulus of 170 GPa.

The fatigue results after shot peening were compared with the electrolytically polished refe-
rence. At least, 50 um were removed from the machined surface to make sure that any machi-
ning effect that could mask the results was absent.

The thermal stability of the shot peening-induced microhardness and residual stress protfiles
at an anticipated application temperature of 650 °C was determined by comparing measure-
ments before and after an anncaling treatment at this temperature for 50 hours which corre-
sponds to the exposure time for run-outs (1 0’ cycles at 60 Hz).

3 Results and Discussion

The typical microstructure within the blade section of the forgings (Fig. 1) is shown in Figure 3.
As seen by optical microscopy, the microstructure is fully lamellar with a packet size of about
150-200 wm. The monotonic stress-strain curves of the material are plotted in Figure 4 compa-
ring the differences in mechanical behavior between tensile and compressive loading, The
0.2 % vield stress in compression (380 MPa) is significantly higher than the corresponding va-
luc in tension (440 MPa). The apparently lower yield stress in tension might be the result of ear-
ly crack nucleation and propagation which is also indicated by the low tensile ductility of only
about 1 %. On the other hand, the stress-strain relationship in compression illustrates the mar-
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ked work-hardening capacity of the material which obviously can not be seen in tensile loading
due to premature failure,
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Figure 3: Microstructure of y(TiAl) Figure 4: Stress strain curves

The S-N carves of smooth (&, = 1.0) and notched (k, = 1.7) specimens of the electropolished
reference are shown in Figure 5. Note that the geometrical notch factor of 1.7 reduces the
smooth fatigue strength (5350 MPa) by only about 10 % to 500 MPa. Thus, the maximum notch
root stress o, -k, at 10’ cycles (850 MPa) is by far higher than the smooth (k, = 1.0) fatigue
strength (550 MPa). This result was also found in the literature [4, S| and is in contrast to pre-
vious results on (o+f) titanium alloys, where the geometrical notch factor &, fully (100 %) at-

fected tatigue strength.
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Figure 5: S-N curves in rotating beam Figure 6: Fatigue life (o, = 700 MPa) vs. Almen
loading (R = ~1), EP intensity

The effect of Almen intensity on the fatigue life of smooth (k = 1.0) specimens in rotating
beam loading (R = ~1) at a stress amplitude of 700 MPa is plotted in Fig. 6. Starting with the
electrolytically polished reference, the fatigue life drastically increases by more than two orders
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of magnitude, No overpeening effect was found within the range of Almen intensities utilized.
Further fatigue testing was done only with specimens shot peened to an Almen intensity of 0.40
mmN.

Shot peening clearly increases surface roughness compared to the electrolytically polished
reference (Fig. 7). Due to the process-induced plastic deformation, the microhardness in near-
surface regions significantly increases to a maximum value at the surface which is higher than
twice the value of the unalfected material in the bulk (Fig. 8). This again illustrates the extraor-
dinarily high work-hardening capacity of the y(TiAl) material (compare Fig. 8 with Fig. 4). For
the given Almen intensity of 0.40 mmN, the process-induced depth of plastic deformation is
roughly 300 pm. The residual stress-depth profile as measured by the incremental hole drilling
method is plotted in Figure 9 indicaling residual compressive stresses in near-surface regions.
The maximum value of about —800 MPa was found at the surface followed by a gradual decrea-
se within the plastically deformed surface layer (compare Fig. 9 with Fig. 8).
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Figure 7: Surface roughness profiles Figure 8: Microhurdness profile after shot peening
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Figure 9: Residual stress profile after shot Figure 9: Residual stress profile after shot peening
peening (0.40 mmN) (0,40 mmN)

The resulting S-N curve for simooth (k, = 1.0) specimens is shown in Figure 10 comparing the
fatigue performance between this shot peened condition and the electropolished reference. As
seen in Figure 10, the 1o’ cycles fatigue strength of the electropolished condition (550 MPa)
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mcreases after shol peening to 675 MPa. This fatigue strength improvement by roughly 23 % is si-
gnificantly higher than those previously determined on shot peened (o+f) titanium alloys such
as T1-6A1-4V [6, 7] and near-o titanium alloys such as TIMETAL 1100 [§]. Presumably, the
shot peening-induced residual compressive stresses in y(TiAl) are cyclically quite stable and
thus, can significantly suppress microcrack growth from the surface to the specimen interior.

As seen in Figure 11, the fatigue crack nucleation site shifts from the surface of the speci-
mens to regions below the surface after shot peening. This shift in crack nucleation site in shot
peened specimens is frequently found and is the result of an effective suppression of microcrack
growth from the surface to the interior by residual compressive stresses. The resistance to sub-
surface fatigue crack nucleation depends on the amount and cyclic stability of residual tensile
stresses which balance the outer compressive stress field, the mean stress sensitivity of the ma-
terial and the materials fatigue strength in vacuum.

The S-N curves of the notched (k, = 1.7) specimens comparing the shot peened with the elec-
tropolished condition are shown in Figure 12. The fatigue strength increases from 500 to 630
MPa, i.e., by roughly 26 %, a value only marginally greater than observed on smooth specimens
(23 %). Again, this result indicates little notch sensitivity of the HCF strength of y(TiAl).
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Figure 11: Fatigue crack nucleation site in [Figure 12: S-N curves (R =-1) of notched

smooth shot peened specimens specimens

Although no elevated temperature fatigue tests were done in this investigation, a few critical
tests were performed which may shed some light on the material’s response to shot peening in
fatigue at 650 °C. The effect of an annealing treatment at 650 °C for 50 hours on the shot pee-
ning induced microhardness in the surface layer is shown in Fig. 13.

Compared to the as-peened condition, there is only a slight decrease in microhardness which
indicates that the shot peening-induced high dislocation density is quite stable at 650 °C. On the
contrary, the process-induced residual compressive stresses exhibit a marked decay by the same
treatment (Fig. 14). Obviously, creep deformation at 650 °C can transform most of the near-sur-
face elastic strains to plastic strains, thus leading to a marked residual stress relief.

Not surprisingly, this annealing treatment at 650 °C for 50 hours significantly deteriorates fa-
tigue performance of shot peened specimens as seen in Figs. 15 and 16. Since both conditions
SP and SP + A have a rough surface which contains microcracks, the fatigue strengths are crack
propagation controlled. Owing to the residual stress decay in the annealed condition, the thres-
hold value for microcrack growth AKy, decreases which reduces the fatigue strength particular-
ly, for notched specimens (Fig. 16).
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Figure 13: Microhardness profile (0.40 mmN),
effect of annealing
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Figure 15: §-N curves (R = -1) of smooth shot

1

ect of annealing
g

peened specimens, ef

Figure 17: Roughness of shot peened and annea-
led conditions, effect of mechanical polishing
(15 pwm removed from as-peened surface)

Residual stress, oz [MPa]

~1000 et

ress amplitude, ¢, [MPa]

¢

S

Stress amplitude, o, [MPa]

200
SP+ A

-200

-400

SP (0.40 mmN)

cabarae iy

-600 4

-800 . f—(

§] 200 400
Distance from surface, z [pm]

Figure 14; Residual stress profile (0.40 mmN)
effect of annealing
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Figure 16: S-N curves (R =-1) of notched shot
peencd specimens, effect of annealing
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However, polishing shot peened and subsequently annealed specimens can not only signifi-
cantly reduce surface roughness (I'ig. 17) but also markedly improve fatigue performance as
seen in Figure [8. For a smooth surface, the fatigue strength is crack nucleation controlled.

Therefore, the work-hardened surface layer which is still present after the anneal (sce
Fig. 13) can increase the resistance to fatigue crack nucleation and thus, improve the fatigue
strength.

Regarding fatigue performance of shot peened y(TiAl) specimens at 7 = 650 °C, it may be
derived from the annealing experiments that the work-hardened surface layer will be beneficial
for improving elevated temperature fatigue strength. However, the peened surface will need po-

lishing to take advantage of the beneficial effect of the high strength of the surface layer on fati-

gue crack nucleation.
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