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ABSTRACT 

The paper presents preliminary results obtained at 725"C, and some comparisons with the data generated at 
650°C. The tests were carried out at R=O.l and with several frequencies and wave shapes, in order to study 
the effect of fiequency and dwell time on the FCGR. The appropriate dddt and dddN; AIS plots were 
obtained, and both the macro and the micromechanisms of failure were studied, using metallographic and 
SEM observations. 

Some peculiarities were detected in the crack initiation and propagation behaviour of this material, 
specially at 725"C, such as non-uniform crack fronts and crack deviation from the main fracture plane in 
mode I conditions. Results of a preliminary analysis of these phenomena are presented, in an attempt to 
define more accurate and appropriate parameters and mechanisms to correlate the fatigue and creep crack 
growth. It is possible that both the processing conditions and the residual stress pattern could be the main 
factors for this crack propagation behaviour. 

INTRODUCTION 

The nickel base superalloys are still the most commonly applied materials for turbine discs in gas turbines 
used for aircraft and ship propulsion, and also in some types of industrial gas turbines for the production of 
electrical power. In these applications, the creep fatigue behaviour of the alloy is crucial for the selection 
of the parameters in service, like stress, rotational speed, temperature and surface resistance to erosion and 
hot corrosion. 

For turbine discs, which is the main application covered in this work, conventionally cast and powder 
metallurgy alloys are used (1, 2). 

Powder disc superalloys have higher static strength than conventional disc materials, and are, today, the 
most advanced nickel-base superalloys used in turbine discs (3,4). The new generation of PM alloys, such 
as Udimet 720 Li (4, 5) ,  can give satisfactory performances, thus allowing an increase of stresses and 
temperatures. In PM superalloys, for example, it is possible to work with temperatures in the region of 
7OO0C, without a significant loss of creep strength. 



Udimet 720 Li is characteristic of the more recent very high strength PM alloys (3, 6). Typical heat 
treatment involves a solution treatment, followed by an oil quench and 2 ageing treatments. The oil 
quench, after the solution treatment, is necessary to meet tensile strength requirements for engine 
overspeed regulations. The quench prevents large y’ precipitates forming during initial cooling, and the 
subsequent duplex ageing achieves a uniform dispersion of intermediate sized y’, with a very fine y” (2). 

A detailed study was carried out on the fatigue crack growth behaviour of this alloy at 650°C (5, 6), which 
is apparently different from the one studied in other CC superalloys like IN71 8 and Waspalloy (7, 8). 

In (9), a review is given on the frequency transition behaviour of these materials, emphasising the role also 
played by the microstructure (grain size, precipitates, etc.). 

The present paper gives fatigue and creep crack growth data obtained in CT specimens of PM Udimet 720 
Li alloy, tested at 650 and, mainly, at 725°C. Results are also presented of the failure mechanisms 
observed with the SEM. The main objective of the study is to assess the influence of temperature and 
frequency on CGR. 

EXPERIMENTAL DETAILS 

The PM nickel base superalloy Udimet 720 Li is a fine grain material with an average grain size of 7pm, 
resulting from the manufacturing process of HIP, followed by extrusion of the powder. The microstructure 
shows an approximate percentage of 18% of the y’ phase, with a small quantity of carbo-nitride inclusions. 
The heat treatment consisted on a 4 hours soak at 1080-1 100°C, followed by oil quench up to 650°C during 
24 hours and subsequent air cooling up to room temperature. Finally, an ageing treatment of 16 hours at 
650°C was applied, followed by air cooling up to room temperature. The chemical composition and the 
mechanical properties of the material are given in Table 1 a) and b). 

TABLE 1 
A) CHEMICAL COMPOSITION OF THE PM NICKEL BASE SUPERALLOY UDIMET 720 L1 

B) MECHANICAL PROPERTIES (TENSILE TESTS) 

A) C B Fe W Zr CO A1 Ti MO Cr Ni 
59.3 <0.1 0.022 0.072 1.7 0.035 14.5 2.6 5.1 3.2 16.2 

Temperature GUTS ( m a )  

200 1160 1590 
400 1200 1560 
500 

1490 1120 600 
1550 1150 

00.2 - Proof stress at 0.2% strain. OUTS -Ultimate tensile stress. 

The fatigue and creep crack growth tests were carried out in a servohydraulic test machine with maximum 
load capacity o f t  1OOkN. CT specimens of the ASTM type were used, and these were machined from a 
service turbine disc. The specimen dimensions were standard 13 x 26mm (Thickness B x Width). An 
initial notch, obtained by friction cutting, was provided in each specimen with a crack depth, as6.5mm, 
giving an initial d w  ratio of 0.25. 



The fatigue cycles were sinusoidal, with stress ratio, R=O.l and frequencies of 0.25 and 5Hz. A test series 
was carried out with a trapezoidal load wave also with 0.25Hz frequency, but with 1 sec. ramp loading, l 
sec. ramp unloading, 1 sec. at maximum loading and 1 sec. at zero load. The creep tests were performed at 
the same maximum loads of the fatigue tests. Crack growth was monitored with a pulsed DC potential 
drop system, directly linked to the software of the testing machine. Calibration curves, crack area and 
crack length against the voltage drop were obtained by crack marking in the fracture surfaces of the 
specimens, after the tests. Linear relationships were obtained for the calibration. 

Pre-cracking from the notch tip was carried out at room temperature, prior to the high temperature tests , 
and the crack was allowed to grow 1- 1 Smm fiom the root of the notch, so that its tip could be outride the 
plastic zone around the notch. 

Fracture surfaces of selected specimens were observed with the SEM to compare the cracking mechanisms 
for the different frequencies and temperatures. A conventional metallographic analysis of the crack 
propagation process is in progress. 

RESULTS AND DISCUSSION 

Crack propagation relationships, dddN against the range of the stress intensity factor, AK, were obtained 
using appropriate curve fitting techniques to the raw crack length, a, and number of cycles, N, data 
obtained for each specimen. The individual values of C and m of the Paris law relationship are given in 
Table 2. Indicated also are the global obtained values of C and m, combining together all the dddN; AK 
data for a specific test condition (temperature and frequency). In Table 2, r2 are the values of the 
correlation coefficient of the linear regression of the results, and A& is an approach to the threshold stress 
intensity factor obtained by extrapolation of the dddN; AK correlation to a very low value of 
da/dN= 1 O-'mm/cycle. 

Plastic zone size values, rp, for plane stress and plane strain conditions were calculated, using the LEFM 
relation, r,=~t(AKloo.2)~, with a=l/6x for plane strain and 1/2x for plane stress. These rp results are 
presented in Table 3 for AK values of 30 and 60 MPam'/2. The values of (30.2 were obtained by curve 
fitting the tensile data given in Table 1 b). 

TABLE 2 
VALUES OF c ,  m AND EXTRAPOLATED A& OF PARIS LAW. R=o. 1. 

PM NICKEL BASE SUPERALLOY UDIMET 720 LI. 

1888/2 
0.973 2.1 1 2.32 l .77xlO-'O 5 650 Global 

---- ----- 5 650 ---- ---- 

1893/1 725 
---- ---- ---- 0.25 650 1 899/2 

0.956 2.20 2.67 1.21x10-'0 5 
~ ~~ 

---- 

1891/1 
0.891 3.40 3.35 1.65x10-" 0.25 650 Global 
---- ---- ---- ---- 0.25 650 

J 

189411 
0.966 1.47 3.29 2.79~10"" 0.25 T 725 189312 
0.83 4.5 l 4.15 1 .93x1O-l2 0.25 T 650 



TABLE 3 
VALUES OF THE PLASTIC ZONE SIZE, rp. R=o. 1. PM NICKELBASE SUPERALLOY UDIMET 720 LI. 

("C) rw (mm) rW (mm) AK 
20 0.0326 0.0978 30 

I 20 60 0.391 I 0.130 I rpo - plane stress 
650 

0.0444 0.133 30 725 
rpE - plane strain 0.165 0.494 60 650 

0.0412 0.1235 30 

725 0.532 I 0.178 I 60 

It is expected that plane stress conditions will be predominant at the surface, while on the inside crack 
propagation will be mainly under plane strain. 

Fig, 1 is a plot of the dddN; AK data for 5Hz at room temperature, 650 and 725"C, together with the global 
correlations for C and m given in Table 2. The present data is compared with data available in the 
literature for a similar alloy (5,6), and very good agreement was found. 
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Fig. 1:dddN vs. AK. CT specimens. R=0.1. f 3Hz .  Room temperature, 650 and 725°C. PM nickel base 
superalloy Udimet 720 Li. 

There is a slight increase in dddN when the temperature is raised fiom 20 to 650°C. The increase in 
temperature from 650 to 725°C gives a three fold increase in crack growth rate, which is essentially due to 
the increase of the exponent m fiom 650 to 725°C. 

For the fiequency of 0.25Hz (sinusoidal and trapezoidal), the results of dddN; AK are shown in Fig. 2, 
both for 650 and 725°C. The change in load wave from sinusoidal to trapezoidal has only caused a minor 
increase in dddN for the trapezoidal wave, which should be attributed to the fact that in the trapezoidal 
wave there is a small dwell time of 1 sec. at maximum load, inducing greater fatigue damage. In the 
sinusoidal wave the time interval close to the maximum load is smaller. 
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Fig. 2: dddN vs. AK. CT specimens. R=O. 1. +0.25Hz, sinusoidal and trapezoidal. 650 and 725°C. 
PM nickel base superalloy Udimet 720 Li. 

The trend of the results in Fig. 2 indicates that, for the frequency of 0.25Hz, the increase in temperature 
from 650 to 725°C gives a higher increase in crack speed than the fkequency of 5Hz (Fig. 1). Thus, for the 
frequency of 0.25Hz there is an increase of near one order of magnitude in crack growth rate for the 
increase in temperature from 650 to 725°C. 

The fracture surface transition form room temperature to 725°C is depicted in Fig. 3. In the lower region 
(room temperature) the failure mode is mainly transgranular, and the striations are visible. For 725°C 
(upper region) the cracking mechanism is mixed, although predominantly intergranular with extensive 
grain boundary cracking. Some bands of striations are visible, induced by cyclic crack plasticity, which is 
greater than at room temperature, since the plastic zone size is also greater (RT at 725"C), significantly 
above the grain size of the material (Table 3). At 725"C, intergranular cracking is favoured by increased 
oxidation and diffusion, providing an easier path for the propagation of the crack. 

Fig. 3: Fracture surface in the transition from room temperature to 725°C. a=8 mm. e0.25Hz trapezoidal. 
R=O. 1. Magnification 1 K. PM nickel base superalloy Udimet 720 Li. 



In the creep test, no incubation time type behaviour was observed, contrary to what was found in previous 
work published on IN71 8 (10). The crack propagated in a continuous manner, although with a curved 
shape inflecting towards the loading (mode I axis) under mixed mode I and 11 propagation, with mode I1 
increasing with the crack length. Apparently, this cracking behaviour may occur in creep of nickel base 
superalloys, and has been briefly mentioned in the literature (1 1). Using a 3D scanner facility, the 
geometry and area of the curved crack was obtained and, fiom this, an equivalent crack length , aeq, of a 
planar crack with the same area, A, as the curved crack and under mode I was obtained. Hence, A=aeqB, 
where B is the specimen thickness. 

For curved cracks under mode I loading, the stress intensity factors can be related by the equation (9) 

30  KIP =COS -KIn 
2 

where the first member is the local component of K, at the crack tip for the curved crack, with a tangent 
angle, 8, with the direction normal to the loading axis, and K I n  is the nominal stress intensity factor for the 
straight crack with the same projected length, a. When 8=0 (straight crack under pure mode I), KII=Kln. 

Note that as 8 decreases, KII increases and approaches Kin, i.e. the local K at the tip of a curved crack is 
below the nominal K for a straight crack with the same crack length under mode I crack propagation. 
Values of 8 were measured in the creep cracks, and these were found to vary between 0" and 50°, 
approximately, as the rack length increased, and also the crack deflection. 

For creep, both KII and KIn are the K values for the maximum static load in the specimen. 

The plot dddt against Km,, is shown in Fig. 4. The correlations obtained for K11 and KI, were: 

= 3.69~10- K,, 9 5.91 

dt 

= 4.79x10-, K::8 
dt 

where a1 is the projected length of the curved crack under mode I, i.e. al=a+x8. 

It is seen that, for the same crack speed, K11 is lower than Krn, and this variation is increasing as KIn is 
increasing, reflecting the increase of the angle 8 as the crack grows. Additional work is in progress to 
analyse alternative parameters to correlate creep crack growth in curved cracks. 

In Fig. 4 are also plotted the dddN converted to dddt values of the plots in Figs. 1 and 2. The results show 
that, for the same Km,, value, dddt increases when the fiequency is decreasing, and the maximum value is 
reached in the creep loading. 

The morphology of fatigue fiacture surfaces obtained at 725°C can be analysed in Figs. 5 a), b). There is a 
very strong intergranular aspect, and the grain boundaries are defined in detail, specially at 0.25Hz since, 
for this fiequency, transgranular cracking zones are very limited. For 5Hz, some striation bands can be 
spotted in scattered grains, since the plastic zone sizes are significantly greater than the grain size. The 
fi-acture mode for this frequency can thus be classified as mixed, although the intergranular mode is 
predominant. Previous work carried out at 650°C has shown essentially a mixed failure mode, with similar 
contributions of intergranular and transgranular cracking (5, 6). At 725°C the intergranular trend is 
strongly dominant, specially at the lower fiequency of 0.25Hz, where the combined effects of oxidation 
and time are reflected by the extensive oxidation products and secondary cracking along the grain 
boundaries. Some minor void formations can also be detected at 0.25Hz, suggesting that some creep 
contributions can be expected. 



Fig. 4: dddt against K,,, for creep and fatigue. 650°C. PM nickel base superalloy Udimet 720Li 

Fig. 5: SEM fracture surfaces of Udimet 720Li. a) 5Hz. b) 0.25Hz. . 
Magnification 3K PM nickel base superalloy Udimet 720Li. 725°C. 

Fig. 6 depicts the fracture surface of a creep specimen tested at 650°C. The fracture mode is intergranular, 
with extensive void formation and coalescence. There are no signs of extensive oxidation products since, 
in this specimen, the testing time was reduced (short life creep), mainly due to the very high crack 
propagation speed. Grain boundary sliding is minor also, as a result of a combination of the small time 
involved in the test, high stresses and, probably, little creep ductility. The roughness of the fracture surface 
is higher than in the fatigue specimens (Fig. 5 and references 9, lo)), due to the intergranular fracture mode 
with a fast crack propagation along the grain boundaries induced by microvoid coalescence. More work 
will continue on the creep study for higher temperatures and different levels of K. The use of the C* 
parameter will also be taken into account (1 0, 1 1). 

Fig. 6: SEM fracture surface of a creep specimen. PM nickel base super 
K=30 Mpam’” Magnification 2K 

mal lo ~y Udimet 720Li. 650°C. 



CONCLUSIONS 

- FCGR at 725°C is higher than at 650°C and at room temperature, both for the frequencies of 0.25 and 

- The fiequency effect on the FCGR seems to be predominant over the temperature effect. 
- At RT and 65OoC, the main failure mode observed in FCG is mixed. At 725”C, the failure mode is 

essentially intergranular, specially at 0.25Hz. 
- Curved cracking was obtained in creep with an increasing deflection of the crack fiom the mode I 

propagation, as the crack length and the range of the stress intensity factor increased. Crack speed was 
correlated with the local value of the stress intensity factor for the curved crack. 

- Creep cracking at 650°C was intergranular, induced by microvoid coalescence, and CCGR was higher 
that the equivalent dddt values obtained in the fatigue loading at 5 and 0.25Hz. 

5Hz. 
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