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ABSTRACT

The influence on fatigue life of sub-surface non-metallic inclusions has been studied in
Waspaloy at 650°C under both load and effective strain control at a strain ratio of R=0.1. The
specimens were shot peened to represent the component condition and to suppress free
surface initiation. When compared with defect-free material in terms of total strain range, the
presence of the defects reduced average cyclic lives by an order of magnitude. Use of a
strain-life based model incorporating a mean stress effect, e.g., the Smith, Watson and
Topper approach, could be used for life prediction, but this would require a large data base
and/or large reserve factor on life. Alternatively, the use of the initial defect cluster size and
LEFM shows a reasonable correlation in terms of the effective stress intensity range (AKey)
and life, suggesting that confident safe life prediction requires the quantification of defect
behaviour in terms of crack development and growth from the defects.
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INTRODUCTION

The turbine disc is one of the most safety critical components in a gas turbine aero-engine
(Jenkins and Pickard, 1989). If sub-surface defects are detected in a disc the whole batch
may be scrapped, because of lack of understanding of their fatigue and fracture behaviour
which can be strongly affected by defects (Denda et al, 1992).

Sub-surface defects, giving non-destructive testing (NDT) indications may be obtained in
forged nickel-based alloy discs due to chemical heterogeneity known as "white spot"
(Mitchell, 1986), ceramic inclusions and cracked inclusions. Such sub-surface defects may
grow by fatigue or fatigue-creep at operating temperatures before the initiation of surface
cracks when the disc surface has been shot peened and is under residual compressive stress
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(Webster and Cunningham, 1993). The size, shape, orientation and distance below the
surface of NDT indications will vary, influencing their fatigue crack growth (FCG)
behaviour and the cyclic life (V).

The aim of this study was to understand and model how sub-surface defects affect the fatigue
life of gas turbine discs. The initial hypothesis was that for a given stress/strain intensity
level, above the threshold for fatigue crack growth, defects would crack during the first
loading cycle and thereafter the fatigue cyclic life (V) would be entirely made up of crack
propagation life, which could be characterised and modeled using fracture mechanics. This
paper presents the results of the first part of the study, involving a strain-life comparison of
defect-containing and plain specimens of Waspaloy at 650°C, together with a preliminary
LEFM crack growth threshold assessment using AKy, for the initial defects.

MATERIAL DETAILS

The material studied was Waspaloy, with nominal composition of (wt%) 19 Cr, 13.5 Co,
4.25 Mo, 3 Ti, 1.25 Al, balance Ni. The nominal mechanical properties are given in Table 1.

Table 1. Mechanical Properties of Waspaloy at Room Temperature and 650°C

Mechanical Properties RT* 650°C
Ultimate tensile strength 1,310 MPa 1,127 MPa
0.2% proof stress 927 MPa 809 MPa
Elongation 23% 21%
Reduction in area 25% 30%

Tensile push-pull specimens, 12x12 mm square in cross-section, were machined from disc
forgings to include actual sub-surface defect indications detected by ultrasonic monitoring,
approximately 0.5 mm below the surface, together with control defect-free samples. The
specimen surfaces were shot-peened to represent the actual component condition and to
inhibit free initiation at the surface.

EXPERIMENTAL DETAILS

All tests were conducted on an Instron 6027 twin screw electro-mechanical fatigue machine
at 650°C and 0.25 Hz (trapezoidal) frequency in air under load and effective strain control, at
a strain ratio of 0.1. Control monitoring of strain was achieved using an Instron quartz rod
extensometer. Normally this is used with pointed conical end rods located on the specimen
surface at surface indentations. However, for the shot peened surfaces, the indents were
found to act as stress raisers and initiate cracks at these locations. An alternative method,
without specimen indents, was developed to achieve effective strain control, using position
control of the machine cross-head and a position-strain calibration. Throughout tests the
actual strain range was monitored using wedge-end rods located on the specimen surfaces.
No strain ratcheting was observed for the total strain ranges (Ag,) studied, up to 0.8%. A
total of 10 defect containing specimens and 12 control (defect-free) specimens were tested to
failure at Ag, values between 03 and 0.8% to produce a strain-life fatigue curve for both
conditions.
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RESULTS
Strain-Life Analysis
A plot of strain amplitude (g, = -A%) versus cycles to failure (&) is shown in Fig. 1.

Ihis shows a significant reduction in cyclic life for the defect indication specimens, apart
from the three run-out results (arrowed) which are discussed in detail later. It should be noted
that all the tests carried out were under all tensile strain conditions i.e. at a strain ratio of 0.1,
with a tensile mean strain and stress, and that the simple basis for comparison used in Fig.1
needs modification.

['he initial analysis involved the plotting of strain amplitude against the number of reversals
1o failure on logarithmic scales (Manson-Coffin, 1962). The material constants c}, s}, b and
. are obtained from the intercept and the slope of the lines fitted through the data by
regression analysis. In the absence of creep deformation the total strain amplitude consists
only of time independent elastic and plastic strain amplitudes. Thus for a material showing
straight "elastic" and "plastic" lines, the strain-life relationship may be represented by an
cquation of the form:

é:—' = %(ZNf)b-FS}(sz)C -------- D)

in order to estimate the constants in equation (1), the fatigue strength coefficient, cy}, was
sssumed to be equal to the true fracture stress of the material under monotonic tensile
loading, and the fatigue ductility coefficient, ¢, was assumed to approximate to the
clongation value to failure. This gives

S 6.57 x 103N 0% +0.212Np 7"

which is compared with the test data in terms of strain amplitude (€. = %) and reversals
(2N)) to failure, in Fig. 2. This shows a reasonable correlation with the control specimen
failure lives.

When non-zero levels of mean stress are employed the strain-life behaviour may be
correlated using the correction according to Morrow (1968), replacing the term 0'_/, in the
strain life relationship with(c}—c,,,), where ©,, is the mean stress. A problem is that each
different o, values genérates a different strain life curve. The alternative
Smith-Watson-Topper relationship (1970) generates a common curve allowing for different
o, values. Here the parameter \/Gma€oE is plotted versus cycles to failure on log-log scales
and collapses the data for different levels of mean stress onto a common curve, as shown in
Fig. 2. The defect indication specimens which failed show reduced cyclic lives by up to an
order of magnitude.

Analysis of Defect Indications

I'hree methods were employed to establish the nature of the defect indications in the test
specimens; scanning electron microscopy (SEM) and energy dispersive X-ray analysis
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(EDS) on fracture surfaces and optical microscopy of polished sections. The NDT
indications were found to be due to non-metallic inclusions, with compositions consistent
with aluminium and titanium oxides.

An example of a failed defect containing specimen is shown macroscopically in Fig. 3 and in
micro-section in Fig. 4. Fatigue cracking was found to have initiated from a cluster of
inclusions, and propagated in a trans-granular mode showing typical ductile striations away
{rom the initiation site. The defect specimens giving run out results (arrowed, Fig. 1 & 2)
were found to contain only very small clusters of inclusions with dimensions of the order of
0.04 to 0.20 mm. As shown below, even if these defects were taken to be crack-like, their
stress intensity range AK based on initial size and tensile stress range was below the
threshold for crack growth.

I'hreshold For Fatigue Crack Growth

Optical microscopic examination showed that the initial defect indications were due to
clusters of inclusions e.g. see Fig. 4. Values of effective stress intensity range (AK .¢) based
on (i) the initial individual largest defect and (ii) the overall cluster group depth, using the
(ensile stress range were calculated using the K solution for elliptical cracks due to
Pickard,(1986). The values of AK,y versus cyclic life are plotted for the individual largest
inclusions in Fig. 5 and for the inclusion clusters in Fig. 6.

Table 2. Estimated Defect Size and the Values of Effective Stress Intensity Range,AKeff

Inclusions Size (mm) No. of Cyclesto  AK.y ( MPa/m ) for Inclusions
Individual Inclusion Group of Inclusions Failure Individual Inclusion ~ Group of Inclusions
0.02 0.69 51,550 3.67 21.05
0.375 0.375 5,971 22.65 22.65
0.02 0.2 21,552 4.34 13.72
0.01 0.22 337,752* 2.26 3.7
0.01 0.137 12,417 3.05 8.97
0.05 10.05 42,205 4.58 4.58
0.00002 0.389 11,180 0.13 18.65
0.00002 0.1 213,462* 0.12 7.24
0.003 0.04 157,309* 1.64 6
0.04 0.04 43,820 6.56 6.56

(* Failed away from the defect)

The results are compared with the long crack threshold (AK) data of Taghani (1989) for
Waspaloy at 600°C (650°C data was not available) at stress ratios between 0.1 and 0.9. It can
be seen that all but one of the AK.; results based on individual inclusions (Fig. 5) show
failure below the long crack AKy, for R=0.1 at 10.4 MPa /m and all but two failed below
the R=0.9 threshold of 4.6 MPa/m . However, based on inclusion group size (Fig. 6), a
better correlation with the long crack threshold is obtained, particularily if the value of AK
at R=0.9 is taken to be the effective AKy;, i.e. closure free, and the better indicator of the
threshold for a short crack.
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CONCLUSIONS

Fatigue endurance studies have been carried out on Waspaloy at 650°C and 0.25 Hz under
load and effective strain control on plane and defect indication specimens with a shot peened
surface, to establish the influence of inherent material defects on fatigue life.

In terms of strain life behaviour, the presence of such defect indications is shown to shorten
average fatigue lives by about an order of magnitude.

The defect indications were found to be clusters of aluminium and titanium rich oxide
inclusions which may act as crack initiation sites, dependent on group size and density.

The use of initial defect cluster size and tensile stress range gives a reasonable AX effective
versus life correlation, which compares well with the high stress ratio (closure free) threshold
for the alloy.

Further study is required to quantity defect nature and behaviour in terms of crack
development and propagation in order to establish a fracture mechanics based approach for
safe-life prediction.
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