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Abstract

Recent high-cycle fatigue (HCF) related failures of gas-turbine jet engines have prompted a re-examination of the design
methodologies for HCF-critical components, such as titanium alloy turbine blades. As foreign-object damage (FOD) from
ingested debris is a key concern for HCF-related failures of such blades, the current study is focused on the role of simulated high
velocity FOD in affecting the initiation and early growth of small surface fatigue cracks in a Ti—-6A1-4V alloy, processed for
typical blade applications. It is found that resistance to HCF is markedly reduced, primarily due to earlier fatigue crack initiation.
The mechanistic effect of FOD on such premature fatigue crack initiation and the subsequent crack growth is discussed in terms
of four prominent factors: (i) the presence of small microcracks in the damaged zone; (ii) the stress concentration associated with
the FOD indentation; (iii) the localized presence of tensile residual hoop stresses at the base and rim of the indent sites; and (iv)
microstructural damage from FOD-induced plastic deformation. In view of the in-service conditions, i.e., small crack sizes, high
frequency (> 1 kHz) vibratory loading and (depending on the blade span location) high mean stress levels, a damage-tolerant
design approach, based on the concept of a threshold for no fatigue-crack growth, appears to offer a preferred solution. It is
shown that FOD-initiated cracks that are of a size comparable with microstructural dimensions can propagate at applied
stress-intensity ranges on the order of AK ~ 1 MPa\/ m. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction pending on the severity of impact. In a recent study on
Ti—6A1-4V [5], where such damage was simulated by
high-velocity impacts of steel shot on a flat surface,
FOD was found to markedly reduce the fatigue

strength. It was observed that small microcracks

The increasing incidence of high-cycle fatigue (HCF)-
related titanium alloy fan and compressor blade failures
in military gas-turbine engines, involving (i) foreign-ob-

ject damage; (ii) fretting and (iii) interactions of low
cycle fatigue (LCF) and HCF loading, has instigated a
re-examination of the current Goodman design ap-
proach for HCF [1,2]. Indeed, design against HCF,
based on a damage-tolerant concept of a fatigue-crack
growth threshold for no cracking, would appear to
offer a preferred approach. However, such thresholds
have to reflect representative HCF conditions of high
frequencies, small crack sizes and, depending on the
blade span location, very high mean stress levels [1,2].

Foreign-object damage (FOD), from hard body im-
pacts such as stones, which impact primarily on the fan
blades, can result in immediate blade fracture or dam-
age from stress-raising notches [3,4] or cracks [5], de-
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formed in the damaged region of the highest velocity
impacts (300 m s—!), and provided preferred sites for
premature fatigue crack initiation on subsequent fa-
tigue cycling. In general, these mechanistic effects can
be described in terms of (i) FOD-induced microcracks
in the damage zone, (ii) stress concentration associated
with the FOD-indentation, (iii) localized presence of
impact induced tensile residual hoop stresses at loca-
tions of the preferred sites for crack initiation, and (iv)
microstructural damage from FOD-induced plastic
deformation.

In the present study, we further investigate the effect
of FOD-induced microcracks (~2-10 um) at an im-
pact velocity of 300 m s~ ! in a Ti—6Al1-4V alloy, o+ B
processed for turbine blade applications. Specifically,
the threshold conditions for fatigue crack initiation and
growth of such microcracks are defined and compared
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with the fatigue threshold (AKy ) behavior of natu-
rally-initiated small (2c ~45-1000 pm) and large
through-thickness (>5 mm) cracks in undamaged
material.

2. Experimental procedures

The titanium alloy Ti—6Al-4V under study (chemi-
cal composition Ti—6.30A1-4.19V-0.19Fe—0.190,
wt.%), was from the forgings produced for U.S. Air
Force sponsored programs on High-Cycle Fatigue. Ma-
terial and processing details are given in [5]. The bimo-
dal microstructure is shown in Fig. 1. Uniaxial tensile
tests (performed parallel to the plate length), gave a
yield stress of 915 MPa, UTS of 965 MPa and tensile
elongation of 19%. Foreign-object damage was simu-
lated by firing 3.2 mm Cr-hardened steel spheres, nor-
mally onto a flat specimen surface of uniaxial fatigue

Fig. 2. SEM micrograph of 300 m s~ ! impact crater.

(so-called K3) specimens, at a velocity of 300 m s—!

using a compressed-gas gun facility (see [5]).

The effect of foreign-object damage on the fatigue
behavior was examined using modified Ky specimens
(cross section 3.2 x 52 mm, gauge length 20 mm).
After impact, specimens were subsequently cycled (sinu-
soidal waveform) at nominally maximum stress levels of
225-500 MPa (R = 0,,in/0max = 0.1). Throughout fa-
tigue testing, specimens were periodically removed from
the test frame and the progress of crack initiation and
growth examined in a scanning electron microscope
(SEM).

Approximate local stress intensities for small cracks
at the indentation rim, were calculated from Lukas’
solution [6] for small cracks at notches (which includes
indentation geometry and stress concentration effects),
in terms of the crack depth ¢, indentation radius p,
stress range Ao, and elastic stress-concentration factor
k,=1.2517]:

07k,
1
~/1+45(a/p \/_ &

3. Results and discussion

3.1. Characterization of foreign-object damage

A typical damage site caused by 300 m s ~! impact is
displayed in Fig. 2. Earlier results [5], showed that at
velocities above 250 m s~ !, a pronounced pile-up of
material (Fig. 2) at the crater rim resulted in multiple
micro-notches and microcracking (insert in Fig. 3).
When these microcracks ( ~2-25 um) were favorably
oriented with respect to applied stress axis on subse-
quent fatigue cycling, they were found to provide the
nucleation sites for high-cycle fatigue-crack growth

(Fig. 3).
3.2. Fatigue properties

Stress-life (S-N) data in Fig. 4 clearly show the
detrimental effect of FOD on the fatigue strength.
Specifically, at a far-field maximum stress of 500 MPa
(R=0.1), representing the 107-cycle fatigue limit for
undamaged material, final failure in the damaged mate-
rial occurred at approximately 4-5 x 10* cycles. As
discussed earlier [5], this reduction in fatigue strength
can be considered principally in terms of earlier fatigue
crack initiation due to four prominent factors: (i) FOD-
induced microcracking, (i) stress concentration, (iii)
residual stresses, and (iv) damaged microstructure.

It was found that the location for crack initiation at
impact damaged sites depends strongly on impact ve-
locity. Typically for 300 m s~ ! impacts, FOD-induced
microcracking in the pile-up region of the impact crater
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Fig. 3. SEM micrograph of FOD-induced microcracking at the crater
rim (insert) and subsequent fatigue-crack growth at such microcrack
after 29 000 cycles (0,,,, = 500 MPa, R=0.1).
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Fig. 4. S—N data show reduced fatigue life due to simulated FOD as
compared with smooth-bar specimens [9] in bimodal Ti—6A1-4V. 2¢;
is the surface crack length of FOD-induced microcracks.

rim provides the dominant site for the initiation of
fatigue cracks on subsequent cycling (Fig. 3). For lower
velocity impacts (200 m s~ '), no such microcracking
could be detected; in this instance, surface cracks
tended to form at the base of the indentation site where
the stress concentration was highest [5]. This strongly
implies that low velocity or quasi-static indentations do

not necessarily provide a realistic simulation of FOD.
In addition, tensile residual hoop stresses (estimated in
[8]), the highly deformed microstructure in this region
[5], and the stress-concentration factors (k, ~ 1.25) are
contributing factors.

Fig. 5 shows the fatigue-crack growth rates of FOD
samples as compared with results of naturally-initiated
small cracks (~45-1000 pm) [9], and through-thick-
ness large cracks ( > 5 mm) [2] in undamaged material.
FOD-initiated small-crack growth rates are aligned ap-
proximately between the large-crack data (lower
bound) and naturally-initiated crack data (upper
bound). Typical for the small-crack effect e.g. [10], the
growth rates of the naturally- and FOD-initiated small
cracks are roughly in order of a magnitude faster than
corresponding large-crack results at near-threshold lev-
els. The large-crack threshold of ~ 1.9 MPa\/m at
R=0.95 (where the effect of crack closure is elimi-
nated) is considered to be a definitive lower bound
‘worst-case’ threshold for cracks of dimensions large
compared with the scale of the microstructure, i.e. for
‘continuum-sized’ cracks, as discussed earlier [2]. How-
ever, smallest FOD-initiated cracks ( ~2-25 um), com-
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Fig. 5. Crack-growth rates as a function of applied stress-intensity
range of FOD- and naturally-initiated small cracks and through-
thickness large cracks in bimodal Ti—6Al-4V. Small-cracks were
initiated at o,,,, = 650 MPa (R= —1). [9] Large-crack growth data
for R <0.8 were derived from constant load-ratio tests, whereas for
R > 0.8, constant-K, . /increasing-K, ;. testing was used [2].
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Fig. 6. Crack growth conditions of FOD-induced small-cracks
(da/dN=10"""-10"'" m per cycle) as a function of cyclic stress
range and surface crack length are shown in a modified Kitagawa—
Takahashi diagram.

parable with microstructural size-scales, can propagate
at stress intensities well below this ‘worst-case’
threshold. This is specifically at applied stress intensities
as low as AK~1 MPa\/m, at nominal maximum
stresses from 325 to 500 MPa (R =0.1), presumably
due to biased sampling of the ‘weak links’ in the
microstructure. It is believed that a AK of 1 MPa\/ m is
the lowest stress-intensity range ever measured for
crack growth in Ti—6Al-4V. It should be noted here
that although the FOD-induced residual stresses are
not included in the calculation of K (Eq. (1)), such
stresses do not change the stress-intensity range (AK);
they affect the mean stress and hence, alter the local
load ratio. It is clear that the earlier stated argument
[2,5] for the notion of a high-cycle fatigue threshold,
which was based on the concept of a ‘worst-case’
threshold (determined under R — 1 conditions that min-
imize crack closure), applies strictly for ‘continuum-
sized’ cracks. It does not provide a lower-bound
threshold stress intensity for cracks on the scale of
microstructural dimensions, as in the earliest stages of
FOD-induced fatigue failure.

Coupling the notion of the ‘worst-case’ threshold
stress intensity with the fatigue limit, as in the Kita-
gawa—Takahashi diagram [11], provides an alternative
approach to defining limiting conditions for HCF and
FOD-related damage. Fig. 6 shows the influence of
crack size on the fatigue thresholds in the form of a
modified Kitagawa diagram for crack-growth threshold
conditions of da/dN =10"'""— 101 m per cycle. Ac-
cording to this approach (solid line), the stress range Ao
for crack arrest is defined by the 107-cycle fatigue limit
with the fatigue-crack growth threshold (AK;y) mea-
sured on ‘continuum-sized’ cracks. El Haddad et al. [12]
empirically quantified the threshold conditions by intro-
ducing a constant (intrinsic) crack length 2¢,, such that
the stress intensity is defined as YAo./7(2¢ + 2¢),

where Y is the geometry factor.

The present results, plotted in this format in Fig. 6,
show that crack growth from FOD-induced microstruc-
turally-small cracks apparently occur at stress concen-
tration corrected stress ranges well predicted by the
Kitagawa—FEl Haddad limit, defined by the ‘worst-case’
AK+yy threshold and 107-cycle fatigue limit.

4. Conclusions

Simulated FOD impact (300 m s —!) of steel spheres
on a flat surface markedly degrade fatigue strength of
Ti—6Al-4V. Specifically, the fatigue life of smooth-bar
samples was reduced by some two orders of magnitude
at an applied stress corresponding to the smooth-bar
107-cycles fatigue limit (R = 0.1).

The detrimental effect of FOD is attributed to (i)
FOD-induced precracks at the crater rim of the dam-
aged zone, (ii) stress concentration associated with the
FOD indentation, (iii) presence of tensile residual
stresses at the crater rim and (iv) microstructural dam-
age due to FOD-impact.

The principal effect of FOD in reducing fatigue life
was found to induce microcracks in the pile-up of
material around the impact crater rim, i.e. preferred
sites for the premature initiation of fatigue cracks.

At far-field maximum stresses from 325 to 500 MPa
(R=0.1), FOD-initiated cracks ( ~2-25 pm) grow at
applied stress intensities as low as AK =1 MPa\/ m, i.e.
well below the ‘worst-case’ AKyy threshold of 1.9
MPa\/m for ‘continuum-sized’ cracks (cracks larger
than the characteristic microstructural size-scales) in
this alloy.

Correspondingly, the critical condition for HCF in
the bimodal Ti—6A1-4V in the presence of ‘continuum-
sized’ cracks (> 50—100 um) can be defined in terms of
the ‘worst-case’ fatigue threshold (determined under
R —1 conditions that minimize crack closure).

However, the preferred approach for FOD-initiated
failures in the presence of microstructurally-small
cracks is to use the modified Kitagawa—Takahashi
diagram, where the limiting conditions for HCF are
defined in terms of the stress concentration corrected
107-cycle fatigue limit (at microstructurally-small cracks
sizes) and the ‘worst-case’ AKyy fatigue threshold (at
larger, ‘continuum-sized’ crack sizes).
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