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Abstract

The objective of this work is to provide a rationale approach to de®ne the limiting conditions for high-cycle fatigue

(HCF) in the presence of foreign-object damage (FOD). This study focused on the role of simulated FOD in a�ecting

the initiation and early growth of small surface fatigue cracks in a Ti±6Al±4V alloy, processed for typical turbine blade

applications. Using high-velocity (200±300 m/s) impacts of 3.2 mm diameter steel spheres on the ¯at surface of fatigue

test specimens to simulate FOD, it is found that the resistance to HCF is markedly reduced due to earlier crack ini-

tiation. Premature crack initiation and subsequent near-threshold crack growth is primarily a�ected by the stress

concentration associated with the FOD indentation and the presence of small microcracks in the damaged zone (seen

only at the higher impact velocities). Furthermore, the e�ect of residual stresses and microstructural damage from

FOD-induced plastic deformation at the indent sites are assessed in terms of fatigue strength degradation. 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 DK � 1 MPa
p

m, i.e., a factor of roughly two less than the ``worst-case''

threshold stress-intensity range in Ti±6Al±4V for a crack of a size large compared to microstructural dimensions (a

``continuum-sized'' crack). Correspondingly, for FOD-initiated failures, where the critical condition for HCF must be

de®ned in the presence of microstructurally small cracks, the Kitagawa±Takahashi diagram, with the limiting condi-

tions of the stress-concentration corrected 107-cycle fatigue limit and the ``worst-case'' DKTH fatigue threshold, is

proposed as a basis for design against FOD-induced HCF failures. Ó 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The high-cycle fatigue (HCF) of aircraft gas-turbine engine components has traditionally been analyzed
using a modi®ed Goodman diagram approach; however, because of an increasing incidence of late of HCF-
related engine failures, particularly involving titanium alloy fan and compressor blades, this approach is
currently being re-evaluated [1±3]. Three major concerns have been identi®ed, namely (i) interactions of
low-cycle fatigue (LCF) and HCF loading, (ii) foreign-object damage (FOD) and (iii) fretting. All these
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factors can lead to premature fatigue crack initiation and growth, which can result in seemingly unpre-
dictable in service failures, due to the high-frequency vibratory loading (>1 kHz) involved [3]. Conse-
quently, design against HCF based on the damage-tolerant concept of a fatigue-crack growth threshold
(DKTH) for no crack growth would appear to o�er a preferred approach; however, such thresholds must
re¯ect representative HCF conditions of high frequencies, small crack sizes and, depending on the blade
span location, very high mean stress levels [1±5].

FOD, from bird strikes or hard body impacts, e.g., stones, primarily on the fan blades, can cause (de-
pending on the impact severity) immediate blade fracture [6] or damage from stress-raising notches [6±8],
cracks [8] and deformation of the microstructure. In a recent study on Ti±6Al±4V [9] where FOD was
simulated by the high-velocity impact of steel shot on a ¯at surface, such damage was found to markedly
reduce the fatigue strength principally by causing the earlier initiation of fatigue cracks. Limiting conditions
for potential HCF-related turbine blade failures were proposed based on the concept of a ``worst-case''
threshold for no fatigue-crack growth that applies strictly for ``continuum-sized'' cracks, i.e., large or
physically small cracks with dimensions larger than the characteristic microstructural size-scales. The
mechanistic e�ect of FOD on the fatigue-crack growth thresholds was assessed in terms of (i) stress con-
centration associated with the FOD indentation, (ii) FOD-induced small cracks in the damage zone, (iii)
localized presence of impact damage associated residual stresses at locations of the preferred sites for crack
initiation, and (iv) microstructural damage from FOD-induced plastic deformation. Of particular note was
the observation of the formation of small microcracks in the damaged region of the higher velocity impacts;
such microcracks provided preferred sites for premature crack initiation on subsequent fatiguing. However,
the quantitative e�ect of these FOD-induced microcracks on the fatigue-crack growth threshold was not
investigated.

The objective of the current study is speci®cally to examine the role of FOD-induced microcracks (�2±25
lm in surface length) on the earliest stages of FOD-induced fatigue failures in the same Ti±6Al±4V alloy,
a� b processed for typical turbine blade applications. This is achieved by de®ning the limiting conditions
for crack initiation and early fatigue-crack growth in the presence of such microcracks, in comparison to
the fatigue threshold behavior of naturally initiated small �2c � 45±1000 lm) and large through-thickness
(>5 mm) cracks in undamaged material.

2. Experimental procedures

2.1. Material

The titanium alloy Ti±6Al±4V under study, of chemical composition given in Table 1, was part of a set of
forgings produced speci®cally for the US Air Force sponsored programs on HCF; its b-transus temperature
is �996°C. Mill annealed 63.5 mm diameter bar stock material was a� b forged in one stroke at 938°C on a
closed-end channel die to a plate size of 400� 150� 20 mm3, followed by air-cooling. Subsequently, the
forging plates were solution treated in an air furnace at 927°C for 1 h followed by fan-air cooling; this re-
sulted in a cooling rate of �200°C/min. Finally, the plates were stress relieved in vacuo for 2 h at 705°C.
Additional material and processing details are given in Ref. [10]. The resulting bimodal microstructure of the
plate material, consisting of a volume fraction of�60% primary a (diameter�20 lm) within a lamellar a� b
matrix, is shown in Fig. 1; this condition has also been termed ``solution treated and overaged'' (STOA).

Table 1

Chemical composition of Ti±6Al±4V bar stock material in wt.% [10]

Ti Al V Fe O N H

Bal. 6.30 4.19 0.19 0.19 0.013 0.0041
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To investigate microstructural changes caused by FOD impacts, transmission electron microscopy
(TEM) foils were prepared by mechanical grinding in water and then thinned in a Fischione ion mill at 5
kV. For the impacted condition, the TEM foil location was parallel to the base of the indent (depth below
indent is approximately 150 lm).

Uniaxial tensile properties, based on testing performed in the L-direction (parallel to the length of the
plate) at an initial strain rate of 8� 10ÿ4 sÿ1, are listed in Table 2.

2.2. Simulation of foreign-object damage

Foreign-object damage was simulated by ®ring 3.2 mm diameter chrome-hardened steel spheres onto a ¯at
specimen surface of tensile fatigue (so-called modi®ed KB) specimens at an angle of 90° (normal impact, Fig. 2)
at velocities of 200, 250 and 300 m/s using a compressed-gas gun facility. Impact velocities of 200±300 m/s
represent typical in-service impact velocities on aircraft engine fan blades. Simulated impact crater dimen-
sions by ballistic shots with 3.2 mm diameter steel spheres were found to generate damage, typical of in-service
induced FOD notches; indeed, the resulting root radii were seen to correspond closely to surveyed in-service
FOD root radii. [8] Further details of the 1.2 m-long compressed-gas gun test setup are given in Ref. [9].

2.3. Fatigue test methods

For an evaluation of the smooth-bar HCF limit of the bimodal Ti±6Al±4V alloy, in this study 1000 Hz
stress-life (S±N) tests were performed on hourglass specimens (diameter: 5.4 mm). To minimize surface
residual stresses and high dislocation density from specimen processing, specimens were chemically milled
in a solution of 50 ml HF, 500 ml HNO3 and 1500 ml H2O for 30 min at ambient temperature. Specimen
axis was parallel oriented to the length of the plate (L-direction).

Fig. 1. Optical micrograph of the bimodal (STOA) microstructure of forged Ti±6Al±4V plate material (etched in 3.5% HNO3±5% HF).

Table 2

Uniaxial tensile properties of bimodal Ti±6Al±4Va

E (GPa) r0:2 (MPa) UTS (MPa) rF (MPa) Tens. el. (%) RA (%)

110 915 965 1310 19 45

a E: YoungÕs modulus, r0:2: yield stress, UTS: ultimate tensile strength, rF: true fracture stress, Tens. el.: tensile elongation, RA:

reduction of area at fracture; strain rate 8� 10ÿ4 sÿ1.
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The e�ect of FOD on the fatigue behavior of Ti±6Al±4V was examined using modi®ed KB specimens.
This sample has a rectangular cross-section of 3:2� 7:2 mm2, a gauge length of 20 mm and cylindrical
buttonhead grips; it was originally developed by GE aircraft engines to assess fatigue performance in blade
loading con®gurations [11]. A nominally stress-free surface in the gauge section was prepared using stan-
dard stress relief and chemical-milling procedures. As noted above, steel spheres were ®red at high velocity
at 90� to this surface to simulate FOD. After impact, specimens were subsequently cycled at 20 Hz
(sinusoidal waveform) at a load ratio of R � 0:1 with a nominally maximum stress of 500 MPa. Preliminary
tests were performed at nominal maximum stress values of 400 and 350 MPa at 20 Hz and 325 MPa at 1000
Hz. Throughout fatigue testing, specimens were periodically removed from the test frame and the progress
of crack initiation and growth examined in a high-resolution LEO 1550 ®eld-emission scanning electron
microscope (SEM). To detect the initially small-sized FOD- and fatigue-induced surface cracks, the SEM
was operated at a low beam voltage of 3 kV. For the present alloy, fractographic observations [9] revealed
an approximate crack depth (a) to surface crack length (2c) ratio:

a=2c � 0:45 �2c � 20±1000 lm�: �1�
After converting the surface crack length (2c) into crack depth (a) according to Eq. (1), the rate of crack
extension caused by the fatigue loading was computed using standard ®nite di�erence procedures (with no
smoothing routines) and is expressed in terms of average crack extension per cycle �da=dN�.

Approximate local stress intensities for small cracks at base and crater rim of the indentation were
calculated from the relationship of Luk�a�s [12] for small cracks at notches, which includes both indentation
geometry and stress concentration e�ects:

DK � 0:7kt��������������������������
1� 4:5�a=q�p Dr

������
pa
p

; �2�

where kt is the elastic stress-concentration factor, Dr is the stress range, a is the crack depth, and q is the
indentation radius. The factor of 0.7 is based on the stress-intensity boundary correction and the crack-
shape correction factors [12].

Elastic stress-concentration factors, kt, surrounding the impact damage sites were determined based on
three-dimensional photoelastic experiments performed by Nisida et al. [13]. It is assumed that the pile-up of
material at crater rim has no e�ect on kt, because of the relatively small height of the pile-up at the crater
rim. The impact crater was treated like hemispherical hollow, with a depth corresponding to the distance

Fig. 2. Schematic illustration showing impact angles with respect to specimen geometry and loading axis for fatigue tests. In this study,

a normal (90°) impact angle was chosen.
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from the pile-up at the crater rim to the base of the indentation. Indeed, recently performed three-
dimensional numerical analysis [14] gave identical kt-values at the crater rim, but predicted values �10%
higher at the base of the indentations. Table 3 lists the impact site geometry dimensions and the resulting
elastic stress-concentration factors according to photoelastic experiments [13], which reach a maximum
value at the base of the indentation sites, i.e., ranging from kt � 1:6 (for a 300 m/s impact site) to kt � 1:4
(for a 200 m/s site). Corresponding values at the pile-up at the crater rim range from kt � 1:25 (300 m/s) to
kt � 1:15 (200 m/s). E�ective stress concentration factors, kf , for FOD were estimated from the ratio of the
maximum stress (at R � 0:1) in an undamaged, smooth-bar sample to the corresponding far-®eld maximum
stress of a sample following simulated FOD damage to give the same life.

It should be noted that contributions to the stress-intensity values (Eq. (2)) from the residual stress ®eld
surrounding the indentation have not been taken into account, due to uncertainty in the value of these local
residual stresses. Numerical analysis by Chen and Hutchinson [14] and experimental synchronous X-ray
micro-di�raction studies at Berkeley [15] are currently focusing on this issue.

3. Results and discussion

3.1. Simulation of foreign-object damage

Typical damage sites caused by ballistic impacts of 3.2-mm steel spheres on ¯at surfaces under normal
impact (90°) at impact velocities of 200 and 300 m/s are shown, respectively, in the scanning electron
micrographs in Fig. 3a and b. The nature of the damage, as characterized by size and shape of the indents
and location of microcracking, is a marked function of impact velocity, as listed in Table 3. At velocities
above 250 m/s, a pronounced pile-up of material, some of it detached, is evident at the crater rim; in ad-
dition, circumferentially oriented intense shear bands are seen, emanating from the surface of the impact
crater (Fig. 3b); such e�ects are not apparent for 200 m/s impacts (Fig. 3a). Moreover, for the high velocity
impact at 300 m/s, plastic ¯ow of material at the crater rim results in multiple micro-notches (Fig. 4a) and

Table 3

Summary of test conditionsa

Test no. Impact ve-

locity (m/s)

BW

(mm)

d
(mm)

Microcrack

initiation

kt base kt rim rmax

(MPa)

Dr
(MPa)

NF (cycles) kf

1 300 2.67 0.67 Rim 1.60 1.25 500 450 3:4� 104 1.65

2 300 2.67 0.67 Rim 1.60 1.25 500 450 4:6� 104 1.55

3 300 2.67 0.67 Baseb/rim 1.60 1.25 500 450 6:5� 104 1.45

4 300 2.67 0.67 Rim 1.60 1.25 400 360 c

5 300 2.67 0.67 Rim 1.60 1.25 350 315 c

6 300 2.67 0.67 Rim 1.60 1.25 325 292.5 1:0� 106 1.70

7 250 2.38 0.54 Base 1.50 1.20 500 450 8:0� 104 1.40

8 250 2.38 0.54 Base 1.50 1.20 500 450 7:8� 104 1.40

9 250 2.38 0.54 Base 1.50 1.20 500 450 8:2� 104 1.40

10 200 2.14 0.43 Base 1.40 1.15 500 450 7:5� 104 1.40

11 200 2.14 0.43 Base 1.40 1.15 500 450 1:4� 105 1.30

a BW: chord width of impact crater, d: indentation depth (measured from pile-up at the crater rim to the base of indentation),

location of microcrack initiation, kt: elastic stress-concentration factor, rmax: maximum stress, Dr: stress range, NF: number of cycles at

failure, kf : e�ective-fatigue stress-concentration factor.
b Crack initiation at FOD-test-related Si particle at indent base.
c Load shedding test.
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microcracking (Fig. 4b). The microcracks are quite small, i.e., between �2 and 25 lm in surface length, but
when favorably oriented with respect to the subsequently applied fatigue stress axis, they clearly provided
the nucleation sites for high-cycle fatigue-crack growth (Fig. 4c). Such microcracking could not be detected

Fig. 3. Scanning electron micrographs of impact damage sites for (a) 200 m/s and (b) 300 m/s impact velocities, indicating increasing

damage with increasing velocity with respect to indentation size, pile-up formation at crater rim and intense shear band formation

emanating at the indent surface.
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in this alloy at impact velocities below 250 m/s. This strongly implies that low velocity or quasi-static in-
dentations do not provide a realistic simulation of FOD, because such lower velocity impacts do not
necessarily induce all the damage processes associated with this phenomenon; speci®cally, FOD-induced
microcracking is not seen in this alloy at impact velocities below �250 m/s.

TEM was performed to investigate any microstructural changes caused by FOD impact. The undam-
aged microstructure (Fig. 5a) revealed in both the globular primary a phase and the a� b lamellar matrix
(alternating a lamellae and b lamellae) a low dislocation density. The damaged microstructure following a
ballistic impact is shown in Fig. 5b (TEM foil prepared from just below base of indentation). Both the
primary a phase and the a� b lamellar matrix exhibit a very high dislocation density. It is evident that
the impact loading introduces a very high density of dislocations below the indentation site, with some of
the dislocations, speci®cally within the primary a phase, arranged in slip bands (see arrows, Fig. 5b).

3.2. Fatigue properties

The fatigue life of undamaged smooth-bar specimens was signi®cantly a�ected by prior high-velocity
impact damage, as clearly illustrated by the stress-life (S±N) data in Fig. 6. Previously published fatigue
data [16], tested at a frequency of 85 Hz, are shown together with additionally tested 1000 Hz data. At a far-
®eld maximum stress of 500 MPa �R � 0:1�, which represents the 107-cycle fatigue limit 1 for undamaged

Fig. 4. Scanning electron micrographs showing the presence of microcracking at crater rim of an FOD indent after the highest velocity

(300 m/s) impacts. Micrographs show (a) local notches at crater rim caused by plastic ¯ow of material, (b) microcracks emanating from

such notches, and (c) subsequent fatigue-crack growth initiated at such microcracks after N � 5000 cycles at nominal rmax � 500 MPa

�R � 0:1�.

1 107 cycles fatigue limit of rmax � 500 MPa was derived from the data shown in Fig. 6. These data have been more recently

con®rmed by the results of Bellows et al. [17] at the 107 cycle limit, and by ourselves at the 108 cycle limit; all these data suggest a

fatigue limit of 500 MPa.
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material, ®nal failure in the damaged material occurred between �4 and 10� 104 cycles. These results show
that FOD severely reduced fatigue lives, by over two orders of magnitude, compared to smooth-bar
properties.

Fig. 5. Transmission electron microscopy bright-®eld images of (a) undamaged microstructure showing globular primary a phase

within lamellar a� b matrix (alternating a lamellae (bright contrast) and b lamellae (dark contrast)) and (b) 300 m/s impacted mi-

crostructure located close to the base of the indentation site. After high-velocity impact, the microstructure shows very high density of

very small dislocations with some dislocations, speci®cally within the primary a phase, arranged in preferred microbands (arrows).
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3.2.1. FOD-induced crack initiation
With respect to the crack initiation at FOD impact sites (Fig. 7), the location of the initiation sites was

found to depend strongly on impact velocity. For 300 m/s impact, fatigue cracks initiated from FOD-
induced microcracks at the crater rim (Fig. 7a), whereas for lower velocity impacts (200±250 m/s), surface
cracks tended to form at the base of the indentation site, as shown in Fig. 7b.

The change in crack nucleation mechanisms with impact velocity results from the interplay of stress
concentration, the presence of microcracking and residual stresses. The crater rim and the base of the FOD
indents are regions of high stress concentration [9]. Furthermore, the crater rim is a region of tensile
residual stresses, whereas the base of the indent is a region of relatively low compressive residual stresses
[14]. The stress concentration at the base of the indent, though, is always larger than that at the crater rim
(Table 3); this coupled with the absence of microcracking at the lower impact velocities (200±250 m/s) and
low compressive residual stresses leads to premature crack initiation at the indent base. Indeed, for such
lower velocity impacts, the damage sites are relatively shallow such that the e�ective-fatigue stress-con-
centration factors (measured from the S±N data in Fig. 6) are essentially identical to the computed theo-
retical elastic values, i.e., kf � 1:4, kt � 1:4±1:5 (Table 3).

For the high velocity impact (300 m/s), conversely, FOD-induced microcracking in the pile-up region of
the impact crater rim provides the dominant site for the initiation of fatigue cracks on subsequent cycling.
In addition, tensile residual hoop stresses (estimated in Ref. [14]), the highly deformed microstructure in
this region (Fig. 5b), and the slightly lower stress-concentration factors �kt � 1:25, compared to kt � 1:6 at
the indent base) are all contributing factors.

A further mode of crack initiation could be detected at the surface of the simulated FOD impact sites.
Fig. 7c shows that even smallest dust particles from the test set-up (10 lm Si-containing particles) pressed
into the surface by FOD impact resulted in a preferential crack nucleation site.

3.2.2. Fatigue thresholds and crack propagation
Thresholds for fatigue-crack growth and the subsequent near-threshold fatigue-crack growth rates were

measured on all FOD-damaged samples; results are compared in Fig. 8 with previous results on this alloy

Fig. 6. S±N data show reduced fatigue life due to simulated FOD as compared to smooth-bar specimens in bimodal Ti±6Al±4V.

Previously published results shown from Ref. [16] are complemented by 1000 Hz data.
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for the behavior of naturally initiated small (�45±1000 lm) cracks [16] and through thickness large (>5
mm) cracks [18] in undamaged material. The small crack growth-rate data are shown as a function of
surface crack length, 2c, and of the applied stress-intensity range (corrected for the stress concentration of
the indent using Eq. (2)). For the FOD-induced small cracks, growth rates at R � 0:1 can be described by
following best-®t relationship (units: m/cycle, MPa

p
m):

da=dN � 10ÿ10�DK�2:8: �2�
It can be seen that FOD-initiated small-crack growth rates are aligned within a scatter band that ap-
proximately varies between the large-crack data (as a lower bound) and naturally initiated crack data (as an

Fig. 7. Scanning electron micrographs of fatigue cracks that formed (a) at the pile-up of a 300 m/s impact velocity indentation crater

(nominally applied rmax � 500 MPa, R � 0:1, N � 29,000 cycles), (b) at the base of a 200 m/s impact velocity indentation crater

(nominally applied rmax � 500 MPa, R � 0:1, N � 54,000 cycles), and (c) at a Si containing dust particle that was pressed into the base

of a 300 m/s impact velocity indentation crater (nominally applied rmax � 500 MPa, R � 0:1, N � 24,000 cycles).
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upper bound). There is also a tendency for the growth rates of the FOD-initiated cracks formed at the
crater rim (rim cracks) to be slightly faster than those that formed at the base (base cracks). In general, the
growth rates of the naturally and FOD-initiated small cracks are roughly an order of magnitude faster than
corresponding large-crack results at near-threshold levels, i.e., typical for the small-crack e�ect (see e.g.,
Ref. [19]). Above a DK of �10 MPa

p
m, however, the large and small crack results tend to merge, con-

sistent with the increased dimensions of the small cracks.
As discussed in detail elsewhere [5,18], the large-crack results in Fig. 8 were determined up to the highest

load ratios (R � 0.1±0.95) under conditions (constant-Kmax=increasing-Kmin) chosen to minimize the e�ect
of crack closure; the threshold of �1.9 MPa

p
m at R � 0:95 is thus considered to be a ``worst-case

threshold'' for cracks of dimensions large compared to the scale of the microstructure, i.e., for ``continuum-
sized'' cracks. Of signi®cance in the present results is that the smallest FOD-initiated cracks, which have

Fig. 8. Comparison of crack-growth rates, da=dN , as a function of applied stress-intensity range, DK, of FOD- and naturally-initiated

small cracks and through-thickness large cracks in bimodal Ti±6Al±4V. Small cracks were initiated at rmax � 650 MPa �R � ÿ1� and

the stress-intensity range was based only on the tensile portion of the loading cycle [16]. Large-crack growth data for R 6 0:8 were

derived from constant load-ratio tests, whereas for R P 0:8, constant-Kmax=increasing-Kmin testing was used [5]. Stress-intensity data

for FOD-initiated crack growth has been corrected for the stress concentration associated with the indent using the K solution of Luk�a�s
[12] and stress-concentration factors from Ref. [13].
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dimensions of �2±25 lm, i.e., comparable with microstructural size scales, can propagate at stress inten-
sities well below this ``worst-case'' threshold, speci®cally at applied stress intensities down to a DK � 1
MPa

p
m. The implication of this result is that in the bimodal Ti±6Al±4V alloy, there is a de®nitive lower-

bound DKTH threshold (�1.9 MPa
p

m) for ``continuum-sized''cracks, i.e., large or physically small cracks
with dimensions larger than the characteristic microstructural size-scales; however, when crack sizes ap-
proach such microstructural size scales, crack growth at applied stress intensities considerably less than this
threshold is possible, presumably due to biased sampling of the ``weak links'' in the microstructure by the
microstructurally small crack.

With respect to the possibility of ®nding a similar well-de®ned threshold for cracks emanating from re-
gions of impact damage, the present results indicate that FOD-initiated microcracks, with dimensions in the
range �2±25 lm, can readily propagate in Ti±6Al±4V at stress-intensity ranges as low as DK � 1 MPa

p
m

at nominal maximum stresses from 325 to 500 MPa �R � 0:1�; moreover, such small cracks show no
pronounced threshold behavior. Indeed, it is believed that a DK of 1 MPa

p
m is the lowest stress-intensity

range ever measured for crack growth in Ti±6Al±4V, representing a DK value roughly a factor of two
smaller than the lowest measured fatigue threshold for a ``continuum-sized'' crack.

It should be noted here that there are still some uncertainties in the calculation of the driving forces for
the propagation of the FOD-induced ``microstructurally'' small cracks, speci®cally because of their size in
relation to the scale of local cyclic plasticity (although maximum plastic-zone sizes are only on the order of
�0.2±1 lm for 1±10 lm sized cracks at DK � 1±2 MPa

p
m), and because of the presence of both tensile and

compressive residual stresses. Although residual stresses are not included in the calculation of K (Eq. (2)),
as a ®rst approximation such stresses do not change the stress-intensity range (DK); they a�ect the mean
stress and hence alter the local load ratio. Residual stresses are being numerically analyzed using a quasi-
static model [14]. Results for the lower velocity impacts (200 m/s) have been experimentally veri®ed by X-
ray micro-di�raction methods [15], but numerically results severely overestimate the measured residual
stresses for 300 m/s impact, presumably due to rate-sensitive phenomena such as shear-band formation and
local heating. The latter e�ect, the possible relaxation of residual stresses due to fatigue loading, and the
appropriate method of superposition of the applied and residual stresses to estimate local driving forces, are
currently under study.

It is clear that our previously stated argument [5,9,18] 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
minimize 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. However, coupling the notion of the worst-case threshold stress intensity with
the fatigue limit, as in the Kitagawa±Takahashi diagram [20], does provide an alternative approach to
de®ning limiting conditions for HCF and FOD-related damage, as discussed below.

3.2.3. Threshold conditions based on the Kitagawa±Takahashi diagram
As an alternative HCF-design approach against FOD, which takes into account the presence of mi-

crostructurally small cracks, Fig. 9 shows the in¯uence of crack size on the worst-case fatigue thresholds in
the form of a modi®ed Kitagawa±Takahashi diagram [20], where the stress range for a corresponding
crack-growth threshold condition (da=dN � 10ÿ11 ÿ 10ÿ10 m/cycle) is plotted versus the crack length.
According to the Kitagawa±Takahashi approach (solid lines), the stress range Dr for crack arrest is de®ned
by the 107-cycle fatigue limit (DrHCF � 450 MPa) with the fatigue-crack growth threshold (DKTH) measured
on ``continuum-sized'' cracks. El Haddad et al. [21] empirically quanti®ed this approach by introducing a
constant (intrinsic) crack length 2c0, such that the stress intensity is de®ned as Y Dr

������������������������
p�2c� 2c0�

p
, where Y

is the geometry factor. The present results, plotted in this format in Fig. 9, show that crack growth from
FOD-induced microstructurally small cracks can apparently occur at nominal stress ranges (closed symbols)
below the Kitagawa/El Haddad limit, de®ned by the worst-case DKTH threshold and 107-cycle fatigue limit;
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however, if these stresses are corrected for the e�ect of the stress concentration associated with the FOD
indent (open symbols), crack growth occurs above the Kitagawa/El Haddad limit.

4. Summary and conclusions

Based on a study of the role of FOD on thresholds for high-cycle fatigue in a turbine blade Ti±6Al±4V
alloy, involving considerations of (i) the stress concentration associated with the FOD indentation, (ii)
FOD-induced microcracks, (iii) the localized presence of residual stresses, and (iv) microstructural damage
from FOD-induced plasticity, the following conclusions can be made:

(1) Simulated high-velocity (200±300 m/s) FOD impact of steel spheres on a ¯at surface was found to
markedly degrade resistance to high-cycle fatigue. For example, 200±300 m/s impacts on smooth-bar
samples reduced the fatigue life by some two orders of magnitude at an applied stress corresponding to the
smooth-bar 107-cycles fatigue limit �R � 0:1�, an e�ect that is related to earlier crack initiation.

(2) The principal e�ect of FOD in reducing fatigue life was found to induce preferred sites for the
premature initiation of fatigue cracks. For lower impact velocities (200±250 m/s), such initiation occurred at
the base of the impact sites, where the stress concentration was highest. Conversely, at higher impact ve-
locities (250±300 m/s), initiation occurred at FOD-induced microcracks in the pile-up of material around
the impact crater rim.

Fig. 9. Crack growth conditions of FOD-induced ``microstructurally'' small cracks (da=dN � 10ÿ11 ÿ 10ÿ10 m/cycle) as a function of

cyclic stress range and surface crack length are shown in a modi®ed Kitagawa±Takahashi diagram. Crack growth conditions were

calculated for nominal (closed symbols) and stress-concentration corrected stress ranges (open symbols), and compared to smooth-bar

107-cycles fatigue limit and ``continuum'' large-crack growth threshold (solid line) and to a small-crack growth threshold model based

on the solution given by El Haddad et al. [21] (dashed curve).
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(3) At nominal maximum stresses from 325 to 500 MPa �R � 0:1�, FOD-initiated microcracks (�2±25
lm in size) propagated at applied stress intensities as low as DK � 1 MPa

p
m and showed no pronounced

threshold behavior. This is well below the ``worst-case'' DKTH threshold of 1.9 MPa
p

m for ``continuum-
sized'' cracks (i.e., cracks larger than the characteristic microstructural size scales) in this alloy. Such FOD-
induced fatigue cracks propagated at rates roughly an order of magnitude faster than corresponding large
(>5 mm) cracks at the same applied stress-intensity range. Small cracks initiated at the rim of the inden-
tation sites appeared to grow at rates slightly faster than the cracks that initiated at the base.

(4) Correspondingly, the critical condition for HCF in the bimodal Ti±6Al±4V in the presence of
``continuum-sized'' cracks (of a size >50±100 lm) can be de®ned in terms of the ``worst-case'' fatigue
threshold (determined under R! 1 conditions that minimize crack closure). However, this concept alone is
inappropriate where microstructurally small cracks (of a size �2±50 lm) are relevant.

(5) For FOD-initiated failures, where the critical condition for HCF must be de®ned in the presence of
microstructurally small cracks, the Kitagawa±Takahashi diagram is more appropriate, where the limiting
conditions are de®ned in terms of the stress-concentrated corrected 107-cycle fatigue limit (at microstruc-
turally small cracks sizes) and the ``worst-case'' DKTH fatigue threshold (at larger, ``continuum-sized'' crack
sizes).
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