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Abstract

The objective of this study was to evaluate the influence of microstructure on the susceptibility to high-cycle fatigue (HCF)
failure in Ti–6Al–4V following foreign-object damage (FOD), specifically by comparing a fine-grained bi-modal microstructure
with a coarse grained lamellar microstructure. FOD was simulated by high-velocity impacts of steel spheres on a flat surface. This
caused a marked reduction in the smooth-bar fatigue strength in both microstructures, primarily because of the premature initiation
of fatigue cracking resulting from the stress concentration associated with damage site and FOD-induced microcracking. The FOD-
initiated microcracks were found to be of a size comparable with microstructural dimensions, and on subsequent fatigue loading
were seen to propagate at applied stress-intensity levels below�K�1 MPa m1/2, i.e. a factor of roughly two less than the ‘worst-
case’ threshold stress-intensity range in Ti–6Al–4V for a crack of large size compared to microstructural dimensions (a ‘continuum-
sized’ crack). A rational approach against HCF failures from such microcracks is proposed for the fine-grained bi-modal microstruc-
ture based on the Kitagawa–Takahashi diagram. For the bi-modal microstructure, the Kitagawa–Takahashi diagram provides a basis
for describing the threshold conditions for FOD-induced HCF failures, in terms of thestress concentration corrected smooth-bar
fatigue limit for small crack sizes and the worst-case threshold for larger continuum-sized cracks. However, this approach was
found to be less applicable to the coarse grained lamellar microstructure, primarily because of low small-crack growth resistance
relative to its higher smooth-bar fatigue limit. 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Because of an increasing number of incidents of high-
cycle fatigue (HCF) related jet engine failures of military
aircraft, currently used HCF design methodologies,
based on stress-life (S–N) curves and the Goodman dia-
gram, are being re-evaluated [1–3]. Both foreign-object
damage (FOD) from hard body impacts (e.g. debris
ingested from the runway into the inlet of a jet engine,
which can primarily damage the leading edge of fan
blades) and fretting (e.g. particularly in the blade
dovetail/disk sections) are identified as critical problems
[1–3], which can lead to premature fatigue crack
initiation and subsequent crack growth. This in turn can
result in seemingly unpredictablein service failures, due
to the high-frequency vibratory loading (�1 kHz)
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involved [3]. Even cracks growing at slow per-cycle
velocities of�10�10 m/cycle can propagate to failure in
a short time period. In light of this, design against HCF
based on the damage-tolerant concept of a fatigue-crack
growth threshold (�KTH) for no crack growth would
appear to offer a preferred approach; however, such thre-
sholds must reflect representative HCF conditions of
small crack sizes, high frequencies and high mean stress
levels (depending on the blade span location) [1–5].

As a basis for such an approach, past studies have
been focused on the role of FOD in affecting the
initiation and early growth of small surface fatigue
cracks under HCF conditions in fan blade processed Ti–
6Al–4V alloy with fine-grained bi-modal microstructure1

[6–10]. The prime effect of FOD in markedly lowering
resistance to HCF was found to be due to earlier crack
initiation. Specifically, premature crack initiation and

1 This microstructural condition has also been termed solution
treated and overaged (STOA).



S414 J.O. Peters, R.O. Ritchie / International Journal of Fatigue 23 (2001) S413–S421

subsequent near-threshold crack growth were promoted
by the stress concentration associated with the FOD
indentation [6–9] and the presence of
(‘microstructurally’ ) small cracks [7,10] in the damaged
zone; in addition, residual stress gradients [6,7,9] and
microstructural changes [6,7] due to FOD-induced plas-
tic deformation play an important role. Limiting con-
ditions for potential HCF-related turbine failures were
proposed based on the concept of a ‘worst-case’ thres-
hold for no fatigue crack growth, an approach that
strictly applies for ‘continuum-sized’ cracks, i.e. large or
physically small cracks with dimensions larger than the
characteristic microstructural size-scales. However, in
the presence of microstructurally small cracks at FOD
indentation site, limiting threshold conditions for crack
growth were alternatively defined in terms of stress con-
centration corrected stress ranges in the context of the
Kitagawa–Takahashi diagram [11]. To provide limiting
criteria for HCF failures using this approach, the thres-
hold conditions were described in terms of the smooth-
bar fatigue limit (at microstructurally small crack sizes)
and worst-case large-crack fatigue threshold (at larger,
continuum-sized, crack sizes) [7].

The purpose of the present study is to examine the
influence of microstructural dimensions on the fatigue
crack initiation and early fatigue crack growth from
FOD-induced microcracks by comparing fine-grained bi-
modal microstructure with coarser grained β annealed
lamellar microstructure. In contrast to the bi-modal
microstructure where FOD-induced microcracks (2c�2–
50 µm) are of comparable dimensions to the fine-grained
bi-modal microstructure, in the lamellar microstructure
such microcracks are far smaller than the average lamel-
lar colony size (�500 µm).

2. Experimental procedures

The Ti–6Al–4V alloy (Ti–6.3Al–4.2V–0.2Fe–0.2O,
wt.%) in the bi-modal microstructural condition was part
of a set of forgings produced specifically for the U.S.
Air Force sponsored programs on HCF. Mill annealed
63.5 mm diameter bar stock material was α+β forged
to a plate size of 400×150×20 mm3. Subsequently, the
forging plates were solution treated (below the β-transus
of �996°C) at 927°C for 1 h followed by fan air cooling.
Finally, the plates were stress relieved for 2 h at 705°C.
Additional material and processing details are given in
Ref. [12]. The resulting bi-modal microstructure of the
plate material, consisting of a volume fraction of �60%
primary α (diameter �20 µm) within a lamellar α+β
matrix, is shown in Fig. 1(a). To obtain a fully lamellar
microstructure for comparison, specimen blanks
(20×20×90 mm3) of bi-modal plate material were β
annealed at 1050°C for 30 min and subsequently cooled
by a He-quench (cooling rate of �100°C/min). Finally,

Fig. 1. Microstructures of Ti–6Al–4V: (a) bi-modal (solution treated
and overaged, STOA) and lamellar (β annealed).

the blanks received the same stress relief treatment as
bi-modal plate material (2 h at 705°C). The lamellar
microstructure shown in Fig. 1(b) exhibited a β grain
size of �1000 µm, a colony size (parallel oriented α
phase plates) of �500 µm and lamellae thickness of
�1 µm, corresponding to the lamellae thickness of the
bi-modal microstructure. Uniaxial tensile properties
(based on testing performed parallel to the length of the
plate at an initial strain rate of 8×10�4 s�1) are listed in
Table 1. The slightly higher yield stress of 975 MPa of

Table 1
Uniaxial tensile properties of Ti–6Al–4V. s0.2: yield stress, UTS: ulti-
mate tensile strength, TE: tensile elongation, RA: reduction of area at
fracture; strain rate 8×10�4 s�1

Microstructure s0.2 (MPa) UTS (MPa) TE (%) RA (%)

Bi-modal 915 965 19 45
Lamellar 975 1055 12 10
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the lamellar microstructure, as compared to 915 MPa of
the bi-modal microstructure, is presumably due to higher
cooling rate from solution treatment temperature. The
markedly higher ductility of the bi-modal condition
(reduction in area, RA=45%), compared to the lamellar
condition (RA=10%), can be attributed to the much
smaller grain size limiting the effective slip length.

In addition to the stress-life (S–N) data taken for bi-
modal Ti–6Al–4V from Ref. [13] (for Nf�2×107 cycles),
S–N tests were performed on hourglass specimens
(diameter: 5.4 mm) at 1000 Hz to provide an evaluation
of the smooth-bar HCF limit of the Ti–6Al–4V alloy
with bi-modal and lamellar structures. To minimize sur-
face residual stresses and the high-dislocation density
from specimen processing, specimen surfaces were
chemically milled after machining. The specimen axis
was oriented parallel to the length of the plate (L-
direction).

The effect of FOD on the fatigue behavior of Ti–6Al–
4V was examined using modified KB specimens. This
sample has a rectangular cross-section of 3.2 mm by
7.2 mm, a gauge length of 20 mm and cylindrical but-
tonhead grips. A nominally stress-free surface in the
gauge section was prepared using standard stress relief
and chemical-milling procedures. FOD was simulated by
firing 3.2 mm diameter chrome-hardened steel spheres
onto a flat specimen surface of tensile fatigue (modified
KB) specimens at an angle of 90° at velocities of 200–
300 m/s using a compressed-gas gun facility. Further
details of the FOD simulation are given in Ref. [6]. After
impact, specimens were cycled (sinusoidal waveform) at
load ratios of R=0.1 and 0.5. 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 field-emission
scanning electron microscope (SEM).

Approximate local stress intensities for small cracks
at base and crater rim of the indentation were calculated
from the relationship of Lukáš [14] for small cracks at
notches, in terms of elastic stress-concentration factor
(kt) surrounding the indentation site [15], stress range
(�s), crack depth (a), and indentation radius (r). The
factor of 0.7 is based on the stress-intensity boundary
correction and the crack-shape correction factors [16]

�K�
0.7 kt

�1+4.5(a/r)
�s�pa (1)

It should be noted here that there are some uncertainties
in the calculation of the driving forces for the propa-
gation of FOD-initiated microcracks (2c�2–50 µm),
specifically because of their size in relation to the scale
of local plasticity (although maximum plastic zone sizes
are only roughly 1/5–1/10 of the crack length, i.e. in the
order of �0.2–1 µm for 1–10 µm sized cracks at �K�1–

2 MPa m1/2), and because of the presence of both tensile
and compressive residual stresses in the vicinity of the
indents. Eq. (1) does not take into account the presence
of residual stresses, as to the first approximation such
stresses will not change the value of the stress-intensity
range (�K); they do, however, affect the mean stress and
hence alter the local load ratio. The magnitudes of these
stresses in the vicinity of the damage site are currently
being computed and experimentally measured [17,18],
as briefly discussed below. Indeed, the local residual
stresses at the base and rim of the FOD indents have
been shown in many cases to relax, or redistribute under
cyclic loading, specifically at applied stresses compara-
ble with the 107-cycle smooth-bar fatigue limit, i.e.
�500 MPa, which was used in the present work.

3. Results and discussion

3.1. Simulation of FOD

Impact damage sites caused by 300 m/s normal
impacts on flat surfaces are shown in Fig. 2(a) and (b)
for the bi-modal and lamellar microstructure, respect-
ively. Increasing states of damage have been reported
with increasing impact velocity for the bi-modal micro-
structure [6,7]. In particular, above a 250 m/s impact
velocity, pile-up of material occurred at the crater rim
with an associated presence of micronotches and
microcracks; moreover, circumferentially oriented
intense shear bands were formed, emanating from the
surface of the impact crater. Such effects were not appar-
ent for 200 m/s impacts. A comparable increase in dam-
age with increasing impact velocity was seen in the
lamellar microstructure, although the occurrence of the
crater rim pile-up and associated micronotch and
microcrack formation were more severe (compare Fig.
2(a) and (b)). However, for the impact velocities of
300 m/s, the sizes of the FOD-induced microcracks were
comparable, i.e. �2–50 µm in surface length, for both
bi-modal and lamellar microstructures. When favorably
oriented to the subsequently applied fatigue stress axis,
such microcracks provided the preferred nucleation sites
for fatigue-crack growth, as shown in Fig. 3(a) and (b)
for the bi-modal and lamellar microstructures, respect-
ively. However, as such microcracking was absent for
impact velocities below 250 m/s, it is clear that low velo-
city or quasi-static indentations do not provide a realistic
simulation of FOD.

Additionally of importance for crack initiation was the
observation of tensile residual stresses (�300 MPa in
longitudinal direction) at the side faces of KB specimens
[17]. These tensile stresses, measured using synchronous
X-ray microdiffraction techniques, counterbalance the
compressive residual stress field under the indentation,
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Fig. 2. Scanning electron micrographs of impact damage sites
(300 m/s impact velocity) for (a) bi-modal and (b) lamellar microstruc-
ture of Ti–6Al–4V. Lamellar microstructure showed increased damage
with respect to pile-up formation at crater rim and intense shear band
formation emanating at the indent surface.

as numerically analyzed by Chen and Hutchinson [18]
and measured by Boyce et al. [17].

3.2. Fatigue properties and FOD-induced crack
initiation

The fatigue life of undamaged smooth-bar specimens
was markedly reduced by prior high-velocity impact
damage, as clearly illustrated by the stress-life (S–N)
data in Fig. 4. This reduction was found at both low- and
high-load ratios (R=0.1 and 0.5) in both microstructures.
Basically, two groups of failures could be identified. At
high applied stresses (relative to the magnitude of the

tensile residual stresses) and high impact velocities,
where large impact-induced microcracks are formed
(surface crack lengths are indicated at individual data
points), failures initiated from impact-induced cracks at
the crater rim. Micrographs of the failed samples are
shown in Fig. 5(a) and (b) for the bi-modal and lamellar
microstructures, respectively. For lower velocity impacts
under these conditions, fatal cracks initiated at the base
of the indent site because of the higher stress concen-
tration there compared to that at the crater rim [7]. In
contrast, at lower applied stresses and lower impact velo-
cities, where the impact-induced microcracks were
absent or much smaller, fatigue cracks were found to
initiate in regions of relatively high tensile residual
stresses, away from the indent crater, see Fig. 6.

3.3. Fatigue thresholds and crack propagation

Thresholds for fatigue-crack growth and the sub-
sequent near-threshold fatigue-crack growth rates were
measured on all FOD-impacted samples and are com-
pared in Fig. 7(a) (R=0.1) and Fig. 7(b) (R=0.5) with
results for through-thickness large (�5 mm) cracks in
undamaged material [5,19]. The FOD-initiated crack
growth rate data are shown as a function of surface crack
length, 2c, and the approximate applied stress-intensity
range (corrected for the stress concentration of the indent
using Eq. (1)). For the FOD-induced microcracks, which
are truly microstructurally small cracks, growth-rate data
points for both microstructures fall into a single scatter
band. Similarly, growth-rate data points for both load
ratios (R=0.1 and 0.5) fall into a single scatter band, indi-
cating the controlling effect of the alternating, rather
than the mean, stresses. In general, the growth rates of
the FOD-initiated small cracks in both microstructures
were at least an order of magnitude faster than the corre-
sponding large-crack results at near-threshold levels;
such an effect is typical for microstructurally small
cracks [10,20–23]. However, the large and small crack
results tend to merge above a �K of �10 MPa m1/2 for
the bi-modal microstructure, consistent with the
increased dimensions of the small cracks. This is in con-
trast to the lamellar microstructure, which exhibits much
higher crack-growth resistance than the bi-modal micro-
structure in the presence of large through-thickness
cracks. Because of the larger characteristic microstruc-
tural size-scales in this condition, cracks of millimeter
dimensions apparently can still display a small crack
effect.

One factor associated with the faster growth rates of
the FOD-initiated microcracks is the microstructural
changes associated with impact-induced plasticity. This
is evident from shot-peening experiments on Ti–6Al–4V
where, by separating the effect of deformation from
residual stresses, it was observed that the deformed
microstructure showed drastically reduced resistance to
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Fig. 3. Examples of fatigue cracks that formed at FOD-induced microcracks (small inserts). (a) Bi-modal microstructure (nominally applied
smax=500 MPa, R=0.1, N=29,000 cycles) and (b) lamellar microstructure (nominally applied smax=500 MPa, R=0.1, N=3000 cycles).

Fig. 4. S–N data (R=0.1 and 0.5) show reduced fatigue life due to
simulated FOD as compared to smooth-bar specimens in bi-modal and
lamellar Ti–6Al–4V. 2ci is the surface crack length of FOD-induced
microcracks. Bi-modal smooth-bar data (Nf�2×107 cycles) taken
from [13].

crack growth [24,25]. However, the principal factor is
associated with the small crack effect.

As discussed elsewhere [5,19], the large-crack thresh-
olds shown in Fig. 7 were determined up to the highest

load ratios (R�0.91–0.95) under conditions (constant-
Kmax/increasing-Kmin) chosen to minimize the effect of
crack closure. Accordingly, for the bi-modal microstruc-
ture, the threshold of �1.9 MPa m1/2 at R=0.95 is con-
sidered to be a worst-case threshold for cracks of dimen-
sions that are larger compared to the scale of the bi-
modal microstructure, i.e. for continuum-sized cracks.
Similarly, a worst-case threshold of �3.3 MPa m1/2 at
R=0.91 was measured for continuum-sized cracks in the
lamellar microstructure [19]. However, observations
show that the smallest FOD-initiated cracks, which have
dimensions comparable with microstructural size-scales,
i.e. �2–10 µm, can propagate at stress intensities well
below these worst-case thresholds, specifically at applied
stress intensities as low as �K�1 MPa m1/2, presumably
due to biased sampling of the ‘weak links’ in the micro-
structure.

Based on the results shown in Fig. 7(a) (R=0.1) and
Fig. 7(b) (R=0.5), it is clear that a concept of a worst-
case threshold (determined under R→1 conditions that
minimize crack closure) applies strictly for continuum-
sized cracks. This concept does not provide lower-bound
threshold stress intensity for cracks on the scale of
microstructural dimensions, as in the earliest stages of
FOD-induced fatigue failure in bi-modal microstructure
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Fig. 5. At high applied stresses relative to the magnitude of the ten-
sile residual stresses and high impact velocities (300 m/s), where large
impact-induced microcracks are formed, failures initiated from impact-
induced cracks at the crater rim (marked by arrows): (a) bi-modal
microstructure (nominally applied smax=500 MPa, R=0.1, NF=65,000
cycles) and (b) lamellar microstructure (nominally applied
smax=500 MPa, R=0.1, NF=23,000 cycles).

and even at later stages, e.g. for larger crack sizes, in
lamellar microstructure.

3.4. Threshold conditions based on the Kitagawa–
Takahashi diagram

For the fine-grained bi-modal microstructure, coupling
the concept of the worst-case threshold stress intensity
with the 107-cycle fatigue limit, as in the Kitagawa–Tak-
ahashi diagram [11], has been shown to provide an alter-
native approach to defining limiting conditions for HCF
and FOD-related damage [7,10]. The Kitagawa–Takah-
ashi diagram essentially describes a failure envelope,

Fig. 6. At lower applied stresses and lower impact velocities, where
impact-induced microcracks are much smaller or absent, failures
initiated in regions of relatively high tensile residual stresses away
from the indents (marked by arrow): (a) fatigue crack initiated close
to the surface for 200 m/s impact (bi-modal microstructure, nominally
applied smax=325 MPa, R=0.1, NF=1.5×107 cycles) and (b) less com-
mon case of fatigue crack initiation in the interior for 300 m/s high
velocity impact (bi-modal microstructure, nominally applied
smax=325 MPa, R=0.1, NF=1.6×107 cycles).

given by the smooth-bar fatigue limit and the fatigue
crack growth threshold, usually measured on fracture
mechanics type specimens. The influence of crack size
on the stress range conditions for no crack growth
(da/dN=10�11–10�10 m/cycle) in the form of a modified
Kitagawa–Takahashi diagram is shown for the bi-modal
(closed symbols) and lamellar microstructures (open
symbols) in Fig. 8(a) for applied load ratios of R=0.1
and in Fig. 8(b) for R=0.5.

The results of the bi-modal microstructure (closed
symbols and solid lines) show that crack growth at both
R-ratios from FOD-induced microstructurally small
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Fig. 7. Crack-growth rates as a function of applied stress-intensity range at load ratios of (a) R=0.1 and (b) R=0.1 and 0.5 of FOD small cracks
and through-thickness large cracks in bi-modal and lamellar Ti–6Al–4V. Large-crack growth data for R=0.1 were derived from constant load-ratio
tests, whereas for R=0.91 (lamellar) and 0.95 (bi-modal) constant-Kmax/increasing-Kmin testing was used [5,19].

cracks can be described by the stress-concentration cor-
rected fatigue limit at relatively high applied stress
ranges and by the worst-case threshold for larger con-
tinuum-sized cracks at lower stress ranges, Fig. 8(a)
(R=0.1) and Fig. 8(b) (R=0.5). However, for failures in
the presence of low applied stresses relative to tensile
residual stresses, the effective R-ratio in the Kitagawa–
Takahashi diagram has to be corrected for the presence
of such residual stresses, as discussed below.

In the presence of low applied stress ranges relative
to the tensile residual stresses in the vicinity of the dam-
age sites, fatigue cracks were seen to be initiated in
regions away from the indents (Fig. 6); specifically, they
tended to initiate in regions of high tensile residual stress
(oriented parallel to applied stresses). Fatigue crack
initiation was generally found close to the side faces
(Fig. 6(a)) of the rectangular gauge section, where tensile
residual stresses of �300 MPa have been measured. A
less common case of fatigue crack initiation in the
interior for 300 m/s high-velocity impact is shown in
Fig. 6(b). Data from these fatigue failures are plotted in
Fig. 8(a) and (b) at surface crack lengths of 2c=1 µm.
Tensile residual stresses of �300 MPa significantly
affect the mean stress and hence in this case increase the

R-ratio of 0.1 to 0.5 (far-field stress range of �300 MPa).
However, it can be seen in Fig. 8(c) that provided such
residual stresses are accounted for, such failures at both
R=0.1 and 0.5 can still be described by the proposed
Kitagawa–Takahashi approach, provided the limited
conditions are given by the residual stress corrected
smooth-bar fatigue limit for small crack sizes and worst-
case threshold for larger crack sizes.

It should be noted that the failure envelopes in Fig.
8(a)–(c) can be somewhat better represented by the El
Haddad et al. [26] empirical quantification of Kitagawa–
Takahashi approach. This approach introduces a con-
stant, termed the intrinsic crack length, 2co, such that the
stress intensity is defined as �K=Y�s√p(2c+2co), where
Y is the geometry factor.

Corresponding threshold conditions for the lamellar
microstructure are shown in the context of the Kita-
gawa–Takahashi approach by the results (open symbols
and dashed lines) in Fig. 8(a) (R=0.1) and Fig. 8(b)
(R=0.5). This coarser structure has a significantly better
resistance to large-crack growth in the form of a �75%
higher worst-case threshold, and a greater resistance to
crack initiation in the form of a higher smooth-bar
fatigue strength. However, the lamellar structure was
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Fig. 8. Modified Kitagawa-Takahashi diagram representing the thres-
hold crack-growth conditions (da/dN=10�11–10�10 m/cycle) at (a)
R=0.1 and (b) R=0.5 for FOD-induced small-cracks in bi-modal and
lamellar Ti–6Al–4V; (c) shows data for bi-modal microstructure at
both R=0.1 and 0.5. Plotted is the threshold stress range as a function
of surface crack length. Data points are corrected for the stress concen-
tration of the FOD indents.

more prone to the formation of FOD-induced
microcracks, although there was little difference in the
HCF properties of the two microstructures in the pres-
ence of such microcracks, i.e. small-crack growth rates
were essentially identical in the two structures. In gen-
eral though, as the proposed Kitagawa–Takahashi
approach is based on the limiting large-crack threshold
and smooth-bar fatigue limit, the approach is somewhat
less suited for FOD-induced failures in the lamellar
microstructure. This is because the small-crack growth
resistance, which controls such failures, is comparatively
so much lower than that shown by large cracks in this
structure; moreover, measured smooth-bar fatigue limits
can be artificially inflated due to the much coarser micro-
structure which restricts the sampling of microstructural
‘weak links’ in specimens of finite size.

4. Summary and conclusions

Based on a study of the influence of microstructure
on FOD and resulting thresholds for HCF in bi-modal
and lamellar microstructures in a Ti–6Al–4V alloy, the
following conclusions can be made:

1. FOD, simulated by high-velocity (200–300 m/s)
impacts of steel spheres on a flat surface, was found
to markedly reduce resistance to HCF in both bi-
modal and lamellar microstructures. Principally, the
effect of FOD was to induce preferred sites for the
premature initiation of fatigue cracks on subsequent
cycling.

2. Premature crack initiation resulted from (1) the stress
concentration due to the FOD indentation, (2) pres-
ence of (microstructurally small) microcracks at the
crater rim of the damaged zone (seen only at the high-
est impact velocities), (3) localized presence of tensile
residual stresses, and (4) microstructural damage from
FOD-induced plastic deformation.

3. For lower velocity impacts (200 m/s), neither such
microcracking at the crater rim, nor circumferentially
orientated shear bands emanating from the surface of
the crater, could be detected. This strongly implies
that low velocity or quasi-static indentations do not
necessarily provide a realistic simulation of high-
velocity FOD.

4. At stress-concentration corrected stress ranges from
250 to 560 MPa, FOD-initiated microcracks (�2–
10 µm in size) propagated at applied stress intensities
even below �K=1 MPa m1/2 (at both R=0.1 and 0.5)
and showed no pronounced threshold behavior, i.e.
small-crack growth occurred at driving forces well
below the worst-case �KTH threshold of 1.9 MPa m1/2

(bi-modal) and 3.3 MPa m1/2 (lamellar
microstructure) for continuum-sized cracks (i.e.
cracks larger than the characteristic microstructural
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size-scales) in this alloy. Furthermore, such FOD-
induced fatigue cracks propagated at rates at least an
order of magnitude faster than corresponding large
(�5 mm) cracks at the same applied stress-intensity
range.

5. The critical condition for HCF in the bi-modal and
lamellar Ti–6Al–4V in the presence of continuum-
sized cracks could be defined in terms of the worst-
case fatigue threshold (determined under R→1 con-
ditions that minimize crack closure). However, this
concept alone is inappropriate where microstruc-
turally small cracks are present.

6. For FOD-initiated failures, where the critical condition
for HCF must be defined in the presence of microstruc-
turally small cracks, the Kitagawa–Takahashi diagram
represents a more appropriate approach, where the lim-
iting conditions are defined in terms of the worst-case
�KTH fatigue threshold (at large continuum-sized crack
sizes) and the 107-cycle fatigue limit (at small cracks
sizes), with corrections for the stress concentration of
the indent and the presence of residual stresses (which
affect the effective load ratio).
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