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Ti-6Al-4V: Bimodal vs. Lamellar Structures
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The high-cycle fatigue (HCF) of titanium alloy turbine engine components remains a principal cause
of faillures in military aircraft engines. A recent initiative sponsored by the United States Air Force
has focused on the mgjor drivers for such failuresin Ti-6Al-4V, acommonly used turbine blade alloy,
specifically for fan and compressor blades. However, as most of this research has been directed
toward asingle processing/heat-treated condition, the bimodal (solution-treated and overaged (STOA))
microstructure, there have been few studies to examine the role of microstructure. Accordingly, the
present work examines how the overall resistanceto high-cyclefatiguein Ti-6Al-4V compares between
the bimodal microstructure and a coarser lamellar (B-annealed) microstructure. Several aspects of
the HCF problem are examined. These include the question of fatigue thresholds for through-thickness
large and short cracks, microstructurally small, semi-elliptical surface cracks; and cracks subjected
to pure tensile (mode I) and mixed-mode (mode | + I1) loading over a range of load ratios (ratio of
minimum to maximum load) from 0.1 to 0.98, together with the role of prior damage due to sub-
ballistic impacts (foreign-object damage (FOD)). Although differences are not large, it appears that
the coarse lamellar microstructure has improved smooth-bar stress-life (S-N) properties in the HCF
regime and superior resistance to fatigue-crack propagation (in pure mode | loading) in the presence
of cracks that are large compared to the scale of the microstructure; however, this increased resistance
to crack growth compared to the bimodal structureiseliminated at extremely highload ratios. Similarly,
under mixed-mode loading, the lamellar microstructure is generaly superior. In contrast, in the
presence of microstructurally small cracks, there is little difference in the HCF properties of the
two microstructures. Similarly, resistance to HCF failure following FOD is comparable in the two
microstructures, although a higher proportion of FOD-induced microcracks are formed in the lamellar
structure following high-velocity impact damage.

[. INTRODUCTION

A1992 study conducted by the Scientific Advisory Board
of the United States Air Force targeted high-cycle fatigue
(HCF) asthe single largest cause of turbine engine failuresin
military aircraft.'! HCF can result in essential ly unpredictable
failures of engine components, particularly turbine blades,
due to the premature initiation of fatigue cracks at small
defects and their rapid propagation under high-frequency
vibratory loading. To address this problem, a consortium of
industrial, government, and academic programs was charged
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with the overall task of modifying existing design methodolo-
gies for improved HCF reliability. These programs have
largely focused on a single aloy, Ti-6Al-4V, in a single
microstructural condition, namely, the solution-treated and
overaged (STOA) or bimodal condition, which is typically
used for blade and disk applicationsin the front (low-temper-
ature) stages of the engine. The current study seeksto extend
these observationsfor the standard bimodal Ti-6Al-4V micro-
structure to afully lamellar 8-annealed microstructure in the
same aloy and to specifically compare the relative merits of
these two microstructures for HCF applications.

[I. BACKGROUND

The problem of HCF in turbine components is typically
associated with a variety of drivers,? which vary with the
location of interest (Figure 1). In general, components such
as blades and disks are subjected to HCF loading associated
with the high-frequency (>1 kHz) vibrations in the engine,
superimposed onto a low-cycle fatigue component associ-
ated with the start-to-stop cycles.[>3 In the case of blades,
this leads to a large variation in load ratios (the ratio (R) of
minimum to maximum loads) throughout the component; in
particular, the superposition of centrifugal loading on the
HCF vibrations can lead to very high R-values which
approach unity. On the airfoil section of the blade, HCF
cracks can initiate at sites of foreign-object damage (FOD)
caused by the ingestion of debris into the engine;™ here,
the problem involves impact-induced residual stresses,
microstructural distortion, incipient microcrack formation,
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Fig. 1—Diagram illustrating the variety and range of factors involved in HCF failure.

and a geometric stress concentration. Another critical site
for crack initiation is in the attachment section of the blade,
where contact between the blade dovetail and disk can lead
to the formation of fretting fatigue cracks;® this problem
involves complex multiaxial loading conditions, surface
damage, and associated residual stresses.

Current design methodologies for HCF utilize traditional
stress-life (S-N) and Goodman diagram approaches, often
applied with large safety factors to account for uncertainties
in the understanding of the problem. However, because of
the extremely high frequenciesinvolved (i.e., parts can expe-
rience 10° cycles in much less than 1 hour), once a crack
starts propagating, failure can ensue rapidly, sometimes
within a single flight. Consequently, aternative fracture-
mechanics design methodologies, based on the concept of
a threshold stress intensity for no crack growth, may offer
a preferred approach, provided such thresholds are defined
under representative HCF conditionsinvolving small defects
subjected to high-frequency, high-load-ratio loading.

Because of thewide range of drivers associated with HCF,
selection of a HCF-resistant microstructure in Ti-6Al-4V is
not a straightforward task. Indeed, a microstructure that is
superior in one region or under one set of HCF conditions
may well be del eteriousin another region or set of conditions.
For example, coarse lamellar microstructures in some tita-
nium alloys often show superior toughness and fatigue-crack
growth behavior in the presence of large cracks compared to
finer equiaxed microstructures, yet at the same time display
inferior fatigue endurance strengths and small-crack behav-
ior (e.g., Reference 6). There isindeed extensive literature
on therole of microstructure in influencing the fatigue-crack
growth of @ + Btitanium aloys (e.g., References 7 through
17). For example, recent reviews by Lutjering!? and
Thompson!® summarized the effects of scale and arrange-
ment of & and B phases on the fatigue properties of o + B
titanium alloys.

Basically, coarse grained, so-caled lamellar microstruc-
tures with large B grains (~1 mm) and alamellar matrix of
aternating « and B plates can be produced by heat treatment
in the high-temperature B3-phase field and subsequent slow
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coolingintothe « + B—phasefield. The characteristic micro-
structural feature of slow-cooled lamellar microstructures is
the « colony (~200 to 400 um), a packet of aligned « plates
with the same crystallographic orientation. Finer-scaled
microstructures can be processed by faster cooling rates
from the B-phase field, resulting in a martensitic type of
microstructure with individual oriented « plates (plate width
~1 um), or by deformation and recrystallization procedures
inthe o + B—phasefield, wheretherecrystallization temper-
ature determines the volume fraction and size of equiaxed
primary « phase. So-called bimodal microstructures consist
of alow volume fraction of primary « grains (~15 to 30 pct,
~20 um) with acolony-typelamellar matrix of alternating o
and B plates within small B grains (20 to 40 wm).

The most critical parameter to increase the HCF strength
(resistance against fatigue-crack nucleation) is to reduce the
maximum dislocation dlip length in the microstructure.[®
Generally, fatigue cracks nucleate due to irreversible dip
withinthelongest crystallographic dlip bands (i.e., maximum
dlip length) available in the microstructure. Consequently,
coarse lamellar microstructures with colonies of aligned «
and extended planar dlip across these colonies often have a
lower HCF strength as compared to fine-grained equiaxed
and martensitic «-plate-type microstructures with concomi-
tant reduced effective slip lengths.[1014

The preference for propagation of naturally initiated small
surface cracks along specific crystallographic planes com-
bined with an aligned orientation of « plates into colonies
alows the crack to cross an entire colony as if it were
a single microstructural unit. This propagation mechanism
aong planar slip bandsis very fast in coarse lamellar micro-
structures because of themuch larger dlip length as compared
to finer-scaled microstructures. Fine-grained and martensitic
microstructures tend to slow the propagation rates of small
cracks due to the higher density of grain boundaries or
individual « plates acting as obstacle points.[*21314

However, this ranking between coarse lamellar and fine-
grained microstructures is reversed with increasing crack
length.l*214-161 |_amellar microstructures in « + S titanium
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Tablel. Chemical Composition of Ti-6Al-4V Bar Stock
(in Weight Percent)[28

Bar Location  Ti Al \ Fe @] N H
Top ba 6.27 419 020 018 0.012 0.0041
Bottom ba 632 415 018 019 0.014 0.0041

alloys exhibit superior fatigue-crack growth resistance com-
pared to fine-grained microstructures when these properties
are measured using large cracks, which are on the order of
several millimeters (or at least many times the microstruc-
tural unit size). It is found that crack growth into adjoining,
but differently oriented, « colonies involves pronounced
crack deflection, crack bifurcation, and secondary crack for-
mation, because of the limited number of slip systems avail-
able within the hcp « phase. Therefore, the superior crack-
growth resistance in a colony-type lamellar microstructure
is attributed to a crack path characterized by a high degree
of crack deflection, bifurcation, and secondary cracking and,
at low load ratios, also by a high degree of (roughness-
induced) crack closure.*>16-18 |ndeed, Yoder et al.l'”]
pointed out that lamellar microstructures with reduced col-
ony sizes had lessresistance against crack propagation. Also,
crack growth in fine equiaxed microstructures did not cause
large crack deflections because of the smaller-sized micro-
structural features.[*224

It should be noted that most of these data, specifically
for Ti-6Al-4V, pertain to lower frequencies and large (>5
mm), through-thickness cracks (e.g., References 18 through
26), which are not necessarily appropriate for the present
HCF scenario, where frequencies are in excess of 1 to 2
kHz and the relevant crack sizes are on the order of fractions
of amillimeter and can grow at stress intensities well below
the established large-crack fatigue thresholds for the mate-
rial.?1 Consequently, to evaluate the general susceptibility
of Ti-6Al-4V aloys to HCF, in the present article, the HCF
properties of the bimodal and lamellar microstructures are
compared. In view of the complexity of the problem, many
facets of HCF behavior are examined, including the effect
of load ratio, mode-mixity, crack size, and pre-existing
impact damage.

1. MATERIALS AND EXPERIMENTAL
PROCEDURES

A. Materials and Microstructures

The Ti-6Al-4V alloy used in this study originated as dou-
ble vacuum-arc remelted forging stock produced by Tele-
dyne Titanium (Pittsburgh PA) specificaly for the joint
government-industry-academiaHCF program. The chemical
composition of this aloy is given in Table 1.[28

1. Bimodal microstructure

The original bar stock (63.5 mm in diameter) was sec-
tioned into segments 400-mm long, preheated to 940 °C for
30 minutes, and forged as glass-|ubricant—coated bars at this
temperatureinto 400 X 150 X 20 mm plates.!?® These plates
were solution treated at 925 °C for 1 hour, fan air cooled,
and then stabilized at 700 °C for 2 hours. The microstructure
of the STOA condition consisted of a bimodal distribution
of interconnected equiaxed primary « grains and lamellar
a + B colonies (transformed B) (Figure 2(a)). A careful
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Fig. 2—Optical micrographs of the microstructures of Ti-6Al-4V: (a)
bimodal (solution treated and overaged, STOA) and (b) lamellar (B
annealed). Etched for ~10 sin 5 parts 70 pct HNO;, 10 parts 50 pct HF,
and 85 parts of H,O0.

investigation of the relative distribution of phases indicated
an overall primary « content of 64 pct. The average grain
size obtained was ~20 um, with a sight grain elongation
observed in the longitudinal (L) direction of the forging.
Using differential thermal analysis, the B-transus tempera-
ture was measured to be 990 °C to 1005 °C.

2. Lamellar microstructure

To compare with the bimodal Ti-6Al-4V structure, afully
lamellar microstructure was al so examined. Thismicrostruc-
ture (Figure 2(b)) was obtained by solution treating in a
vacuum of 1075 to 107% mbar at 1005 °C (dlightly above
the B-transus temperature) for 10 to 30 minutes (depending
on the cross section), followed by a rapid quench (~100
°C/min)* in high-purity helium gas. The microstructure thus

*This quench rate was chosen to achieve a similar lath spacing of the
transformed g in the two microstructures.

obtained was stabilized at 700 °C for 2 hoursin vacuo, before
slow furnace cooling to room temperature. The resulting
Widmanstéatten microstructure had an average prior-B grain
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Tablell. Uniaxial Tensile and Toughness Properties of

Ti-6Al-4V
Ultimate Fracture
Yield Tensile  Reduction Toughness
Strength  Strength in Area Kic
Microstructure ~ (MPa) (MPa) (Pct)  (MPa./m)
Bimodal 930 978 45 64
Lamellar 975 1055 10 100

size of ~1 mm, a colony size (parallel-oriented «-phase
lamellag) of 500 um, and an average « lamellae lath width
of 1to 2 um, similar to the interlamellar spacing of the
transformed g in the bimodal microstructure.

B. Mechanical Testing

1. Uniaxial tensile and toughness properties

Uniaxial tensile tests were conducted in both microstruc-
turesin the L-orientation using strain rates of 5 X 1074 s™%;
additional data for the bimodal microstructure were taken
from Reference 28. Resultsin terms of the strength, ductility,
and toughness are given in Table II. The lamellar structure
exhibited somewhat higher strength levels, whereas the
bimodal structure exhibited over afactor-of-4 higher ductil-
ity, due to its smaller grain size, which limited the effective
dip length. Despite its lower ductility, plane-strain fracture
toughness values, measured using 25-mm-thick, precracked
compact-tension specimens, were over 50 pct higher in the
lamellar microstructure; similar observations have been
made in previous studies (e.g., Reference 29).

2. Smooth-bar stress-life (S-N) fatigue testing

To evaluate the smooth-bar stress-life (S-N) fatigue prop-
erties of both microstructures, fatigue tests were performed
in room-temperature air (25 °C, 35 to 45 pct relative humid-
ity) under load control at positive load ratios of R = 0.1
and 0.5, on servohydraulic testing machines cycling at 25
Hz (for lives <106 cycles) and at 1000 Hz (for lives > 10°
cycles) on unnotched hourglass specimens with threaded
grip sections and minimum gage diameters of 3.0 mm (25
Hz) and 5.4 mm (1000 Hz).* The specimen axiswas aligned

after machining the specimen sides were ground to a 1200-
grit finish before chemically polishing to a finish of 0.05
pm. Samples were first fatigue precracked for a minimum
of ~2 mm from the notch tip using initial AK levels of 8
to 15 MPa,/m. This was carried out at the same |oad-shed-
ding rate and load ratio as was subsequently used for the
actual test, as described subsequently.

Fatigue-crack growth testing was performed in accor-
dance with ASTM Standard E 647 in room-temperature air
under load control, with crack lengths monitored in situ
using back-face strain (BFS) compliance techniques. Two
techniques were used to determine the alternating and maxi-
mum stress intensities at the threshold, (AKty and Kiex th
respectively), which were defined at a propagation rate of
10~%9to 10~ m/cycle. Standard constant-R testing for load
ratios between 0.1 and 0.8 was performed by load shedding
toward the threshold using the scheme AK = AKi,iia €Xp
(C (@ — ayitia)), With the K-gradient (C) set at —0.08 mm™1
(AK and a are the stress-intensity range and crack length,
respectively). In addition, constant-K,./increasing-K,
testing* was performed to achieve load ratios approaching

*The constant-K . /increasing-K,,, test for threshold measurements was
first developed by Doker et al.[ It was subsequently used by Hertzberg
and co-workers to provide a simulation of short-crack growth behavior.[%

unity, using K, values from 26 to 57 MPa\/ﬁ for the
bimodal microstructureand 27 to 87 MPa,/m for thelamellar
microstructure. These procedures, which act to minimizethe
effect of crack closure, gave thresholds at very high load
ratios between 0.89 and 0.98.

A range of frequencies between 50 and 1000 Hz was
examined; additional ultrasonic fatigue tests at 20,000 Hz*4
were performed on the bimodal microstructure only. Tests
at 50 Hz were performed on a standard MTS servohydraulic
testing machine; corresponding tests at 200 to 1000 Hz were
performed on a newly developed MTS servohydraulic test
frame incorporating a voice-coil servovalve. Thresholds
were determined using the same procedure described for the
constant-R tests. Data are presented in terms of the crack
growth rate per cycle (da/dN) as a function of the stress-
intensity range (AK = Ky — Kiin)-*

*Based on a comparison of results performed at frequencies up to 1000
Hz by Ritchie et al.[*¥ and ultrasonic fatigue-threshold measurements by
Meyer and Stanz—Tschegg, no effect of cyclic frequency has been found
in this aloy for fatigue tests between 50 and 20,000 Hz, conducted in
ambient-air environments.[4

paralel to the length of the plate (L-orientation). For the
bimodal microstructure, results were supplemented with 85
Hz SN data from Reference 14 on the same material.

To achieve anominally stress-free surface prior to fatigue
testing, samples in both microstructures were stressrelieved
in vacuo for 2 hours at 705 °C prior to chemically milling
in a solution of 50 mL HF, 500 mL HNO; and 1500 mL
H,O. Similar procedures were used for the small-crack and
FOD test samples.

3. Fatigue-crack growth testing in pure mode |

Large-crack tests: Mode | fatigue-crack propagation stud-
ies, on through-thickness cracks which were large compared
to the scale of the microstructure (>4 mm), were carried
out for both microstructures using 8-mm-thick compact-
tension specimens (of 25.4-mm width) machined in the L-
T orientation. To facilitate observation of crack propagation,
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*Note that for simplicity, the mode | stress intensity is referred to as
AK. However, in sections relevant to the mixed-mode behavior, AK; is
used to distinguish the mode | stress intensity from the mode |l stress
intensity (AK).

The magnitude of crack closure was monitored using BFS
compliance; specifically, the global closure stress intensity
(Ky) was approximated from the point of first deviation
from linearity in the elastic compliance curve on
unloading.®™™ Based on such measurements, an effective
(near-tip) stressintensity (AKg = Kinax — Kg) Wasestimated.

Small-crack tests: Corresponding mode | fatigue-crack-
propagation testing on microstructurally small (~1 to 50
um) surface cracks was performed by periodic scanning
electron microscopy monitoring of so-called Kg tensile sam-
ples, where cracking was initiated at sites of impact damage,
asdescribedin Section [11-B—5. These sampleshad arectan-
gular cross section of 3.2 by 7.2 mm, a gage length of 20
mm, and cylindrical buttonhead ends and were cycled at 25
Hz (for lives <10° cycles) and 1000 Hz (for lives >10°
cycles) a R = 0.1 and 0.5.

Approximate local stress intensities for small cracks
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formed at the base and crater rim of the damaged sites were
calculated from the relationshipt=e!

0.7 ky

Avasap O
where k; is the elastic-stress-concentration factor, a is the
crack depth, and p is the indentation radius. The factor of
0.7 is based on the stress-intensity boundary correction and
the crack-shape correction factor,®" the crack shape being
determined from fractographic observations as a/2c ~ 0.45
(a is the crack depth and 2c is the surface-crack length).*

AK =

*The exact shape of such small surface cracks and the variation in this
aspect ratio with crack extension clearly can have an important effect on
the crack driving force and, hence, the crack-growth behavior.[33% In the
current work, for small-crack threshold determination, the exact aspect
ratios were obtained by postfractographic observations. For crack-growth-
rate studies, a constant aspect ratio was assumed, athough our crack-
shape studies, described in Reference 40, did indicate that this was a
reasonable assumption.

Despite the physically small size of the cracks, the use of
the stress intensity was justified here, as maximum plastic
zone sizes were only ~0.2to 1 um for 1 to 10-um sized
cracks at AK ~ 1 to 2 MPa,/m conditions were, thus, close
to that of small-scale yielding. However, it should be noted
that Eq. [1] does not take into account the presence of the
impact-induced residual stresses, although these stresses will
not change the value of the stress-intensity range. Moreover,
recent X-ray diffraction studies* have shown that at the
higher applied stresses, such residual stresses at the base
and rim of the damage site tend to relax within the first few
fatigue cycles.

4. Fatigue-crack growth testing under mixed-mode
loading

The corresponding fatigue-crack growth testing under
mixed-mode conditions was performed using the asymmet-
ric four-point-bend (AFPB) sample (e.g., Reference 42).
This specimen can achieve arange of mode-mixities, essen-
tially from pure mode | to mode I1, by changing the crack
offset from the load line. Specimens, 11.3-mm wide and
4.5-mm thick, were machined in the L-T orientation. For
comparison, pure mode | tests were conducted using sym-
metric four-point bending, with inner and outer spans of
12.7 and 25.4 mm, respectively. For all samples, the surfaces
required for crack-length observation were polished to a
0.05 um finish, whereas the sides to be used to carry the
load-bearing pins were ground down to a 600-grit finish.

a Large-crack tests

Mixed-mode thresholds were determined on the basis of
crack initiation from a carefully prescribed precrack, as
described in detail elsewhere.[*34445] Fatigue precracks were
grown from 2-mm-deep el ectro discharge-machined notches
in symmetric four-point bending at R = 0.1; the final pre-
crack length was 4.50 + 0.25 mm, achieved at final AK,
values of 4.8 = 0.5 and 6.8 = 0.5 MPa/m, respectively,
for the bimodal and lamellar microstructures. Using recently
developed solutiong“? for the values of AK, and AK,, for
the AFPB geometry, mixed-mode tests for large (>4 mm)
through-thickness cracks were performed at |oad ratios from
0.1 to 0.8 for mode-mixities varying from pure mode |
(AK,/AK, = 0) to nearly pure mode Il (AK,/AK, = 7.1),
corresponding to phase angles (8 = tan~1(AK,/AK))) of O

to 82
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deg, respectively. Each test involved cycling the precracked
specimen at the desired mode-mixity, if no crack growth was
observed using an optical microscope after 2 X 10°to 5 X
10° cycles, either AK, or AK, was increased by ~0.25
MPa,/m and the same testing procedure was repeated. In
this way, a “growth/no growth” condition bounding the
threshold was obtained, with growth being defined to be
crack extension on the order of the microstructural dimension
(~20 um for abimodal and ~500 um for alamellar micro-
structure). Estimates of the extent of crack-tip shielding in
both modes | and Il were made using a compliance-based
technique; as described in Reference 44, this technique
involved determining the mode | and mode Il compliance
curves in situ using a crack-opening displacement gage.*

*As described in detail in Reference 44, the distinction between the
contributions to shielding in modes | and |l is achieved by examining
separate |oad-displacement curves using two gages mounted near the crack
tip; these gages are used to measure opening and shear displacements.
Mode | shielding, in the form of crack closure, is determined from the
compliance curvefor the opening displacements, whereasmodel| shielding,
in the form of asperity rubbing and interlock, is determined in an analogous
fashion from the compliance curve for shear displacements.

b. Short-crack tests*

*Short cracks are defined here as being small in al but one dimension,
compared to small cracks, which aresmall in all dimensions. Further details
on the distinction between, and relevance of large, short, and small cracks
are given in the Appendix.

Corresponding mixed-mode thresholds for through-thick-
ness short (~200 um) cracks were obtained in an identical
fashion, except that the wake of the precrack was carefully
machined away to within ~200 um of the crack tip using
a slow-speed diamond saw. The intent of this procedure was
to minimize the extent of crack-tip shielding by reducing
the degree of surface contact in the crack wake.

c. Small-crack tests

Corresponding mixed-mode thresholds tests for micro-
structurally small (<50 um), semi-elliptical surface cracks
were performed using an inclined crack technique. A small,
semidlliptical surface precrack (~10 to 50 um) was first
obtained by standard mode I, three-point bend testing at R
= 0.1 (50 Hz) of wide (16.3 mm), 5-mm-thick rectangular
bars machined in the L-T orientation. Prior to testing, sam-
ples were stress-relieved for 2 hours at 675 °C in vacuo,
and surfaces necessary for observation were polished to a
0.05 um finish. Once a small crack had initiated, a bend
bar was carefully machined from the origina wide sample,
with the small crack inclined at the desired angle to the axis
of the bar. This bar was then subjected to symmetric four-
point bending, and the threshold for crack initiation from
theinclined crack was determined in asimilar manner to that
described previously for mixed-mode large-crack testing.
Linear-elastic solutions for the stress-intensity ranges for
small semielliptical surface cracks in mode | and mixed-
mode loading were obtained from References 37 and 46.
Exact crack shapes (a/2c) were determined following thresh-
old determination by fractographic observations.

5. Foreign-object damage

The effect of FOD on the fatigue behavior of Ti-6Al-4V
was examined using modified Kg tensile specimens.#047481
The FOD was simulated by firing 3.2-mm-diameter
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Fig. 3—Smooth-bar stress-life (S-N) dataat R = 0.1 and 0.5 for the bimodal
and lamellar microstructures in Ti-6Al-4V. Data points refer to samples
following simulated FOD and clearly show a severely reduced fatigue life
due to such damage; numbers adjacent to data points indicate the surface
crack length, 2c;, of the FOD-induced microcracks.

chrome-hardened steel spheres at velocities between 200
and 300 m/s onto the flat surface of the Kg specimens at an
angle of 90 deg, using a compressed-gas gun facility. These
velocities represent typical in-service impact velocities on
aircraft engine fan blades. The resulting damage craters are
also typica of those seen in service, with root radii similar
to those of actual damage sites. After impacting, specimens
were cycled at 1000 Hz at a stress range (Ao) between 225
and 500 MPa (R = 0.1 and 0.5), and results were compared
to the unimpacted smooth-bar S-N data. Throughout the
fatigue testing, specimens were periodically removed and
examined in a high-resol ution field-emission scanning elec-
tron microscope in order to monitor crack-initiation and
growth in the vicinity of the damage site. Resulting small-
crack data are presented in terms of their growth rates as
a function of both crack size (a) and the stress-intensity
range (AK).

Residual stresses surrounding the damage sites were both
numerically computed and experimentally measured using
synchronous X-ray diffraction.[* However, relaxation of a
significant portion of these stresses was found (from in-situ
X-ray studies) at the higher applied stresses utilized for
these tests.

IV. RESULTS AND DISCUSSION

A. Smooth-Bar Stress-Life Fatigue

Smooth-bar S-N curves for the bimodal and lamellar
microstructures are shown in Figure 3 for load ratios of 0.1
and 0.5. (The numbers next to individual data points refer
to microcrack sizes following FOD, as discussed in Section
IV-D). In the high-cycle regime, in this case for lives
exceeding ~10° cyclesat R = 0.1 and 10° at R = 0.5, the
lamellar structure appears to display the superior fatigue
properties, with a higher 10° cycle endurance strength, par-
ticularly at R = 0.5. Thisis consistent with the higher tensile
strength of this microstructure. It should be noted, however,
that at shorter lifetimes in the low-cycle fatigue regime, it
isthe bimodal microstructure that appears to show the better
fatigue properties, consistent with the higher ductility exhib-
ited by this structure, although in the present study only
limited data were collected in this regime. The fact that the
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Fig. 4—(a) Subsurface fatigue crack, initiation site (arrow) in bimodal Ti-
6Al-4V (R = 0.1, g1 = 500 MPa, and N; = 9.6 X 107 cycles), showing
(b) crack initiation and early growth along planar slip bands leading to
facet-type fracture surface (specimen tilt: 70 deg). The EBSD analysis of
fractured « grains 1 through 3 revealed near-basal orientation of fracture
plane.

lamellar structure appears to show better S/N propertiesin
the HCF regime is somewhat unusual, but may be related
to the fact that the bimoda structure studied in this work
has a very high percentage (~64 pct) of interconnected
primary «, which leadsto alarge effective dip length; typical
bimodal microstructuresin Ti-6Al-4V usually consist of only
~30 pct of primary «.

Crack initiation, which is generally the dominant stage in
smooth-bar HCF, was found to occur both at the surface
and subsurface regions of the specimens. Although prior
studied*¥ in bimodal and lamellar Ti-6Al-4V under tension-
compression (R = —1) loading showed fatigue cracks to
initiate at the surface, for the present work at positive load
ratios (R = 0.1 and 0.5), crack initiation was often seen in
regions close to the surface. For example, crack initiation
occurred at ~40 to 100 um below the surface and extended
farther into the interior, some ~250 to 450 um for the
bimodal structure and as deep as ~1 to 2 mm for the lamel-
lar structure.

Typical subsurface initiation sites in the bimodal micro-
structure were characterized by a faceted fracture surface
(Figure 4), caused by the cracking of suitably oriented «
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Fig. 5—Subsurface fatigue crack initiation site (arrow) in lamellar Ti-6Al-
4V (R = 0.5, 0yax = 700 MPa, and N; = 6.8 X 107 cycles), showing (b)
cross-colony slip band crack initiation and early growth along macroscopi-
caly planar facets of colony width dimensions (~500 um).

grains and subsequent growth along planar dlip bandswithin
interconnected « grains (Figure 4(a)). Electron back scat-
tered diffraction (EBSD) analysis revealed that many of
these a grains were aligned with a near-basal orientation
perpendicular to the stress axis (Figure 4(b)). Subsurface
crack-initiation sitesin fully lamellar Ti-6Al-4V were char-
acterized by cross-colony slip-band fracture (Figure 5), typi-
caly of colony-width dimensions (~500 wm). Such dip
bands can form across an entire colony where the laths
are of similar orientation and the surrounding B layers are
extremely thin.®l Current studies are focused on crystallo-
graphic analysis of cross-colony fracture facets, which are
also associated with a near-basal orientation,°5% as shown
by the cracked « grains of the bimodal microstructure.
Such subsurface crack initiation is not common in fatigue,
but has become increasingly reported of late for fatigue
failures under very-long-life conditionsin steels (e.g., Refer-
ence 52); however, it is more frequently encountered in
titanium alloys.[5+53-5 Most traditional explanationsfor this
phenomenon rely on the presence of processing-induced,
surface compressive residual stresses, i.e., due to heat treat-
ment, case-hardening, or shot-peening procedures. Other
explanations include the formation of such compressive
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residual stresses due to preferentia plastic deformation at
the surface under tension-tension loading®¥ and the higher
probability of finding a stress-raising defect (e.g., inclusions
in steels) or aweak microstructural orientation or “hard” «
particle (in titanium alloys) in the bulk of the material com-
pared to the surface. As nominally stress-free surfaces were
employed in the present study, it is believed that the subsur-
face initiation is the result of the latter effect. In particular,
the high fatigue strength of lamellar Ti-6A1-4V may be
due to the coarse microstructure, which has characteristic
dimensions comparable to the size of the hourglass SN
sample geometry; this permits only a small number of colo-
nies to be sampled for any weak orientation. Bache and
Evand®® have recently pointed out the significance of such
weak microstructural orientations, and the related stress
redistribution between individua grains, in causing prema-
ture crack initiation in titanium alloys.

B. Mode | Fatigue-Crack Propagation

1. Large-crack behavior

The variation in (mode 1) fatigue-crack growth rates for
large (>4 mm) through-thickness cracks in the bimodal 034
and lamellar microstructures is shown in Figure 6 for con-
stant-load-ratio testsat R = 0.1, 0.5, and 0.8. Corresponding
averagethreshold valuesarelistedin Table 1. Theseresullts,
which were collected at a frequency of 50 Hz, clearly show
the expected trend of faster crack growth rates and lower
AKqy thresholds with increasing R-value. Moreimportantly,
in the coarser lamellar structure, growth rates were consis-
tently lower, by roughly one order of magnitude at compara-
ble AK levels, and thresholds higher, by more than 20 pct,
at comparable load ratios, although there was considerably
more scatter in the data for the lamellar microstructure.
Specifically, between R = 0.1and 0.8, (mode ) AKtH thresh-
olds varied, respectively, from 5.7 to 3.9 MPa,/m in the
lamellar structure compared to 4.6 to 2.6 MPa,/m in the
bimodal structure; corresponding two-parameter fits of the
growth rates in the Paris regime give (in units of m/cycle,
MPa,/m):

g—s = 5.2 X 10 PAK25K%&  (bimodal structure)
g—z = 1.25 X 107 AK*5 K387 (lamellar structure)

Thevariation in thefatigue threshol ds, plotted asthe AK
threshold as a function of the Ky, t+ threshold, is shown in
Figure 7 for a wider range of R-ratios up to 0.98, the latter
results being obtained using constant-K,., tests conducted
at high values of K. It is apparent that neither structure
showed evidence of the Marci effect,[* where near-thresh-
old growth rates start to increase with decreasing AK levels
at very high load ratios, most probably due to the superposit-
ion of a sustained-load (e.g., environmentaly induced)
cracking mechanism. Indeed, at these extremely high Kpa
values, essentialy as K« —» Kic (R - 1), the differencein
AKqy thresholds between the two structures is lost, with
both microstructural conditions showing a so-called “wor st-
case” AKqy threshold of 1.9 MPa/m.*

*The worst-case threshol d®? s a term given to the lowest value of AKy
measured with large cracks at load ratios that approach unity (specificaly,
where Kx — Kic), such that the extent of crack-tip shielding, e.g., by
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Fig. 6—Mode | fatigue-crack propagation (large crack) behavior of (a)
bimodal Ti-6Al-4V in terms of the crack-growth rates, da/dN, as afunction
of the applied stress-intensity range, AK, at various load ratios (R = 0.1,
0.5 and 0.8), al at a frequency of 50 Hz. Fatigue thresholds measured at
da/dN = 1 X 107%° m/cycle were 4.6, 3.6, and 2.9 MPa,/m, respec-
tively.2%31 (b) For the lamellar microstructure, fatigue threshol ds measured
at da/dN = 1 X 10~ 2° m/cyclewere5.7, 4.4, and 3.9 MPa,/m, respectively.

crack closure, isminimized. Such thresholds, which are generally measured
under constant-K,,/increasing-K,i, cycling, represent a lower-bound
threshold for the alloy/microstructurein question in the presence of “contin-
uum-sized” cracks, i.e., in the presence of physically large or small cracks
which have dimensions specifically larger than the characteristic scale of
the microstructure.

It should be noted that although the data shown in Figure
6 were collected at aloading frequency of 50 Hz, the growth-
rate behavior of the bimodal microstructure over the range
from 50 to 20,000 Hz and of the lamellar microstructure
between 50 and 1000 Hz was examined. |n ambient-tempera-
ture air, no effect of frequency on the (mode 1) AK+ thresh-
olds was seen in either microstructure.3%3134 Previous
investigations have reported frequency-independent growth
rates for titanium alloys in the 0.1 to 50 Hz range;[>"%¢ the
current results significantly extend these observations.

Thus, the lamellar structure clearly provides superior
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Tablelll. Average Threshold Values for Ti-6Al-4V

Bimodal Microstructure  Lamellar Microstructure

Load AKry Kimax, TH AKmy Kimax, TH

RatioR (MPa/m) (MPa/m) (MPa/m) (MPa/m)
0.10* 4.3 4.8 5.7 6.3
0.30* 3.6 5.2 5.0 7.1
0.50* 29 59 4.4 8.8
0.80* 25 125 39 195
0.88** — — 32 26.5
0.91** 23 26.5 — —
0.92** — — 30 36.5
0.94** 22 36.5 2.8 46.5
0.952** — — 2.7 56.5
0.955** 21 46.5 — —
0.965** 20 56.5 24 66.5
0.973** — — 2.0 76.5
0.978** — — 1.9 86.5

*Determined under constant R conditions.
**Determined under constant K, conditions.

mode | fatigue-crack-propagation resistance to the bimodal
structure in the large-crack regime, an observation that can
primarily be traced to the increased tortuosity in the crack
path and resulting crack closure in the lamellar structure, as
discussed in Section 1V-B-3. However, this beneficial aspect
of the lamellar structure is progressively diminished with
increasing load ratio, again consistent with the diminishing
role of crack closure, such that for R > 0.8, AK+y thresholds
in the two microstructures are essentially the same.

2. Crack closure

Crack-tip shielding from crack closure in titanium aloys
has been primarily attributed to the roughness of the crack
surfaces, i.e., to thewedging of crack-face asperities; indeed,
load-ratio effects in these alloys are generally presumed to
result from such closure.[5861 |n the present study, signifi-
cant closure was observed at the low R-ratios of 0.1 and 0.3
for both microstructures; none could be detected at R = 0.8.
The magnitude of such closure, in terms of the variation in
Kg, and, hence AKg, with AK is shown in Figure 8. Unlike
the bimodal structure, closure levelsin the lamellar structure
can be seen to vary with AK level a low growth rates,
consistent with previous studies.®® However, more impor-
tantly, the overall magnitude of the closure effect is defini-
tively higher in the coarser lamellar structure. As discussed
in Section | V-B-3, thisundoubtedly resultsfrom theincreased
tortuosity in the crack path and, hence, in the fracture-surface
roughness associated with this microstructure.

3. Crack-path and fracture-surface morphologies

Asshown in Figure 9, the coarser lamellar microstructure
displayed a more tortuous and deflected crack path than the
finer-scale bimodal microstructure. Whereas the controlling
microstructural unit in the bimodal structure is the grain
size, whichis~20 um, itisclearly the entirelamellar colony
size in the lamellar structure, which is more than one order
of magnitude larger; furthermore, the deflection of the crack
path across such boundariesin the latter structure can be seen
to be strongly influenced by the orientation of neighboring
colonies. Such increased crack-path tortuosity is a major
contributor to the higher toughness of the lamellar micro-
structure.l® Moreover, as noted previously, the enhanced
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Fig. 7—(a) The mode | large-crack AKqy thresholds obtained for both
bimodal and lamellar microstructures are shown as a function of the load
ratio, R. The data include both constant-R and constant-K ., test resuits.
At very high R-ratios (>0.9), AKyy thresholds for both microstructures
tend to converge. (b) The same data are plotted as a function of the K
at threshold.

crack deflection and resulting roughness-induced crack clo-
sure both act to increase the fatigue-crack-growth resistance
of this structure in the presence of large cracks and to
increase the degree of scatter in the crack-growth data
(Figure 6). At high R-values, where both microstructures
show adecreasein such tortuosity, the difference between the
cyclic crack-growth resistance of the two structures becomes
essentially nonexistent. The less-deflected crack paths here
may be associated with the much larger maximum plastic
zone sizes as Ky — Kic (R - 1); this markedly increases
the number of dip systems available, which can change
single-dlip planar crack growth (in the form of deflected,
crystallographic, crack paths) to multiple-dlip crack growth
(where the crack path is more straight).

The more tortuous crack path in the lamellar structure
results in a far-rougher fracture surface, as shown by the
scanning electron micrographs in Figures 10 and 11 for the
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Fig. 8—Crack closure, measured at R = 0.1, using unloading compliance
techniques on C(T) specimens for the (a) bimodal and (b) lamellar
microstructures.

bimodal and lamellar structures, respectively, at load ratios
of 0.1, 0.5, and >0.9. The AK levels associated with the
fracture surfaces are ~4.3, 2.9, and 1.9 MPa,/m, respec-
tively, a R = 0.1, 0.5, and 0.96 for the bimodal structure
(Figure 10) and ~5.7, 4.4, and 3.0 MPa/m, respectively,
a R = 0.1, 0.5, and 0.92 for the lamellar microstructure
(Figure 11). The highly crystallographic nature of the crack
paths in the lamellar structure is particularly evident in
Figure 11. Also shown is the overload fracture region
for both microstructures, which occurs by microvoid
coalescence.

4. Short-crack behavior

(Mode 1) AKqy thresholds for short cracks, where the
crack wakes have been machined away to within ~200 zm
of the crack tip, are compared with thelarge-crack thresholds
as a function of R in Figure 12. Whereas large- and short-
crack thresholds are essentialy identical above approxi-
mately R = 0.5, at lower load ratios where crack closure
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Fig. 9—A typical near-threshold crack profile observed for the (a) bimodal
and (b) lamellar microstructure (R = 0.1, and da/dN ~10~2° m/cycle). The
nominal crack propagation directionisindicated by thearrow. Thestructure-
sensitivity of fatigue-crack growth is clearly stronger for the lamellar
microstructure.

was observed, thresholds are much smaller for the short
cracks due to the restricted role of such closure for cracks
of limited wake. Indeed, by correcting the large-crack AKqy
thresholds for closure, in the form of AKyy e thresholds,
threshold values for large and short cracks are the same,
similar to previous observations in Ti-6A1-4V.[62

5. Small-crack behavior

The fatigue-crack propagation behavior (at R = 0.1) of
the microstructurally small surface cracks, where crack sizes
were in the range of ~1 to 50 um, are plotted as a function
of both AK and surface-crack length, 2c, for both microstruc-
turesin Figure 13; results are compared with corresponding
data for through-thickness large (>4 mm) cracks at both
R = 0.1 (from constant-Rtesting) and R = 0.91t0 0.95 (from
constant-K ., testing). Several points are worthy of note:

(1) Growthratesfor the microstructurally small crackswere,
in general, far in excess of those of corresponding large
cracks at equivalent AK levels. In both structures, the
smallest cracks, with dimensions in the range ~2 to 20
um, propagated at stress intensities well below the
worst-case (“closure-free”) thresholds for large cracks.
Indeed, thresholds for such small cracks were below
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AK ~ 1 MPa,/m, presumably due to biased sampling
by the smal flaw of the “weak links’ in the
microstructure.

(2) With increasing crack size, growth rates for the small
cracks merge first with the high-R (closure-free) large-
crack data (at 2c ~ 50 to 100 um) and eventually with
the low-R data at larger crack sizes.

(3) Although the lamellar structure shows superior fatigue-
crack-growth properties in the presence of large (“con-
tinuum-sized”) cracks (Figure 6), in the presence of the
microstructurally small cracks, the fatigue-crack-growth
resistance of the two structuresis very similar, although
the data are subject to considerably more scatter. This
implies, though, that a primary difference in the fatigue-
crack-growth properties of the bimodal and lamellar
microstructures arises more from the extrinsic role of
crack-path tortuosity and resultant crack closure, rather
than any distinction in their respective intrinsic resist-
ance to cyclic crack growth. Similar effects have been
observed for other material systems(e.g., Reference 63).

From the perspective of defining thresholds for HCF,
however, the results in Figure 13 clearly demonstrate that
the concept of a worst-case threshold (determined under
R - 1 conditions that minimize crack closure) applies
strictly for continuum-sized cracks; such thresholds do not
provide a lower-bound threshold stress intensity for cracks
on the scale of microstructural dimensions. As discussed in
Section IV-D, this is particularly pertinent for the early
stages of FOD-induced fatigue failures.

It is interesting to note that the small-crack growth rates
do not vary that much with microstructure, whereasthe crack
initiation mechanismsare strongly influenced by microstruc-
ture, as noted previously. Such initiation is often controlled
by strain accumulation at the tips of the longest dip band,
which leads to preferential nucleation and initial growth
within the interconnected primary « grains in the bimodal
microstructure. In the lamellar microstructure, cross-colony
slip-band crack initiation is observed, with subsequent small-
crack growth generally occurring along the planar-slip bands
into adjoining, but differently oriented, colonies. The coarser
microstructure provides a longer path for the small crack
to propagate before it encounters a serious microstructural
“barrier” such as differently oriented neighboring colonies.

Thus, in general, whereas the lamellar structure offers
better resistance to large-crack fatigue-crack growth than the
bimodal structure, thereislittledifferenceintheresistance of
the two microstructures to small-crack growth.

C. Mixed-Mode Fatigue Thresholds

1. Large-crack behavior

Results for the large-crack threshold behavior of the
bimoda and lamellar microstructures under mode | + I
loading are shown in Figure 14 in the form of mixed-mode
threshold envelopes, where the mode Il threshold stress-
intensity range (AK|; m) isplotted asafunction of the corres-
ponding mode | threshold (AK,ty). Once more, severa
points are worthy of note:

(1) Similar to the behavior in other materials,%*-¢" a clear
reduction in threshold values with increasing R-value is
evident. The dlight increase in the AK, 14 threshold with
increasing mode-mixity at low phase angles, observed
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inset profiles: 30 um fractographs: 16_;Lm propagation

Fig. 10—A comparison of the fractography and crack profiles (inset) observed at near-threshold growth rates of ~1071° m/cyclein the bimodal microstructure.
Whereas microvoid coalescence can be seen in overload fracture, no such static modes are evident in fatigue, even at R = 0.96.

2

in the present data at phase angles between 0 and 26
deg, has been attributed to an effect of mode I/mode |1
crack-tip shielding.[344,

Although the mode | threshold decreaseswith increasing
mode-mixity, if a more appropriate measure of the
mixed-mode driving force is used, specificaly the range
in strain-energy release rate (AG = (AK,2 + AK,?)/E’,
where E' = E (Young's modulus) in plane stress and
E/(1 — v?) in plane strain (» being the Poisson’s ratio),
then there is a progressive increase in the mixed-mode
threshold (AGry) with increasing mode-mixity in both
microstructures for all load ratios studied (Figure 15).
From the perspective of thresholds for high-cycle
fatigue, this implies that, in terms of mixed-mode load-
ing, the mode | threshold, defined interms of AG, repre-
sents a worst-case condition. Naturally, this is aso
evident when the equival ent stress-intensity factor range,
AKegmh = (AGmy E’)Y2 is used to characterize the
threshold (Figure 15).
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(3) As discussed in detail elsewhere,“># the increase in
the large-crack mixed-mode threshold with increasing
mode-mixity can be related in these microstructures to
an increased role in mode | and mode Il crack-tip
shielding, associated with, respectively, crack closure
and sliding-crack interference (i.e., friction and interlock
of crack-surface asperities). Indeed, if such data are
“corrected” for this shielding by characterizing the driv-
ing force in terms of a mixed-mode AGg;,[* then the
effect of the mode-mixity on the threshold is greatly
reduced (shown by the hatched regions in Figure 16).*

*The term AGg; is defined as (AK, g2 + AK) «)/E’, where AK, « is
theeffective stress-intensity rangeinmodel, and AK|, « isthe corresponding
effective stress-intensity rangein mode|l. Thevalue of AK, « isdetermined
in the usual way, in terms of K, — Kq. The value of AK| &, on the
other hand, is equal to the difference between the near-tip maximum and
minimum mode Il stress intensities in the fatigue cycle. The near-tip mode
Il stress-intensity range differs from the applied driving force due to the
presence of shear-induced fracture-surface asperity contact and interlock.
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inset profiles: 30 pm fractographs: 10um propagation

Fig. 11—A comparison of the fractography and crack profiles (inset) observed at near-threshold growth rates of ~107° m/cyclein the lamellar microstructure.
The lamellar microstructure generally exhibits greater crack path tortuosity and fracture surface roughness.

Further details on the determination of AK, « and the estimation of AK g
using compliance-based techniques can be found in Reference 44.

(4)

(The shielding correction was based on compliance-
based measurements of the mode | crack closure and
mode Il crack-surface interference and is described in
Reference 44). Similarly, as discussed subsequently for
short and small cracks, where such shielding is highly
diminished due to the restricted crack wake, the mixed-
mode threshold shows very little sensitivity to the
mode-mixity.

Akin to pure mode | behavior, in the presence of large
cracks, the lamellar structure displays superior mixed-
mode crack-growth resistance to the bimodal structure.
This is attributable to the large degree of crack deflec-
tion, bifurcation, and secondary crack formation associ-
ated with crack growth in the lamellar structure, as
shown in Figure 17; all these factors result in rougher
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fracture surfaces which, under sliding conditions (even
more so than with tensile opening), can significantly
promote crack-tip shielding (by dliding crack-surface
interference) in large cracks. This difference in crack-
growth resistance between the microstructuresis consid-
erably reduced at phase angles approaching 90 deg,
although the reason for this is, as yet, unclear.

2. Short-crack behavior

The mixed-mode thresholds for short (~200 um) cracks
in the bimodal and lamellar structures are plotted in Figure
16 asafunction of the phase angle; results are compared with
the corresponding thresholdsfor large cracksfrom Figure 15.
As noted previously, the effect of crack-tip shielding in the
crack wakeis particularly significant in the presence of shear
loading, due to crack-surface friction and interlocking of
asperities.[*+%5-70 Consequently, due to the minimal role of
crack-tip shielding with cracks of limited wake, short-crack
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Fig. 12—(a) and (b) Mode | large-crack AKqy threshold values obtained
for the bimodal and lamellar microstructures using symmetric four-point
bending tests are shown, together with the corresponding val ues “ corrected”
for crack closure. Thresholdsfor short (~200 xm) through-thickness cracks
are also shown for reference.

thresholds can be seen to be (1) far smaller than the large-
crack values, (2) relatively insensitive to mode-mixity, in
contrast to the large-crack thresholds, and (3) insensitive
to the load ratio, again in contrast to large-crack results.
Moreover, the short-crack threshold values were observed
to lie within the scatter band for shielding-corrected large
cracks,[“** again indicating that, similar to mode | condi-
tions, the limited effect of shielding for short cracks is
responsible for their lower threshold values. It should be
noted here that, in addition to errors from varying precrack
lengths, these tests (akin to large-crack testd*?) are subject
to errors caused by small variations in the offset of the crack
from the load line of the AFPB geometry. The root-mean-
sguare error in this offset has been determined to be 0.081
mm.[*d At a phase angle of 82 deg and aload ratio of 0.1,
this trandates into typical errors of ~+2.6 deg in 8 and
~+2 Jm? in the threshold values; such uncertainties in
AGrqy values are typical for the entire range of R and B
values studied.

With respect to microstructural effects, the distinction
between the bimodal and lamellar microstructures in terms
of the mixed-mode crack-growth resistance is substantially
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reduced for short cracks, compared to that for large cracks;
however, the lamellar structure still displays somewhat
higher AGy thresholds, particularly at the lower R-values.

3. Small-crack behavior

The results presented in Figure 16 show a marked effect
of crack size on the mixed-mode thresholds, which we have
atributed to a difference in the magnitude of the crack-
tip shielding. However, even lower mixed-mode thresholds
have been measured for microstructurally small (<50 um)
surface cracks, where there is the additional factor of the
biased sampling of the weak links in the microstructure by
the small flaw. As shown in Figure 18 for the bimodal
structure, the large-crack AGry mixed-mode thresholds at
AK,/AK, = 7.1 (R = 0.1) are some 70 to 90 times larger
than such measured small-crack thresholds. Asthereislittle
to no information in the literature concerning the mixed-
mode behavior of such small flaws, this would appear to be
an important topic for further investigation.

D. Thresholds for FOD

High-velocity impacts of hardened steel spheres simulat-
ing FOD resulted in a dramatic reduction in the fatigue life
in both microstructures, as shown by the SN datain Figure
3. Lifetimes are reduced by a minimum of two orders of
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that the lamellar structure shows superior resistance to crack propagation,
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magnitude, and FOD-induced failures can be seen to occur
in as little as 2 X 10* cycles at stresses below the smooth-
bar fatigue limit. Corresponding images of the typical dam-
age sites, following 300 m/s impacts on the flat surface of
the fatigue samples, are shown in Figure 19 for both
microstructures.

As discussed in detail elsewhere*47 the mechanistic
effect of such FOD can be considered in terms of (1) the
possibility of forming microcracks in the damage zone, (2)
the stress concentration associated with the FOD-induced
notches, (3) microstructural damage from FOD-induced
plastic deformation, and (4) the localized presence of tensile
residual hoop stresses in the vicinity of the impact site.
Although all these factors play an important role, a pivotal
effect of FOD in reducing fatigue lifein Ti-6Al-4V appears
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Fig. 15—The threshold strain-energy release rate, AGyy, is plotted as a
function of phase angle, B, for both microstructures for large cracks sub-
jected to mixed-mode loading at R = 0.1, 0.5, and 0.8. Equivalent stress-
intensity ranges at threshold for both microstructures are also shown. The
lamellar microstructure generally displays superior resistance to fatigue-
crack propagation.

to be the formation, at high impact velocities, of damage-
induced microcracks; on subsequent cycling, these can act
preferred sites for the premature initiation of fatigue cracks
in the pileup of material around the rim of the impact crater,
depending upon the relative magnitude of the residual
stresses in the vicinity of the impact.™¥ This pile-up of
material at the crater rim can be seen in Figure 19; within
this region, numerous microcracks (~1 to 50 um in size)
are formed, which (when favorably oriented to the applied
stress axis) serve as the starting point for fatigue cracking
during subsequent cycling. Moreover, circumferentially ori-
ented intense shear bands are formed at the higher impact
velocities; these emanate from the surface of the impact
crater and can be seen as concentric rings on the surface of
the crater. The development of the pileup of material at the
crater rim and the presence of shear banding and microcrack-
ing was more severe for the lamellar microstructure; how-
ever, although the microcrack density was increased, the
size of the individual microcracks (i.e., ~2 to 50 um) was
comparable to that seen in the bimodal microstructure.[“8!
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Fig. 16— Variation in mixed-mode thresholds, AGqy, asafunction of phase
angle, B, in (a) and bimodal and (b) lamellar structures. Shown are results
at three load ratios for large (>4 mm) cracks, before and after “correcting”
for crack-tip shielding, and for short (~200 xm) through-thickness cracks.

The growth rates of the microstructurally small cracks
that are initiated at, or near, such damage sites are shown
in Figure 13. As discussed in Section IV—-B-5, there is
apparently little difference between the early growth of such
FOD-initiated cracks in the two microstructures. However,
it can be seen that the growth of <5-um-sized microcracks
commences at AK levelsof ~1 MPa/m; asthisis far below
the worst-case thresholds for continuum-sized cracks, an
alternative approach must be found to describe the threshold
conditions for HCF in the presence of FOD.

In light of the vanishingly low thresholds for microstruc-
turally small cracks in Ti-6Al-4V, an dternative approach
to describe the threshold conditions HCF failures can be
found using modified Kitawaga—Takahashi diagrams,[’?
where the threshold-stress range for fatigue failure (Ao) is
plotted as a function of the surface-crack size, 2c, as shown
in Figure 20. For the present case of FOD-initiated HCF,
we have proposed coupling the worst-case threshold stress
intensity with the 10”-cycle smooth-bar fatigue limit to
describe the HCF failure envelope, which is plotted for the
bimodal and lamellar microstructures in Figures 20(a) and
(b) at R = 0.1 and 0.5, respectively.[*"]
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Fig. 17—Fatigue crack profiles are compared for the (a) bimoda (R =
0.8, and B = 26 deg) and (b) lamellar (R = 0.1, and 8 = 62 deg) microstruc-
tures. Optical micrographs show both the mode | fatigue precrack and the
region of deflected crack growth following the application of cyclic mixed-
mode loading. Measured crack deflection angles, 6., are compared with
those predicted by the path of maximum tangential stress, 6y s (References
43 and 44).
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Results for the bimodal microstructure (closed symbols,
solid lines) show that crack growth at both load ratios from
FOD-induced microstructurally small cracks can be ade-
quately described by the fatigue limit, corrected for the stress
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Fig. 19—FOD-induced craters formed following high velocity (300 m/s) impacts in the (a) bimodal and (c) lamellar microstructures. Note the extensive
pileup observed at the impact crater rim, particularly for the lamellar microstructure. Failures initiated from impact-induced cracks at the crater rim (marked
by arrows) in the (b) bimodal microstructure (nominally applied o, = 500 MPa, R = 0.1, and N = 65,000 cycles) and (d) lamellar microstructure

(nominally applied ora = 500 MPa, R = 0.1, and N = 23,000 cycles).

concentration of the FOD indent, at small crack sizes, and
the worst-case threshold stressintensity at larger continuum-
sized crack sizes.* The failure envelopes in Figure 20 can

*An additional correction isrequired for the case of low applied stresses
(relative to the magnitude of residual tensile stresses in the vicinity of the
damagesites(~300 MPa)). Asdescribedin detail elsewhere,[™ the effective
load ratio in the Kitagawa—Takahashi plots needs to be corrected by super-
imposing the tensile residual stress as a mean stress. This approach is often
unnecessary for higher applied stresses, due to relaxation of the residual
stresses at the base and rim of the damage sites during initial fatigue
cycling.l*4

be somewhat better represented by the El Haddad et al.l”™
empirical quantification of the Kitagawa—Takahashi dia-
gram, as shown. This approach introduces a constant, termed
the “intrinsic crack size.”* (2co), such that the stress inten-

* Although called the intrinsic crack size, this term is a fitting parameter
and has no physica significance.
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sity is defined as AK = YA (7(2¢c + 2c)Y?, where Y is
the geometry factor.

With respect to the lamellar microstructure, shown by the
open symbols and dashed lines in Figure 20, the Kitagawa—
Takahashi approach is less suited. This structure does pos-
sess significantly better resistance to large-crack growth in
the form of higher fatigue thresholds, and it possesses higher
resistance to crack initiation in the form of ahigher smooth-
bar fatigue limit; however, it is more prone to the formation
of FOD-induced microcracks, and such microstructurally
small cracks exhibit a low resistance to propagation, even
at stress-concentration-corrected stress ranges well below
the fatigue limit.

V. CONCLUDING REMARKS

The selection of an ideal microstructure for optimal HCF
propertiesin an alloy represents acomplex task, particularly

METALLURGICAL AND MATERIALS TRANSACTIONS A
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in view of the conflicting requirements of developing ahigh
resistance to large-crack growth, which is generally referred
to as the damage tolerance, together with similar resistance
to crack initiation and small-crack growth, which generally
determinesthedurability. Whereaslarge-crack growth resist-
ance is often controlled by extrinsic factors, such as crack
closure, which generally are promoted by coarse microstruc-
tures, resistance to crack initiation and small-crack growth
ismore of an intrinsic property of the microstructure and is
promoted by finer-scale microstructures.

In the present case of Ti-6Al-4V alloys for turbine engine
applications, the coarse B-annealed lamellar structure, which
hasacharacteristic microstructural dimension over oneorder
of magnitude larger than the equiaxed bimodal (STOA)
structure, clearly has the better damage tolerance. It is a
higher-strength, higher-toughness microstructural condition
that develops higher levels of crack-tip shielding in both
mode | and mode Il from its more deflected crack paths
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and resulting rougher fracture surfaces; correspondingly, its
large-crack fatigue-crack growth properties, in terms of
mode | and mixed-mode fatigue thresholds, are definitely
superior to those for the bimodal microstructure. However,
a high load ratios where the effect of such shielding is
diminished, thefiner bimodal microstructure hascomparable
properties. Similarly, for the growth of microstructurally
small cracks, specificaly following FOD, again, where the
role of shielding is minimized, the HCF resistance of the
two microstructures is comparable. The problem with the
lamellar structure is that it has a factor-of-4 lower ductility
and, thus, is more prone to the formation of microcracks
following impact damage. More importantly, cracks as large
as ~500 um (the average colony size) may be considered
as microstructurally small in the lamellar condition. As such
cracks are prone to biased sampling of the microstructure,
properties are subject to more scatter and often do not con-
form to measurements from larger samples, which reflect
continuum behavior. Consequently, it may be much more
difficult in practice to define reliable HCF threshold proper-
tiesinthelamellar microstructurethat will prevent the occur-
rence of HCF failures in service. A probabilistic framework
for such modeling and predictions may be required in
these instances.

VI. CONCLUSIONS

Based on a comparative study of the HCF properties of
fine bimodal and coarse lamellar microstructuresin Ti-6Al-
4V, involving S-N behavior, mode | fatigue-crack propaga
tion, and threshold behavior (as a function of load ratio and
frequency) for large and small cracks, the corresponding
fatigue-threshold behavior for large and small cracks under
mixed-mode loading, and the role of FOD, the following
conclusions can be made.

1. Althoughthedifferencesarenot large, thelamellar micro-
structure appears to display superior smooth-bar S-N
cycle fatigue properties for lifetimes from ~10° to >108
cycles at load ratios of 0.1 and 0.5, due to its roughly
10 pct higher tensile strength and coarser microstructural
dimensions (which limited the number of colonies to be
sampled for weak orientations). In contrast, at shorter
lifetimes in the low-cycle regime, the bimodal micro-
structure exhibits the dlightly better fatigue properties,
presumably because of the much higher ductility of
this microstructure.

2. Similarly, the lamellar microstructure displayed better
(mode I) fatigue-crack-propagation properties than the
bimodal microstructure in the presence of large (>4 mm)
cracks. This was associated with the more tortuous crack
paths in the coarser microstructure, which promoted
higher levels of crack-tip shielding primarily by
roughness-induced crack closure. Consequently, at high
load ratios where the effect of such closure was minimal,
the HCF threshold properties of the two microstructures
were comparable. Indeed, worst-case mode | thresholds,
defined at constant-K,/increasing-K,,, conditions to
give very high load ratios (R > 0.92) and, hence, mini-
mize the role of closure, were found to be 1.9 MPa,/m
in both microstructures; these values can be regarded
as lower-bound HCF threshold values for continuum-
sized cracks.
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3. In the presence of microstructurally small (~2 to 50
pm) cracks, as, for example, are formed following high-
velocity impact damage, thresholds for fatigue-crack
propagation were observed to be far less than the worst-
case thresholds and approach ~1 MPa,/m. The behavior
in this regime was similar in both microstructures.

4, Mixed-mode large-crack measurements for both micro-
structures indicate that mixed-mode thresholds, charac-
terized in terms of the strain-energy release rate, AGry,
or the equivalent stress intensity, AKe 1, are increased
with increasing mode-mixity; correspondingly, pure
mode | AGyy thresholds can be used as a conservative
worst-case estimate. The larger threshold values with
increasing mode-mixity can be attributed to an increased
role of crack-tip shielding in mode | (crack closure) and
mode Il (crack-surface interference).

5. Thelamellar microstructure displayed superior resistance
to mixed-mode fatigue-crack propagation in the presence
of large cracks; at very high mode-mixities, approaching
pure mode Il conditions (8 = 82 deg), however, the
properties of the bimodal and lamellar microstructure
were similar.

6. Duetothelimited effect of such shielding, mixed-mode
thresholds for short (~200 um) through-thickness and
small (2 to 50 wum) surface cracks were found to be
substantially less than the large-crack values and to be
essentially insensitive to the mode-mixity. Short-crack
thresholds were seen to be comparable to the large-
crack threshold values after correcting for crack-tip
shielding. The lamellar microstructure exhibited some-
what higher short-crack thresholds compared to the
bimodal microstructure.

7. TheFOD simulated by high-vel ocity impacts by hardened
steel shot, was found to markedly reduce the fatigue
life; this effect was attributed to impact-induced residual
stresses, microstructural distortion, geometric stress con-
centrations, and, most importantly, incipient microcrack
formation. Threshold conditions for HCF failures follow-
ing FOD can be described in terms of a modified
Kitagawa—Takahashi approach, in terms of the smooth-
bar fatigue limit, corrected for the stress concentration
of the FOD indent and residual stresses, at small crack
sizes and the worst-case threshold-stress intensity at
larger continuum-sized crack sizes. Resistance to FOD-
induced HCF failures was comparable in the bimodal
and lamellar microstructures, athough the lamellar
microstructure was more prone to the formation of micro-
cracks following high-velocity impact damage.
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Fig. A1—Schematic illustrations highlighting the key distinctions between
large, short, and small fatigue cracks. (a) Large cracks have length, a, and
width, W, which are large both with respect to the equilibrium shielding-
zonelength, | (indicated here as aregion of debrisin the crack wake which
produces crack closure), and the characteristic microstructural size scale,
p, eg., the grain size. In contrast to this, (b) short fatigue cracks are
characterized by a < I, but W>> p. The reduced crack-wake length results
in a lower level of crack-tip shielding. (c) for small cracks, the fracture
surface is reduced in both dimensions, with a (and W) being small with
respect to both I and p. The fact that a ~ p implies that the crack front
samples only a few microstructural entities, leading to a biased sampling
of the microstructure. It should be noted here that owing to the coarser
microstructure in the lamellar case, a crack belonging to class (c) for this
microstructural condition can be over an order of magnitude larger than
similar cracks in the bimodal case.

APPENDIX
Distinction between large, short, and small cracks

A key component of the present work is a comparison
of the crack-growth behavior for fatigue cracks of varying
dimension, which are classified here as large, short, and
small cracks. For the sake of clarity, the salient differences
between such cracks are briefly reviewed here. Large fatigue
cracks (Figure A1(a)) have fracture surface dimensions that
are large compared to the scale of the microstructure in both
directions. Therefore, they generally haveafully devel oped*

* For mixed-mode | oading conditions, the shearing of thefracture surfaces
with respect to one another can produce crack-wake contact via sliding
interference over dimensions that are much larger than for mode 1 loading,
perhaps over the entire wake of alarge fatigue crack.!%7% Thus, the notion
of a“fully developed” shielding zone is somewhat unclear for mixed-mode
loading conditions. At theleast, onewould expect the equilibrium shielding-
zone length to be a function of the applied ratio of shear to tension.

crack-tip shielding zone and can “ sample” the microstructure
in astatistical (continuum) manner.[® With respect to large
cracks, small cracks are generally described as being compa-
rable in size to the following:[™
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® microstructural dimensions, where biased statistical sam-
pling of the microstructure can lead to accelerated crack
advance along “weak” paths, i.e., microstructural features
oriented for easy crack growth (a continuum limitation);

® the extent of local inelasticity ahead of the crack tip,
where the assumption of small-scale yielding implicit in
the use of the stress intensity, K, is not strictly valid (a
linear-elastic fracture mechanics limitation); and

® the extent of crack-tip shielding (e.g., crack closure)
behind the crack tip, where the reduced role of shielding
leadsto ahigher local driving forcethan the corresponding
large crack at the same applied K level (a similitude
limitation).

However, a further important distinction can be made,
namely, that of a short vs. small crack, as shown schemati-
caly in Figure Al. This distinction aludes not simply to
physical size but the extent to which a fatigue crack is
subjected to the first and third factorslisted previously. Short
fatigue cracks (Figure A1(b)) are physically short in only
one dimension, a condition that is often realized experimen-
tally by machining away the wake of a large crack. This
type of fatigue flaw experiences limited crack-tip shielding
due to its reduced lengtht® yet still samples the microstruc-
ture as a continuum because of its extensive crack front. In
contrast, small fatigue cracks (Figure A1(c)) are small and
comparable to the microstructural size scale in al dimen-
sions, as typified by the small, semielliptical surface flaw
(e.g., Reference 74). With such cracks, crack-tip shielding
is significantly reduced (e.g., Reference 63), and, since the
crack front samples only few microstructural entities, this
allowsfor abiased sampling of microstructurally weak paths.
Because of thisrestriction in shielding and the biased micro-
structural sampling, fatigue-crack growth resistance in the
presence of small cracks tends to be lowest.
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