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Abstract

The characterization of critical levels of microstructural damage that can lead to fatigue-crack propagation under high-cycle
fatigue loading conditions is a major concern for the aircraft industry with respect to the structural integrity of turbine engine
components. The extremely high cyclic frequencies characteristic of in-flight loading spectra necessitate that a damage-tolerant
design approach be based on a crack-propagation thregt6ld, The present study identifies a practical lower-bound large-crack
threshold under high-cycle fatigue conditions in a Ti—6Al-4V blade alloy (wi®% primarya in a matrix of lamellara+).
Lower-bound thresholds are measured by modifying standard large-crack propagation tests to simulate small-crack behavior. These
techniques include high load-ratio testing under both confaattd constank,,., conditions, performed at cyclic loading fre-
guencies up to 1 kHz anB-ratios up to 0.92. The results of these tests are compared to the near-threshold behavior of naturally-
initiated small cracks, and to the crack initiation and early growth behavior of small cracks emanating from sites of simulated
foreign object damagél 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction damage and characterizing fatigue behavior under rep-
resentative operating conditions in a Ti—6Al-4V alloy.
A 1992 study conducted by the Scientific Advisory The Ti—6Al-4V alloy, typically used in the front, low-
Board of the US Air Force targeted high-cycle fatigue temperature, stages of the engine, was chosen as a proto-
(HCF) as the single biggest cause of turbine engine fail- typical material for study by the joint military—industry—
ures in military aircraft [1]. HCF results in rapid, essen- academia HCF program.
tially unpredictable failures due to fatigue-crack propa-  While the exact forcing functions which cause HCF
gation under ultrahigh frequency loading. Furthermore, failure remain unknown, it has been established that
cracking often initiates from small defects which are engine components experience high frequeney kHz)
associated with damage caused by a variety of drivers,vibrational loading due to transient airflow dynamics [2,
including fretting and impacts by foreign objects [2]. To 3]. This vibratory loading is often superimposed on a
prevent HCF failures, design methodologies are requiredhigh mean stress. Because of the very high frequency of
that identify the critical levels of precursory microstruc- loading, even cracks growing at slow per-cycle velocities
tural damage which can lead to such failure. The current(i.e. 10°*° to 10°° m/cycle) propagate to failure in a
study, which is part of the US Air Force’s Multidiscipli-  short period of time. For example, a crack growing at a
nary University Research Initiative on ‘High Cycle Fati- constant velocity of 10'° m/cycle would cause failure
gue,’ is targeted at identifying these critical levels of in a 20 mm thick turbine component in approximately
30 h of operation (at 1 kHz). In contrast, this same crack
velocity in a 20 mm automobile piston rod would give
* Corresponding author. Tel: (510)486-5798; fax: (510)486-4995. 2000 h of continuous operation due to the low frequency
E-mail addressroritchie@Ibl.gov (R.O. Ritchie) of loading 50 Hz). For this reason, it is necessary to
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operate HCF-critical turbine components below the by crack closure)oehind the crack tip, where the
fatigue-crack propagation thresholdKy,) such that reduced role of shielding leads to a higheeal driv-
crack propagation cannot occur (withirl(® cycles). ing force than the corresponding large crack at the
Whereas an extensive database [4,5] exists for fatigue- sameK levels (a similitude limitation).
crack propagation thresholds in metallic alloys, it has
been largely derived from standard test geometries con-Because of the experimental difficulties associated with
taining large &few mm) through-thickness cracks; such conducting small-crack tests, one approach used in the
data are not necessarily relevant to the HCF problem present work is to develop, through a consideration of
where the flaws that cause failure are likely to be in the the mechanisms listed above, large-crack tests that simu-
range of tens to hundred of micrometers [6]. Indeed, late the behavior of small cracks, thereby yieldioger-
cracks with dimensions comparable to either character-bound threshold values. As small-scale yielding con-
istic microstructural size scales or to the crack-tip plas- ditions, in terms of near-threshold cyclic plastic-zone
tic-zone size can grow at velocities far faster than corre- sizes ¢0.2-1 um), clearly apply, the methods of
sponding large cracks at the saaggplieddriving force; determining lower-bound thresholds used in this study
and they can propagate at applied stress-intensity levelsare focused on the similitude limitation, and are thus
belowthe large-crack thresholdK+,, (Fig. 1). For this based on assuring that (i) minimal crack closure exists
reason, design against HCF failure must be based on théehind the crack tip, and (i) minimal microstructural
notion of a small-crack threshold, measured under thedamage existaheadof the tip. We recognize that such
representative conditions of high frequencies and high lower-bound large-crack techniques cannot also simulate
mean loads [7]. the continuum limitation; however, the extent to which
There are several reasons why small cracks canthey do simulate true small-crack behavior will give
behave differently from large-cracks. Of these, the most some insight into the importance of this factor.
important are associated with cracks of a size compara- The techniques being employed are:
ble to [8]:
e conventional load-shedding to approach the threshold
® microstructural size scales, where biased statistical under high andconstantload-ratio conditions [Fig.
sampling of the microstructure leads to accelerated 2(a)], where the load rati® is the ratio of minimum
crack advance along ‘weak’ paths, i.e., microstruc- to maximum loads; this tends to minimize the role
tural features oriented for easy crack growth (a con-  of crack closure by ensuring that crack-tip opening

tinuum or homogeneity limitation), displacements (CTODSs) are large enough to limit any

e the extent of local plasticitpheadof the crack tip, premature contact of the crack surfaces on unloading
where the assumption of small-scale yielding implicit (i.e. the minimum CTOD in the cycle is larger than
in the use of the stress intenskyis not strictly valid the dimensions of the fracture surface asperities),

(a linear-elastic fracture mechanics limitation), load-shedding under variabl@ conditions, specifi-
e the extent of crack-tip shielding (e.g. crack wedging  cally involving a constantK,/increasing K,
sequence to approach the threshold [9,10] [Fig. 2(b)],
which ensures that the highd3tvalues possible, and

Constant-amplitude loadin o .
P 9 hence minimal closure loads, are achieved\Kt,,

R = constant . " . - “THy
e pre-cracking in far-field compression to minimize
microstructural damage ahead of the crack tip
Short crack [6,11,12], followed by machining to remove the

log da/dN from notch
. crack wake,

"""""" ) ® ‘razor micro-notching’, where polishing with a razor

blade at the root of a notch is used to produce a

machined slot (i.e. with no crack closure and little

Large crack (LEFM) damage ahead of the tip) with a root radius smaller
than the characteristic microstructural dimensions
(~10 pm).

Small cracks

/Long crack threshold, AKm The current paper describes results using the first two
- techniques. In addition, as many engine components see
log AK the high frequency/high load-ratio (vibratory) cycling
Fig. 1. A schematic comparison of typical growth-rate behavior for |rlte;rupte|d by la:glf perloci!c .unloaldmlgllct)atlg.mg ﬁSSt(t)p—f
small cracks and large cracks. Small cracks are observed to growS ar) cycles, we taxke a prefiminary 100k a IS efiect o

below the large-crack threshold and at velocities greater than equival- Nigh-cycle/low-cycle fatigue (HCF./LC.F) interaptions_on
ently driven large cracks. such thresholds. A secondary objective is to investigate
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Fig. 2. Schematics illustrating the use of (a) high load ratio and (b) conktantcycling to minimize closure effects, thereby yielding lower-
bound thresholds.

the effect of frequency on crack-growth behavior in Ti—
6Al-4V; as many of the HCF data are measured at 1
kHz, comparisons are made with results at ‘conven-
tional’ frequencies (e.g. 50 Hz). Finally, since foreign
object damage represents a prime source of HCF fail-
ures, we also examine the fatigue-crack growth behavior
of small cracks originating from foreign object damage
sites that have been simulated by firing high-velocity
hardened steel spheres onto the surface of test sample:

2. Experimental procedures
2.1. Material and microstructure

The Ti—6Al-4V alloy investigated in this study was
supplied in a condition which has been termed ‘solution-
treated and overaged’ (STOA), from a set of forgings
produced specifically for the joint military—industry—aca-
demia HCF program. The chemical composition (in
wt%) was 6.30% Al, 4.17% V, 0.19% Fe, 0.19% O, Fig. 3. Optical micrograph of the microstructure of the Ti-6Al-4V
0.013% N, bal. Ti. The bar-stock, originating from Tele- studied. The microstructure consists of approximately 60% priroary
dyne Titanium, was forged into 405x2 cm plates and alnd 40:? Iar?ellguﬂ; c_olon:le?. _The grains_ were slightly elongatgd irr:
subsequently solution-treated at 9231 h) and vacuum GLIO_Pg t eL forging axis. All fatigue specimens were extracted in the

e . —T orientation (such that the crack surface was in the S-T plane and
annealed at 70C (2 h) for stabilization. The resulting e crack propagated in the T direction). (Etched in Kroll's solution).
microstructure consisted of a bimodal distribution-&0
vol% primary« and~40 vol% lamellar colonies ofi+f3
(Fig. 3). Studies of a separate forging from the same lot getermined from the closure loaB,, measured at the
revealed a tensile strength of 970 MPa, a yield strength noint of first deviation from linearity in the elastic com-

axis at a strain rate of80* s~ [13]. with ASTM Standard E-647. For crack-growth threshold
) ) ) determination using constaRttesting, loads were shed
2.2. Fatigue-crack propagation testing such that AK=AK,iiaeXp[C(a—aia)], With the nor-

. _ malizedK-gradient,C, set to—0.08 mn%, as suggested

Large-crack propagation studies were conducted onjn ASTM E-647 (AK is the stress-intensity range aad
compact-tension C(T) specimens machined in the L-T js the crack length).At 50200 Hz, the fatigue thresh-
orientation (with 8 mm thickness and 25 mm width) at ¢|ds, AK;,, and K,,., 1, were defined as the minimum

R ratios (ratio of minimum to maximum loads) varying yajues of these parameters yielding a propagation rate
from 0.1 to 0.92 in a lab air environment (22, ~45%

relative humidity). Crack lengths were monitored in situ

using the back-face strain compliance technique, and———. _ . . L

were verified using periodic optical inspection. Crack Eroprletary studies by industrial participants have f(_)und that
. | . gradients as high a8=—0.8 mn1?! could be employed for this alloy

closure was also monitored using back-face strain com-ythout inducing observable effects on the measurement of the thres-

pliance; specifically, the closure stress intendfty, was hold.
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of 10719 m/cycle; at 1 kHz, thresholds could be defined puted from the Newman—Raju semi-elliptical surface

at a propagation rate of 18" m/cycle. crack solution [17], assuming a half-surface length to
Tests at 50-200 Hz (sine wave) were conducted ondepth ratio ¢/a) of 0.9 (based on fractographic

conventional MTS servo-hydraulic testing machines observations).

operating under automated closed-Idopontrol. Corre-

sponding fatigue tests at 1 kHz were performed under

load control on a newly developed MTS servohydraulic 3. Results and discussion

test frame using a voice-coil servovalve; details of this

instrument are described elsewhere [15]. 3.1. Effect of load ratio
Results are presented in the form of the crack growth
increment per cycle,aldN, plotted as a function of the The effect of load ratio §=0.1-0.8) on the fatigue-

applied stress-intensity rangeAK=K,.,—Kmin; after crack propagation rates of largee% mm) cracks in the
allowing for the effect of closure, growth rates are plot- STOA Ti-6Al-4V at low frequencies (50 Hz) is shown
ted as a function of the effective (near-tip) stress-inten- in Fig. 5. As expected, higher load ratios induce lower

sity range,AK =K max—Kei- AK;y thresholds and faster growth rates at a given
appliedAK level. Threshold stress-intensity ranges were
2.3. Simulation of foreign object damage measured as 4.6, 2.9, and 2.6 MRaatR=0.1, 0.5 and

0.8, respectively. A two-parameter fit of the Paris regime

Foreign object damage (FOD) was simulated by firing for the three load ratios yields a growth law of (units:
chrome-hardened steel spheres onto a flat specimen sum/cycle, MPam):
face using compressed gas. The specimen geometry
chosen for this study has a rectangular gauge section-—=5 2x 10"12AK 25K 9,67 (1)
with cylindrical buttonhead grip sections (Fig. 4), and is
nearly identical to thé<, specimen used by GE Aircraft  \hile this law appears to work well at both of the
Engines for its similarity to the blade loading configur- higher load ratios, a&=0.1 there is clearly a slight tran-
ation [16]. To provide a consistent, nominally stress-free sition in slope at\K~10 MPa/m that cannot be captured
surface, gauge sections were prepared by standard stresg Eq. (1). This transition has been observed in similar
relief and chemical-milling procedures. In this study, 3.2 Ti-6Al-4V alloys and has been attributed to a change in
mm diameter spheres were impacted onto the flat surfacethe crystallographic morphology of crack growth, from a
of a tensile specimen at velocities 6200, 250, and  ‘stage-| like’ fracture where all facets lie on the basal
300 m/s. These velocities were chosen because (i) theyplane (0002) to a typical stage-Il transgranular fracture
represented typical in-service impact velocities on resulting from slip alternating on nearly symmetrical slip
blades, and (i) they provided different levels of damage systems [18].
(see below). All shots were fired at 9 the specimen The observed effect of load ratio is commonly attri-
surface. After impacting, the tensile specimens were sub-
sequently cycled at 20 Hz (sine wave) with a maximum

nominal stress of 500 MPa at a load ratio R£0.1. vo1 o, AKlsyig o
Periodically, the specimen was removed from the test 0T T T T T T T
frame and examined in a scanning electron microscope Shilvalivinald o 05

(SEM) to detect crack initiation. Once a crack had

da/dN (micycle)

5
A . . E | OR=08 =
initiated, subsequent crack growth was similarly moni- = | AR=05 1.
tored using periodic SEM observations. As a preliminary — [ ©R=01 R )
. . . . -8 =
assessment, residual stresses surrounding the indentationy " £ . g
were ignored and the fatigue cracks were modeled as & - S0 S
semi-elliptical surface cracks initiating at the bottom or E 10° = g 3
rim of the impact crater. Stress intensities were com- 3 = Ttice spacing™| O
% — percycle — E 10'5
¥ 107 3
% | Weertman | Sadananda and Shahinian ] 9
ﬁ _ &) ;!I[‘r::::r‘;ld | Intrinsic Threshold % 10°
K-/ i 10-11 | 1 Lol 1 1 [
\jj 7 ~ 891 2 3 4 567890 2 3 456
T STRESS-INTENSITY RANGE, AK (MPaym)

Fig. 4. ModifiedK, geometry used for FOD studies. Gauge section Fig. 5. Fatigue crack propagation data ®+0.1, 0.5, and 0.8 with

is 3 mm x 5 mm. The specimen is based on a geometry used by thresholds at\K;=4.6, 2.9, and 2.6 MRan, respectively. Thresholds
General Electric to closely approximate the loading configuration of are compared to theoretical intrinsic thresholds based on analysis by
actual turbine blades. The FOD shot was fired at the 5 mm wide surface Weertman [29], and Sadananda and Shahinian [28], as discussed in
and created impact sites that were 2—2.6 mm in diameter. the text.
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buted to the role of crack closure, which in Ti alloys is ~ The measured variation with load ratio of the thres-
generally observed to be roughness induced (i.e. arisinghold AK+,; andK,., 1 values, plotted in Fig. 7, can be
from the wedging of crack-surface asperities) [19-21]. compared with the simple closure model of Schmidt and
To examine this, closure stress intensity valleg,were Paris [24]. This model is based on the notion tKat
measured at each load ratio. No detectable closure wasand the effective\K threshold AK t, are constant and
observed aR=0.5 and 0.8. However, &=0.1,K values independent oRR; it predicts that measuredK+, and
were observed to be roughly constant~&0 MPa/m Kmaxt thresholds will be load-ratio independent,
[Fig. 6(a)]. In Fig. 6(b), the results of Fig. 5 are replotted respectively above and below a transitiBnat which

in terms of the effective stress-intensity range, after point K.,;,=K. Although clearly there are insufficient
accounting for crack closure. It is apparent that, similar data to verify this simplified analysis, the present results
to previous studies in Ti—6Al-4V [22], characterizing

growth rates in terms oAK., reduces the disparity in

. . . 40 T T T T T
crack-growth behavior between the thrReratios; this a) STOA TI-6AM4V o !
result is consistent with crack closure as a mechanism = 25°C, air !
: E o T _
for the load ratio (oK., effect. & B R e, 1000 | |
= :
T 20~ | m
._.. 1
(a) AK (ksivin) s '
4 8 12 S - ! 4
o1 T T T T T ] X '
STOA Ti-BAl-4V
| 25°C,50 Hz, R=0.1 X
— 12 '
- 6 T T T Y T T
% 12— :
o i N | 1
= —_ .
< T = : .
> —Hs = o B !
2 8- :7: = : 4
w X I o
z | i £ : _
B 2l '
(2] ! .
w — 4 !
E 4T L |
? Kot~ 2 MPaiim 000 0120 I 0140 060 080 100
- >2§<>(%>?$<>§< DSOURXRXKK K XX 1 ' ' ' " LOADRATIO, R
— oo ™M ‘
0 6 8 10 12 " — Kmin= Kgi= 2-3 MPam
STRESS-INTENSITY RANGE, Ak (MPavm) (b)
6 .
(b AK and AK ff (ksivin 1 T 1
) 2 < and Ak g (sim, 1o
107 :I T T T T T T T I ]
@ = STOA Ti-6Al-4V 7 L i
:)>’. [— 25 °C, 50 Hz m
= — — 6
£ | | R=0.1,4k :o<><> 310
> * R=0.1, &K of o 8% = 4 PROPAGATION -
S 10° | |2 RE05, A=K of ale o - €
g = | O R=0.8, &K =K of O re® o — ™ 7“, ]
- — — © o
= - ; g = r D .
P - = § z =
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o) — —_
5 F .
v L 510 - :
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é 10 = - A :
°c B - ol
2 3 4 5 6 7 8910 2 0 10 20 30 40

STRESS INTENSITY RANGE, AK and AK gff (MPavm) Kmaxtr (MPavm)

Fig. 6. (a) Crack closure, measured by unloading compliance, stays Fig. 7. Variation ofK,,.. r+ and AK+ with load ratio appears to fol-
approximately constant &.,~2 MPa/m. (b) When crack closure is low the Schmidt and Paris closure model [23]. Although more data
considered IMKq; (FKmax—Ke), the load ratio effect betweeR=0.1 are required to clearly establish a transition, the data presented here
andR=0.5 is negligible. At low growth rates, the apparent discrepancy show a change in slope &=0.5, consistent witiK,=2—-3 MPa/m

is most likely due to imprecision in measuring the closure level. as observed.
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are consistent with this model, and the transitiBn
above which closure is ineffectiveK(, > Kg), is
observed aK,,,=K, =2-3 MPa/m. Such an estimate

R.O. Ritchie et al. / International Journal of Fatigue 21 (1999) 653-662

MPa/m lower than the 10 mi/cycle thresholds
(measured at either frequency).

of K, is consistent with the experimentally measured 3.3. Constant K/variable R testing

values [Fig. 6(a)], determined from back-face strain
compliance.

3.2. Effect of frequency

The role of cyclic frequency is shown in Fig. 8 where

Results at 1 kHz from the variabl® constant-
KmalincreasingK i, tests, which minimize the effect of
crack closure, are shown in Fig. 9. Here, for a constant
Kmax Of 26.5 MPa/m, a final load ratio 0fR=0.92 was
achieved, yielding a threshold of 2.2 M#a, compared

the growth rates at 50 Hz are compared with data col- to a AK, value of 2.4 MPam for constanfR=0.8 test-

lected at 1 kHz. It is clear that results at 1 kHz are not
statistically distinguishable from the conventional fre-
quency data. Cursory experiments performed at 200 Hz
exhibited a similar result. This lack of a frequency effect
on ambient-temperaturgrowth-rate behavior in STOA
Ti—6Al-4V is consistent with preliminary results at 2
kHz on the same material system [25]. In contrast,
stress/life(S/N) fatigue tests conducted in another Ti—
6Al-4V microstructure (consisting almost entirely of
primary a) [26] showed an increase in fatigue strength
(defined as the stress for failure within “16ycles) as
the frequency increased from 70 to 400 to 1800 Hz.

ing. These high load ratios result in an extremely large
minimum crack-tip opening displacemehts
(CTOD,,in=0.7 pm and 4.3um for R=0.8 and 0.92,
respectively) superimposed on a relatively small cyclic
crack-tip opening displacemenACTOD =20 nm for
both R=0.8 and 0.92). With such large crack-tip opening
displacements, crack closure from fracture-surface
asperity wedging would be expected to be essentially
non-existent, as the asperity sizes would need to exceed
the CTOD,,, of several micrometers.

The AKqy, threshold value of 2.2 MR@n measured
under constanik,,.,/increasingK i, cycling atR=0.92 is

These results suggest that the role of high frequenciesconsidered to represent a practical lower-bound thres-
on the fatigue of Ti—6Al-4V at ambient temperatures hold for large cracks measured to date in STOA Ti—6Al—
may be largely associated with crack initiation, rather 4V. It should be compared with measurements on nat-

than the propagation life per se.

Testing at 1 kHz permits thresholds to be readily
obtained at much lower growth rates. Using the ASTM
standardK-gradient of 0.08 mm?, measurements down
to 10 ' m/cycle require several weeks at 50 Hz,
whereas these same measurements can be obtained in
single day at 1 kHz. In the present study, thresholds mea-
sured at 10 m/cycle (at 1 kHz) were found to be0.1

AK (ksiNin)
1 2 3 4 5678910 2 3 45
10° T T T T T TTT] T T

<@ STOA Ti-6Al-4V 4
% % °c 10
E 10

0O 50Hz -5
P 10
I ,[]] mwe1000Hz
8 10 )
ui 10° S
= L
& 10° <
= R=0.8 g 107 $
S L 3
o 10 J‘E ,
& - s
7 107
S 10" ol
>4 [ 3

10~11 1 1 el 1 1 L1
1 2 3 4 56789 2 3 456

STRESS-INTENSITY RANGE, Ak (MPavim)

Fig. 8. Comparison of fatigue-crack propagation at 50 Hz and 1 kHz
showing no statistically significant deviation in behavior. High fre-
guency testing also enables collection of very low growth rate data
(down to 10** m/cycle) in a relatively short amount of time X day).

urally-initiated small cracks in the same microstructure,
where small-crack growtha45-1000 um) was not
observed below &K of 2.9 MPa/m (R=0.1) [28].

AK (ksivin)

a 1 2 3 4 5 6 782910

107 T T T 1 1 UL I
™ = STOA Ti-6AI4V
o — 25-C
< & 1000 Hz, Constant-Kiyax = 26.5 MPaym kg 10°
= 0 R=0.8 (50 - 1000 Hz, u] o
2 10°® E ( ) RS
3 = o R=0.1(50- 1000 Hz) A @6& _
] — 2 107 )
o B & 3
é 10° = 4 \‘:—L
T — 5
% : 10° 3
x 10
o 107
N —
g F .
?): | 10°

10M 1 1 © 3 o1 3l

1 2 3 4 5 6 7 8910 2

STRESS-INTENSITY RANGE, AK (MPavm)

Fig. 9. A constanK,,,, test at 1000 Hz was used to achieke0.92
resulting in a lower-bound threshold of 2.2 Mia. Results are com-
pared with constanR data at both 50 and 1000 Hz.

2 Crack-tip opening displacements, were calculated in terms of
the yield stress,o,, and appropriate Young's modulug’, from
0~B(K?/o,E’). The constanf is a function of the yield straing,/E’,
the strain-hardening coefficient and whether plane-stress or plane-
strain conditions are assumed; a value of 0.8 was used for Ti—6Al—
4V, based on the numerical calculations of Shih [27].
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3.4. Intrinsic thresholds ance for reversed plasticity and enhanced crack-tip
blunting at highR values.

Since threshold values are experimentally measured at The corresponding approach of Weertman [30] is also
such high load ratios in the apparent total absence of anbased on the limiting conditions for dislocation emission
influence of crack closure, their magnitude should from an atomically sharp crack, in this case using the
approach that of the so-callétrinsic threshold. Several ~ perfectly brittle Griffith solution modified by a para-
estimates of this parameter have been theoretically cal-meter,g, which describes the degree of ductility:
culated to represent the absolute lower-bound stress 2Ey %
intensity for fatigue-crack growth. AKTH=29[1_ 2} 4)

The simplest approach to estimate the intrinsic thres- v
hold is to extrapolate the Paris law regime down to the HereE is the Young’s modulusy is Poisson’s ratio,
point where the crack increment per cycle is on the order and y is the true surface energy of the solid. The mod-
of a lattice spacing per cycle. In Ti-6Al-4V, this gives ifying parameterg, is a function of the theoretical tensile
lower-bound AKy,, thresholds of~4.6 3.0, and 2.8  strength normalized by the theoretical shear strength
MPa/m at R values of 0.1, 0.5, and 0.8, respectively. (typical values are taken between 0.6 and 1, with unity
Clearly, this approach is overly simplistic because near- representing the perfectly brittle case). Using this
threshold crack advance does not occur uniformly acrossapproach, the intrinsic threshold for Ti—-6Al-4V is pre-
the entire crack front; the measured/@N values do not  dicted to be on the order of 1 MPam. Whereas this
describe growth locally, but rather an average growth represents a better estimate of a theoretical lower bound
occurring over the entire crack front. for the fatigue threshold, it is a factor of 2 smaller than

A more sound approach is to model the intrinsic thres- experimentally measured lower-bound values, possibly
hold in terms of the applied driving force below which because the approach also does not taken into account
dislocations can no longer be emitted from the crack tip cyclic plasticity, both in the form of crack-tip blunting
[29, 30]. In this regard, the approach of Sadananda andand dislocation shielding arising from the presence of
Shahinian [29] considers the total energy required to the plastic zone at the crack tip.
drive a dislocation from a crack tip as the sum of four
components: the ‘self’ energy of the dislocatidh, the 3.5. Effect of foreign object damage
surface energy created by the slip step at the crack tip, _ _ _

U,, the lattice frictional energy required to move a dislo- ~ As foreign object damage can be a prime source of
cation, U;, and the energy from an image forced,, cracks initiated in HCF, the role of simulated FOD on

imparted by the presence of the nearby free surfacethresholds and early crack growth was examined using
(crack wake). This total enerdyy; is then converted into ~ Specimens previously impacted by steel shot at velocities

a required shear stress and stress intensity: between 200 and 300 m/s. An SEM micrograph of a

typical impact site at 300 m/s is presented in Fig. 10

Ur=UstU,+Ui+U=1,b (2)  with a schematic illustration of the relevant features in
Kb? 0 30 the crater profile. While at 300 and 250 m/s, shear bands
=/—(co&23|r5c0%2) were seen emanating from the surface of the crater, such
\2rp shear bands were not observed for 200 m/s impacts. In

addition, the 300 m/s impact caused a piling-up of
material along the crater rim; this feature was not seen
for the lower velocity impacts.

The effect of these impact damage sites was to reduce
the fatigue life markedly compared to that obtained with
an un-impacted smooth-bar sample. At a maximum
applied stress of 500 MP#+£0.1), single fatigue cracks
in the 200 m/s impacted samples were initiated near the
L bottom of the crater within-4.3x10* cycles, whereas in
Kmax 7Ty (D)2 (3) the 300 m/s FOD site, the crack initiated at the crater

rim within ~2.9x10* cycles. In terms of total life, the

For Ti—-6Al-4V, the predicted intrinsic threshold 200 m/s impacted sample also resulted in a longer over-
Kmaxr IS 4.3 MPa/m for all R values This compares  all fatigue life of 7.5<10* cycles, compared to 460
well to the experimentally measured values Rx0.1 cycles from the 300 m/s impacted sample. These lives
whereK .. 1+=5.1 MPa/m; however, atR=0.92 where are to be compared with corresponding behavior in a
Kmaxtr iS held at 26.5 MPdm, the prediction is clearly ~ smooth bar, where initiation and total lives at this stress
guestionable, possibly because the analysis is essentiallgxceed 10cycles (i.e. 500 MPa is below the %46ycle
based on static (monotonic) loading and makes no allow- fatigue limit for this material).

whereb is the Burgers vectop is the distance between
the dislocation and the crack tip (taken here to equal
b), 6 is the angle between the actual crack propagation
direction and the pure Mode-I direction,, is the shear
stress required to drive the dislocation, atds the cor-
responding stress intensity. The analysis predicts the
threshold to occur whekK,,., is no longer sufficient to
emit a dislocation, i.e. when:
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4. Summary

The problem of turbine engine high-cycle fatigue
(b) requires that design must be based on the notion of a

_ _ _ _ _ threshold stress intensity for no crack growth under the

Fig. 10. (a) SEM micrograph of simulated foreign object damage a55rgpriate conditions of high mean loads, ultrahigh fre-

resulting from an impact by a hardened steel sphere with an incident . . . .
velocity of 300 m/s and (b) corresponding schematic illustrating fea- quency (vibratory) loading, and small CraCk_S'ZeS' S,'nce
tures present at 300 and 250 m/s. At 200 m/s neither the shear banddh€ measurement of small-crack thresholds is experimen-

nor the ‘pile up’ were observed. tally tedious and complex, the approach used in the cur-
rent work has been to simulate such thresholds with
lower-boundarge-crack measurements. Our preliminary

Consistent with previous low-cycle fatigue results results in Ti—6Al-4V show that using constant

[31], the presence of the shear bands did not appear tK,,,/increasingKi, cycling, aAK, threshold for large

play a significant role in the overall fatigue life, e.g. the (>5 mm) cracks can be measured at very high load

initiation of the fatigue cracks at damage sites did not ratios ~0.92) and frequencies (1 kHz) which is a lower

appear to be directly associated with them. It is possible, bound compared to that of naturally-initiated small (45—

though, that shear banding will have an effect on fatigue 1000 um) cracks and small cracks emanating from sites

behavior at lower applied stresses when lives exceedof foreign object damage.

~1C cycles.

The growth rates of the small cracks originating from

such impact sites are compared in Fig. 11 with growth- 5. Conclusions

rate data for large¥5 mm) and naturally-initiated small

(~45-1000um) cracks in this microstructure. Both the Based on a preliminary investigation into the high-

naturally-initiated and FOD-initiated small-crack velo- cycle fatigue of a solution treated and overaged Ti—6Al—

cities were within the same scatter band, initially up to 4V turbine engine alloy, the following conclusions can

an order of magnitude faster than corresponding large-be made:

crack results (although small-crack data tended to merge

with large-crack results abov&K = ~10 MPa/m as the 1. Ambient-temperature fatigue-crack propagation (over

crack size increased). However, in the limited data col- the range~10"1! to 10 ® m/cycle) and threshold

lected to date, no FOD-initiated cracks have been AK;y values were found to be independent of test

observed in the STOA Ti-6Al-4V material belowA&K frequency (50-1000 Hz) for large=6 mm) through-

of ~2.9 MPa/m; i.e. no FOD-initiated cracking was thickness cracks.

observed below the lower-bound (large-crack) thres- 2. A lower-boundthreshold, measured for large cracks

hold, AK. at R=0.92 under constari;,,/increasingK,,, con-
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