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PREFACE

Following on publication of AGARDograph 257 "Practical Applications of Fracture Mechanics", interest amongst
engineers has centred on the present state-of-the-art in relation to the prediction of short crack growth behaviour. In
particular, some current airworthiness requirements demand an analytical demonstration that very small flaws (of
specified shape and of length very much less than one millimetre) should not cause excessive cracking within the
structure during the aircraft's designed service life. The applicability of linear elastic fracture mechanics in these
circumstances has been questioned, because data from some crack propagation tests has shown growth rates in excess of
those predicted by theory. The problem was discussed in two pilot papers presented at the fifty-second SMP Meeting,
and now being published together as AGARD Report 696.

It was subsequently decided to call a Specialists Meeting in the Fall of 1982 to examine the accuracy and
applicability of methods based on linear elastic fracture mechanics currently available for predicting short crack
behaviour. These Conference Proceedings include the fifteen papers presented there together with a report of the round
table discussion.

Many varied views were expressed on the data obtained from experimental investigation, but there was no
consensus of opinion. Some tests appeared to confirm the existence of short crack effects, whereas other experimenters
did not confirm these findings. During the round table discussion however, it emerged that the tests which did not
confirm the existence of short crack effects had not included compressive loading cycles. The outcome of the meeting
was a proposal to encourage further activity which would aim to determine the reasons for apparently contradictory
results in crack growth data; the way to perform this task has yet to be defined.

In the meantime, this document describes the state of the existing fracture mechanics art when applied to the
analysis of short cracks; it provides a sound base from which to further consider the problems.

I wish to express my sincere thanks to the authors and all those who contributed to this document including those
who evaluated the main topics of the round table discussion.

H.JZOCHER
Chairman, Sub-Committee
Behaviour of Short Cracks in
Airframe Components
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assumed to be inherently conservative.

Current practice in the determination of the relevant crack growth law for a parti-
cular material in a given application is to utilize the existing data-base of laboratory-
determined fatigue crack propagation results, characterized in terms of the linear
elastic stress intensity range AK. However, the majority of these data has been
determined from test-piece geometries containing crack sizes of the order of 25 mm or so,
whereas many defects encountered in service are far smaller than this, particularly in
turbine disk- and blade applications, for example. In the relatively few instances
where the fatigue behavior of such short cracks has been experimentally studied (for
reviews see refs. 1-4), it has been found, almost without exception, that at the same
nominal driving force, the growth rates of short cracks are greater than (or equal to)
the corresponding growth rates of long cracks. This implies a breakdown in the
similitude concept generally assumed in fracture mechanics, whereby for, say, nominal
linear elastic conditions, different-sized cracks subjected to the same stress intensity
KI will have identical local stress and strain fields at their crack tips and correspond-
ingly should undergo equal amounts of crack extension. Furthermore, it suggests that the
use of existing (long crack) data for defect-tolerant life-time calculations in components,
where the growth of short flaws represents a large proportion of the life, has the
potential for ominously non-conservative life predictions.

There are several factors which constitute a definition of a short crack, namely,
i) cracks which are of a length comparable with the scale of microstructure (e.g.,
nu grain size, typically 1-50 pm), ii) cracks which are of a length comparable to the
scale of local plasticity (e.g., ,- plastic zone size, typically 10-2 mm in ultrahigh
strength materials to 0.1-1 mm in low strength materials), and iii) cracks which are
simply physically small (e.g., 0.5-1 mm). Most investigations to date have focussed
on the first two factors which represent, respectively, a continuum mechanics limitation
and a linear elastic fracture mechanics (LEFM) limitation to current analysis procedures.
Presumably here, with an appropriate micro- or macro-mechanics characterization of crack
advance, a correspondence between long and short crack growth rate data should be
achieved. However, physically-short flaws, which are "long" in terms of continuum and
LEFM analyses, have also been shown to propagate at rates faster than equivalent long

4 cracks (at the same driving force) [4], indicating that the lack of correspondence
between results also may reflect basic differences in the physical micro-mechanisms
associated with the crack extension of long and short flaws.

In the present paper, we review the existing data on the growth of short fatigue
cracks in engineering materials and discuss where behavior may differ from that of
equivalent long cracks in terms of i) the appropriate fracture mechanics characteriza-
tions and ii) the physics and mechanisms involved in crack advance. In the former case,
the short-crack problem is treated in terms of elastic-plastic fracture mechanics (EPFN)
analyses which incorporate the effects of local crack tip plasticity and strain fields oi
notches, whereas in the latter case behavioral differences are examined in terms of the
roles of crack size and shape, microstructure, environment, crack closure and crack
extension mechanisms. We begin, however, with a brief summary of the fracture mechanics
procedure% used to characterize fatigue crack propagation for both long and short flaws.

2. FRACTURE MECHANICS CHARACTERIZATION OF FATIGUE CRACK GROWTH

The essential features of fracture mechanics involve characterization of the local
stress and deformation fields in the vicinity of the crack tip. Under linear elastic
conditions, the local crack tip stresses (a--) at a distance r ahead of a nominally
stationary crack subjected to tensile (Modell) opening can be so characterized in terms

of the K1 singular field:

a..j (r,e) K f Ij8 sr 2

where K is the Mode I stress intensity factor, 0 the polar angle measured from the
crack plane and f-- a dimensionless function of e [5]. The use of KI to uniquely
characterize the local linear elastic crack tip field is meaningful only when small-scale
yielding conditions exist. This implies that the region of local yielding at the crack
tip, denoted by the plastic zone size (r y),

ry ;W (3)

*where~c is the yield strength of the material, is small compared to the in-plane
dimensions of the body, namely crack length (al and remaining ligament depth (b) [6].
Specifically, small-scale yielding conditions 7), i.e., that a KI based description of
crack tip fields is relevant, requires- 1

ry "ab, typicall < TA(a,b) .(4)



MECHANICS AND PHYSICS OF THE GROWTH OF
SMALL CRACKSby -

C R. 0. Ritchie and S. Suresh
Materials and Molecular Research Division, Lawrence Berkeley Laboratory,

Cand Department of Materials Science and Mineral Engineering,
University of California

Berkeley, CA 94720
U.S.A.

SUMMARY

The mechanics and physics of the sub-critical propagation of small fatigue cracks
are reviewed in terms of reported differences in behavior between long and short flaws
based on fracture mechanics, microstructural and environmental viewpoints. Cracks are

Sconsidered short when their length is small compared to relevant microstructural
dimensions (a continuum mechanics limitation), when their length is small compared to
the scale of local plasticity (a linear elastic fracture mechanics limitation), and
when they are merely physically-small (e.g., <0.5-1 mm). For all three cases, it is
shown that, at the same nominal driving force, the growth rates of the short flaws are
likely to be greater than (or at least equal to) the corresponding growth rates of long
flaws; a situation which can lead to non-conservative defect-tolerant lifetime predic-
tions where existing (long crack) data are utilized. Reasons for this problem of
similitude between long and short flaw behavior are discussed in terms of the roles of
crack driving force, local plasticity, microstructure, crack shape, crack extension
mechanism, premature closure of the crack, and local crack tip environment. -

1. INTRODUCTION

Fatigue, involving the progressive failure of materials via the incipient growth of
flaws under cyclically-varying stresses, can be regarded as the principal cause of in-
service failures in most engineering structures and components. Whether under pure
mechanical loading or in association with sliding and friction between surfaces (fretting-
fatigue), rolling contact between surfaces (rolling contact fatigue), active environments
(corrosion fatigue) or elevated temperatures (creep fatigue), fatigue fractures probably
account for over 801 of all service failures. However, the process of these failures
can be characterized into several related phenomena involving i) initial cyclic damage
(cyclic hardening or softening), ii) the formation of initial microscopic flaws (micro-
crack initiation), iii) the coalescence of these micro-cracks to form an initial "fatal"
flaw (micro-crack growth), iv) the subsequent macroscopic propagation of this flaw
(macro-crack growth) and v) final catastrophic failure or instability. In engineering
terms, the first three stages, involving deformation and micro-crack initiation and
growth, are generally embodied into the single process of (macro-) crack initiation
representing the formation of an "engineering-size" detectable crack (i.e., of the order
of several grain diameters in length). Thus in such terms, the total fatigue life (N)
can be defii ed as the number of cycles to initiate a (macro-) crack (Ni) plus the number
of cycles to propagate it sub-critically to final failure (Np), i.e.,

N - N + Np (1)

From the perspective of fatigue design or lifetime prediction, this distinction
between initiation and propagation lives can be critical. Conventional fatigue design
approaches, on the one hand, classically involve the use of S-N curves, representing the
totat Zife N resulting from a stress, or strain, amplitude S, suitably adjusted to take
into account effects of mean stress (using, for example, Goodman diagrams), effective
stress concentrations at notches (using fatigue-strength reduction factors or local
strain analysis), variable-amplitude loading (using the Palmgren-Miner cumulative-damage
law or rainflow counting methods), multiaxial stresses, environmental effects, and so
forth. Although based on total life, this approach, which is in widespread use, essen-
tially represents design against crack initiation, since near the fatigue limit,
especially in smooth specimens, the major portion of the lifetime is spent in the formation
of an engineering-size crack. For safety-critical structures, especially with welded and
riveted components, on the other hand, there has been a growing awareness that the
presence of defects in a material below certain size must be assumed and taken into
account at the design stage. Under such circumstances, the integrity of a structure will
depend upon the lifetime spent in crack propagation, and since the crack-initiation stage
will be small, the use of conventional S/N total life analyses may lead to dangerous

- ' 4overestimates of life. Such c sidratio" have led to the adoption of the so-called
defect-tolerant approach, wher.-%- fat4 . lifetime is assessed in terms of the time, or
number of cycles, to propagate ..9 ar t undetected crack (estimated by non-destructive
evaluation or proof tests) to fa..-.'e (defined by the fracture tounghness, limit load or
some allowable strain criteria). This approach, which is used exclusively for certain
" n ications in'the nuclear and aerepece industries, for example, relies on integration
of a crc rowth expression, repwMing a ftacture mechanics characterization of relevant
e~le ct on n dota "A iM ed to account for men stress effects
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Under cyclic loading, the range of stress intensity AK, given by the difference
between the maximum (Kmax) and minimum (Kmin) stress intensities in the cycle, is
commonly used to correlate to crack extension, through power-laws of the form [83: 5

da C AKm (5)
UNK

where C and m are scaling constants. Here the extent of local yielding is defined in
terms of maximum (monotonic) and cyclic plastic zones (rmax and rA, respectively), given
approximately by [7]:

rmax max

and rA i ( \ (6)

The numerical values of the stress intensity factors at the crack tip, i.e., KI, AK,
etc., remain undetermined from the asymptotic analysis, yet can be computed from the
overall geometry and applied loading conditions. In fact solutions for KI applicable to
a wide variety of situations are now tabulated in handbooks [9]. A usefuI example of
such K solutions, which is particularly relevant to the short crack problem, is that of
a craci (length t) growing from a notch (length 2c)(Fig. 1) [10]. Assuming a circular
hole in an infinite plate under a remotely, applied tensile stress a, the limiting
analytical solution for a short crack emanating from the notch is given as:

Ks  . 1.12 kto/-i/ , (7)

where kt is the elastic stress concentration factor (equal to 3 in this case) and 1.12 is
the free surface correction factor. However, when the crack bacomes long, the limiting
stress intensity is obtained by idealizing the geometry so that the notch becomes part of
a long crack of dimension a - c + Z, such that

KZ = F a(r , (8)

where F is a dimensionless function of geometry, such as a finite width correction
factor. The numerically-determined Kr solution for any crack emanating from a notch,
shown by the dashed line in Fig. 1, can be seen to be given by these short and long
crack limiting cases. As shown by Dowling [10), the transition crack size t0, which can
be interpreted as the extent of the local notch field, can then be obtained 9y combining
Eqs. (7) and (8) as:

1 = c (9)
0 (1.12 kt/F)' + 1

Values of to are generally a small fraction of the notch root radius p and for moderate
to sharp notches generally fall in the range p/20 to p/4. Dowling [101 has further noted
that kta values only 20-30% above 0 o are sufficient to generate a notch tip plastic zone
which engulfs the small crack region to, and thus far small cracks at notches, LEFM
analysis will often be suspect.

The above example serves to illustrate one aspect of the short crack problem where
the crack length is comparable with the notch tip plastic zone size. A similar situation,
where small-scale yielding conditions may not apply, is where the plastic zone at the tip
of the fatigue crack itself is comparable with the crack length, i.e., when a - r
Since the use of KI singular fields is no longer appropriate in such instances,
alternative asymptotic analyses have been developed to define the crack tip stress and
strain fields in the presence of more extensive local plasticity. Based on the deforma-
tion theory of plasticity (i.e., non-linear elasticity), the asymptotic form of these

k local fields, for non-linear elastic power hardening solids of constitutive law
a nplastic, is given by the Hutchinson, Rice, Rosengren (HRR) singularity as [11,12]:

Sn/n+ 1

Cij(rO) - /  (8o,n) , (10)
(Lao J l/n~l

as r + 0, where n is the work har ening exponent, E' the apploprigle elastic modulus
(- E for plane stress or E/(l - v ) for plane strain) and ftf** are universal

functions of their arguments depending upon whether plane strss 8lane strain is
assumed. The amplitude of this field is the so-called J-integral [1 , and analogous to
KI, 3 uniquely and autonomously characterizes the crack tip field under elastic-plastic
Sconditions prov fded some degree of strain hard.nng exiats. Further, for small-scale

'V__ _



yielding, J can be directly related to the strain energy release rate G, and hence KI, i.e.,

J . G - K 2 /Ef (linear elastic) (11)I
Despite difficulties in the precise meaning of J as applied to a description of

crack growth of cyclically-stressed (non-stationary) cracks, certain authors [14,15]
have proposed a power-law correlation of fatigue crack growth rates under elastic-plastic
conditions to the range of J, i.e.,

da AJmi (12)

Provided such analysis is fundamentally justified, the use of AJ does present a feasible
approach to characterize the growth of short cracks which are comparable in size to the
extent of local yielding, as discussed below. However, as alluded to above, the validity
of the AJ approach is often questioned since it appears to contradict a basic assumption
in the definition of J that stress is proportional to the current plastic strain. This
follows because J is defined from the deformation theory of plasticity (i.e., non-linear
elasticity) which does not allow for the elastic unloading and non-proportional loading
effects which accompany crack advance [13]. By recognizing, however, that constitutive
laws for cycZic plasticity (i.e., the cyclic stress-strain curve) can be considered in
terms of stable hysteresis loops, and that such loops can be mathematically shifted to a
common origin after each reversal, the criterion of stress proportional to current
plastic strain can be effectively satisfied for cyclic loading [16].

An alternative treatment of elastic/plastic fatigue crack growth, which is not
subject to such restrictions required by non-linear elasticity, is to utilize the concept
of crack tip opening displacer~ent (CTOD From Eq. (10), it is apparent that the opening
of the crack faces varies at r - 0 as rn n+, such that this separation can be used to
define the CTOD (6t) as the opening where 450 lines emanating back from the crack tip
intercept the craci faces, i.e.,

6t  d(,0 n) -1 (elastc/plastic),

0

K
2

00 E' (linear elastic) , (13)

where *d is a proportionality factor (-. 0.3 to 1) dependent upon the yield strain co, the
work hardening exponent n, and whether plane stress or plane strain is assumed [17J.
Since 6t, like J, can be taken as a measure of the intensity of the elastic-plastic
crack tip fields, it is feasible to correlate rates of fatigue crack growth to the range
of 6t, i.e., the cyclic crack tip opening displacement (ACTOD), as

da ACTOD , (elastic/plastic)

AK I (linear elastic) (14)
2ao E'

Approaches based on J and 6t are basically equivalent, and are of course valid
under both elastic/plastic and linear elastic conditions. They therefore are applicable
to a continuum description of the growth rate behavior of cracks considered small because
their size is comparable with the scale of local plasticity. Thus, for such short cracks,
the use of elastic/plastic, rather than linear elastic, fracture mechanics may be
expected to normalize differences in behavior between long and short flaws. However, the
use of EPFM cannot necessarily be expected to normalize behavior between long and
microstructurally-short or physically-short flaws, where other factors are important.
These other factors are related to microstructural, environmental and closure effects and
are discussed in detail below.

3. REVIEW OF EXPERIMENTAL RESULTS

Microstructural Effects

The first definition of a short fatigue crack involves cracks which are comparable
in size with the scale of microstructural features. Several recent experimental studies
[1,18-23] on the initiation and growth of cracks in a wide range of materials have
revealed that short cracks, initiated near regions of surface roughening caused by the
to and fro motion of dislocations or at inclusions and grain boundaries, propagate at
rates which are different from those of equivalent long cracks, when characterized in
terms of conventional fracture mechanics concepts. For example, it was first shown by
Pearson [23] in precipitation hardened alloys that cracks, of a size comparable with the

rain size, grew several times faster than long cracks at nominally identical stress
intensity values. Such variation in the rowth rate behavior of long and microstructurally-

sess ntensity range is shown in Fig. 2 for 7075



aluminum alloy, taken from the work of Lankford [24). It is apparent from this figure
that the growth rates associated with the short cracks are up to two orders of magnitude -
faster than those of the long cracks, and further that such accelerated short crack
advance occurs at stress intensities well below the so-called fatigue threshold stress
intensity range (AxK ), below which long cracks remain dormant or grow at experimentally-
undetectable rates ?25]. The initially higher growth rates of the short cracks can be
seen to progressively decelerate (and even arrest in certain cases) before merging with
the long crack data at stress intensities close to AK0, similar to observations reported
elsewhere by Morris et al. [26), Kung et al. [20) and Tanaka et al. [27,28). Such short
crack behavior has been attributed to a slowing down of short crack advance through
interaction with grain boundaries [20-22,24,26-28). Using arguments based on microplastic-
ity and crack closure effects, Morris and co-workers [22,26) have modelled the process in
terms of two factors, namely a cessation of propagation into a neighboring grain until a
sizeable plastic zone is developed, and a retardation in growth rates due to an elevated
crack closure stress. Tanaka et al. [21,27,'28] similarly considered the impeded growth
of microstructurally-short cracks in terms of the pinning of slip bands, emanating from
the crack tip, by grain boundaries. The results of Lankford [24] in Fig. 2 indicate
that the crack growth rate minimum corresponds to a crack length roughly equal to the
smallest grain dimension (i.e., a nu dg). Further, the extent, or depth, of the
deceleration "well," shown in this figure, appeared to be determined by the degree of
microplasticity involved in the crack traversing the boundary. For example, when the
orientation between the grain containing the crack and the neighboring grain was similar,
little deceleration in growth rates at the boundary was seen to occur. Thus a consensus
from these studies is that despite their accelerated propagation rates, compared to long
crack data, short cracks are apparently impeded by the presence of grain boundaries,
which in general would be unlikely to significantly affect the local propagation rates of
long cracks.

From such experimental studies, it is readily apparent that threshold stresses, or
stress intensities, associated with long and short cracks are likely to be very different.
Although conventional fracture mechanics arguments infer that the threshold stress
intensity range (AKTH) for a particular material should be independent of crack length
(i e., AKTH = AK0 (the long crack threshold) - constant); Kitagawa and Takahashi [29)
first showed that below a critical crack size, the threshold AKTH for short cracks
actually decreased with decreasing crack length, where the threshold 8stress AaTH
approached that of the smooth bar fatigue limit Ace at very short crack lengths (Fig. 3).
Several workers have shown that this critical crack size (below which AKTH is no longer
constant with crack length) is dependent upon microstructural and mechanical factors
[2S,28-37), but from continuum arguments it is approximately given by 1/n (AKO/Ace ),
where both AK0 and Ace are corrected for a common load ratio. Values of this dimension,
which effectively represent the limiting Crack size for valid LEFM analysis (see next
section), range from typically 1-10 um in ultrahigh strength materials (i.e.,

oon 2000 MPa) to 0.1-1 mm in low strength materials (i.e., 00 1. 200 MPa).

Based on these results, it has been suggested [30,38,39) that the threshold condition
for no growth for long cracks is one of a constant stress intensity, i.e., AK ,whereas
the threshold condition for short cracks is one of a constant stress, i.e. , tfl; fatigue
limit Ace or endurance strength. Such a premise has been shown to be consistent with the
modelling studies of Tanaka et ;l. [28) where the threshold for short crack propagation
is governed by whether the crack tip slip bands are blocked, or can traverse, the grain

* boundary between an adjacent grain.

Local Plasticity Effects

The second definition of a short crack involves cracks which are small compared to
w the scale of local plasticity, generated either by the crack itself, i.e., the crack tip

* plastic zone, or by the presence of a larger stress concentrator, i.e., the strain field
A of a notch.* The propagation of such cracks involves crack extension under elastic-plastic

conditions, and from comparisons of their behavior with equivalent long cracks using LFFM
analyses, i.e., at the same nominal AK, it is invariably seen that the short cracks appear
to grow much faster [10,31-35,40,41). However, part of the reason for such results lies
not in any physical difference between long and short crack behavior but mostly with the
inappropriate use of linear elastic analyses. This was shown particularly clearly by
Dowling [40) who monitored the growth of small surface cracks in smooth bar specimens of
AS33B nuclear pressure vessel steel subjected to fully-reversed strain cycling. By
analyzing the growth rates (da/dN) in terms of AJ, where J values were computed from the
stress-strain hysteresis loops, a closer correspondence was found between long and short
crack behavior (Fig. 4). However, even with the more appropriate characterization
afforded by elastic-plastic fracture mechanics, it is still apparent in Fig. 4 that
short cracks propagate at somewhat faster rates.

In order to account for this apparent breakdown in continuum mechanics concepts,also noticeable in the threshold results in Fig. 3, El Haddad and co-workers [33-35),
introduced the notion of an intrinsic crack length a .These authors redefined the stress
intensity factor in terms of the physical crack leng?h Plus a0, such that the stress U9q~

intensity rang. which characterizes the growth of fatigue cracks independent of crack
length Is given by:

AK * Q A twa a a0) (5



where Q is the geometry factor. The material-dependent constant a0 was estimated from
the limiting conditions of crack length where the nominal stress Ac' approaches the

J, fatigue limit Ace when a - 0 and AK = AKo, i.e.,

1 (AK o0

a0  3 , (16)
\e/

and can be seen to be equivalent to the critical crack size (above which AKT = AK ) in
Fig. 3. By recomputing both AK and AJ to include this ao concept, these autgors (3]
re-analyzed the short crack data of Dowling [40), shown in Fig. 4, and claimed to
achieve a closer correspondence between long and short crack growth results [35].

Although such intrinsic crack length arguments successfully rationalize many
apparent anomalies between the growth rate kinetics of long and short cracks limited by
LEFM analyses, there is currently no available physical interpretation for the parameter
ao . Comparisons of ao with the characteristic scales of microstructural dimensions have
failed to reveal any convincing correspondence.

A somewhat different approach to rationalizing the behavior of long and short cracks,
specifically with respect to the threshold condition, was presented by Usami and
co-workers [36,37]. To replace the notion that the threshold condition for short cracks
was one of a constant stress, compared to one of a constant stress intensity range for
long cracks, these authors proposed a single criterion that the cyclic plastic zone
dimension (rA) at the threshold is a material constant. Using the Dugdale solution to
approximate plastic zone sizes, this approach was shown to reproduce the form of the
AOTH vs. a curves shown in Fig. 3 and further to rationalize effects of stress ratio and
yield strength on short crack behavior. However, experimental conformation of the
constancy of rA at the threshold for long and short cracks was not presented.

Effects of local plasticity also play an important role in influencing the initiation
and growth of short cracks emanating from notches, where cracks are considered short when
their lengths are comparable in size to the extent of the strain field of the notch tip
plastic zone (Fig. 5). The linear elastic KI solutions for such short flaws have been
discussed previously in Section 2. Phillips, Frost and others [42,433 first showed that
such cracks initiated from notches can arrest completely and become so-called non-
propagating cracks (NPC) after growing a short distance. Many subsequent studies [31,32,
35,44-47] have confirmed the existence of such NPC's although a precise understanding of
the mechanisms for their occurrence is still lacking. Stress-strain/life analyses,
however, have revealed that NPC's only form at sharp notches above a critical stress
concentration factor kj [47]. Hammouda and Miller [32] argue that the total plastic
shear displacement, which is taken as the sum of the shear displacement arising from
(notch) bulk plasticity and that due to the local crack tip plastic zone for LEFM con-
trolled growth, determines the growth kinetics of such short cracks. Where the crack is
completely submerged in the notch tip plastic zone (Fig. 5), bulk plasticity conditions
dominate behavior. Here it is argued that the growth rates of the short cracks will
progressively decrease until they arrest or merge with the long crack LEFM curve where
behavior is dominated by local plasticity conditions within the crack tip plastic zone
(Fig. 6). Several continuum mechanics explanations for such observations of decreasing
growth rates of short cracks within the notch tip plastic zone have been claimed based on
the above total plastic shear displacement argument [32], on elastic-plastic J-based
analyses incorporating the ao concept [45] and on the concept that the reversed plastic
zone size is a material concept (independent on crack length) [37). The physical
reasons for such behavior, however, are difficult to comprehend, particularly since a
striking similarity exists between Fig. 6 and Fig. 2. In the latter case the progressive
deceleration in short crack growth rates was reported [24] in the absence of a notch and
attributed to impeded growth at grain boundaries. With this in mind, we must conclude
that the precise mechanism for the occurrence of decelerated short crack growth and NPC's
is currently unclear but we do recognize that factors such as notch-tip plasticity,
micro-plasticity, grain boundary blocking of slip-bands, cessation of growth and
crystallographic reorientation of growth at grain boundaries, and crack closure (see
Section 4) all may play a significant role. In this regard, it has been claimed that
since small cracks are capable of propagating below the long crack threshold AKo value,
they may propagate for some distance until the combination of their size and local stress
cause them to arrest at or below the AK value [2]. Although this is a convenient statement
to rationalize the behavior schematically illustrated in Figs. 2 and 6, physically based
mechanistic interpretations of such behavior are still uncertain.

Physically-Short Flaws

The third definition of a short crack, and perhaps the most ominous from a design
viewpoint, is the physically-short flaw where the crack is long compared to both t~e
scale of microstructure and the scale of local plasticity, yet simply physically small,
i.e., typically less than O.S-1 m in length. Since both continuum mechanics and LEFM
characterizations of the behavior of such flaws would be expected to be valid, it is
perhaps surprising to find that under certain circumstances [4,48-52] even physically-
short cracks show growth rates in excess of those of Ion cracks under nominally
identical driving force conditions (i.e., &t the same AK). This realization represents
a significant breakdown in the similitude argument engrained in fracture mechanics analyses
of sub-critical crack growth and has been currently attributed to two basic factors.
The first of these pertains to the phenomenon if crack closure where, due to interference



microstructural factors (Fig. 2) [24]. Certainly no linear elastic analysis of the case
L. 2 of a notch plus short crack [62] has demonstrated that the crack driving force (e.g., KI )
J goes through a minimum, as the crack extends from the notch, to rationalize such behavior,

and to our knowledge there is no formal elastic-plastic analysis available which similarly
predicts the appropriate variation in crack driving force (without incorporation of crack closure
effects). Whilst we cannot refute the experimental data on short crack growth at notches,
in the absence of a complete continuum mechanics analysis we must conclude that part of
the reason for the differing growth rate behavior of the short cracks in this instance
may similarly result from the interaction of the short flaw with microstructural features
and from the role of crack closure, as described below.

With respect to microstructural features, it is generally accepted that the presence
of grain boundaries, hard second phases, inclusions, etc. play a somewhat minimal role in
influencing the growth of long fatigue cracks [25] (at least over the range of growth
rates below %10 mm/cycle), because behavior is governed primarily by average bulk
properties. However, this clearly will not be the case for small micro-cracks whose
length will be comparable to the size of these microstructural features. For example, for
micro-cracks contained within a single grain, cyclic slip will be strongly influenced by
the crystal orientation and the proximity of the grain boundary, resulting in locally non-
planar crack extension [3]. There is now a large body of evidence that shows that the
growth of small cracks is impeded by the presence of grain boundaries by such mechanisms
as the blocking of slip bands [21] or containment of the plastic zone [22] within the
grain, reorientation and re-initiation of the crack as it traverses the boundary [24], and
simply cessation of growth at the boundary [22]. The latter effect has also been
demonstrated for the presence of harder second phases, where in duplex ferritic-martensitic
steels, micro-cracks were observed to initiate and grow in the softer ferrite only to
arrest when they encountered the harder martensite [63]. Such considerations do not
explain why short cracks can propagate below the long crack threshold AKo, yet they do
provide a feasible interpretation for the progressively decreasing growth rates observed
in this regi6n (Fig. 2).

A further factor which may contribute to differences in the behavior of long and
short cracks is the question of crack shape [3). Even long cracks, which encompass many
grains, are known to possess certain irregularities in their geometry (on a microscaze
level) due to local interactions with microstructural features [64], yet, at a given AK,
the overall growth behavior would be expected to be similar. However, on comparing a
macro-crack and a micro-crack contained within a few grains, this similarity would seem
to be questionable. Moreover, the early stages of fatigue damage often involve the multi-
initiation of micro-cracks such that the subsequent growth of a particular small flaw is
likely to be strongly influenced by the presence of other micro-cracks [1,19].

Differences in the behavior of long and short cracks may also result from the fact
that, at the same nominal AK the crack extension mechanisms may be radically different.
As pointed out by Schijve [31, the restraint of the elastic surrounding on a small crack
near a free surface is very different from that experienced at the tip of a long crack
inside the material. For a small grain-sized crack, the low restraint on cyclic slip
will predominately promote single slip on the system with the highest critical resolved
shear stress resulting in a Mode II + Mode I slip band cracking mechanism akin to
Forsyth's Stage I. For the long crack, however, which spans many grains, maintaining such
slip-band cracking in a single direction in each grain is incompatible with a coherent
crack front. The resulting increased restraint on cyclic plasticity will tend to activate
further slip-systems leading to a non-crystallographic mode of crack advance by alternating
or simultaneous shear, commonly referred to as striation growth (Forsyth's Stage II). At
near-threshold levels where the extent of local plasticity is contained within a single
grain, even long cracks propagate via this single shear mechanism but, in contrast to the
short crack case, the orientation of the slip-band cracking will change at each grain
boundary leading to a faceted or zig-zag crack path morphology (Fig. 10) [3,59). As
discussed below, the occurrence of this shear mode of crack extension, together with the
development of a faceted fracture surface has major implications with respect to the
magnitude of crack closure effects (59,601, which further may lead to differences in long
and short crack behavior [50).

The origin of the differences in behavior resulting from the contribution from crack
closure arises from the fact that such closure effects predominate in the wake of the
crack tip. Since short cracks by definition will possess a limited wake, it is to be
expected that in general such cracks will be subjected to less closure. Thus, at the same
nominal AK, short cracks may experience a larger effective AK compared to the equivalent
long crack. As outlined in Section 3, this can arise from two sources. First, with
respect to plasticity-induced closure, plastic deformation in the wake of the crack has to
build up before it can be effective in reducing AK ff. From analogous studies of the role
of dilatant inelasticity (generated by phase transformations) on reducing the effective
stress intensity at the crack tip in ceramics [6S], it has been found that the full effect
of this closure is only felt when the transformed zone extends a distance five times its
forward extent in the wake of the crack. Although this analysis has not been performed
for plastic deformation in metals, it is to be expected that the role of the compressive
stresses in the plastic zone encompassing the wake of the crack would be limited for small
cracks of a length comparable with the forward extent of this zone (i.e., for a % ry). We
believe that this is one of the major reasons (at least from the perspective of continuum
mechanics) for non-propagating cracks and wh short cracks and cracks emanating from
notches can pro agate elowithe lon ack tKreshold AKo. Essentially they can initiate

but, as they increase in length, the build-up of plasticity in their wake promotes a
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and physical contact between mating fracture surfaces in the wake of the crack tip, the
crack can be effectively closed at positive loads during the fatigue cycle. Since the
crack cannot propagate whilst it remains closed, the net effect of closure is to reduce 1-7
the nominal stress intensity range (AK), computed as Kmax - Kmin from applied loads and
crack length measurements, to some lower effective value (6Keff actually experienced at
the crack tip, i e., AKeff - Kpax - Kcl, where Kcl is the stress intensity at closure
(> Kmin) 53j. losure can arise from a number of sources, such as the constraint of
surrounding elastic material on the residual stretch in material elements previously
plastically-strained at the tip (plasticity-induced closure) [53), the presence of
corrosion debris within the crack (oxide-induced closure) [54-56], and the contact at
discrete points between faceted or rough fracture surfaces where significant Mode II
crack tip displacements are present (roughness-induced closure) [52,56-60]. These
mechanisms of crack closure are schematically illustrated in Fig. 7 [59], and are
particularly relevant to short crack behavior simply because their action predominates
in the wake of the crack tip. Since for small cracks te extent of this wake is limited,
it is to be expected that the effect of crack closure will be different for long and
short cracks, and specifically that the short crack is likely to be subjected to a
smaller influence of closure. Evidence for the extent of crack closure being a function
of crack size has been reported by Morris et al. [51) for the growth of short flaws in
titanium alloys. Here, by monitoring the surface crack opening displacement (at zero
load) for crack sizes ranging from SO to 500 um (Fig. 8), these authors concluded that
for cracks less than approximately 160 pm in length, the extent of crack closure,
specifically roughness-induced, decreased with decreasing crack length. A further
influence of roughness-induced closure was inferred in the work of McCarver and Ritchie
[50] on the crystallographic growth of long and physically-short fatigue cracks in
Rend 95 nickel-base superalloy. In this latter study, threshold AKTH values for short
cracks (a - 0.01-0.20 pm) at low mean stresses (R = 0.1) were found to be 601 smaller
than for long cracks (a "- 25 mm), yet at high mean stresses (R = 0.7) where closure
effects are minimal, this difference was not apparent. Thus, at equivalent nominal AK
levels, physically-short flaws may be expected to propagate faster (and show lower
thresholds) than corresponding long flaws simply due to a smaller influence of closure
producing larger effective stress intensity ranges at the crack tip. Specific mechanisms
for this effect are discussed in more detail in the following section.

However, a second factor which may also produce accelerated growth rates for short
cracks is associated with chemical and electrochemical effects and is relevant to the growth
of physically-short flaws in differing environments (4,48,49,61). Experiments by
Gangloff [4,48] on high strength 4130 steels tested in NaCl solution revealed corrosion
fatigue crack propagation rates of short cracks (0.1-0.8 mm) to be up to two orders of
magnitude faster than corresponding rates of long cracks (25-60 mm) at the same AK level,
although behavior in inert atmospheres was essentially similar (Fig. 9). A complete
understanding of this phenomenon is as yet lacking but preliminary analysis indicated
that the effect could be attributed to differences in the local crack tip environments in
the long and short flaws, principally resulting from different electrochemically-active
surface-to-volume ratios of the cracks and from the influence of crack length on the
solution renewal rate in the crack tip region [48].

4. DISCUSSION

In this paper, an attempt has been made to draw from the literature the salient
points relevant to the mechanics and physics of the growth of short fatigue cracks.
From the preceding discussion it is apparent that such cracks may present difficulties in
fatigue design simply because their growth rate behavior is somewhat unpredictable when
based on current (long crack) analyses and methodologies (e.g., using long crack LEFM
data). It is also apparent that the latter procedures are liable to yield non-conservative
predictions of lifetimes in the presence of short flaws because, at the same nominal
driving force, the short crack invariably propagates at a faster rate than the
corresponding long crack. This problem of similitude between long and short crack
behavior can be considered to arise for a number of reasons, such as i) local plasticity
effects resulting in the inappropriate characterization of the crack driving force for
short cracks, ii) local microstructural features which in general do not perturb macro-
crack growth yet which are of a size that they can interact strongly with the growth of
small cracks, iii) similitude of crack shape and geometry, iv) interaction with other
micro-cracks, v) similitude of crack extension mechanism, vi) crack closure effects, and
vii) differences in the local crack tip environments. We now examine each of these
factors in turn.

Questions concerning the inappropriate use of linear elastic fracture mechanics to
characterize the growth of short cracks in the presence of extensive plasticity have been
largely resolved through the use of J, or CTOD-based methodologies, as evidenced by the

J. results of Dowling [40] in Fig. 4. It is now apparent that much earlier data indicating
differences in long and short crack behavior can be traced to the fact that growth rates
were compared at equivalent AK values, and that the use of this LEFM parameter did not
provide an adequate characterization of the short crack tip fields where a , ry. However,
for the case of short cracks empnating from notches, where initial growth is occurring
within the plastic zone of the notch (Fig. 5), a continuum mechanics description of
behavior is less clear. Certainly there is experimental evidence that such short cracks
can propagate below the long crack threshold at progressively decreasing growth rates
(Pig. 6) and even arrest to form non-propagating cracks [31,32,45], but such behaviorhas boon also shown in the absence of a notch an trbtdalternatively t



contribution from crack closure, which progressively decreases the effective AK
experienced at the crack tip resulting in a progressive reduction in crack growth rate -
and sometimes complete arrest.

An analogous situation can arise due to the contribution from roughness-induced crack
closure promoted by rough, irregular fracture surfaces, particularly where the crack
extension mechanism involves a strong single shear (Mode 11 + Mode I) component [50,59,60].
Since a crack of zero length can have no fracture surface and hence no roughness-induced
closure, it is to be expected that the development of such closure will be a strong
function of crack size [50-52.1, as demonstrated by the experimental data of Morris et al.
[51] in Fig. 8. A lower bound estimate for the transition crack size below which roughness-
induced closure will be ineffective (at near-threshold levels) can be appreciated from
Fig. 11 [50]. The long crack, which encompasses several grains, will at near-threshold
levels have developed a faceted morphology and, due to incompatibility between mating
crack surfaces from the Mode IT crack tip displacements, will be subjected to roughness-
induced closure in the manner depicted in Fig. 7. The short crack, however, will be
unable to develop such closure whilst its length remains less than a grain diameter since,
although it is advancing via the same single shear mechanismit will not have changed
direction at a grain boundary and accordingly will not have formed a faceted morphology.

In general, since the majority of results showing differences in long and short
crack growth rates have been observed at low stress intensity ranges, and since the
fatigue crack propagation behavior of long cracks in this near-threshold regime is known
to be strongly influenced by crack closure effects, it is our belief that the major
reason for the faster growth of short cracks and the fact that they can propagate below
the long crack threshold AK0 is associated with a decreasing role of closure at decreasing
crack sizes. In this regard it would be useful to compare short crack data with data for
long cracks at high load ratios, since closure effects are minimal here even for long
cracks. Where this has been done, i.e., for crystallographic near-threshold fatigue in
nickel-base alloys [50], the threshold for short cracks, despite being 601 smaller than
the long crack threshold at R = 0.1, was approximately equal to the long crack threshold
at R - 0.7.

Finally, large differences in the behavior of long and short cracks can arise at
stress intensities well outside the threshold regime due to environmental factors
[4,48,49). As shown in Fig. 8, the results of Gangloff [4,48] have demonstrated that the
corrosion fatigue crack growth rates of physically-short cracks in 4130 steel tested in
aqueous NaCl solution can be 1-2 orders of magnitude faster than the corresponding growth
rates of long cracks at the same A~K value. This unique environmentally-assisted behavior
of short cracks was attributed to differing local crack tip environments as a function of
crack size. Specifically, the local concentration of the embrittling species within the
crack was reasoned to depend on the surface to volume ratio of the crack, on the diffusive
and convective mass transport to the crack tip, and on the distribution and coverage of
active sites for electrochemical reaction, all processes sensitive to crack depth, opening
displacement and crack surface morphology [48) . Analogous, yet less spectacular, environ-
mental crack size effects may also arise in gaseous environments, where for example the
presence of hydrogen may induce an intergranular fracture mode. The rough nature of this
failure mechanism would promote roughness-induced closure which again act to primarily
influence the long crack behavior by reducing tAKeff.

These examples of the differences in behavior of fatigue cracks of varying size are
a clear indication of where the fracture mechanics similitude concept can break down.
The stress intensity, although adequately characterizing the mechanical driving force for
crack extension, cannot account for the chemical activity of the crack tip environment,
or the local interaction of the crack with microstructural features. Since these factors,
together with the development of crack closure, are a strong function of crack size, it
is actually unreasonable to expect identical crack growth behavior for long and short
cracks. Thus, in the absence of the similitude relationship, the analysis and utilization
of laboeatory fatigue crack propagation data to predict the performance of in-service
components, where short cracks are present, becomes an extremely complex task, a task
which immediately demands a major effort in fatigue research from both academics and
practical engineers alike.

5. CONCLUDING REMARKS

Te problem of short cracks must now be recognized as one of the most important
topics facing current researchers in fatigue. Not only is it a comparatively unexplored
area academically, but it raises doubts in the universal application of fracture mechanics
to the characterization of sub-critical flaw growth and accordingly has the potential,

* from the engineering viewpoint, for creating unreliable, non-conservative defect-tolerant
lifetime predictions. I n the current paper, we have a ttempted to provide an overview of
the recent experimental studies on the growth of small fatigue cracks, and spcfialto outline the mechanical, metal lurgical and environmental reasons, as to why the behavior
of such cracks should differ from the behavior of long cracks. Our intent was not to ~
present a formal analysis of each of these factors, since in most cases such analysis -

simply does not exist, but rather to thoroughly review the many inter-disciplinary
factors which may be relevant. We conclude that behavioral differences between the short
and long flaw are to be expected, and such differences can arise from a number of distinct
phenomena, namely: 1) inadequate characterization of the crack tip stress and deformation
fields of short cracks due to extensive local plasticity, ii) notch tip stress and
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deformation field effects, iii) interaction of short cracks with microstructural features,
I-/i e.g., grain boundaries, inclusions, second phases, etc., of dimensions comparable in

size with the crack length, iv) differences in crack shape and geometry, v) differences
in crack extension mechanisms, vi) differences in the contribution from crack closure
mechanisms (specifically plasticity- and roughness-induced) with crack length, and
finally vii) differences in the local crack tip environments. Each of these factors
represents a formidable challenge in fatigue research, because of the complex nature of
both experimental and theoretical studies, yet their importance is undeniable. We trust
that the proceedings of this conference will provide a significant step in increasing our
understanding of this important topic.
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FATIGUE DAMAGE MECHANISMS AND SHORT CRACK GROWTH
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The growth of short fatigue cracks, where the Paris law does not appear to hold, is
%iscussed. In this regime the mechanisms of fatigue damage are of importance to an
understanding of the role of microstructure in affecting growth rate. The paper reviews
the operative mechanisms and their effect on short crack growth.

1. INTRODUCTION

Fatigue failures continue to occur in service components despite the vast increase
in knowledge of fatigue mechanisms which has taken place during the past twenty years,
in particular. Instead of attempting to design on the basis of a fatigue or endurance
limit and seeking to keep stresses sufficiently low that fatigue failure can be
considered unlikely, designers have developed the approach based on linear elastic
fracture mechanics (LEFM), which considers that all structures contain defects and that
the rate of growth of such defects, in the form of fatigue cracks, can be predicted
from a knowledge of the stress spectrum applied and of the material constants C and m
in the Paris Law [1],

da/dN - C(AK)m  (1)

where a is crack length, N is number of load cycles, and AK is the range of stress
intensity factor.

Subsequently, a number of deviations from this simplistic approach have become
recognized. These include the following:

e Environmental effects can markedly alter crack growth rate and the conditions
for crack initiation.

* Where there are high local stresses leading to local plasticity, LEFM approaches
may break down and elastic-plastic fracture mechanics (EPFM) techniques of
analysis may be required.

* A threshold condition in terms of AK is observed, below which a fatigue crack
will not grow.

9 Cracks may become non-propagating after growing for some time.

e Overloads may cause retardation of subsequent crack growth rate.

0 Short cracks (less than, say, a few grain diameters in length, or a longer~crack contained in a more extensive plastic zone) do not follow LEFM in
their growth behaviour, but can grow much more quickly.

e Crack closure, leading to a reduction in the effective value of the range of

stress intensity factor, causes crack growth predictions to vary from those
obtained from Eq. (1).

9 Microstructural effects, which are normally considered to be relatively
unimportant in fatigue crack growth predictions, can become very significant
when dealing with short cracks and threshold conditions.

In the context of aircraft structures, with the introduction of the concept of
damage tolerant design [2] and consideration of the distribution of cracks in a
structure, it has been shown that small tracks can affect the residual strength of a
member [3, 4]. Thus it is of considerable importance to be able to estimate the
growth rate of short cracks in predicting the safe life of aircraft structures.

The present paper attempts to outline and review aspects of the short fatigue
crack problem with some emphasis on microstructural and mechanistic aspects.

2. THE FRACTtRZ IECHMICS APPROACH

It is appropriate to review briefly the fracture mechanics approach to fatigue
crack propagation because of its widespread use, and to illustrate its limitations.

(m
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The Paris law given in Eq. (1) represents the linear portion only of the log
(da/dN) versus log (AK) plot shown in Fig. 1. At low values of AK there is a threshold,

)-9 AKth, approaching which cracks propagate more slowly than might be predicted from the
Paris law, while reaching final fracture the growth rate accelerates as the maximum
value of stress intensity factor Kmax - Kc. However, it has been observed that at
short crack lengths, cracks can grow at values of AK < AKth, and, with increase in its
length, the crack may either become non-propagating or subsequently grow according to
the conventional growth curve. This is illustrated in the schematic plot of Fig. 2.
Our discussion will be concerned primarily with the regime of the crack growth curve at
and below the long crack threshold condition.

The work of Elber [5, 6] and others [7, 8, 9] has shown that crack closure commonly
occurs, particularly in plane stress conditions, so that the Paris law has to be
modified to the form

da/dN = C' (AK eff)m (2)

where C' is a material constant and Keff = Kmax - Kop, Kop being the stress intensity
factor when the crack starts to open. Alternatively, we may write

da/dN = C'(UAK)m  (3)

where the effective stress range factor U, is defined in terms of the maximum, minimum
and crack opening stress as (cmax - O )/(Omaf - Om. ). U depends on the stress ratio
R ( amin/amax), the ratio of appliedoitress -o yieIR stress, and the cyclic strain
hardenTng exponent, n [10, 11]. In the near threshold regime, the effect of crack
closure may be greater and AKeff can depend on R to a considerable extent [12). At
higher values of R, where closure does not occur to a significant degree, if at all,
AKth is expected to become independent of R.

At the threshold condition for "long" fatigue cracks, a crack either stops growing
or will just start to grow, and

AKth = Ao/a-ia (4)

a being a geometrical factor. For a surface crack,

AKth - 1.12 Aou/-a (5)

Thus, to avoid fatigue crack growth, and neglecting the effect of closure which can
be accommodated as already outlined, we have the condition that, for a surface crack,

AK - 1.12 AouVi- < AKth (6)

Crack initiation can be considered in terms of the local stress range being above
that at the fatigue limit; or, for no initiation, the applied stress range

Au < Au/k t  (7)

A 00 being the fatigue limit and kt being the local elastic stress concentration factor.
However, it has been shown that a better correlation exists for notched specimens using
the relation [13]

Au < Ao/kf (8)

where kf, the fatigue strength reduction factor, is given by
kf = [1 + 7.69(c/p) 1/2 1/2 (9)

in which c and p define the notch geometry, as shown in Fig. 3.

It may be seen that while Eq. (8) apparently predicts crack initiation at a notch or
surface discontinuity, the propagation of a very small crack will not be expected to
occur, based on a fracture mechanics approach, as AK 4 0 as a - 0 and AK will be AKth.
To overcome this problem various corrections have been suggested, one of the simplest
and most satisfactory being that of Smith and Miller [14], who pointed out that a crack's
growth from a notch will be controlled by the notch-generated plasticity rather than
crack tip plasticity, until the crack moves ou- of the plastic zone. This is illustrated
in Figs. 3 and 4.

The minimum stress range required for crack growth from a surface crack at a notch
can be written as

Ao = 0.5 AKthc- 1/2 (10)

since

AK - Ac 1.12[(c +)] 2  - AKth (11)

-'and I<<c.
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When notched and unnotched specimens are considered, the crack growth rates become
identical at crack lengths of X and L, respectively, under the same applied stress
range, Ao. Considering the notched specimen to have an equivalent crack length
L = Z + e, and equating AK in both cases (da/dN bei g2 identical), the notch contribution,
e, within the notch stress field (for 9 < 0.13(c/p) ) was determined as [14]

e - 7.69t(c/p)1 / 2  (12)

and the stress intensity factor range for the equivalent crack is

AK - [1 + 7.69 (c/p) /2 1/2 A() 1 /2 (13)

Thus, we have the conditions for propagating or non-propagating cracks and for
crack initiation, as illustrated in Fig. 5.

We may also consider the condition where LEFM breaks down when the crack tip
plastic zone size, r , is greater than the crack length. In such a case the crack
growth rate will again be greater than expected from LEFM predictions using the Paris
law, and EPFM procedures will apply.

3. SHORT CRACK GROWTH

Based on Eqs. (7) or (8) and (5) or (10), the limiting stress range for fatigue
can be plotted as a function of crack length as shown i Fi8 . 6. The sloping line
has a slope of -1/2 on the log/log scale, since K - (a)1/5 . The point of intersection

of the two straight lines has been defined as being at a crack length 1 [16], and this
may be considered as the minimum crack size for propagation at the endupance limit. At
any stress range greater than Ac , and in the absence of any defects, a crack of length
9 could be expected to form rapidly [17]. Experimental data indicate that deviations
f~om this idealized situation occur in practice, the data of Kitagawa and Takahashi
[15] being shown in Fig. 6. It may be seen that deviations from the straight lines
commence at 2. and 2. and it has been found that, for cracks of length k(2. < t < £2) ,

the growth raie is fter than expected from the Paris law, and the value of AKth
will be less than that obtained from long crack data.

The value of 2 is easily defined without requiring experimental verification
other than Aco and 9a/dN versus AK data. However, experimental data are required to
define both 2. and £2. Little data exist for 2. the length below which cracks have
no effect on iatigue strength, although there Is a definite correlation between both
2 and 2. and a characteristic measurement of microstructural size. This measurement
i? typic lly the grain size, or the lath spacing or lath packet size in quenched and
tempered sheets, and 2k is typically of the order of several microstructural units
[17, 18). Thus, it ma be suggested that 2. is probably of the order of one micro-
structural unit, on the basis that a crack lithin a grain, for example, will grow
rapidly until it reaches the grain boundaries where it may be impeded.

Figure 7 shows schematically the form of the dependence of Ac and AK on grain
size. As grain size is increased the fatigue limit falls and the ?hresholhhvalue
increases. Hence, to define initiation and early growth effects more precisely, large
grained specimens are to be preferred.

In the case where a short crack is driven forward by notch plasticity as
illustrated in Figs. 3 and 4, for example from a hole in a lug or at a fastener hole
in a structural member, microstructural effects will be of relatively little
significance. Here, the crack growth rate depends on the geometry of the notch and
the short crack, and on the extent of the notch plastic zone. The growth rate can be
predicted using the procedures outlined by Hammouda et al. [19], for example. In
this, the crack tip plastic shear displacement * is considered as arising from the
notch plasticity * and from the plastic deformation directly generated at the crack
tip, 0e • Thus, - +(

The displacement *e can be evaluated from LEFM asj

e (AK) 2/(,/ E Aacy) (15)

where Ac is the cyclic yield stress range. AK can be calculated from the data of
Smith anaYMiller [13] or Newman [20], while 0 can be determined by considering a
crack of length L pro agating in elastically &tressed bulk material at the same rate
as a crack of length lin the plastic zone of a notched component: 0 can be determined
from Eq. (14). At the point of crack initiation at the notch root 0 P- 0, and at the
crack exits from the notch plastic zone * - 0. An elastic-plastic linite element
analysis and computational study has showR that the growth rate of such short cracks .

can be modelled successfully from initiation to their outgrowth from the notch plastic
field [19] .
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4. MICROSTRUCTURAL AND MECHANISTIC ASPECTS

~ L./ Many of the observations reported regarding the rapid growth of small cracks (in
the absence of notch-plasticity), threshold conditions and the effect of R on AKtma
be rationalized when mechanistic aspects of fatigue crack growth are considered.tma

It is now well established that fatigue damage initiates along slip bands in
surface grains, although specific exceptions occur in, for example, titanium where
sub-surface crack initiation can take place [21], or with crack initiation at inclusions.
A crack then forms at the side of a persistent slip band (PSB) which has developed,
and grows initially in Stage I, using the nomenclature of Forsyth [22]. Such a
microcrack will be contained within a simple grain and will generally be accompanied by.
the formation of other cracks in adjacent grains, all growing along planes most
favourably oriented for slip.

The microcracks will link upt roduce a crack front which is irregular and of
varying orientation along its length [23). To allow further growth with the crack
front moving forward in a consistent manner as it penetrates more deeply into the
material, additional slip systems must come into play, and the crack front turns to
allow continued growth in Stage II, approximately at right angles to the tensile stress
in an uniaxially loaded situation. Continued growth depends on the extent of crack
tip plasticity and the crack tip opening in each load cycle.

Thus, in a small surface crack the early stages of growth are not greatly
restrained by grain boundary or other obstacles. Only when the crack fronts of
several microcracks link up and the crack is forced to turn, with several slip systems
operating and the crack front moving in a coherent manner, will the growth rate slow
down significantly under the influence of the microstructural obstacles present. if
the crack tip plasticity is insufficient and AK < AK the crack will stop: if
AK > AK th the growth rate will accelerate until the ris law of Eq. (1) is followed.

In the threshold regime, and considering a long crack, the growth per cycle is
small and the average growth rate may be less than one lattice spacing/cycle. There
is a tendency for continued slip band cracking to occur at the crack tip, together
with crack branching, as illustrated in Fig. 8 [23]. The threshold fatigue regime
fracture surface presents much less clearly defined striations than under faster
conditions of crack growth, and in some instances no evidence of striations may be
found, even although these do develop at higher values of AK.

The phenomena of crack branching, slip band cracking and an irregular crack
front all contribute to an actual K value below that which might be expected based
on crack length and applied stress. This contributes to the production of a reduced
growth rate in the threshold region below that expected from simple fracture mechanics
observations.

Clearly, microstructural features will have a significant influence on the
fracture surface appearance, and the threshold regime crack growth rate can be affected
significantly by the microstructural units which characterize the material, e.g., the
grain size, inclusion or precipitate size, or lath packet size. Also, such cracks
have a tendency to propagate in Mode II, shear steps showing on the fracture surface,
together with a serrated crack path. Figure 9 illustrates overall Mode I growth,
normal to the tensile stress axis, but involving localized Mode II shearing [24).

The effect of the stress ratio, R, on fatigue thresholds and the extent of crack
closure, w~hich is itself related closely to R, are not clear. The work of Minakawa and
McEvily [24) indicated high levels of crack closure, as may be seem in Fig. 9 because
of the relative displacement of A and A', and consequently a large dependence of short
crack growth rate upon P.. However, other workers have indicated that little, if any,
closure occurs in short surface cracks, leading to a growth rate largely independent
of R (17, 23). This effect may be considered to be dependent on microstructure: if
the grain size is small, the magnitude of surface asperities will be small. In
addition, because of the residual plasticity produced in the wave of a large crack, a
larger degree of crack closure may be expected than would be the case for a small edge
crack [23].

Microstructure affects crack growth rate where the Paris law holds true, to the
extent that it controls the yield stress and the size of the crack tip plastic zone.
In the short crack regime for unnotched specimens the crack growth rate is very
dependent upon microstructure as previously noted, and Fig. 10 illustrates this [17).
This observation led Taylor and Knott [17) to suggest that, for design purposes, it
should be assumed that cracks of length 9 are already present. However, there is no
obvious way to quantify the number o0 suci cracks which might be present in a
structure and they could not be taken into account in estimating the size distribution
of a population of cracks in the structure.

5. CLOSING REHARKS

It is hoped that the foregoing review has illustrated the fact that the growth
of short cracks in fatigue can be affected greatly by microstructural conditions. A



more complete understanding of the problem requires extensive data collection and
analysis, and the effects of R on crack growth rate and on AKth can only be determined
by careful study of a wide range of material having a variety of microstructural
conditions. Such studies must include metallographic and fractographic observations. -)

Consideration of environmental effects has been excluded here; however, such
effects do need further study as they modify the mechanisms and rate of growth of
short cracks.

Finally, it is hoped that short crack growth where microstructural effects are
important has been separated from the situation where notch plasticity causes growth.
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1 INTRODUCTION

At any conference of this kind, based upon a new and potentially exciting research topic, the proceedings
are inevitably domin.oted by research workers. This is rightly so, since the prime purpose of the meeting
should be exchange of information and ideas, and generation of fresh avenues of investigation. There
remains however the requirement to justify the cost of research and in this respect there are official
views that the bulk of research Ishould be aimed at a design objective, although perhaps 5-10% of research
expenditure can be speculative. 1 2

-"The purpose of this paper is to examine the application of small crack propagation data to the design of
aircraft structures. No deliberate attempt is made to cover peculiarities of engine construction. It
is intended to generate a questioning attitude within the audience to exactly how small crack data will
be applied and to what benefit. It is not the intention to provide the anawersi Indeed the questions
asked may not be thought by some of you to be those sost in need of answers. So be it. Any debate which
results can only be healthy for research ane design. ~
2 BEH4AVIOUR OF SMALL CRACKS

Recent research has suggested that small cracks grow in size at a faster rate than predicted from linear
elastic fracture mechanics (LEFM). However there is not universal agreement that such fast growth does
occur. Some careful experimental studies have failed to show faster crack growth than would be calculated
from LEFM. Naturally small cracks propagate in a regime where three dimensions are significant and at
surfaces where residual stress effects may be important. Accurate stress intensity factor (SIP') solutions
for three dimensional cracks are few and apply to idealised smooth crack fronts, a condition which very

* rarely applies for small cracks. In fact few experimental investigations are based upon a claim of an
* exact SIP solution, and yet it is recognised that crack growth rate is characterised as a high power

function of SIP, particularly near threshold growth conditions where wmall crack investigations are
perforce made.

Because mall cracks are surface cracks the local surface stresses are important. Specimens where surface
stresses were known to exist have been investigated and have been shown to correspond in a qualitative
sense with what would be expected of LEPH behaviour, that is faster crack growth occurs when tensile
stresses are known to be present. A closer correspondence between experiment and prediction is
prohibited by a lack of detailed knowledge of the surface stresses. Edwards 3 has measured crack growth A

rate in fretting *;onditions and has shown that by accounting for the measured fretting stresses some
agreement with UF4 M prediction can be obtained. However even here growth rate was consistently
underestimated, but by a degree which could be explained either by lack of a really accurate SIP solution
or by materi aecrack growth data which was extrapolated down to the rates of interest. more recently
he has shw8 ntests on corner cracks propagated in bending that fast growth at short crack length is

* more likely to be observed under random amplitude load conditions than under constant amplitude, an
observation which could be related to residual stress effecte.

Most evidence of fast crack growth rate at short crack conditions has been obtained using specimens with
established cracks which hae bees "shortenied" by machining the specisen surface. In the present
authors opinion this is an extremely dubious may to produce short cracks. Specimens which are left
"as meohised"' will in all probability have unrepresentative stresses on the specimen surface.

~ ~,Alternatively stress relieving may affect the residual stresses at the crack tip such that the
remaining condition Is not that which would be experienced by a true short crack.



The volume of stretched material at the crack tip vill be different between short and long cracks and
o it is not at all clear what effects stress relieving will have. There is also evidence that crack

morphology is different between long and short cracks and what effect this has on growth rate is open to
speculation. Finally machining of a specimen surface will almost inevitably alter the crack front shape.
In most cases the aspect ratio will be changed by machining and also, since crack front roughness changes
with increasing crack depth, the roughness of the shortened crack will not be appropriate to the new
crack size.

Becent work by Lankford 5 
using specimens loaded and scanned in an electron scan microscope has show a

variety of t.pecimen behaviour. Some specimens exhibited high growth rate until becoming coincident
with the curve for crack growth for long cracks. Other specimens contained cracks which grew fast
initially but later reduced in crack growth rate, some stopping completely while others accelerated
again to join the long crack curve (Fig 1). This data covers all the conditions previously observed
and an understanding would potentially explain the so called "short crack behaviour".

6The evidence on short crack behaviour has been reviewed in more detail elsewhere . 
Fbr our present

purposes the conclusion on crack length at which short crack behaviour coincides with long crack data
can be restated. The vast majority of those investigations where fast growth at short crack
length was found showed also that the growth rate appropriate to a long crack had been attained at a
crack length of 0.25 to 0.5 s (0.010 to 0.023 in). The few claims to fast growth at longer lengths
(up to 1.0 am; 0.040 in) were based on evidence from remachined specimens.

3 DESIGN CONSIDERATIONS

In the previous section the evidence for short crack rapid growth effects was very briefly reviewed.
It was concluded that since some investigations showed rapid growth effects while others showed none,
and since the effective lengths in which short crack effects declined also varied, one interpretation
was that short crack effects were specimen and test condition dependent. Farther the length at which
long crack growth rate was attained was unlikely to be more than 0.50 a, and apparently never more
than 1.0 am. In order to assess the importance of short crack effects in design a number of aircraft
conditions are now considered.

3.1 Safe Life Design

3.1.a Initial build conditions.

It would be expected that for safe life aeroplanes which are designed using SN data rapid
growth of small cracks could be neglected. It has been established for some long time
that for mild stress concentrations some 80 to 90% of the total life is crack free 7.
However in practice feilures more usually occur at sharp notches or where fretting
occurs. It has been shown by Edwards

3 
that cracks are present at fretting surfaces

after only about 10% of total life. Thus any reassessment of life due to a change of
role or load condition which increases the stress on a fretted component should
properly concentrate not on whole life but on crack growth life. It would sees that
where life is almost wholly either cracked or crack free the usual techniques of life
ratio based on SN data are quite adequate, even if in practice the cycles count is
dominated by crack growth life. However this will only be true if the SN data is truly
representative of the service conditions. For example smooth specimen data "corrected"
to allow for fretting may be quite erroneous. Problems may arise where the life is
composed of substantial proportions of cracked and crack free life and also where the
failure mode is dependent upon stress level or spectrum.

3.1.b Life Extension by Structural Audit.

The process of structural audit goes some long way towards a reassessment of a safe life
aeroplane on damage tolerance principles. Recently civil aeroplanes have been subjected
to structural audit to achieve an extension in life beyond the present certified
clearance. Many military aircraft have also been cleared for further service in the
same way, not necessarily to extend life but perhaps to ensure safety in Service by
inspection or re-assessment of known structural "hot-spots". A clearance for further
Service use must account for possible damage during previous flying, usually based upon
that crack size which can be found by inspection, or perhaps more correctly that crack
size which can be found with a high degree of assurance during inspection. Thus, for a
pressure cabin, "eye-ball" inspectioi will probably be used and cracks many millimetres in
length may be missed. Experience o examination of detail fittings suggests that with the
very best techniques large cracks can be miagd. Certainly experience suggests that many
cracks of size less than lam can be missed. Since there is an yet no suggestion that
rapid growth of small cracks extends beyond this size it is concluded that these effects
are not important in structural audit.

3.1.c Repair of Safe Life Aeroplanes.

It is common practice to remove damaged material at bolt holes by increasing the hole size.
kperionve has shn that reaming of a cracked hole can mar across the crack faces, with
the result that the crack although still present cannot be detected. Because of this it is
coimon practice to monitor the cleaning out of damage by a suitable NDT technique, with a 3
further cut after the lat crack fve indication in order to remove any residual dmage.
Thus an apparently crack free hole would be produced. This would be expected to produce a 't

new clean crack free surface at which if no further precautions were taken new dmage could
be initiated. To support further service the desigp authority will follow one of two courses.
The life to date may be regarded as a fatigue test under realistic conditions, in which case
the part will be inspected, probably at some reduced life but certainly at no more than



previously attained. In this case no further crack growth calculations need be made.
Alternatively action will be taken to improve life by working the hole or by use of -3
interference fit fasteners. In such a case a new assessment of life will be made based
upon teat evidence.

In some circumstances it may not be possible to take the final cut to ensure all damage is
removed from the hole. Certainly if this occurred crack growth calculations would be
necessary. Most probably such calculations would assume a starting crack size at the
reliable limit of crack detection, perhaps near the limit for small crack effects, but sore
probably greater, say not less than 0.25 m- but more likely 0.5 am or greater. Little
evidence has been published on growth of small cracks in interference stress fields, but
what is available suggests that LEFM can be applied with adequate safety.

9 
Thus in the

damage repair case it also appears that growth of small cracks is not important.

3.2 Damage Tolerant Design

3.2.a Safety
10

The USAF damage tolerance requirements specify minimum crack sizes which must be assumed
to exist in all airframe structures. The most critical of these is specified from safety
considerations as a minimum flaw size of 0.050" (ie 1.27 m) which is represented as a semi
circular or quarter circular crack in the most critical location. There is no data to
suggest the possibility of more rapid growth of 1.27 = cracks than for longer cracks at
equivalent SIF. It must be concluded from the present evidence that the safety consider-
ations of damage tolerant design are unaffected by small crack growth conditions.

3.2.b Durability

The USAF damage tolerance requirements specify mall crack sizes which must be assumed to
apply at every location in the structure. The smallest size so specified is 0.005" (0.127 M).
The purpose of this minimum crack size is to provide, in the less critical locations, some
minimum life for growth from a starter crack to a crack length at which strength drops to
a minimum acceptable level. Secondly, in combination with a growing crack which enters a
hole, the minimum flaw size provides a convenient and realistic means for carrying crack
growth calculation forward without involving considerations of crack re-initiation.

A crack length of 0.127 m is within the limits in which small crack growth enhanced rate
can be expected. The effects cannot be readily anticipated from the present evidence. It
does appear that LEFM would over estimate the crack growth life, possibly by a substantial
amount. Without further investigation which defines sore exactly the limits of amall
crack effects and the change in rate with various conditions, an attempt to quantify lives
would be speculative.

There are two factors which reduce the seriousness of the deficiency in calculation of
crack growth lives from small cracks of 0.127 mm. The first of these is the way in which
the starter crack size has been derived. At least part of the justification for choice of
starter crack has been based upon read back of crack growth from crack surfaces found in
fatigue test structures and Service aeroplanes. The degree to which this has been
smalgamated with other data is not clear to those outside of the council tasked with
formulating the requirements. If such read-back data has dominated the derivation of the
0.127 m starter crack size, then because the data available at the time the requirements
were formalised were all long crack data applied to LEN it must apply that sall crack
effects have been inadvertently taken into account in the durability requirements. It
would appear therefore that provided the same techniques are used in crack propagation
calculations and also provided no peat change. are made (by implication) in load spectrum,
future calculations based on LON will result in life predictions which cause no greater
risk to the structure or difficulty in repair than intended by the specification. This
is not to say that such calculations are correct, but that the initial crack length has
been "corrected" to produce the life which corresponds to the specification intentions.
If this somewhat speculative interpretation of the specification derivation and
application is correct then mall crack effects can be ignored until such time as
propagation calculation techniques account for %all crack effects, at which stage the

4 NIL Spec 8444 may need to be changedi

The second factor of importance is the type of structure. Structures which are based upon
inspectability have considerably larger crack sizes imposed after the inspection han been
performed. These sizes san be expected to dominate all poet-inspection crack propagation
calculations. The wall crack considerations would then be of concern only during the
first quarter of design life or le. By definition non inspectable structures are slow
crack growth md mall crack behaviour can occur at any time throughout the life. However
the 1.27 -m safet-dominant crack will usually control the Atrsw level to the extent that
the importance of small crack growth is diminished.

4 TIM INOM ICIM OF $HALL CRACK aRWN OUIM ME MX PROCUI

In the preceding section the importance of the growth characteristics of small cracks in aircraft
design has been considered. The conclusio which mat be reached is that the current design
specifications and considerations are such that mal crack behaviour will not normally be a dominant
factor. But there are other reasons for studting the behaviour of Mal cracks.

JI
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The work of Edwards , Lakford5 and Morris" suggests the stress cycle dependence, possible residual
stress/strain effects, and th. statistical nature of small crack growth. The most probable benefits of
future small crack investigations are likely to be in the understanding of the physical behaviour during
crack initiation snd subsequent early growth, and through this a better appreciation of the fatigue
process. That this topic an an entity is important is illustrated not only by the conferences and books
devoted to the subject but far sore graphically by the cost of research teams and the full scale
experisents devoted to establishing fatigue lives which cannot be calculated accurately.

The advantages of an improved understanding of fatigue could be of greatest benefit in development of
future fatigue resistant materials. Such development will be of benefit in increasing periods between
inspections and total life potential, driving down the cost of ownership.

5 RESERCH TOPICS

Future research should be directed towards the following topics;,

I Accurate modelling of observed effects:

a. !bctremely accurate measurement of crack size and front, combined with precise load
control.

b. Measurement or accurate prediction of surface stresses.

C. Accurate three dimensional stress intensity factor solutions which are not constrained
to idealised (and often unreal) crack front shapes.

d. High quality base line data for long cracks obtained on the same batch of material as
the small crack specimens.

a. Care that time dependent effects (eg stress - relaxation) do niot confuse the results.

f. Experiments on a variety of specimens to explore specimen geometry effects.

2 Development of an understanding of elastic-plastic fracture mechanics, realising that this work
is interactive with 1 above.

3 Development of statistical models to explain crack initiation, perhaps extendable to crack
propagation.

6 CONCLUSIONS

1 Small cracks do not greatly affect either inspection periodicity or total fatigue life of
aircraft designed to current design specification rules.

2 The application of small crack data is confined to only a few design conditions.

3 The NIL Spec 83444 may well account for small crack effects in the way the durability crack
size has been derived. A more accurate understanding of small crack growth behaviour applied to
propagation calculations should also be applied to a revision of the NIL Spec derivation, which
would result in the same cycle count to attain the long crack condition as the present specification
would demand.

4 Benefits in the understanding of the fatigue process are likely to be developed from small
crack investigations.

5 Potentially large benefits in life cycle costs could be derived from an improved understanding
of fatigue.4

6 Accurate interpretation of muall crack behaviour will depend upon a number of advances in

experiment and analysis. Such advances are unlikely to come about without a deliberate attempt to
bring together the component parts in a well designed and properly progressed investigation.

7 Closure

The paper presented is a highly personal interpretation of both the data available and the 1
application of data to design. If the views expressed are the cause of discussion one of the major -
objectives of the paper will have been achieved. The importance of maill crack growth to design
has often been stated but usually has not been juatified. The paper has (hopefully) demonstrated
that small cracks are not important in this context given the current design rules; consideration
against different revised design rules say result in different conclusions.

Future research on mall crack growth can be well juatified on the basis of such wider benefits
which would flow from an improved understanding of the fatigue process. The author offers the view
that such a basis for research is indeed stronger then unfounded statements on application to
Current design.

.'4
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SUMMARY

Crack growth information has been used in many ways to quantitatively evaluate and
predict damage tolerance and slow crack growth life limits of structures. Recent
advances in the area of crack growth at small crack sizes (less than one millimeter) has
enabled increasingly quantitative studies into the specific mechanisms that affect
initiation and growth at structural details. As an example, through the use of small
crack data the USAF/General Dynamics study on "Fastener Hole Quality" was able to
identify a manufacturing-related problem causing short structural lives, propose a
modification to shop equipment, and quickly and specifically evaluate the resultant flaw
growth improvement. This change to shop equipment has been subsequently adopted by
several other major airframe manufacturers.

The purpose of this paper is to describe the general procedures used in the deriva-
tion of small crack data and to present growth data for different structural manufac-
turing methods. The data will be presented in terms of equivalent initial flaw size
populations, crack growth rate, and initiation life to a specific length for fracto-
graphically measured cracks within the range of .01 to 1 millimeter in length. Proce-
dures will be discussed to utilize the small crack data for developing and verifying
changes in fastener systems and manufacturing methods for improving the fatigue
performance of aircraft structures.

1. INTRODUCTION

A major application of fracture mechanics is in the design and verification of a
structure's safe life assuming pre-existing flaws at highly stressed locations. III
fact, pre-existing flaw sizes are mandated in some industries to insure safety and
reliability, and to establish liability. For damage tolerance purposes, flaw sizes for
initial damage assumptions are on the order of 1000 microns (0.04 inch). In damage
tolerance, a relatively few locations in a structure are designed for a full service
life with the presumption of this size initial flaw. Study of the behavior of the
smaller crack sizes has not been emphasized but with the maturation of the damage
tolerance discipline, the subject of durability and reliability has become of greater
significance.

In structural durability and reliability, the study of crack growth at small sizes
(10 to 1000 microns) is of primary importance since this level of cracking defines the
structural life prior to generalized cracking problems (where the number of structural
flaws is too great for economical repair). In order to define the onset of generalized
cracking it is important to know the crack growth behavior of the flaw geometries of
interest and a measure of the initial flaw sizes and their statistical variations.

For many structures, fastener holes serve as the major location of generalized
cracking. These fastener holes provide a complex stress field that makes analysis
difficult at crack lengths of 10 to 1000 microns. Because of this difficulty and the
problems with obtaining crack growth at small flaws, there is virtually no data on crack
growth in this regime.

A significant set pf data on small cracks recently became available from the study
of initial quality in fastener holes by Noronha, Henslee, Gordon, Wolanski, and Yee
(ref.1). The' data set contained statistically significant numbers of specimens with

V detailed fractographic crack length measurements. The crack length measurements gener-
ally range upwarq from ton microns (0.0004 Inches) relative to the bore of a fastener
hole. The .purpose of the reference study was to characterize the quality of production
fastener holes In terms of the equivalent Initial flaw alse. Fractographic crack length
data and design flaw growth analysis wore eomblm %e determine an equivalent initial
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reliability and definition of the measured crack growth data.

The purpose of this specialist's paper is to present the fractographic crack growth
data obtained in reference I to better define crack growth behavior in the small crack
regions and to discuss its application to the general improvement of structural integ-
rity. While many individual observations and uses can be made with this data in parallel
with the classical application of fracture mechanics, this will not be accomplished in
this paper. The goal of this paper is to discuss the larger aspects of the unique
definition (or resolution) of small crack data and its application to bringing about
and quantifying significant improvements to the structural integrity. To accomplish
this purpose, the fractographic data from a set of specimens made with conventional hole
preparation methods were analyzed, first to evaluate repeatability, and then to define
the actual behavior of flaws in the short crack length regimes. To do this, the fracto-
graphic crack length data were plotted to define the growth behavior. Following this
comparison, the specific flaw origins in each specimen were identified, and means to
eliminate the initial damage were proposed. The success of fatigue tests from another
set of specimens where the initial damage was eliminated was verified through small
crack techniques.

This specialist's paper is written as three separate chapters covering small crack
measurements, interpretation of the measurements, and the applications of small crack
data to structural integrity. The Rudd, Yang, Manning, and Yee(ref 2) paper in these
proceedings is a companion paper which will further investigate the ref 1. and other
data using a classical application of fracture mechanics to develop a durability based
design methodology.

2. CHAPTER 1 -- SMALL CRACK MEASUREMENT

2. 1 Introduction-Measurements

The majority of the reported studies of crack growth in the small crack regime have
involved measurement of surface cracks by either direct observation or replication
techniques(refs. 4 to 9). These approaches lead to significant information relating to
crack growth in surface cracks. A more common situation in structural applications is
the crack at fastener holes or other structural stress concentrations. These structural
crack geometries often preclude the use of direct observation or periodic replication
since a fastener is normally placed in its hole for the duration of life testing.
Complicating the problem is the observation that many of the hole fastener cracks are
embedded within the bore of the hole (ref. 10). This characteristic alone ensures that
surface crack measurement of the data of interest (.1 to 1.0 mm) will not be possible
since the head of virtually any fastener will cover this size crack. Thus, only means
of measuring growth of embedded cracks are applicable in this regime. The available
means are thus confined to either NDI/NDE during test or fractography following test
completion. Unfortunately, NDEIMDI thresholds of detection are much larger than the
size of fastener flaws of interest herein leaving only fractography as a means of
measuring crack growth of small cracks at fastener holes.

The US Air Force completed a study in 1978 of equivalent initial flaw sizes at
fastener holes. This program obtained large amounts of fractographic data on the growth
of naturally occurring cracks in fastener holes for the purpose of comparing different
methods of hole preparation. The data were obtained and documented (ref. 1,3) but not
specifically presented as small crack data even though there were over 600 fastener
cracks tracked to sizes of typically less than .05 mm. Therefore, this body of informa-
tion will be presented and utilized here to demonstrate the type of data obtainable and
to describe the potential application for the data.

2.2 Test and Analysis Procedure

Figure 1 shows the design of the 7475-T7651 aluminum alloy specimens used in the
study. This specimen is similar to that used in the AGARD Critically Loaded Holes
Program(ref. 11). The hole preparation equipment used was that specified for high
quality production holes identified as fracture critical. None of the fastener holes
were preflawed, or otherwise marked intentionally, during hole preparation and fastener
installation; each was treated as a production fastener hole. Following hale prepara- V
tion, each hole was inspected and a NAS-6204-7 straight shank, protruding head fastener
was installed and tightened to 60 inch-pound torque in accordance with factory specifi-
cations. The fasteners had a maximum diameter of 0.250 inches. The specimens were
fatigue tested to two lifetimes (16,000 design usage flight hours) of projected tactical
fighter lower wing skin usage. The maximum gross section stress in the load history was
34 Ksi (235 MPa). Specimens that survived the 16,000 hour testing were broken apart.
The load spectra applied was a blocked flight-by-flight history that was identically
repeated every 400 equivalent flight hours. The exceedance curve is shown in Figure 2.

Following the completion of testing, the specimen failure surfaces were examined
with a low power (10-30X) light microscope. In the case of these two piece specimens,
each with two fastener holes, there were a maximum of eight possible failure surfaces to
investigate. That is, two surfaces at each side of each hole multiplied by two holes in
each plate and two plates. The microscopist was instructed to make observations of each

potential failure surface but to fractographically follow and report only the flaw that
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no generally recognized stress intensity solution for crack lengths of this small magni-
tude at a fastener hole. Again, the data show a well defined set of crack growth rate
measurements which indicate that the growth process is continuous and repeatable.

Figure 6 shows the mean and one standard deviation for the crack growth rate data
plotted as a function of crack length. The data has a standard deviation which averages
32% of the mean value. This variation in crack growth rate is consistent with that of
the very careful surface crack measurements by Virkler, Hillberry, and Goel (ref. 13).

With the consistency in crack growth rate shown here it is possible to quantita-
tively identify the initiation life for these specimens. For instance, if the initia- "tl,
tion crack sizes were assumed to be 0.2 mm(.O008 inches) then the initiation life from
the XWPF data (Fig. 4) would be seen to vary from 3000 to 13,000 flight hours. This4: initiation crack size is significantly smaller than any the primary author has ever seen
published. While other initiation flaw sizes can be used to determine a range of

P scatter in initiation life, the significance of this figure is that specific time-to-
crack-initiation populations can be easily derived from this data because of the large
number of measurements and the consistency of the crack growth data.
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Many other comparisons can be made which are beyond the scope of this Chapter. The
significance of this data is that information can be obtained on structures provided
that the conditions are enhanced for fractographic examination. In the case of the
tactical fighter load spectrum used herein, the history itself marked distinctively
without changes to its content. Of primary importance is the repeated nature of the
history which provided a clear pattern to the fractographic microscopist allowing him to
track growth features to within 0.005 mm. The quantification of this approach made it
possible to directly compare small crack growth data for different drilling techniques
and quickly determine stress level and spectrum variation effects(ref. 1, 14, 15, 16,
and 17).

As an added benefit, this approach saves considerable expense in testing and pros-
pectively can save analysis costs as well. With reliance on fractographic data, there
is no need for periodic crack length monitoring during the test. Thus, testing can go
on unattended except for removal and replacement of broken specimens. After development
of familiarity with the load spectrum marking patterns, the microscopist can fully track
the flaw growth to its initiation in less than one hour per specimen. As a benchmark,
the total cost of planning, manufacturing, testing, analyzing, fractographically back-
tracking, and documenting the ref. 1 data was under $300. (US) per specimen. This value
is extraordinary considering that each 16,000 flight hour specimen was subjected to over

* 750,000 cycles of load.
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2.4 Summary-Measurements

The results of this study indicate that consistent and significant crack growth
data can be obtained simply and inexpensively in the small crack regime. The type of
fastener hole growth data obtained was possible by the application of a load spectrum
that distinctively marked the front of the surface. This allowed detailed fractography
to be accomplished to crack sizes of less than .1 mm in length. With the detailed crack
growth data, it was possible to determine crack growth rates and time to crack initia-
tion, as well as providing the ability to estimate the significance of initiation versus
crack growth life.

3. CHAPTER 2 -- INTERPRETATION*AND ANALYSIS OF SMALL CRACK MEASUREMENTS

3. 1 Introduction-Interpretations

One feature often missing in the field of structural integrity is quantitative flaw
growth data significant to the structure. Structural analysts need data of sufficient
volume and accuracy to make definitive statements of the safety and reliaDility of their
structures. Currently, safety and durability criteria are designed into USAF structures
by utilizing conservative initial flaw assumptions (MIL-A-83444, ref. 18). As an
example, damage tolerance initial flaw sizes of 1.25 mm are required at fasteners for
design. Initial flaws of 0.125 mm in size must be assumed at every fastener hole for
the purpose of durability or economic life. The military specification is written such
that these durability initial flaw size assumptions can be reduced or made less corser-
vative if data become available indicating that smaller sizes are appropriate for a
given structure, manufacturing process, or configuration.

Small crack data, if it can be obtained copiously and inexpensively, can serve to
define the actual initial flaw size population of a given structure. With the defini-
tion of structural small cracks as shown in Chapter 1, further analyses can be accom-
plished that will answer many questions associated with materials, structural configura-
tion, manufacturing technology, and their effect on the durability.

The purpose of this chapter is to expand on the interpretations possible with the
small crack data obtained in chapter 1. To be discussed are small crack populations.,
initial flaw size representations, populations of flaw sizes as a function of usage or
life, and time to a given initial size crack.

3.2 Small Cracks and the Flaw Size Population

Figure 4 shows a large amount of data on continuously growing cracks. These crackF
were fractographically traced back as far as optically possible. The fractographic data
procedure used provided 1204 crack length measurements from the 37 specimens of the XWPF
test series. Given this amount of data, it is possible to construct cumulative prob-
ability distributions which represent the flaw size population at any given time in the
projected usage of a structure.

Figure 7 shows the flaw size data of Fig. 4 plotted as a function of cumulative
probability at the 4000, 8000, 12000, and 16000 flight hour intervals. These data
reflect the actually measured flaw population of these test samples at different times
during the life of a structure. Other population representations are possible because
of the quantification possible in the small crack data. The mean as well as plus and
minus one standard deviation in flaw growth behavior are plotted as a function of flight
hours in fig. 8. These data show a flaw population that increases monotonically with a
slope of approximately 1.5 decades of flaw size per each 8000 flight hours (one design
lifetime) of usage. This power law relation indicates that these XWPF flaws increase by
a factor of 30 for each design lifetime of usage. This data can have many uses includ-
ing design and extrapolation to long term reliability. Rudd, et. al., present the
statistical aspects of small crack data in a separate paper (Ref. 2) given in this
document.

3.3 Small Cracks and the Initiation Life

In the last section, the small crack data from fig. 4 were examined to determine

the flaw size population at a given usage period. This was done by making a vertical
slice through the crack size data at a given number of flight hours. If, instead, a
horizontal slice were taken at a given crack size, it would produce the population of
the flight hours to reach that crack size; a sort of a time-to-crack-size or crack-
initiation population. Figure 9 shows the mean time to crack size populations for the
XWPF data for the crack sizes of 0.25, 0.5, 1.0 and 2.0mm length.

These data have tremendous potential for making quantitative comparisons of diff-
ent structures, materials, and manufacturing methods on the basis of the amount of usage
necessary to grow a crack to a given size. For instance, it may be of interest to
quantitatively know the latest time when a structure may be subjected to an inspection

conveniently available at 1/64 th inch intervals. Therefore, it may be of interest to
know when a one, two, or three 64 th oversize drill will be expected to clean up any
crack. A one 64I th inch oversize would remove 0.008 inch or 0.2 me of hole wall during
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a clean-up. Figure 9 could be used to determine the limit of the time to expect successwith a given drill size. The companion paper by Rudd, et. al., will also discuss the 7subject of time-to-crak-initiation in greater detail.
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3.4 Small Cracks and the Equivalent Initial Flaw Size

The data from fig. 4 do not allow for a direct determination of the actual initial
flaw size since the fractographic data do not extend to the actual origin. The concept
of an equivalent initial flaw size can be utilized to extrapolate from the existing data
to the apparent flaw which would be of the appropriate size to cause the observed
cracking. The Equivalent Initial Flaw Size (EIFS) is a function of both the flaw growth
analysis method and the data obtained. For purposes of this paper, the EIFS is used as
a simple representation of the quality of these fastened joints.

The data from fig. 4 indicate a simple exponential relationship between fastener
flaw depth and the usage (flight hours) for flaw sizes larger than 0.1 mm. Also, the
data from fig. 5 indicate a simple power law (exponential) relationship exists between
crack growth rate and the crack length for these specimens. In order to extrapolate to
the apparent initial flaw, it is reasonable to extend the fig. 4 data to the zero-
flight-hours axis using a continuous, power law function. This extrapolation must be
consistant with the requirements of the design analysis in order for the EIFS flaw to
accurately project to the observed flaw growth. In order to assure this consistency,
the average growth rate data from fig. 5 were combined with a flaw growth integration
methodology to determine an analytical "master curve" of crack growth from an extremely
small crack size. This master curve was then "placed over" the data of fig. 4 and "best
fit" using a computer program to provide an unique EIFS for each individual specimen.
The "best fit" criterion was based on the desire to determine an EIFS which would most
accurately depict the flaw sizes below "clean-up" sizes (less than 1 mm); that is, the
EIFS approach was chosen to assure a representation which would most accurately describe
the amount of usage to equate to the clean-up crack size.

The resultant EIFS population is shown in fig. 10. These data indicate that the 90
percentile EIFS for the XWPF specimens is approximately 0.02 mm (0.0008 inches).
Obviously, higher reliability percentiles will result in larger EIFS values. The
significance of this figure is that it is possible to quantitatively represent the
apparent "quality" of a set of specimens. Other, more complicated representations can
be possible by varying the assumptions for the best-fit criteria. As examples, Rudd, et
al.(ref. 2), Manning, et a!. (ref. 15), Shinozouka (ref. 16), and Yang (ref. 17) have
labored to provide generic EIFS interpretations of this same data for the purpose of
durability desigr.

The EIFS values determined from the XWPF specimens are very much smaller than those
specified in Mil-A-83444 for durability design considerations. It may be possible for a
fracture analyst to utilize these smaller demonstrated initial flaw sizes to justify a
less conservative design while retaining safety and durability instead of accepting a
specified initial flaw size.
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3.5 Small Cracks and the "Short Crack Effect"

A "short crack effect" has been identified by Pearson(ref. 5), and el Haddad, LL
Smith, and Topper(ref. 6) and discussed by Hudak(ref. 7) and Ritchie and Suresh(ref. 19) If
and others(see Compilation of short crack reports, ref. 9). The short crack effect has
been observed in some specimens as either a faster than "normal" flaw growth rate at
small crack sizes or by an initially fast growth rate at small crack sizes followed by a
transitional slowdown and a return to some steady-state condition at larger flaw sizes.
Many mechanisms have been hypothesized to explain this data since, if it is consistently
present, this would constitute a considerable problem for the fracture mechanics
analyst.

The data obtained for test series XWPF, as shown in fig. 4 and 5, indicate no
effect of short cracks in spite of meeting all of the criteria discussed by RiLthie ano
Suresh(ref. 19). These data exhibit a smooth, continuous, monotonically increasing flaw
growth rate for all specimens. The reason that the Noronha, et al.(ref. 1 and 3) data
did not show a short crack effect is not known. One possible difference between the
specimens with short crack effects and those of fig. 4 and 5 are the means of init-
iating the cracks; those of Noronha, et al., were naturally occurring cracks whereas the
specimens with the short crack effect had been preflawed. It may be possible that the
preflaw procedure was responsible of the "short crack" effect.

3.6 Summary-Interpretations

The' fractographic techniques utilized produced an average of thirty-two (32) crack
length measurements for each specimen. These data on the large number of specimens of
test series XWPF lead to the generation of statistically significant data for defining
the flaw size population at any given usage, time-to-a-given-crack size, and equivalent
initial flaw sizes.

This data indicates that the flaw size is seen to increase in accordance with a
power law relationship fully in accordance with engineering fracture mechanics analyses
practices. No "short crack effect" was apparent in any of the specimens.

For these stress-and-load spectrum conditions, the flaws were seen to increase by a
factor of 30 for each design service lifetime. The equivalent initial flaw size for the
XWPF test series was shown to be .008mm (0.00032 inches) which is much shorter than that
specified in the military standards for durability.

4. CHAPTER 3 -- APPLICATIONS OF SMALL CRACK DATA TO

IMPROVING STRUCTURAL INTEGRITY

4.1 Introduction-Improvements to Structural Integrity

Fracture Mechanics has evolved over the past 30 years to a stage where it is
primarily used to evaluate a structure's capability to withstand projected usage. Since
a given damage tolerance flaw size must be assumed, the fracture analyst has become a
checking station during design. In durability design, the opportunity exists for the
fracture analyst to provide an active input to the design process. The durability
design process allows for a variation in the initial flaw size by demonstration. This
provides the cognizant analyst an opportunity to apply his skills in observation to
define and verify mechanisms leading to poor structural performance, hypothesize changes
to eliminate these mechanisms, and later specifically determine if improvements have The
analyst must be able to specifically and quantitatively define the original condition
and any resultant change in structural integrity in order to be able to play this active
role in design and manufacturing.

The purpose of this chapter is to discuss the application of data obtained in small
crack investigations to the enhancement of structural integrity. Discussed are deter-
mination and verification of means to improve the structural integrity for the structure
of interest, and extrapolation to long term life cycle costs and maintenence costs.

4.2 Determination of a Source of Early Life Failures

The data presented in Chapters 1 and 2 serve to definitively and quantitatively
describe the flaw growth behavior of the XWPF test series specimens. In order to
improve on the durability of a similar structure, we must determine where there are
problems and try to eliminate these deficiencies. A review of the data of ref. 3 from
XWPF specimens revealed that 28 of 37 specimens had failure origins at the hole surfaces
with frequent references to scratches as the source. A detailed microscopic evaluation
of these specimens revealed that the initiation sites were, in actuality, small axial
scratches in the bore of the hole. The significant scratches found in the fastener
holes were of a size on the order of 25 microns in depth making them difficult or
impossible to detect by manufacturing inspection or by the unaided eye. Because of the
existance of these scratches, the metal removal processes were examined in detail.

High speed motion pictures were taken of the drill operation. These indicated that

the drill bit had the tendency to stop rotation in the hole during retraction. The
drill equipment is a complicated air-powered device. The air-powered rotating drill bit
is driven into the workpiece ay an integral air-operated piston. During the retraction
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cycle, the air supply is completely diverted from the motor, and directed to the retrac-
jjl tion piston. In this case, it is hypothesized that friction between the drill and the
+lOhole was sufficient to stop the drill bit from rotating during retraction. Further, it

was hypothesized that the retraction of the stopped drill bit was responsible for 'the
scratches which coincided with shorter fatigue lives.

4.3 Hypothesis and Verification of a Solution

Since it appeared that the damaging scratches were caused by the problem in the
retraction phase, positive steps were taken to modify the drill motor such that the bit
rotated continuously during retraction. The air logic port system of the drill motor
was changed to insure that the drill bit rotated continuously during retraction.
Secondly, the extraction rate was reduced making the bit turn many times during the
retraction phase. An additional 30 specimens were manufactured using the drill equip-
ment with this trial modification to the retraction mechanism. These specimens were
designated as series YWPF and are referred to as "Improved Drilling" specimens. The 30
YWPF specimens were subjected to fatigue testing and analysis just as in the XWPF
series. The result of these tests was an improvement in the number of initiation
origins at the hole surface as postulated; for the XWPF series, 28 of 37 had started at
the hole but only 5 of 30 started there for the YWPF series. The mean flaw size at
16,000 flight hours was reduced marginally from 3.4 to 3.1 mm as a result of these
modifications.

The flaw growth data for this test series is shown in Figure 11. The data of fig.
11 appears to be consistent with that of fig. 4 except that there are more specimens
with longer initiation lives. A comparison of crack growth rates for the XWPF and YWPF
specimen sets is shown in fig. 12. These data indicate that the growth rates did not
change significantly, though there was the change in initiation site. The YWPF data
also, does not support a "short crack effect" observation. The data indicate that, even
though the improved drilling has resulted in fewer flaw origins at the hole, the final
flaw size populations are similar with little likely improvement in structural integ-
rity. Thus, with little effort and in a short span of time, it has been possible to
specifically determine that the failure initiation mechanism can be altered by a change
in the drilling process.
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4.4 Refinement of the Observations

The bolt hole initiation failure mechanism had been reduced in significance by the
changes to the drilling equipment. Because the new dominant failure mechanism had
shifted to the faying surface, a decision was made to change the specimen ianufactu~e to
reduce faying surface contact in the area of the fastener. This modification was
referred to as "Improved Drilling and Assembly." A test series designated as VWPF was
developed which consisted of 36 specimens. astener holes for each specimen were made
using the improved Winslow drill and, in addition, the faying surface was spot-faced to
approximately 0.005 inches in depth by 0.5 inches in diameter. The theory behind the
spot-facing procedure was that it would alleviate bearing forces and thereby reduce the
tendency to fretting.
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4.5 Extrapolation to Long Term Benefits

The improvements made to the "Improved Drilling and Assembly" test series (VWPF)
compared to the conventional drilling (XWPF) shows almost an order of magnitude decrease
in flaw size after 16,ono flight hours. In fig. 8, it was determined that approximately
8000 flight hours (or one design lifetime) was required in these specimens to give a
factor of thirty (30) increase in flaw size. Extrapolating from fig. 8, it is possible
to infer that the Improved Drilling and Assembly specimens would reach similar flaw
populations as the XWPF series but at a usage of approximately 5000 flight hours. In

the case of this typical fighter usage, it could mean that after 13,000 flight hours the

Improved Drilling and Assembly airframe would have a flaw population equivalent to an

8000 flight hours vehicle manufactured with Conventional Quality. Alternatively, these

trends could be viewed as saying that, for the same usage, the flaw population would be
significantly reduced. The implications to the reduction in cost of repair due to
structural oraoking could be enormous. If the trends in these small cracks could be
extended to actual airoraft structures, significant money could be saved through a

reduction in the amount of repair necessary in a liven system.
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TABLE 1 -- Effect of Manufacturing Method Variations on Location of

Flaw Origin and Flaw Sizes

TEST SERIES

XWPF YWPF VWPF

Number of specimens 37 30 36

No. of initiation origins
at the hole surface 28 5 n/a

No. of initiation origins
at faying surface or corner 9 25 n/a

No. of specimens failing
before 16,000 flight hours 5 2 0

50 Percentile flaw size
at 16,000 flight hours 3.4 mm 3.1 mm 0.46 mm

No. of flaws exceeding
2 mm in length at
16,000 flight hours 33 21 1

4.6 Summary-Improvements to Structural Integrity

Small crack technology has been utilized to determine the specific flaw growth
behavior of conventionally manufactured and assembled fastened structures. The informa-
tion has been used to define procedures which could result in improvements to structural
integrity of these coupons. Subsequent fatigue tests and small crack evaluation tech-
niques indicated that the Improved Drilling and Assembly approach resulted in almost an
order of magnitude reduction in the flaw population at equivalent usage.

The relative ease of defining the improvements is indicative of the power of the
fractographic technology in providing quantitative information even in the most
challenging small crack regime.

5.0 CONCLUSIONS

1. Small crack technology provides a uniquely definitive mechanism for determining the
durability of actual structures. Only small crack technology can provide the crack
propagation data necessary to define durability and structural integrity at structurally
significant geometric details in the flaw size range of less than 1mm.

2. The crack growth rates for naturally occurring small flaws from fastener holes are
exponentially related to the crack length.

3. No evidence was found to support a "short crack effect" for these naturally
occurring cracks at fastener holes.

4. Small crack growth behavior as measured by fractography has a variation in crack
growth rate that is consistent with that of conventional measurement techniques for much
larger size flaws.

5. Details of the drill bit retraction process and interface surface preparation
following hole manufacture appear to be responsible for variations in fatigue life;
increased fatigue life was obtained when taking positive measures to assure continuous
rotation during retraction and to reduce interfacial contact stresses at holes.
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A NONLINEAR FRACTURE MECHANICS APPROACH TO THE GROWTH OF SMALL CRACKS

J. C NewanJr.
NASA Langley Research Center

Hampton, Virginia 23665, U.S.A.

C"UMMARY

- - Using linear-elastic and nonlinear fracture mechanics, many investigators have tried
to explain the growth of small cracks in plates and at notches. These studies have con-
centrated on the growth of small cratks ranging in length from 10-2 to 1 mm. On the

basis of linear-elastic fracture mechanics, the small cracks grew much faster than would
be predicted from large crack data. Nonlinear fracture mechanics, in particular the

= J-integral concept, and an empirical lingth parameter have been used to correlate small
49and large crack-growth rate data. Tha physical interpretation of the length parameter,

however, is unclear.-"-

Recently, some investigators have suggested that crack closure may be a major factor
in causing differences between growth of small and large cracks. The purpose of the
present paper is to use an analytical model of crack closure to study the crack growth
and closure behavior of small cracks in plates and at notches. The calculated crack-
opening stresses for small and large cracks, together with elastic and elastic-plastic
fracture mechanics analyses, are used to correlate crack-growth rate data. At equiva-
lent elastic stress-intensity factor levels, calculations predict that small cracks in
plates and at notches should grow faster than large cracks because the applied stress
needed to open a small crack is less than that needed to open a large crack. These pre-

* dictions agree with observed trends in test data. The calculations from the model also
imply that many of the stress-intensity factor thresholds that have been developed in
tests with large cracks and with load-reduction schemes do not apply to the growth of

* small cracks.

The current calculations are based upon continuum mechanics principles and, thus,
some crack size and grain structure exist where the underlying fracture mechanics assump-
tions become invalid because of material inhomogeneity (grains, inclusions, etc.).
Admittedly, much more effort is needed to develop the mechanics of a noncontinuum. Never-
theless, these results indicate the importance of crack closure in predicting the growth
of small cracks from large crack data.

NOMENCLATURE

A k coefficients in stress-intensity factor equation (k =1,2)

b location of concentrated force, m

b bk dimensions for partially-loaded crack (k = 1,2), m

c half length of crack, m

c.i half length of initial crack in load-reduction scheme, m

c n half length of crack-starter notch, m

d half length of crack plus tensile plastic zone, m

E Young's modulus of elasticity, MPa

F boundary-correction factor on stress-intensity factor

K stress-intensity factor, MPa-m 
1 /2

N number of cycles

n number of bar elements in crack-closure model

P applied load, N

P i applied load at initiation of load-reduction scheme, N

pma maximum applied load, N

P 0 crack-opening load, Nf

Rt stress ratio 8 /
(min/Smax)

r radius of circular hole, M

S applied stress, IlPa



S c  crack-closure stress, MPa

Si  applied stress at initiation of load-reduction scheme, MPa

S mx maximum applied stress, MPa

Smin  minimum applied stress, MPa

S0  crack-opening stress, MPa

t specimen thickness, m

V crack-surface displacpment, m

Vc displacement of crack-tip element, m

w half width of specimen, m

w. half width of bar element at point j, mJ

x,y Cartesian coordinates

x. coordinate location of element i, m1

0 constraint factor, a = 1 for plane stress and a = 3 for plane strain

AK stress-intensity factor range, MPa-m
1/ 2

AKeff effective stress-intensity factor range, MPa-m
1 / 2

AKeff plastic-zone corrected effective stress-intensity factor range, MPa-m
I/ 2

AK th threshold stress-intensity factor range, MPa-m
1 / 2

AS eff effective stress range, MPa

n material constant, n = 0 for plane stress and n = v for plane strain

V Poisson's ratio

p length of tensile plastic zone, m

a. stress on segment of crack surface, MPa

a 0 flow stress, MPa

a ultimate tene4 le strength, MPa

a yield stress (0.2 percent offset), MPa

W length of compressive plastic zone, m

INTRODUCTION

Most experimental and analytical studies on fatigue-crack growth have been conducted
on "large" cracks with lengths in excess of 2 me. However, in many engineering struc-

tures, crack growth from "small" pre-existing flaws is a major portion of the component's

fatigue life. Numerous investigators (1-11] have observed that the growth characteristics
of small fatigue cracks in plates and at notches differ from those of large cracks in the

same material. These studies have concentrated on the growth of small cracks ranging in

length from 10-2 to 1 mm. On the basis of linear-elastic fracture mechanics (LEFM), the

small cracks grew much faster than would be predicted from large crack data. This behav-

ior is illustrated in Figure 1, where the crack-growth rate is plotted against the

linear-elastic stress-intensity factor range, AK. The solid (sigmoidal) curve shows a

typical result for a given material and environment under constant-amplitude loading.

The solid curve is usually obtained from tests with large cracks. At low growth rates,

the threshold stress-intensity factor range, AKth, is usually obtained from load-

reduction (K-decreasing) tests. Some typical experimental results for small cracks in

plates and at notches are shown by the dashed curves. These result. show that small

cracks grow faster than large cracks at the same AK level and that they also grow at

AK levels below threshold.

Using nonlinear fracture mechanics, some investigators have tried to explain the

growth of small cracks in plates and at notches. In particular, the J-integral concept

Land an empirical length parameter (3,4] have been used to correlate small-crack and
large-crack growth rate data. The physical interpretation of the length parameter, how-

ever, is unclear. More recently, several investigators 15-11) have suggested that crack

closure 112,131 may be a major factor in causing the differences between the growth of

small and large cracks.
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Many of the comparisons between growth rates for small and large cracks have been
made in the low crack-growth rate region associated with threshold (AKth) for large
cracks. Measurement of AKth, using load-reduction schemes [14-17], establishes a regime
of crack sizes and applied stress levels where crack growth would not occur. But small
cracks and cracks from pre-existing flaws have been observed to grow [1-3,10] at stress-
intensity factor levels below AKth, as shown in Figure 1. Here again, several investiga-
tors [18-20] have experimentally shown that crack closure is causing the stress-intensity
factor threshold under load-reduction schemes. On the basis of these results, an impor-
tant question concerning the growth of large cracks at extremely low stress levels arises.
Is the AK-rate relationship for large cracks under constant-amplitude loading given by
the dash-dot curve in Figure I? Admittedly, a threshold could exist for large cracks due
to material inhomogeneities and environmental factors, such as oxide or corrosion products
on the crack surfaces [21,22]. But these thresholds must be obtained in tests without any
load-interaction effects.

To adequately resolve the differences between the growth of small and large cracks,
crack-closure effects must be considered. This paper is concerned with the analytical
treatment of crack closure. A simple strip-yield model of crack closure was developed in
Reference 23, but a more useful model was developed in References 24 and 25. There have
also been several other attempts to develop simple analytical models of crack closure,
but a review here is beyond the scope of the present paper (see Ref. 25).

The purpose of the present paper is to use an analytical closure model [25] to study
the crack growth and closure behavior of small cracks in plates and at holes, and to study
the closure behavior of large cracks under load-reduction schemes used in threshold test-
ing. The model used here simulates the influence of plane-stress and plane-strain condi-
tions on yielding at the crack tip. The model is based on the Dugdale model [261, but
modified to leave plastically deformed material along the crack surfaces as the crack
grows. Two configurations are analyzed: (1) a center-crack tension specimen and (2) two
symmetric cracks emanating from a circular hole. A surface-crack configuration is also
considered, but it is analyzed as a center-crack specimen with a modified stress-intensity
factor solution. The crack-opening stresses for these configurations are calculated as a
function of crack length for constant-amplitude loading and for the load-reduction schemes
used for threshold testing. An improved method of calculating crack-opening stresses,
using crack-surface displacements, is also presented. The calculated crack-opening
stresses are compared with experimental measurements made under a load-reduction scheme.

Because specimens with small cracks are usually subjected to high stress levels,
Elber's effective stress-intensity factor range [13] is modified herein for plasticity.
Crack-growth rates under constant-amplitude loading are correlated with the plastic-zone
corrected effective stress-intensity factor range, A~eff, over a wide range of stress
ratios. Using the crack-growth rate and AKeff correlations for large cracks in several
materials, predicted growth rates for small cracks in plates and at circular holes are
compared with experimental rates.

FATIGUE CRACK-CLOSURE ANALYSIS

The following sections include a brief description of the analytical crack-closure
model [25] and of the assumptions made in the application of the model to the growth of
small cracks. These sections also include a description of the plastic-zone corrected
effective stress-intensity factor range and its correlation with crack-growth rates.

Analytical Crack-Closure Model

To calculate crack-closure and crack-opening stress during fatigue crack growth, the
elastic-plastic solution for stresses and displacements in a cracked body must be known.
Because there are no closed-form solutions to elastic-plastic cracked bodies, simple
approximations must be used when finite-element solutions [23] are inappropriate. The
Ougdale model [26] is one such approximation. The crack-surface displacements, which are
used to calculate contact (or closure) stresses under cyclic loading, are influenced by
plastic yielding at the crack tip and residual deformations left in the wake of the grow-
ing crack. The applied stress level at which the crack surfaces become fully open (no
surface contact) is directly related to contact stresses.

The analytical closure model developed in Reference 25 is for a central crack in a
finite-width specimen subjected to uniform applied stress (Fig. 2(a)). This model is
extended herein to cracks emanating from a circular hole in a finite-width specimen sub-
jected to uniform applied stress (Fig. 2(b)). The model is based on the Dugdale model,
but modified to leave plastically deformed material in the wake of the crack. The primary
advantage in using this model is that the plastic-zone size and crack-surface displace-
ments are obtained by superposition of two elastic problems--a crack in a plate subjected
to a remote uniform stress, S, or to a uniform stress, a, applied over a segment of the
crack surface. The stress-intensity factor and crack-surface displacement equations for
these loading conditions on a plate with a central crack are given in Reference 25. The
corresponding equations for cracks emanating from a circular hole are given in Appendix A.

Figure 3 shows a schematic of the model at maximum and minimum applied stress.* The
model is composed of three regions. (1) a linear-elastic region containing a circular
hole with a fictitious crack of half-length c + p, (2) a plastic region of length p,



and (3) a residual plastic deformation region along the crack surface. The physical
Scrack is of length c - r, where r is the radius of the circular hole. The compressive

(ffplastic zone is w. Region 1 is treated as an elastic continuum; the crack-surface dis-
placements under various loading conditions are given in Reference 25 for a central crack
and in Appendix A for cracks emanating from a hole. Regions 2 and 3 are composed of
rigid-perfectly plastic (constant stress) bar elements with a flow stress, a .The flow
stress is taken as the ultimate tensile strength (au) herein because some tes~s were con-
ducted at very high applied stress levels. (If a nonlinear stress-strain curve had been
incorporated into the model [27]1, the need for an assumed flow stress would have been
eliminated.) The shaded regions in Figures 3(a) and 3(b) indicate material that is in a
plastic state. At any applied stress level, the bar elements are either intact (in the
plastic zone) or broken (residual plastic deformation). The broken elements carry com-
pressive loads only, and then only if they are in contact. The elements yield in compres-
sion when the contact stress reaches -ao. Those elements that are not in contact do not
affect the calculation of crack-surface displacements. To account for the effects of
state of stress on plastic-zone size, a constraint factor a was used to elevate the
tensile flow stress for the intact elements in the plastic zone. The effective flow
stress co under simulated plane-stress conditions was ao and under simulated plane-
strain conditions was 3a The constraint factor is a lower bound for plane stress and
an approximate upper bouna for plane strain (25]. The constraint factor was assumed to
be 1, 1.73 (Irwin's plane-strain constraint (28]), or 3, depending upon the test condi-
tions. Plane-stress conditions were assumed for high applied stress levels and for crack-
growth rates higher than the rate at transition (flat to slant crack growth) [29] because
the plastic-zone size would be of the order of the plate thickness. Plane-strain condi-
tions were assumed for crack-growth rates lower than the rate at transition because the
plastic-zone size would be small compared to plate thickness. Where the constraint condi-
tions were unknown, such as a small surface crack, plane-stress and plane-strain condi-
tions were both tried.

The analytical closure model was used to calculate crack-opening stresses as a func-
tion of crack length and load history. The applied stress level at which the crack sur-
faces are fully open is denoted as So, the crack-opening stress. These stresses have
been calculated by two methods. One method was based on the stress-intensity factor due
to contact stresses at the minimum applied stress; the other was based on crack-surface
displacements. Under constant-amplitude loading, the crack closes first and opens last
at the crack tip, so the stress-intensity factor method was used to calculate S0 [24,25].
However, under some variable-amplitude loading conditions and the load-reduction schemes
used for threshold testing, the crack closes first and opens last away from the tip.
Under these conditions, the stress-intensity factor method was inadequate. The crack-
surface displacement method was more accurate in calculating the applied stress level at
which the crack surfaces open completely under general cyclic loading. In this paper, the
displacement method was used to calculate S0 and is presented in Appendix B.

The closure model was only used to calculate crack-opening stresses. In turn, the
crack-opening stress was used to calculate the plastic-zone corrected effective stress-
intensity factor range and then the crack-growth rate.

Plastic-Zone Corrected Effective Stress-Intensity Factor Range

Elber's effective stress-intensity factor range [13] is based on linear-elastic
stress-intensity factors. For small cracks and high stress levels, the plastic-zone sizes
are no longer small compared to crack size, and linear-elastic analyses are inadequate.
To correct the analyses for plasticity, the Dugdale plastic-zone length (p) is added to
crack length (c), like Irwin's plastic-zone correction (28]. Thus, the plastic-zone cor-
rected stress-intensity factor range is

Where d - c + p and p is calculated at the maximum applied stress, Smax' using the
equations given in Appendix C. The boundary-correction factor F accounts for the inf ku-
ence of hole radius and specimen width, and is given by the product of the functions Fh
and FB. These functions are given in Appendix A, by Eqs. (6) and (22), respectively.
(This parameter, AR, is similar to Barenblatt's cohesive modulus [30] under cyclic

loading.)

The plastic-zone corrected effective stress-intensity factor range was obtained from
Eq. (1) by replacing Smin by Sop like Elher's modification, and is given by

S -ax S0
AX - max A (2)
o~ff S U K Max - 8min

Fatigue Crack Growth Rates

, ~-i '. Iitead of using an equation to relate the crack-growth rates to AReff, a table-
lokpprocedure was used in this paper. The primary advantage in using a Eable is taIth baseline crack-growth rate data can be described more accurately than with a



multi-parameter equation, especially in the transitional region (flat to slant crack
growth). To illustrate the construction and use of the table, an example is shown. (p

Center-crack tension (CCT) specimens (w = 80 mm) were used to obtain crack-growth
rate data on 2024-T3 Alclad aluminum alloy sheet (t = 2 mm) material [5]. The tensile
strength (au) and the assumed flow stress (0o) of the material were 475 MPa. The maximum
applied stress level Smax was 77.5 MPa at an R ratio of 0.01. A plot of log dc/dN
against log AK was constructed. The AK values at selected crack-growth rates are
listed in the following table:

dc SO  ~ f
dc , AK, AK, Aeff'

mm/cycle MPa-m1 /2  MPa-m I/  Smax MPa-m1 / 2

7.6E-06 6.59 6.70 0.571 2.90

3.0E-05 8.79 8.95 .596 3.65

4.3E-05 12.64 12.86 .597 5.23

6.8E-05 14.29 14.58 .596 5.95

1.2E-04 17.58 18.06 .600 7.30

3.8E-04 19.78 20.20 .599 8.18

1.3E-03 25.28 25.88 .594 10.61

7.6E-03 36.27 38.25 .578 16.30

The rates were selected so that straight lines between each adjacent data point would
describe the AK-rate data using a visual fit.

Next, the plastic-zone corrected stress-intensity factor, AK, was computed from
Eq. (1) with the plastic-zone size given by Eq. (31). The constraint factor (a) was
assumed to be unity because most of the data had rates higher than the rate at transition
(about 3 x l0- 5 mm/cycle). For small AK levels, AK is given approximately by

/"S7na
AK f AK se . (3)

A closure analysis was then conducted on a CCT specimen subjected to a maximum
applied stress (Smax) of 77.5 MPa with an R ratio of 0.01. The initial crack length
was 1.5 mm. Crack-opening stresses were calculated as a function of crack length from
the model. The crack-opening stress for each value of AK is listed in the table.
Values of AKeff were computed from Eq. (2). The table of dc/dN against AKeff forms
the crack-growth rate data used in all predictions made on this material and thickness.
The crack-growth rates at intermediate values of AKeff were obtained by assuming a-C2
power-law equation, C1 AKeff, between the two adjacent data points. For AKeff values
outside of the table, the power-law equation between the two closest data points was
extrapolated.

* APPLICATION OF THE CRACK-CLOSURE ANALYSIS

The analytical closure model is used to calculate crack-opening stresses under
constant-amplitude loading and under the load-reduction schemes used for threshold test-
ing. Some comparisons are made between calculated and experimental crack-opening
stresses for these loading conditions on a steel and an aluminum alloy.

Crack-growth rates under constant-amplitude loading for large cracks (c > 2 mun) in a
steel, an aluminum alloy, and a cast (nickel-aluminum-bronze) alloy are correlated with
the plastic-zone corrected effective stress-intensity factor range. Using these correla-tions, the growth rates for small cracks in plates or at circular holes are predicted and

compared with experimental growth rates.

Constant-Amplitude Loading

To show how the crack-opening stress influences the local crack-tip displacements
under constant-amplitude loading, and consequently the crack-tip damage or crack growth,
the applied stress (S) is plotted against the displacement (Vc) of the crack-tip element
in Figure 4. The maximum applied stress was 0.4c0  and the specimen was cycled at an
R ratio of zero. Recalling that the elements in the plastic zone are rigid-perfectly
plastic, no change in displacement occurs until the element yields. The calculated'Jj l The th odn rnh hs eut eosrt h 1n cacul catedlo

M crack-opening stress from the displacement method (Appendix 3) is shown as the solid
7 symbol on the loading branch. Theme results demonstrate the significance of crack clo-

sure, in that all cyclic loads below 8 would cause no plastic deformation at the crack
tip and, presumabl no crack growth. &*a* results also show that the crack opens
before the crack-t p element yields. This was caused by the finite stress concentration

1, |



in the model (elastic stress concentration was about 30). If the model had had an
-6 infinite stress concentration, like an ideal crack, then the element would have yielded

when the crack tip opened. Likewise, compressive yielding occurred only after some
unloading. The crack-closure stress (Sc) is shown as the solid symbol on the unloading
branch. Sc is the stress level at which the first crack-surface element at the crack
tip closes. In this example, the crack was not allowed to grow during the lcading
branch. If the crack had been allowed to grow, then closure would have occurred over the
newly created crack surface after a smaller amount of unloading.

The closure model was exercised under simulated plane-stress and plane-strain condi-
tions for constant-amplitude loading. The calculated So values for the CCT specimen
remained nearly constant over a very wide range of crack lengths [25]. This constant
value is called the "stabilized" crack-opening stress. The stabilized crack-opening
stresses, normalized by Smax, are plotted against stress ratio for various stress levels
in Figure 5. The calculations were made on CCT specimens made of an aluminum alloy, but
the results also apply for steels and titanium alloys when the material behavior is
elastic-perfectly plastic. At any R ratio, the So/Smax values are lower for higher
values of a and for higher values of stress level (Smax/lo). The influence of stress
level was more pronounced under plane-stress conditions (solid curves) than under plane-
strain conditions (dashed curves).

Threshold Testing

Because many of the comparisons between the growth of small and large cracks have
been made in the crack-growth rate region associated with thresholds for large cracks, it
is important to know whether the threshold is a material behavior or is caused by the
load-reduction scheme. Some load-reduction schemes used to obtain AKth are shown in
Figure 6. The ratio of current load (or st&ss) to the initial load (or stress) is
plotted against crack length. The crack length at initiation of the load-reduction scheme
was 20 mm in a CCT specimen (w = 100 mm). The solid ,urve from Bucci [17] (proposed ASTM
test method) is based on a constant rate of change in normalized plastic-zone size with
crack extension and is independent of the R ratio. The normalized K-gradient,
(dK/dc)/K, was -0.08 mm

-1, as recommended. The dashed cut% ;es Show the load-reduction
scheme proposed by Ohta et al. [191 for R = 0 and 0.8. Their scheme is based on a con-
stant AK-gradient, d(AK)/dc. The AK-gradient ranged from -20 to -100 MPa/ml

1 /2 . The
smallest AK-gradient was used in Figure 6. The step function was proposed by Robin and
Pluvinage [16]. The load was reduced by 10 percent after 0.2 mm of crack extension. The
crack extension was large enough for the crack to traverse the plastic zone created by
the previous load.

As previously mentioned, several investigators [18-20] have experimentally shown
that the stress-intensity factor threshold under load-reduction schemes can be explained
by the crack-closure behavior. Some typical results on an aluminum alloy are shown in
Figure 7. Minakawa and McEvily [31] conducted a threshold test on a compact specimen and
measured the crack-opening loads as the AK level approached AKth. The crack-opening
loads were determined from a displacement gage at the edge of the compact specimen. This
location was remote from the crack tip. For high AK levels, the Po/Pmax values ranged
from 0.15 to 0.35. The horizontal line is the calculated Po/Pmax ratio from the closure
model under constant-amplitude loading with plane-strain conditions (a = 3). The calcu-
lated ratio agreed fairly well with the experimental values. As AK approached AKth,
the Po/Pmax ratio rapidly rose and the ratio was nearly unity at threshold. Thus, the
rise in crack-opening load explains why the threshold developed. But what caused the rise
in crack-opening loads? A number of suggestions have been advanced to explain this behav-
ior. Among these are the mismatch of crack-surface features observed by Walker and
Beevers [32] in a titanium alloy; the corrosion product formation on the crack surfaces,
as observed by Paris et al. [33] and Ritchie et al. (34]; and the variation in the mode
of crack growth with stress-intensity factor level as reported by Ohtsuka et al. [35],
and Minakawa and McEvily [31]. The mismatch of crack-surface features and corrosion pro-
ducts on the crack surfaces could cause the surfaces to come into contact at a higher
load than the load for a crack without the mismatch or corrosion products. The mode of
crack growth near threshold is a combination of Mode I and Mode II (tensile and shear)
instead of pure Mode I. The mixed-mode crack growth causes an irregular crack surface
profile and, consequently, the possibility of crack-surface mismatch. The analytical
treatment of crack closure due to crack-surface mismatch or corrosion products on the
crack surface is beyond the scope of the present paper.

However, now consider the influence of the load-reduction scheme on crack closure.
Using the closure model, a simulated threshold test was conducted on a C' T specimen made
of steel using Ducci's load-reduction scheme [17]. The material flow stress was 800 MPa
and the constraint factor was assumed to be unity. The applied load (or applied stress)
against crack length is shown by the solid curve in Figure 6 at an R ratio of zero.
The crack length at initiation of the load-reduction scheme (ci) was 20 Me. As the
applied stress was reduced with crack extension, the closure model predicted a rise in
crack opening stress. To find out why the crack-opening stress rose, the crack- dis

placements during a single cycle are shown in Figure 0. The figure shows applied stress

.normalized by the maximum applied stress plotted against displacement of the crack-tip
element, similar to that shown in Figure 4 for constant-amplitude loading. Again, the

crack-opening stress is shown by the solid symbol on the loading branch. Here, the
crack-opening stress is higher than the value calculated for constant-amplitude loading

k(shown by the dashed line). In contrast to the closure behavior under oonstant-amplitude
loading, in the threshold test the crack did not close near the crack tip but did close
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away from the crack tip, as illustrated in the insert. The insert shows a schematic of
the crack-surface displacements near threshold. The shaded region around the crack
depicts the residual plastic deformation. left in the wake of the growing crack. The
largest residual deformations occur along the crack at about ci and, consequently, the
crack-opening stress is controlled by the displacements in this region. These displace-
ments tend to prop the crack open at the tip. Figure 8 shows that the crack-tip element
does not chan~e in displacement until after the crack surfaces are fully open. During
unloading, Sc shows the applied stress level at which the crack surfaces close away
from the tip and Sc shows the applied stress level at which the crack tip closes.

Ohta et al. [19] tested CCT specimens made of HT80 steel (t = 10 mm) over a wide
range of R ratios (-1 to 0.8) to determine crack-growth rates down to threshold and to
measure crack-opening stresses. They used the Ohta-Sasaki load-reduction scheme (dashed
curves shown in Fig. 6) and a small crack-tip displacement gage to measure So values.
Some typical results on crack-opening stresses for Ri = 0 are shown in Figure 9. The

So/Smax ratio is plotted against AK level during the load-reduction scheme. The
crack-opening ratio was constant down to a AX level of about 15 MPa-ml/

2 . Near this
level, the ratio rapidly rose as the applied loads were reduced and a threshold developed
at about 7 MPa-ml/ . The solid curves show calculations from the closure model with
a = 1 and 1.73. The plane-stress calculations are in good agreement with the experimental
data down near threshold. Because their crack-closure measurements were made on the sur-
face of the specimen, their results should be close to those for plane-stress conditions.
similar comparisons at R = 0.8 and -1 show similar agreement between plane-stress calcu-
lations and measurements (not shown).

But crack closure near the free surfaces of a specimen may not control the overall
growth rate through the thickness of a specimen. In fact, the crack-opening stresses vary
through the thickness of a specimen (36]. Thus, the overall growth rate at low AK
values may be controlled by a higher constraint factor than that of plane stress. To
determine the proper constraint factor, a three-dimensional analysis would be required.
However, the correlation of crack-growth rate data at various stress ratios could also be
used to experimentally determine an approximate constraint factor [37). Using a plot of
AK and rate for various R ratios, as shown in Figure 10(a) for the HT80 steel, the
spread in the data as a function of Ri can be used to find the crack-opening stresses
needed to correlate the f-ratio data on a A~eff and rate plot. Because crack-opening
stresses are a function of constraint factor (see Fig. 5), an approximate constraint
factor can be found to correlate the data. For the 10-mm-thick steel specimens at low
AK levels, plane-strain conditions were expected to exist under constant-amplitude load-
ing. Figure 10(b) shows a plot of AKef fand rate for the same HT80 steel data using a
closure analysis under plane-strain conditions (a = 3). Curves were drawn through the
data for each Ri ratio. Growth rates above 5 x 10-6 mm/cycle, basically generated under
constant-amplitude loading, correlated quite well under plane-strain conditions even for
high AK values. But the threshold data showed systematic variations with A~eff.
Recalling how well the closure analysis under plane-stress conditions (a = 1) predicted
threshold behavior under a load-reduction scheme (see Fig. 9), the growth rate data on the
HT80 steel were replotted in Figure 11 using a closure analysis with a = 1 (Fig. 11(a))

and a = 3 (same as Fig. 10(b)). These results show that plane-stress closure is con-
trolling the growth rates near threshold under a load-reduction scheme.

Apparently, the plane-stress regions near the free surfaces of a specimen play an

important role on crack-closure effects under load-reduction schemes and variable-
amplitude loading. McEvily [39] conducted experiments to confirm the importance of crack
closure near the free surfaces. He found, in a test on a 6061 Aluminum alloy specimen

(t m 12.7 mm), that a spike load caused significant crack-growth delay. In a second test,

he carefully machined 25 percent of the thickness from each surface of the specimen after
teapplication of the spike load and found very little crack-growth delay. Thus, the

crack-closure effect under spike loading is predominantly a surface phenomenon.

As shown by Figures 7 through 11, the threshold behavior observed in load-reduction

schemes [15-17) is caused by a rise in the crack-opening stresses, and the rise is caused

by residual plastic deformations left in the wake of the growing crack. Thus, load-
reduction schemes create artifically high values of stress-intensity factor thresholds,
and the crack-growth rate data generated under these load-reduction schemes cannot be
used in an LEFM analysis to predict the growth of small crack.. To obtain crack-growth
rate data at low AK levels using large cracks, the threshold testing procedures must be
changed. The residual deformations on the crack surfaces near the beginning of a thresh- A
old test must be eliminated (see insert in Fig. 8). The deformations could be machined
away during the test or large compressive loads could be applied to the specim-In to remove
this deformation. The specimen could also have been side-grooved to eliminate plane-
stress conditions at the crack front.

Growth of Small Cracks

in the following sections, the crack-growth rates measured in specimen. with large

cracks (c > 2 mss) are correlated with the plastic-zone corrected stress-intensity factor
raneAX .This correlation, a tableO Kf against dc/dN, provides the crack-

__growth rate ata for the particular materia an ckness. Using the closure model with
an assumed constraint factor, the crack-growth rates for small cracks in plates and from
holes are predicted and compared with experimental rates.* All initial cracks are assume4
to have no previous load history (no residual deformations).



CSA G40.11 Steel.- El Haddad [3] tested CCT and single-edge-crack tension (SECT)
Q specimens made of the CSA G40.11 steel under cyclic loading at an R ratio of -1. The

material yield stress was 370 MPa and the ultimate tensile strength was 510 MPa. All
specimens were 2.54 mm thick. These tests were conducted to study the growth character-

istics of small and large cracks.

The AK-rate data for the SECT specimens with large cracks are shown in Figure 12 as

solid symbols. Because the closure model has not been developed for SECT specimens, the

data were assumed to be equivalent to data generated on CCT specimens. (El Haddad's data

on CCT specimens, to be shown later, were in good agreement with the SECT specimen data.)

The solid lines through the SECT specimen data in Figure 12 show the baseline (AK-rate)

data. To determine AKeff, a closure analysis on a CCT specimen (Smax = 135 MPa; a = 1)

was conducted. The corresponding crack-growth table is:

dc AKeff,

mm/cycle MPa-m I /2

2.24E-06 6.53

1.02E-05 7.69

4.70E-05 9.78

1.02E-04 12.62

1.93E-04 17.29

3.18E-04 22.46

6.60E-04 34.20

1.52E-03 58.31

This table was used in all predictions made on the CSA G40.11 steel.

El Haddad [3] tested CCT specimens with small cracks at high stress levels (207 and

240 MPa). The crack-starter notch was a very small hole (r = 0.19 mm), but no details
were given on how the crack was initiated. These results are shown as the open symbols
in Figure 12 and show that small cracks grow much faster than large cracks at the same
AK level.

In the closure analysis, an extremely small through crack (0.01 mm) was assumed to
exist at the edge of the starter notch. The constraint factor was assumed to be unity
because the specimens were subjected to high stress levels. The predicted growth rates
are shown as solid curves in Figure 12. The predictions are in fair agreement with the
experimental results. Both experimental and predicted results show a minimum rate at a
particular AK level. In the analysis, this behavior was caused by the transient behav-
ior of the crack-opening stresses shown in Figure 13. Here the calculated So/Smax
ratios are plotted against crack length for the two tests. The calculated crack-opening
stress was initially the minimum applied stress, but the opening stress rapidly rose and
then tended to level off as the crack grew under cyclic loading. Truyens [391 has experi-
mentally shown a similar trend in So with crack length in a ship steel. The effective-
stress range (ASeff), indicated in the figure, was Smax - So- Crack-growth rates are

directly related to ASeff. As the crack grew, the decrease in ASeff and the increase
in crack lenqth (increase in stress-intensity factor) combined to cause the unusual behav-
ior shown in Figure 12. Truyens [39] also observed a similar trend in crack-growth rates.

El Haddad [3] also tested specimens with cracks emanating from larger holes than
that used in the previous example. The hole radii were 4.76 and 7.94 mm in 70-mm-wide
specimens. The maximum applied stress was 135 MPa at an R ratio of -1. His experimen-
tal data on the cracked-hole specimens are shown as open symbols in Figure 14. The solid

symbols show his results from CCT specimens also tested at an applied stress level of
135 MPa. These results show that small cracks from holes grow much faster than would be

predicted from using LEFM analyses with large crack data.

In the analysis, the baseline (AK-rate) data were obtained from large cracks in CCT

and SECT specimens. The solid lines through the CCT specimen data in Figure 14 show the

baseline data. Here again, no details on the crack-starter notch were given in Refer-

ence 3. Therefore, it was assumed that a very small through-crack (0.01 mm) was at the

edge of the holes. The solid curves in Figure 14 show predictions from the closure
analysis with a - 1. The predicted rates were in reasonable agreement with the experi-

mental data. For cracks emanating from holes, the transient behavior of the crack-

opening stresses (similar to that shown in Fig. 13) and the plastic-zone corrected

*stress-intensity factor range combined to cause the trends shown in Figure 14.

; " Alclad 2024-T3 Aluminum Allo. - Droek [5] tested center-crack and cracked-hole

specimens made of 2024-T3 Alalad aluminum alloy subjected to tensile loading at an R

ratio of 0.01. The yield stress of the material was 375 MPa and the ultimate tensile

J~'P~strength was 475 MPa. All specimens were 2 mm thick. The AK-rate data are shown in
Figure 15 for the CCT specimens and for specimens with small cracks emanating from holes

of various radii, ranging from 2.5 to 20 Mi. Again, these results show that small
cracks from holes grow faster than would be predicted using an LEFM analysis with large
crack data on CCT specimens.

r~b.4



In the closure analysis, the constraint factor was assumed to be unity because most
of the rates were above the rate at transition (flat to slant growth). The rate at tran-
sition was estimated to be about 3 x 10- 5 mm/cycle (first knee in baseline data at about
9 MPa-ml/2 ). The development of the crack-growth rate table was discussed and was
included in the section on "Fatigue Crack Growth Rates." The predicted results for small
cracks at holes are shown as solid curves in Figure 15. Solid and open symbols of the
same type denote corresponding predictions and experiments. For small radii, the analysis
underpredicted the growth rates; for the larger radii, the analysis overpredicted the
rates. In all cases, the predicted rates were within about a factor of 2 of the experi-
mental rates.

Cast Nickel-Aluminum-Bronze Alloy.- Taylor and Knott [10,40] tested through-cracks
and small surface cracks under three-point bending at an R ratio of 0.1. The material
yield stress was 250 MPa. The ultimate tensile strength was not reported in References 10
or 40, and the strength was estimated to be 550 MPa [41]. Most of the surface-crack tests
were conducted with a maximum outer fiber stress of 330 MPa [40]. The small surface
cracks were naturally-occurring cracks from casting defects on the surface of the speci-
mens. Some of the largest defects shown on photomicrographs [10,401 had lengths (2c)
ranging from 0.05 to 0.15 mm. The AK-rate data for the surface-crack specimens are shown
as open symbols in Figure 16, Reference 10 did not give the particular test conditions
for each surface-crack test, but the test conditions were assumed to be identical. Thus,
the data show a lot of scatter which is undoubtedly due to the cracks growing through dif-
ferent microstructure.

The solid curve showing the threshold at about 7.5 MPa-ml/2 was obtained from bend
specimens with large through-cracks. The results on large cracks and small surface cracks
show that small cracks grow at AK levels well below the threshold established from large
crack tests. (Again, the details of the large crack tests were not reported in Refer-
ences 10 or 40.)

Because crack-growth rate data generated under load-reduction schemes (see comments
in section on "Threshold Testing") cannot be applied to the growth of small cracks [2],
the dash-dot curve was assumed to be the baseline data. In the closure analysis, the
constraint factor was assumed to be either 1 (plane stress) or 3 (plane strain). The
crack-growth rate table for the corresponding constraint factors is:

dc AKeff(a = 1), AKeff(a = 3),

mm/cycle MPa-& 1 2  Pa-m 1 2

2.54E-09 1.62 2.55

2.77E-06 5.98 9.28

6.59E-06 6.84 10.78

1.31E-05 7.71 12.18

3.19E-05 9.23 14.58

7.59E-05 11.07 17.46

The closure analysis has only been developed for through-the-thickness crack con-
figurations. To analyze the growth of a small surface crack under bending, the analysis
for the CCT specimen was used with modification. In the analysis, the CCT specimen was
subjected to an applied stress level equal to the outer fiber bending stress. For small
surface cracks, this assumption is adequate [42]. The crack-depth-to-crack-length (a/c)
ratios for the experiments were reported to be about 0.8 [10]. For this a/c ratio and
for small surface cracks (a/t nearly zero), the average stress-intensity factor around
the crack front is about

AK - AS /A 0.7 (4)

* Thus, the stress-intengi,, frtn/r fnr the Ccr specimen was multiplied by 0.7 to convert
the equation to a small surface crack under bending. The crack-opening stresses calcu-

*lated for a center-crack specimen were also assumed to apply for the surface-crack
configuration.

The predicted results for small surface cracks are shown as solid curves in Figure 16
for the respective values of a. The plane-strain predictions were closer to the experi-
mental results than the plane-stress predictions. However, under plane-strain conditions,
the initial high growth rate (solid symbol) was considerably lower than the experimental
rates. This discrepancy may be due to the crack growing in some "weak" direction in themicrostructure in the early stages 110).

CONCLUSIONS

: An analytical fatigue crak-closure model was used to study the crack growth and clo-V sure behavior of small cracks in plates and at circular holes, and to study the closure

Anaayia aiu rcicouem delwsmsdt m studynnin the mack growth
m i

d do-



behavior of large cracks under load-reduction schemes used in threshold testing. Some
comparisons were made between calculated and experimental crack-opening stresses for
these loading conditions on a steel and an 'aluminum alloy.

Crack-growth rates under constant-amplitude loading for large cracks (lengths greater
than 2 mm) in a steel, an aluminum alloy, and a cast nickel-aluminum-bronze alloy were
correlated with the plastic-zone corrected effective stress-intensity factor range. Using
these correlations, the growth rates for small cracks in plates and at circular holes were
predicted and compared with experimental growth rates.

The following conclusions were obtained:

1. Under load-reduction schemes used in threshold testing, the rise in crack-opening
stresses near threshold is caused by residual plastic deformations. Thus, load-reduction
schemes create artificially high values of stress-intensity factor thresholds.

2. Near threshold, the calculated crack-opening stresses under plane-stress condi-
tions agreed well with experimental measurements on steel specimens.

3. Crack-growth rate data generated under load-reduction schemes for large cracks
cannot be used with linear-elastic fractL:e mechanics analyses to accurately predict the
growth of small cracks.

4. Small cracks (less than 1 mm) in plates and at holes grow faster than large
cracks (greater than 2 mm) at equal stress-intensity factor ranges because the applied
stress needed to open a small crack is less than that needed to open a large crack and,
consequently, the effective stress range for small cracks is greater than that for large
cracks.

5. Closure analyses based on plastic-zone corrected effective stress-intensity fac-
tor ranges and crack-growth rate data from large cracks predicted the growth of small
cracks in plates and at holes reasonably well.

APPENDIX A--EQUATIONS FOR STRESS-INTENSITY FACTORS AND CRACK-SURFACE DISPLACEMENTS

The analytical closure model for a crack in a finite plate [25] and for cracks ema-
nating from a circular hole in a finite plate requires the stress-intensity factor and
crack-surface displacement equations for the two elastic configurations shown in Fig-
ure 17. The equations for stress-intensity factors and crack-surface displacements for a
crack subjected to various loading in an infinite plate (r = 0) were obtained from the
literature [43]. These equations are modified herein for cracks emanating from a circular
hole in a finite plate. Some of the approximate equations are verified with boundary-
collocation [44,45] and conformal-mapping [46,47] analyses.

Stress-intensity Factors for Cracks Emanating from a Circular Hole in an Infinite Plate

Remote Uniform Stress.- The stress-intensity factor equation for the configuration
shown in Figure 17(a), 7with w equal to infinity, was obtained by fitting to the results
from References 45 and 47. The equation is

K= K8 F5 - S /W- F: (5)

where Ks is for a crack in an infinite plate without a hole and FhS is the boundary-
correction factor for the circular hole. The equation for Fh is

h fl- n (6)

where n =1 is for a single crack and n =2 is for two symmetric cracks. The func-

tions fn are

f 0.707 + 0.765X + 0.282X~ 2 + 0.4 + 0.872X 4 (7)

and

f 2 -1 + 0.350X~ + 1.425A 2 -1.578A 3 + 2.156X 4 (8)

where A r/d amd 0 A 4 1. E.()in within 0.2 percent of the results in Refer
ences 45 and 47.

P Concentrated rorce. - The stress-intemsity factors for two cracks emamating from a
circular hole subjeotea to a symmetric pair of concentrated forces in an infinite plate,



Figure 18, were obtained from a boundary-collocation analysic hy Newman (unpublished).
An equation was fitted to the results and is

K P 2pd F (9)h h Pd h
d(d 

2
- b2)h

where KE is for a crack in an infinite plate without a hole and Fh is the boundary-

correction factor for the circular hole. The equation for the correction factor is

22

A1 = -0.02A2 + 0.558X
4  

(11)

A2 = 0.221X 2 + 0.046X
4  

(12)

where y = b/d and X = r/d for X < y< 1 and 0 < A < 1. Eq. (9) is within ±1 per-
cent of the boundary-collocation results.

Partially-Loaded Crack.- The stress-intensity factors for the configuration and
loading shown in Figure 17(b), with w = -, were obtained by using Eq. (9) as a Green's
function and integrating over the segment b, to b2 . The resulting equation is

K = 2 ,V-- G(y,A) (13)
h

where

A 1LA, 3A 2  1 -1
G(Y,X) + 2(1 - _)2J sin y

[A1  (4 - y)A2 ] 1 -. .jy = b 2/d (4
+ i -_ X 2(l - X) 2j Y bl1/d (14)

A1  and A2  are given by Eqs. (11) and (12), respectively. To get Eq. (13) into the
same form as Eqs. (5) and (9), Eq. (13) is rewritten as

Ka a _ a r- I (b 2  (bn,1

h KoFh 7 - - si -I JFh (15)

where K, is for a crack in an infinite plate without a hole and Fh  is the circular
hole correction factor. The function FO is given by

Fa G(y,X) (16)h s (in ) si l)

sin s i v

where G(y,X) is given by Eq. (14).

Crack-Surface Displacements for Cracks Emanating from a Circular Hole in an Infinite Plate

The exact crack-surface displacements for the configurations shown in Figure 17, with
w equal to infinity and hole radius equal to zero, were obtained from Westergaard stress
functions given in Reference 43. These equations are modified herein for cracks emanating
from a circular hole. The following sections given approximate displacement equations for
remote uniform stress and for the partially-loaded crack.

Remote Uniform Stress.- The approximate crack-surface displacements for the configur-
ations shown in Figure 17(1), with w = , are

a . 2(1 nF (17)

for lxj I d, where n - v for plane strain and n - 0 for plane stress. Ph is given
by Xq. (6). In the region near the craok tip, 2q. (17) is very accurate.

I I



eartially-Loaded Crack.- The approximate crack-surface displacements for the config-
uration and loading shown in Figure 17(b), with w = -, are

' = [v (x) + V (-x)]FO (18)vh h

where

V 2(1 _ [(b - x) cosh-
1 1d2 _ bx

v~x) 2)  (b b ) db -x

+ 4 - .2 sin- I  
(19)

for Ixl : d, and Fh is given by Eq. (16). Again, the equation is very accurate in the
region near the crack tip.

Finite-Width Corrections

The equations given in the preceding sections for stress-intensity factors and crack-
surface displacements (Eqs. (5) to (19)) are for cracks emanating from a circular hole in
an infinite plate. But these quantities are influenced by the finite width of the plate.
Therefore, some approximate finite-width corrections are developed herein. The stress-
intensity factor for a crack in a finite-width plate is

K K.Fw  (20)

where K. is the stress-intensity factor for cracks emanating from a circular hole in an
infinite plate and Fw is the finite-width correction for the particular loading condi-
tion. Noting that the elastic crack-surface displacements in the region of the crack tip
are directly related to the stress-intensity factor, it is proposed that the same correc-
tion factor be used for displacements:

V = V_(!-) = V.Fw (21)

where V. is the displacement for cracks emanating from a circular hole in an infinite
plate, again subjected to the particular loading condition. Eq. (21) gives very accurate
crack-surface displacements in the region near the crack tip.

Remote Uniform Stress.- The approximate boundary-correction factor for two symmet-
ric cracks emanating from a circular hole in a finite-width plate subjected to uniform
stress [48], as shown in Figure 17(a), is

F = sec (- sec 2-w (22)

for r/w < 0.5 and d/w 0.7. Eq. (22) is within ±2 percent of boundary-collocation
results [45]. The equation accounts for the influence of width on stress concentrations
at the edge of the hole [49] and the influence of width on stress-intensity factors. The
crack-surface displacements given by Eqs. (17), (21), and (22) for r = 0 were compared
with results from Reference 44, which used the boundary-collocation method. The displace-
ments were within 2 percent of each other for any value of x for d/w 1 0.7. The dis-
placements near the crack tip were very accurate, as expected.

Partially-Loaded Crack.- The approximate boundary-correction factor for two symmetric
cracks emanating from a circular hole in a finite-width plate subjected to partial loading
on the crack surface (Fig. 17(b)) was obtained from the infinite periodic array of cracks
(r - 0) solution [43). The correction factor is modified herein, as was done in Refer-
ence 25, and is given by

a sinl B2.) sinkI B. BA)
F; sin 1 b 2 -bl si 1 

1  (23)

where

B k im (wbk/2w)/hin (.d/2w) (24)

for rw 1 0.25 and d/w s 0.7.



APPENDIX B--CALCULATION OF CRACK-OPENING STRESS

The following section describes the method used to calculate the crack-opening (/ /3
stresses in the analytical closure model. To find the applied stress level needed to
open the crack surface at any point, the displacement at that point due to an applied
stress increment (So - Smin) is set equal to the displacement at that point due to the
contact stresses at Smin. This calculation is made at the centroid of all elements in
contact along the crack surface. The maximum value of (So - Smin) gives the applied
stress level at which the last element (in contact) separates (or opens). This approach
is possible because the stresses on the elements are elastic until the crack-tip element
yields. Crack-tip element yielding occurs only after the crack surfaces open (see
Figs. 4 and 8).

The displacement at point i, along the crack surface, due to an applied stress
increment is

v? = (So - Sni)f(xi) (25)

where

f(xi)= 2(1 - n 2) 2  
x 2 FFs (26)S E P -_ w (26

Fh and Fw are given by Eqs. (6) and (22), respectively, with d replaced by c. The
displacement at point i due to contact stresses is

n
VaV = g(x.,x.\ (27)
i T-_~ ~ Jj=ll

where

g(xi,x j ) = G(xi,xj) + G(-xi,x j ) (28)

G(xixj) = 2(1 ( - xi) cosh- c _2 7

- (b1 - xi) co h-1 (c
2 - b1xi)

Sc
2  xi2 sin-' (-) -sin-' ] F F (29)- - h w ( 9

bI =x- wj and b2 = xj + wj (w is the half width of bar element at point J). (In
the clsure model, 10 elegents wer! used in the piastic zone and elements 11 to n were
residual plastic deformation elements along the crack surface (see Ref. 25 for details).)
F0 and Fa are given by Eqs. (16) and (23), respectively, again with d replaced by c.
Equating Eqs. (25) and (27), and solving for (So)i, gives

Z ajg(xi~x )f(xi) (0
(SO)i - stin  E JV

J ll

for i 11 to n. The maximum value of (So)i gives the crack-opening stress, So .

APPENDIX C--CALCULATION OF PLASTIC-ZONE SIZE

Center-Crack Tension Specimen

The plastic-zone size (p) for a crack in a finite-width specimen (Fig. 2(a)) was
obtained from Rice [501 and rederived by Newman [251 as

MAW,



o C C: sin ( -[ (- srs (31)

For a = 1, the equation reduces to the expression derived by Rice from an infinite peri-

intensity factor equations for finite-width specimens.

Cracked-Hole Specimen

The plastic-zone size for cracks emanating from a circular hole in a finite-width
specimen (Fig. 2(b)) was determined by requiring that the finiteness condition of
Dugdale [26] be satisfied. This condition states that the stress-intensity factor at the
tip of the plastic zone is zero and is given by

K + K = 0 (32)

where

KS S Vff Fs F(33h max hw(

and

oy 2aa 0GoKhc= / [-si-1 (c)l F00
Kh V- i sinw F F (34)

Fh and F are given by Eqs. (6) and (22), respectively. Fh and Fw were obtained
from Eqs. 116) and (23), respectively, by setting b, = c and b2 = d. Substituting
Eqs. (33) and (34) into Eq. (32) and simplifying gives

S FF - o - - 0 (35)
max h w 0 1 i- hw0

For a given applied stress S ax, constraint factor a, flow stress 0o , specimen width
w, hole radius r, and crack length c, Eq. (35) was solved for d by using an iterative
techrique. Noting that p is equal to d - c gives the plastic-zone size.

The plastic-zone sizes for cracks emanating from a circular hole in an infinite plate
subjected to remote uniform stress are shown in Figure 19. The plastic-zone size normal-
ized by c is plotted against S/(aco). The dashed curve (r = 0) shows the Dugdale
model [26]. The solid curves show the normalized plastic-zone sizes for various c/r
ratios. For C/r equal to unity, yielding does not occur for S/(aco) ratios less than
one-third or l/KT, where KT is the stress concentration for the circular hole.
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DAMAGE TOLERANCE EVALUATION OF STRUCTURES WITH SMALL (RACKS

by

Luder Schwarmann
VFW/MBB GmbH
Postfach 10 78 45

2800 Bremen I

SUMMARY 
Federal Republic of Germany

yunH This paper deals with the analytical determination of the linear-elastic stress
intensity factor (SIF) for structures with small cracks. Two different cases are
considered : a) through-the-thickness-cracks emanating from a circular hole, b) semi-
elliptical surface cracks. The analytical methods studied herein are : the WEIGHT-
FUNCTION METHOD by GRANDT for the case a) and the ENGINEERING METHOD by NEWMAN for the
case b). Results obtained from analyses are compared with corresponding test results.
The comparisons show good agreement. Analyses show that a cracked pin-loaded hole is the
most critical case as compared with other crack-configurations. Furthermore, analyses
indicate the degree of conservative assessment when assuming a through-crack instead of
a surface crack as far as the crack propagation behaviour is concerned. Both ethods
studied herein are recommended for practical application in aircraft design.-

LIST OF SYMBOLS
Symbol Notation

xy Cartesian coordinates, mm

d Diameter of circular hole, mm

W Width of cracked plate, mm

t Thickness of cracked plate, mm

E Young's modulus of plate material, MPa

S Remote uniform tensile stress, MPa

SU  Upper level of S during a load cycle, MPa

SL Lower level of S during a load cycle, MPA

SR Residual strength (gross-sectional failure stress), MPa

0 Local stress distribution near circular hole in the plate, MPa

F Applied tension load, N

Fp Pin-load, N

& Length of through-crack and surface crack, respectively, mm

ai Initial crack length, mm

at Final crack length, mm

da/dN Crack propagation rate, mm/cycle

c Depth of surface crack, mm

V Crack opening displacement of the BOWIE-Problem, mm

K Stress Intensity Factor (SIF), N/mm31 2

KB Value of SIF for the BOWIE-Problem, N/mm
31 2

tiK Range of SIF during a load cycle, N/mm312

KC Critical value of SIF (fracture toughness), N/mm3 12

Y Correcting function of SIF,-

N Crack life, number of applied load cycles

1. INTRODUCTION
The damage tolerance evaluation of airframe structures is part of the fatigue-

certification and specified in corresponding documents /I/. The basic assumption is that
cracks are present in the load-carrying structures during the operational life of -4
aircraft. Therefore, it is the main task of the design engineer to guarantee that
cracked structural components do not fail and cause catastrophic loss of the aircraft.

It is well-known that the total fatigue life of a airframe structure consists of
the crack-free life and the so-called crack life. Since the major part of the crack life
is achieved when the cracks originate and increase to a certain size, it is evident
that the case of small cracks dominates during the crack life.

2. PROBLEM AERAS
Damage tolerance analyses deal with the evaluation of the crack propagation and of

the residual strength behaviour of the structure. It is common use in aircraft industry
to apply the concept of the linear-elastic stress intensity factor for damage tolerance
analyses. From this concept following equations have been derived :
a) crack propagation analyses, i.e. crack length = f (applied load cycles)

a-R(N) *a 1 Sda/dNdN IdadNU )I [K( (



b) residual strength analyses, i.e. failure stress = f (crack length)

S R ff y (2)

It is assumed that the following data is known prior to damage tolerance analyses
- geometry and stiffness of the structural component considered
- loads and stress spectra being expected during service life
- initial crack length being detected by corresponding inspection methods
- material data, i.e. crack propagation and fracture toughness data.

The main task to assess the crack propagation and the residual strength behaviour,
respectively, is to determine the correcting function Y of the stress intensity factor
as can be seen from eqns. (1) and (2).

For two different cases, i.e. through-cracks emanating from a hole and surface
cracks in a plate, two methods to determine the correcting function Y will be discussed
in the following sections. For both cases only the range of small cracks are considered.

3. THROUGH-CRACKS EMANATING FROM A CIRCULAR HOLE
The case of cracks emanating from holes are of high interest in aircraft design as

far as fatigue problems are concerned. It is known that most failures in airframe
structures originate from fastener holes /2/. Since built-up structures are.designed to
be thin-walled the assumption that possible damages are through-the-thickness-cracks is
evident.

The classical solution for a sheet containing a circular hole, from which through-
cracks emanate, loaded by remote uniform tension has been derived by BOWIE /3/. His
solution shows that the case of two cracks is more critical than the case of one crack;
therefore only the case of two cracks is considered herein. Taken BOWIE's solution into
consideration GRANDT has developed a special mathematical model to determine SIF for
cracks emanating from a circular hole /4/ based on the so-called WEIGHT-FUNCTION-
TECHNIQUE /5/. A brief description of GRANDT's model is given in fig.1.

If the local stress distribution near the uncracked hole is known, say from Finite
Element Analyses, then the SIF, and thus the required correction function, can be
calculated from eqn.(3). This procedure seems to be advantegeous for a lot of practical
problems, e.g. holes with installed interference-fit-fasteners, cold-worked holes.

The application of eqn.(3) will be demonstrated herein for a strip of finite width
containing a central hole and being loaded by a remote uniform tensile stress or by a
pin-load, respectively. Since the local stress distribution is known for these two cases
/6,7/, the correcting function has been calculated; the results are given in fig.2,
especially for very short crack lengths. In fig.2 results from extensive residual
strength tests /8/ are added for comparisons purpose. The comparison shows good
agreement.

Bearing in mind GRANDT's own results one can conclude that the method given in fig.1
gives sufficient results as far as the accuracy with respect to practical applications
is concerned. Furthermore, it is evident from fig.2 that for very short crack lengths
the pin-loaded hole ( Fp/F = I ) gives higher values for the correcting function of SIF
than the hole loaded by remote tension (FpIF O ) and is therefore more critical as far
as the damage tolerance performance is concerned.

4. SEMI-ELLIPTICAL SURFACE CRACKS
Many fatigue- critical airframe components are thick-walled, e.g. fittings etc. It

is known that possible damages in thick-walled structures originate as surface cracks.
The analyses of these cracks is difficult, since the SIF varies at the boundary of

the crack-front. Due to these difficulties NEWMAN developed an ENGINEERING METHOD from
corresponding test results /8/.His formulas give an approximate value for the maximum
SIF, which is present at the minor axis of the assumed semi-elliptical surface crack.
The crack configurations, for which NEWMAN's method can be applied, are given in fig.3.

For the crack configurations shown in fig.3 some calculations to determine the
correcting functions of the SIF have been carried out using NEWMAN's method; the results
of these calculations are given in fig.4 and indicate that -especially for small crack
sizes- the pin-loaded hole is the most critical crack configuration.

Since NEWMAN's method has been derived from extensive residual strength tests, the
following question arises : "How can NEWMAN's method predict the crack propagation
behaviour of components with surface cracks ?". In order to answer this question some
comparisons between prediction using a corresponding computer-program /9/ and tests /10/
have been carried out. The specimen used is a plate containing a central semi-circular
surface crack and being loaded by constant-amplitude fatigue-loads. The results of this
comparison are given in fig.5 and show good agreement for all cases considered.

Another problem of high practical interest will be discussed next. It is assumed
that a certain crack length (on the surface of a structural component) is detected by
appropriate inspection methods. However, no information about the shape of the crack in
direction of the depth can be given unequivocally. Thus the question to be answered is:
"How great is the error in assuming a through-crack instead of a semi-elliptical surface
crack of different shape as far as the achieved crack life is concerned ?". In order to
answer this question some calculations have been carried out taken the following conditions
into consideration :*(

- material, loading conditions, geometry of the structure considered, initial and
final crack length are the same for all calculations,

- the shape of the assumed semi-elliptical surface crack, i.e. the ratio of the
major axis to the minor axis ( a/c ) is kept constant during the crack propagation
phase.

The results of these calculations are given in fig.6. From this figure it is evident that
a surface crack has a greater crack life than a through-crack of the same crack length.

rp
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5. CONCLUSION
Two different methods for damage tolerance evaluation of airframe structures with

small cracks are investigated. These methods are : WEIGHT-FUNCTION METHOD by RANDT for
through-the-thickness cracks emanating from a circular hole and ENGINEERING METHOD by
NEWMAN for semi-elliptical surface cracks.

Both methods give sufficient results as far as the comparison with corresponding
test results is concerned. Therefore both methods are recommended for practical
applications in aircraft design concerning damage tolerance evaluation.

As shown in this paper, a cracked pin-loaded hole is the most critical crack
configuration, especially for small cracks, as compared with other cases. Therefore the
degree of pin-load, i.e. the load-tranf-r by a bolt or by a rivet, has to be determined
very thoroughly in order to avoid overestimations of the damage tolerance performance
of the airframe structure.

Analyses based on through-cracked configurations are pessimistic as compared with
surface-cracked configurations and should therefore be the first (safe) step of damage
tolerance evaluation procedure.
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____________________K 8* SIF for BOWIE-Problem
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S

FIG.1 DETERMINATION OF SIF FOR THROUGH-CRACKS EMANATING FROM A
CIRCULAR HOLE
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a F/F 0 Fp /F=z1

Eqn.(3)1 [a] A(-/) Eqn.(3) [8] tA( %)

dl0.1 2.91 2.92 -0.3 5.57 5.69 -2.1
pin 0. 0.2 2.59 2.53 2.4 4.46 4.63 3.7

ne- t03 2.36, 2.28 .3.5 3.76 3.94 -4.6

0.4 2.17 2.11 .2.8 3.29 3.45 -4.6

0.5 1.99 1.99 0 2.97 3.10 -4.2

0.6 1.6 1.89 -1.6 2.73 2.83 -3.5

0.7 1.8 1.82 -2.2 2.55 2.61 -2.3

08 1.71 11.76 -2.8 2.39 2.44 -2.0

09 1.65 1.72 -4.1 2.26 2.30 -1.7
10 1.60 11.69 -5.3 2.14 2.19 -2.3

FIG.2 CORRECTING FUNCTION Y FOR TWO THROUGH-CRACKS EMANATING
FROM A CIRCULAR HOLE
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CaseA (w=160mm;a/czl),s. fig. 3A Plate-Material : Alum. 7075T7351

Constant-Amplitude- Loading: SU= 160MPa; 5 L= 20MPa

Calculation: Eqns.(1),(4) Test: Mean Values of 3 Test-Results per t[ O]

15 ,-
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a *I
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3
0 10 2030

-- i N (kilocycles)

FIG. 5 CRACK PROPAGATION INVESTIGATIONS OF PLATES CONTAINING
CENTRAL SEMI-CIRCULAR SURFACE- CRACKS
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11 / hole (d=10mm) ,tension -load, s. fig. 3B

9 Two cracks emanating from a hole
(dzlOmm), pin-load, s.fig.3C

0 Crack-geometry
9 *a *crack length of through-crack

and of elliptical cracks. fig. 3
* c depth of elliptical crack, s. fig. 3
7 az initial crack length x 2mm

7 *af final crack length z 10mm
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0 Crack-life from a i to af
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FIG.6 INFLUENCE OF RATIO a/c OF SEMI-ELLIPTICAL SURFACE-CRACKS ON
THE CRACK-LIFE COMPARED WITH THROUGH-CRACKS
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FRACTURE MECHANICS ANALYSIS OF SHORT CRACKS AT LOADED HOLES

D. P. Rooke
Royal Aircraft Establishment,

Farnborough,0 Hants, GU14 6TD, &~
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.4SUMMARY

In a predominantly tensile field the time for a fatigue crack to grow to a critical
lengt is dominated by the time spent when the crack is short. Cracks frequently start
ithe vicinity of a stress concentrator such as a hole, and the stress intensity factor

which controls crack growth-rate is largely determined by the local stress field. If the
holq is loaded on its perimeter, the stress intensity factor for short cracks is strongly
dependent on the actual distribution of load on the perimeter. In a cracked pin-loaded
lug load is, in general, transmitted from the pin to the lug by both normal and shear
forces; the shear forces arise from the friction (fretting) between the pin and the lug.
It is shown, by using a Green's function technique, that the presence of friction
increases the stress intensity factor and hence increases the rate of growth of fatigue
cracks which reduces the fatigue lifetime. The magnitude of these effects depends on the
coefficient of friction and how it varies round the hole.

I INTRODUCTION

Cracks frequently occur in aircraft structures and, in order to assess structural
reliability, it is necessary to know both the strength of the cracked component and the
rate at which cracks grow under in-service fatigue loads. Both strength and crack-growth
depend upon the stress field at the tip of the crack, which is characterized by the stress
intensity factor K.

Because holes are stress concentrators, cracks frequently start at their edges.
When the holes are loaded, for example, holes in pin-loaded lugs, the value of K depends
upon the particular distribution of loads around the perimeter of the hole. It has been
shown by Rooke and Tweed1 that the influence of the radial load distribution on K is
especially strong when the crack is short because of the closeness of the crack tip to the
applied forces. This must be taken into account in order to obtain reliable estimates of
the fatigue life of an aircraft structure since most of the lifetime is spent while the
crack is short; accurate values of K are therefore needed for short cracks.

In practice, the load from a pin is transmitted to the edge of the hole by both
normal (radial) and shear (tangential) forces. Edwards2 has shown, that under fatigue
loading, in the presence of fretting (friction between the pin and the edge of the hole),
the shear forces can be comparable in magnitude to the radial fc.zces. A Green's function
technique developed by Rooke and Hutchins3 can be used to evaluate both opening-mode and
sliding-mode factors for any distribution of radial and shear loads acting on the perimeter
of the hole.

In a pin-loaded lug, the most likely site for a crack is at the edge of the hole
along a radial line perpendicular to the direction of the applied load. The fretting
will be a maximum in the region of the perimeter close to the root of the crack. For
short cracks radial forces in this region tend to close the crack and shear forces to
open it3. If the total load is kept constant, then some of these beneficial radial
forces will be replaced by shear forces when fretting is present. A larger crack tip
opening will result, which implies an increase in the stress intensity factor and hence
an increase in fatigue growth-rate with a consequent decrease in lifetime. It is there-
fore important that the effects of shear forces be included in assessments of structural
reliability.

In section 2 of this paper, the stress intensity factor is first evaluated for a
crack at the edge of a hole subjected to a given radial pressure when there is no friction
between the pin and the edge of the hole, then the factor is evaluated if friction is
present. The models chosen for the radial force distribution and the variation of friction
around the hole are based on the experimental evidence of 'fretting fatigue' experiments
by Edwards2 and Moons. It is shown that the transfer of some of the load from the pin to
the edge of the hole by shear forces increases K and the resulting increase in crack
growth-rates is evaluated in section 3.

Only the opening-made stress intensity factor KI is evaluated and used in the

will be much less than XI and the law governing crack growth under mixed mode condi-
tions is not known.
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2 ANALYSIS

In this section a cracked pin-loaded lug is modelled by a sheet containing a
circular hole of radius R with a distribution of load acting on the perimeter of the
hole; in r, 0 coordinates, the crack of length £ lies along 0 = 0 (see Fig 1).
If there is no friction between the pin and the edge of the hole the load P will be
transmitted from the pin to the sheet by radial forces only; these are represented by a
normal stress (pressure) distribution around r = R . If there is friction, then the
load will be transmitted by a combination of radial and tangential forces; these are
represented by a normal stress and a shear stress distribution acting around r = R
At any given point on the perimeter the shear force is proportional to the radial force;
the constant of proportionality is the coefficient of friction which will be a function
of position.

The above model does not include effects resulting from the remote stress required
for equilibrium which acts in the opposite direction to P or those due to the presence
of the lug edges. These effects can be included by a combination of superposition and the
use of the compounding technique developed by Rooke

5 for evaluating the stress intensity
factor for a crack at the edge of a loaded hole in the presence of boundaries.

2.1 Load transfer by normal and shear forces

Consider the configuration given in Fig 1 with a pressure distribution p(s) given
by

p(B) = P0 cosB , -jB•j, (I)

which acts on the perimeter of the hole. This distribution has been shown4 to be a good
representation of the load for some lug configurations in the absence of friction. The
force per unit thickness acting in a direction perpendicular to the crackline on an arc
of the perimeter between a and B + do is p(B) cos B Rdo ; therefore the total force
per unit thickness P0 , acting in that direction is given by

7112

P0 = R P0 cos2BdB = Rp0  (2)

-7/2

If there is friction between the pin and the edge of the hole, then shear stresses
will act on the perimeter; they are given by

T(B) = Up(W) (3)

where U is the coefficient of friction and p(B) is the distribution of pressure. In
general u will be a function of position round the hole. Edwards 2 has shown that the
coefficient of friction increases with the amount of slip under fretting conditions;
thus U will be a maximum at B = ±7r'2 and zero at B = 0 . The distribution of
pressure p(B) will be modified from that given by equation (1). The shear stress
T(B) changes direction (and hence sign) at 8 = 0 ; it acts in a counter-clockwise
direction for 0 < B < w/2 and clockwise for -w/2 • B < 0

The force perpendicular to the crackline acting on an arc of the perimeter of length
RdB is given by [p(B) cos B + T(O) sin B]RdB therefore the total force PT is after
substitution of equation (3), given by

P T = R_7 p(o)(cos 0 + u sin OldO (4)

t/2

In order to evaluate PT both p(O) and V must be known as functions of B . It is
assumed that the angular dependence of the pressure is the same as that given in
equation (1) but the amplitude is reduced, that is

p(s) - p , cos B , (5)

where p U < P0 • It is assumed that the coefficient of friction is given by

Ii " % lP in , (6)

which satisfies the conditions given above when um is a positive constant.

Substitution of equations (5) and (6) into equation (4) and integrating leads to

Rp
P (3v + 4um )  (7)

TJ



Since the total load transmitted from the pin to the sheet will be the same with or
without friction, it follows that PT = P0 " Thus from equations (2) and (7),

PLI 3w
po : (8)

PO 3n + 4

Edwards 2 has shown that um may-be as large as unity, and two values um = 0.5 and 1.0
will be considered in this paper. From equation (8) it follows that p,, = 0.825p0 for
v = 0.5 and p. = 0 .7 0 2Po for U = 1.0 . Since from equation (2) the load transmitted
by the normal forces due to the pressure is proportional to the amplitude of the pressure,
it follows that the proportion of the load transmitted by the shear forces (Ps say) is
given by

P s P0 - PJA
p = 0 (9)

That is, 17.5% of the load is transmitted by shear if vm = 0.5 , and 29.8% if Um = 1.0
Moon4 has measured the radial strains next to the hole at 8 = 0 and shown that after
many fretting cycles, reductions of -30Z occurred in the strain, which implies a similar
reduction in the normal stress and hence in the load transmitted by that stress.

By combining equations (3), (5), (6) and (8) the shear stress is given by

W(8) = mP(411m)sin 8 cos 8 (10)

This is plotted in Fig 2 for pm = 0.5 and 1.0 . The pressure

p( PO( 3 1m) cos 8 (11)

is also plotted for um = 0.0, 0.5 and 1.0

2.2 Stress intensity factors

The stress intensity factors for a crack at the edge of a hole can be obtained from
the stress distributions around the perimeter by using the Green's function technique
developed in Ref 3. In general the opening-mode stress intensity factors are of the form

Kn = Kn + Kn and ; s + aK; (12)1 1 2K= 1 ,

where the superscripts n and s denote normal stresses and shear stresses respectively,
and a is a function of Poisson's ratio. If the normal stress distribution pn(#) on
the perimeter is given by

Pn () = Pnhn(,) , (13)

where 0 is the angle measured counter-clockwise from the crackline, and the shear stress
distribution ps(4) is given by

pS(O) - pohS(0) , (14)
th n anm s

then K n (i - 1,2) are given' by A

N

Kmn Pn/- n (O GR OMo (15)Ki

and

4K j* 1 'O'/ W' h a( 0 )G ( 0 )A # (16) ' 4 '

The Groens functions Gi(*m) and G(om) are, tabulated in Ref 3 for fixed values of
*m at intervals Aom (measured in radians).

A*



The stress distributions to be used in equations (15) and (16) are those given in
the previous section; that is

pn(,) = p(B) and pS() = (B) , -0. (17)

The functions hn (0) and hS(0) are thus given by

hn(0) = cos 8 = sin 0 (18)

and

hS (0) = sin 8 cos 8 = sin 0 cos 0 (19)

Since hn (0) is symmetric about 0 = 7/2 and GR(0) is antisymmetric1 , it follows that
K is zero; and since hS(o) is antisymmetric about 0 = ir/2 and G3(0) is symmetric
i follows that KS is also zero. Therefore

N

Kn 1 (7 4 sin m GI(#m)AO (20)

and m=l

N

K I = -'m p0/ Z sin 0m cos 0 GT(0m)A0 (21)2 ( 3w~ + 4u M)P t ml i m m 1 m M (1m=l1

Equations (20) and (21) together with the tabulated
3 values of GiCRm) and GT(Om)

have been used to evaluate K9 and K, for various crack lengths. Curves of the
opening-mode stress intensity factor K ( K + KS) are shown in Fig 3 for im = 0.0,
0.5 and 1.0; also shown separately are t e normal and shear contributions K1  and KI
for um = 0.5 and 1.0. It is seen from Fig 3 that although the presence of friction
reduces the stress intensity factor arising from the normal stresses, the factor arising
from the shear stresses more than compensates and the total KI  increases as Um
increases.

At the shortest crack lengths, K, is increased by a maximum of 26% for um = 1.0
and by 15% for um = 0.5 . The increase is shown as a function of crack length in Fig 4
where KI/K1 (0) Vs. £/R is plotted; Kj(0) is the stress intensity factor in the
absence of friction. Also plotted are the ratios Kq/K1 (0) and Kf/KI(0) . It is seen,
for Um = 1.0 , that at the shortest cracks Kn is reduced to -70% of the original KI
without friction, but Ks is -55% of the original KI . The reduction in Kn is less
for smaller values of um and Ks is smaller.

3 FATIGUE CRACK GROWTH

The increase in the stress intensity factor, calculated in the previous section,
implies that fatigue cracks will grow faster if shear forces are present at the edge of
the hole. The magnitude of the increase in growth rate can be deduced by considering a
simple crack growth law such as that suggested by Paris 6 . He postulated that the growth
of the crack per cycle of stress (dt/dN) was proportional to the stress intensity
factor raised to a power p , that is,

di c KP ; (22)
N- I

for many materials p is in the range 2 to 4.

If (dt/dN)u is the growth rate in the presence of frictional shear forces, and
(di/dN)0  the rate in the absence of friction, then it follows from equation (22) that

(d /dN) 11 KI P
(dt/dN) 0 I -K7 (23)

S..The ratio of stress intensity factors, in the above equation, was obtained in the previous
section, hence the increase in crack growth rate can be determined. Plots of
(di/dN) /(di/dN)o are shown as a function of 1/R in Fig 5 for p - 2, 3 and 4 and

' '?, Pm . 0.5 and 1.0.

UP It can be seen from Fig 5 that the presence of frictional forces causes significant
increases in crack growth rates, particularly at short crack lengths. The magnitude of
the increases depends on both the friction constant and the power p in the crack growth
law. The biggest effects occur at the largest values of both Mm and p i for instance,

:V "rA



for "m = 1.0 and p = 4 , the crack grows more than twice as fast for £/R < 0.4.
These large increases in crack rate mean that the lifetime of a cracked structure will
be substantially reduced; for example, if the crack rate for short cracks is doubled, 0--
then the lifetime will be approximately halved since the crack is short during most of
the lifetime.

4 DISCUSSION

In order to illustrate the effects of frictional forces on the fatigue lifetime of
a cracked pin-loaded lug, simple models were chosen to represent the radial load distri-
bution and the variation of the coefficient of friction around the hole. For some pin-
loaded lugs other distributions of radial load may be more appropriate4 and the variation
of the coefficient of friction will probably need modification when experimental evidence
becomes available. Nevertheless, the essential feature remains the presence of
frictional shear forces near the root of the crack increases the crack opening thereby
increasing the stress intensity factor and hence reducing the lifetime in fatigue.

It was assumed in section 2.1 that the transfer of some load by shear stresses
reduced the magnitude of the load transferred by normal stresses (pressure) but not its
distribution. This assumption also may require modification in the light of experimental
evidence. In practice the transfer of load by friction with a coefficient that varies
with position will probably lead to a change in the distribution in the normal stress
subject to the condition of constant total load as defined by equation (4). Changing the
distribution of normal stress will change the contribution to the stress intensity factor
in a more complex way',3 than the simple scaling factor assumed above. Various assumptions
regarding both the distribution of pressure round the hole and the distribution of the
coefficient of friction can be examined theoretically using the same Green's function
approach as in this paper.

Large increases in the value of the crack growth rate, due to fretting, have been
measured' for some lugs. The magnitude of the measured increases is similar to that shown
in Fig 5, but rises more rapidly at very short cracks. This suggests that the shear
forces between the pin and the edge of the hole may be larger than assumed in this paper.
A model in which the coefficient of friction u varied more slowly than [sin 81 in the
region of 8 = ±r/2 would give larger shear stresses and hence larger stress intensity
factors leading to increased growth rates.

Only the opening-mode stress intensity factor KI has been considered in this paper.
The sliding-mode KII can be evaluated using similar techniques 3 ; however insufficient is
known about crack growth in the presence of mixed modes for the effects of KII to be
included in lifetime calculations. These effects would, in this case, be small since for
the configuration studied KII ( KI for all crack lengths.

5 CONCLUSIONS

When fretting occurs in a pin-loaded lug, some load will be transmitted, due to
friction, by shear forces from the pin to the perimeter of the hole; the presence of
these shear forces will cause an increase in the stress intensity factor of a crack at
the edge of the hole. This increase which is most significant at short cracks, leads to
a substantial reduction in fatigue lifetime. The magnitude of these effects depends
strongly on the actual distribution of loads around the hole and the coefficient of
friction between the pin and the lug.
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SUMMARY

An application of linear elastic fracture mechanics to 3-dimensional crack growth prediction was develop-
ed in two phases. In the first phase finite element techniques for accurate stress intensity calculation were
evaluated. In the second phase, treated in the underlying paper, corner flaw growth during constant-amplitude
fatigue testing was studied. A lifetime prediction algorithm was developed based on investigated crack beha-
viour as a function of calculated instantaneous stress intensity distribution along the crack boundary.
Finally, as an example lifetime predictions are given. Comparison of such results with other data, both from
experiments and from the literature showed very acceptable agreement.

1. INTRODUCTION

Cracks emanating from holes in aircraft structural components mostly start at the intersection of a
surface and a bore wall. Cracks of this type develop both in size and shape under fatigue load. It is stated
that during a considerable part of its total fatigue lifetime, the crack is small with respect to the local
thickness of the plate or structural component. In the present paper corner cracks are considered with sizes
between 0.1 and 1.0 times the local thickness. The cracked structure is treated es a three-dimensional configu-
ration with plane cracks. The cracks have curved boundaries and the shape of the boundary is described by more
than two free parameters essentially.

The characteristics of the stress intensity (K-) distributions of such cracks are studied using the
Finite Element technique (1,2) or, if available, data from the literature (3,4).

Concerning crack growth prediction, and using Paris' law application, the variation in local K-values
causes various local crack growth velocities and, consequently, the crack size and shape changes during its
growth. It appeared that K-distributions change Instantly by crack shape variation. An algorithm is develop-
ed making allowance for the change in K-distribution during each crack growth prediction step.

2. THE AK-CRACKGROWTH RELATIONSHIP FOR CONSTANT-AMPLITUDE LOADS

For considered low constant Amplitude loads Linear Elastic Fracture Mechanics can be applied, using the
stress intensity amplitude AK as a calibrated measure for crack growth velocity da/dN. The influence of crack
tip plasticity effects is incorporated in the calibration data obtained using the same stress amplitude ratio
R = amax/amin.

Also for short cracks# described in 3-d, available or obtained calibration data app-ared to be valid
however, within restrictions, as mentioned by Schijve (5) and Hodulac (6).
Calibration tests have to be performed using thick-walled specimens with a central crack and crack fronts
having a slight curvature (no shear lips).

In general, a proper regression to a number of In da/dN - InAK data is not adequately described by a
single straight line (Fig.l). However, for prediction application one may consider the regression line sec-
tioned into parts with constant gradients. So, within such parts an equation like Paris/law can be applied
easily for purposes of numerical integration of life time during incremented steps in crack size.

3. CALCULATION OF LOCAL AK-VALUES ON THE BOUDNDARY OF A PLANE CRACK

It is very essential for proper lifetime prediction that instantaneous K-distributions along subsequent
crack boundaries can be derived with high accuracy. In practice, K is calculated on a discrete number of nodes
of each subsequent (incremental) crack front variant. For simple configurations with a crack, the K-values
on quarter elliptical boundaries can be derived from data published (3,4). Data are available for a few dis-
crete values of plate thickness, bore diameter, and crack size parameters. The K-distrlbLit on is given for
a number of discrete points at such boundaries (figure 2). K-values for arbitrary parameters are derived by
linear interDolation. Accuracies obtained are within 2-4.

For arbitrary configurations and, or arbitrary crack shapes, no "databank" is available. K-values then
have to analysed by e.g. the finite element technique.

Special techniques are developed for application to Fracture Mechanics purposes, name?, the use of crack
tip elements and the application of virtual crack extensions.

Special crack tip elements can be used, or if possible, crack tip situated elements can be deformed (by
quarter node positioning) so that a local strain field singurarity is obtained at the crack boundary.

The virtual crack extension method (7) can be applied to accurate energy release rate calculations.
Several crack front virtual variants can be treated within only one solution.

Lokal Kivajues are found using the equation:

K 2 E I (1)I Iv 
2  

do 
I

for plane strain, in which

6V1 - (UT I 6Si1  u)/2 (2)

Here, dSI is the so-called stiffness derivative calculated for each local virtual variations 6aI of the
crack boundary.

K-values at local positions can also be derived using the known relationship between K and the local
r. Crack Opening Olsplacement (C.O.D.) value. This method appeared to be somewhat less accurate for coarse

meshes, as applied for the 3-d configurations.
(K values are In the same proportion to K-values as the applied remote stress amplitude Is to a remote

constant load of the finite element model).



4. THE MECHANISM OF THE BOUNDARY SIZE AND SHAPE DEVELOPMENT

Calculated AK-values of discrete points at one instantaneous crack front may differ considerably.
Therefore, because of the assumed relationship between the local AK-value and local crack growth velocity,
the crack shape may change rapidly during crack growth. However, cracks in practice show rather stable
crack shape development. It is shown (Fig.11) that crack shapes reproduce very well if no conditions that
may cause local delay are present (5,6).

The stability of crack shapes may be explained as follows. The occurrence of local deviations from the
stable crack shape causes a re-distribution of AK, resulting in a shape correction towards the stable one.
This is depicted in figure 3, showing the effect of local crack shape exceedance on AK-distributions.

During crack growth the local stress intensity (AK.), as a function of a local crack size parameter
(a.) can be described along a "path" intersecting subsequent crack boundaries perpendicularly (figure 4).
Thise AK. (a.)-functions, however appear to be interdependant. The rule of crack growth towards stable
shapes eifecis a shallower increase of relatively higher AK. -values and a steeper increase of the relative-
ly lower ones. AK-values tend to converge towards a narrow and on the AK(a) diagram (figure 5). The rules
mentioned above are successfully applied in a prediction algorithm which reckons with effects of shape de-
velopment,

5. A PREDICTION ALGORITHM BASED ON PREVIOUSLY DESCRIBED CRACK GROWTH BEHAVIOUR

5.1 Numerical integration of lifetime steps

For accurate prediction of crack behaviour the change of local AK-values during a prediction step has
to be taken into account. So, a set of local AK. (a.)-functions have to be estimated in accordance with
crack growth behaviour as described before. A global AK(a)-function is estimated as:

AK(a) = AK(a0 /a / /a0  (3)

for a node being positioned centrally at the crack front (i.e. node 2 of figure 4). The gradients of other
AK.(a.) - functions are estimated towards an assumed point of convergence in the AK(a)-diagram (figure 6).
Litetime increments5N are related to constant finite cracksize increments 6a by:

6N.. = da (CAKn (a..)) -l (4)

where C and n are the Paris' law constants derived from calibration, and AK(aij) is the local AK-value at
node i after the j th cracksize increment 6a and

a..= a. + (j -. 5) 6a (5)

Local crack extenson values da. are obtained by numerical integration of equation 4 until a certain value
dN:

k
dNi =jjl 6Ni a dN (6)

and simultaneously, along the local "path" (figure 7):

a.. = a. + j.6a (7)
IJ IO

until: dai  a ik - a.o (7a)

Crack size increments 6a are taken very small (ao. ). The value of the counter K will in general be
different for each node i after dN cycles. 0

It is noticed that da.-values are calculated for internal nodes only. The prediction of crack growth
velocity for crack front intersections at free surfaces is avoided.

Experience showed that the 3d-relation between derived AK and da/dN is not valid in a narrow zone along
free surfaces (see also ref.6). For relatively low stress maxima however, the 3-d crackgrowth behaviour ap-
peared to be dominant with respect to crack shape development control.

5.2 Stepwise verification of the predicted growth

A verification of AK-values is needed for the predicted new curve. If discrepancies between local
verified values and estimated values are within an accepted range (e.g.5%), the prediction can be continued
starting from the new boundary. Otherwise, shorter incremental steps have to be defined-this is not a real
problem if a databank Is available for effective verifications of the AK.-values.

If no databank is available for the configuration at hand, and a fitite element calculation is needed
for stepwise verification of the K-distribution, a better estimate of local AK.-a. gradients Isurgent . This
better "estimate" is obtained after a second prediction from the original boundary. This second prediction
uses updated AK (a)-gradients as found after the first verification (see line 1-4 on figures 8,9). Newly
verified AK values on this second predicted curve are in general not closer to estimated gradients (point
5, fig. 8,9). A very accurate AK gradient estimate is found now by Interpolation between two verified AK-
values and two estimated values for corresponding aI (crossing Intersection lines on the AK (a) diagram,
fig. 8,9).

This method necessitates two AK verificaLIon calculations per step, but relatively large steps can be

made (up to 50% of the Instantaneous crack size).

6. PROGRAMS FOR EASY CRACK GROWTH PREDICTION

The availability of reliable and detailed stress Intensity data from RaJu and Nenan's databank (3,4)
was the basis for some very practical Fortran routiras fot quick lifetime calculation of surface and corner
cracks.The principles of crack growth controlled by Internal nodes were applied successfully. Three

i l 1 ';" -
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basic cracked configurations are involved:(figure 10)
The surface crack;
Corner cracks at an unloaded hole;
Corner cracks at a pin-loaded hole. -3

Application of a correction factor 8 for finite width of the plate by Bowie (8) is involved:

' 1 1(DC (8)

cos 2 D-C

where C - 7ac/4t
Also crack growth at one side of a hole can be considered, or even unequal crack sizes on both sides, using
a correction factor CF supplied by Shah (9):

CF- / (D + C + C)/(D + 2C) (9)
where C - 1ac/2t and C

1  
1c/2t (Fig.1O).

Calculations may be started at any initial crack shape. During crack growth prediction, all initial
shapes develop towards stable shapes that belong to the specific configuration and load.

For applied pin-loads at a hole, the real load distribution in the bore during crack growth is not
known exactly and, thus, predictions based on the pin load databank are uncertain. Application to a lug con-
figuration demands a correction on S.I. data for the lug head shape instead of the long strip.

Correction of the databank values for both load distribution effects and shape effects may be derived
through restricted finite element calculations.

7. EXAMPLES

Many experimental lifetime measurement results are "checked" by application of the prediction routine
described, A useful reliability test of applied algorithm's is supplied using surface crack testing data
and crack shape markings (Fig.ll) available from former investigations. K data from finite ele-
ment analysis and from Newman's databank agreed within 2 percent. Predicted crack shapes agreed within
marking line thicknesses, so, the program reproduces stable shapes in the right way.
The lifetime of the short crack between crack initiation and the first marking was calculated as 145 kc
against 169 kc needed in the experiment. The lifetime between the first and the last marking (almost-thru
crack) was predicted as 152 kc against 164 kc needed in the experiment.

Examples of cornercrack predictions at one side and at both sides of the hole are shown in figures 12and
13.(01) . Experimental crack sizes and shapes shown some scattering (with respect to corresponding values
of the lifetime). Predicted crack sizes appear to lie reasonably between the extremes. Also predicted shapes
are reasonable however, in some cases crack shapes deviate from predicted elliptic shapes.

Available former calculated K-values for a lug configuration (10) were used for the derivation of
correction factors for the pin-loaded configurations, the third configuration of figure 9. Cronological
mapping of predicted crack fronts up to 25 kc is shown in figure 14. The corresponding specimen showed simi-
lar crack sizes after 18-24 kc.

8. CONCLUSIONS

-The knowledge of instantaneous AK distributions is indispensable for proper numerical prediction of
crack-size and -shape development. Reliable AK-values can be derived within 3-4% from a databank or by a
Finite Element technique.

-The accuracy of numerically predicted lifetimes is highly dependent on the reliability of ,alibration
data; material and load condition have to be the same for applied calibration tests.

-Reliable predictions of crack life during constant-amplitude loading within some restrictions can be
made within 10-15%. This level of accuracy can be seen as very acceptable for life-time pred;ction calcul-
ation.

9. RECOMMENDATIONS

Since the method offers the possibility to predict using S.I. data at internal points on the crack
boundary, arbitrary shapes can be treated by using sufficient nodes. Predictions using K-data on the surface
points, and 3-d calibration supplied wrong results in crack shapes.
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The United States Air Force requires that Air Force aircraft be designed to be durable.
This requirement necessitates an analytical demonstration that excessive cracking
within the airframe will not occur during the aircraft's design service life. In order
to predict the time at which excessive cracking occurs, an analysis is needed which is
capable of predicting the distribution of crack sizes within the airframe at any point
in time. Such an analysis was recently developed and is presented in this paper. The
durability analysis is based on a fracture mechanics philosophy, combining a probabilis-
tic format with a deterministic crack growth rate relationship. Essential elements of
the methodology are presented, with emphasis on the statistical representation of the
initial fatigue quality of the structure. The accuracy of the durability analysis is
demonstrated by correlating analytical predictions with experimental results of
a fighter full-scale test article as well as complex-splice specimens subjected to a
bomber load spectrum.

F I INTRODUCTION

The United States Air Force structural integrity requirements for metallic air-
frames are specified in Reference 1. Of particular importance are the damage tolerance
(Ref s. 2 and 3) and durability (Refs. 3 and 4) requirements. The damage tolerance
requirements ensure aircraft safety while the durability requirements minimize structural
maintenance costs and functional impairment problems. Both sets of requirements are

(necessary to ensure the operational readiness of Air Force aircraft.

This paper addresses the durability aspects of structural integrity. The durability
damage mode considered is fatigue cracking in fastener holes. This was found to be a
very prevalent form of degradation in aircraft structures (Ref. 5). Aircraft structural
durability involves many fastener holes in various components which are susceptible to
cracking in service. The associated structural maintenance costs are proportional to
the number of fastener holes requiring repair. Therefore, to assess the durability of
the structure or the extent of damage as a function of time, the entire population of
fastener holes must be considered. Thus, a statistical approach is best suited for4
quantifying the extent of damage as a function of time.

Various aspects of structural durability have been considered in the literature

(Refs. 6-27). Structural durability can be defined in many different ways. The most
appropriate definition is dependent on the particular aircraft considered. The crack

* sizes of interest are a function of the definition used. This paper considers relatively
small subcritical crack sizes which often affect durability. For example, 0.76 mm -
1.27 mmi (0.03 inch - 0.05 inch) radial cracks in fastener holes can affect functional
impairment, structural maintenance requirements, and life-cycle costs. Such cracks do

* not pose an immediate safety problem., However, if the fastener holes containing such
cracks are not repaired, economical repairs cannot be made when these cracks exceed a
limiting crack size. For example, a 0.76 sum - 1.27 mm radial crack in a fastener hole
cam be cleaned up by reaming the hole to the next nominal hole size. When the crack -

sizes exceed this economical repair limit, excessive maintenance and repair costs can
occur. Hence, an analysis is needed for predicting the extent of damage present at any
particular point in time. Such an analysis was recently developed (Refs. 11-16 and
18-27) and evaluated for load transfer coupon specimens (Refs. 11, 12, 15, 21, 22, and 27).



This paper presents the recently developed durability analysis methodology. The
methodology is based on a probabilistic fracture mechanics approach. The initial

S0 - fatigue quality of a structure is represented in a statistical manner by a distribution
of equivalent initial flaw sizes. These equivalent initial flaw sizes are grown
forward in time using a deterministic crack growth rate relationship. An evaluation is
made of the accuracy of the analysis by correlating analytical predictions with test
data for a fighter full-scale test article (Refs. 21 and 22) and complex splice speci-
mens subjected to a bomber load spectrum (Ref. 27).

II DURABILITY DESIGN REQUIREMENTS

Air Force durability design requirements for metallic airframes are presented in
References 1, 3 and 4. According to these requirements, the airframe must be designed
to have an economic life greater than the design service life. Furthermore, the
economic life must be demonstrated by analysis and test. The economic life analysis
must account for the effects of initial quality variations, material property vari-
ations and the design loads/environments.

The economic life of a structure is currently defined in only qualitative terms:
"... the occurrence of widespread damage which is uneconomical to repair and, if not
repaired, could cause functional problems affecting operational readiness" (Ref. 1).
There is no universal quantitative definition of "widespread damage" or acceptable
structural maintenance cost limits. Such limits are currently determined by the
contractor and the Air Force for the particular aircraft of interest. Durability
compliance standards are defined based on the results of the full-scale durability test
article.

III DURABILITY ANALYSIS CRITERIA

A. Durability Critical Parts Criteria

Criteria must be developed for determining which parts of an aircraft are
durability critical (i.e., which parts must be designed to meet the durability design
requirements). The durability critical parts criteria vary from aircraft to aircraft.
They are especially dependent on the definition of economic life for the particular
aircraft involved. A more detailed discussion of the durability critical parts criteria
is presented elsewhere (Ref. 12). A typical flow diagram for selecting which parts are
durability critical is presented in Fig. 1. In Fig. I, durability refers to the
ability of an airframe to resist cracking whereas damage tolerance refers to the
ability of an airframe to resist failure due to the presence of such cracks.

IESTABLISH MEN CINTERIA FD AAA

A,,LWAYS LONS,, 10 . Y.so

0URASIUTY ANAL R 180 0AMAS TKERAMC & WMAINL," AALYMES

so VAIAE YO ..RmA
~TPA OWERASLITY?

|RSLT COTO MOVE LEVEL? VI

} Figure 1 - Flow diagram for selecting durability criticalpat
partsE

a L



10-3

B. Economic Life Criteria

Criteria must be developed for determining the economic life of the particular
aircraft of interest. Similar to the durability critical parts criteria, economic life
criteria vary from aircraft to aircraft. They may be based on fastener hole repair
(e.g., reaming the damaged fastener hole to the next nominal hole size), functional
impairment (e.g., fuel leakage), residual strength, etc. Two promising analytical
formats for quantifying the economic life of an airframe are (1) the probability of
crack exceedance, and (2) cost ratio: repair cost/replacement cost. Both formats
require a durability analysis methodology capable of quantifying the extent of aircraft
structural damage as a function of service time. For example, assume the economic life
criteria are based on the number of fastener holes which cannot be economically repaired
(i.e., number of fastener holes with crack sizes equal to or greater than specified
size X ). Then an analytical format for quantifying economic life is presented in Fig.
2. in 1Fig. 2, P is the exceedance probability. More detailed discussions of economic
life criteria are presented elsewhere (Refs. 11, 12, 15, and 18).
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B. Initial Fatigue Quality

/0- 1. Initial Fatigue Quality Description

Initial fatigue quality IIFQ) defines the initial manufactured state of
a structural detail or details with respect to initial flaws in a part, component or
airframe prior to service. The IFQ for a group of replicate details is represented by
an equivalent initial flaw size (EIFS) distribution. An equivalent initial flaw is a
hypothetical crack assumed to exist in a detail prior to service. An equivalent
initial flaw size is the initial size of a hypothetical crack which would result in an
actual crack size at an actual point in time. An arbitrary crack size, a , is selected
which can be readily detected or which can be reliably observed fractogra~hically
following testing. The time required for an initial defect, of whatever type, to
become a fatigue crack of size ao is defined as the time-to-crack-initiation (TTCI).
Test results of TTCI and crack growth rates using coupon specimens are employed to
define the EIFS distribution. A conceptual description of the initial fatigue quality
model is shown in Fig. 3 (Refs. 11, 12, 15, 21). Once the EIFS distribution has been
defined for a group of details, a deterministic crack growth analysis is used to grow
the entire EIFS population to any service time T;thus determining the time-varying crack
size distribution in service (Fig. 4).

FTt t TTCI DISTRIBUTION

3o

OW

-Faio)(X) 00 EIFS MASTER CURVE

X -- EIFS DISTRIBUTI

TIME

Figure 3 - Initial fatigue quality model

2. Initial Fatigue Quality Model

A prototype initial fatigue quality (IFO) model has been previously
described for quantifying the EIFS distribution for structural details, such as fastener 4
holes (Refs. 11, 15, and 16). Such a model is conceptually described in Fig. 3. IFQ
model refinements and EIFS distributions for two model variations are summarized in the
following.

The TTCI distribution for coupon specimens is represented by the three-parameter
Weibull distribution, FT(t) (Refs. 11, 15 and 16).

FT(t) - P [T < tJ - 1 - exp [-( 3 t (1)
where T - TTCI, ao - shape parameter, $0 - scale parameter and e = lower bound TTCI. m

The three Weibull parameters (i.e n , B, E) are determined from fractography for
coupon specimens or other suitable te~t rXsults.



-?t

OiT) -P IIT)> xI

ti, T)

SERVICE CRACK GROWTH

L t_ ) .oi1&(01 bi  MASTER CURVE

yii (T)

EIFS DISTRIBUTION TIME

Figure 4 - Growth of EIFS distribution as function of time

4The crack growth rate in the small crack region is assumed to be of the following
form

= o0 (a(t)] b (2)

where Q and b are parameters depending on loading spectra, structural and material
propertes, etc.; a(t) is the crack size at time t. Other functional forms for the
crack growth rate could also be used. Equation 2 is used because of its simplicity and
general applicability for matching the crack growth data. A crack growth rate equation,
such as Eq. 2, is used to obtain the EIFS distribution through a transformation of the
TTCI distribution; hence both EIFS and TTCI are statistically compatible. EIFS distri-
butions are obtained using Eq. 2 for b # I (case I) and b - 1 (case II). The resulting
EIFS distribution for both cases are described below.

a. Case I (b # 1)

Integrating Eq. 2 from t - 0 to t - T, the relationship between the
initial crack size, a(0), and the reference crack size, a0 - a(T) for TTCI (flight
hours), is obtained,0

EIFS - a(0) - [a c + cQoT]-i/c (3)
where c- b-1

The SIPS cumulative distribution, P a(0J Wx, is obtained by combining Eqs. I and 3
as follows,

P AR) (X) Vxcp 0 ]O0 x xu (4)

i iX~x
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where

x- [a1 c + cQ0e] - I/c (5)

/06 0 0

is the upper bound of the EIFS distribution. The lower bound of the TTCI distribution,
E, for a given reference size, a0 , is obtained from Eq. 5 as follows:

C-1 0 [x c_- a c]; ao- XuCx -]; a~xu(6)

Equation 4 for F (x) can be simplified by substituting the expression for CQ0 c from
Eq. 5 into Eq. 4aAg)follows:

Fa(O) e - ; x < x (7)

= 1; x > x- u
b. Case II (b = 1)

Integrating Eq. 2 from t = 0 to t = T and considering b = 1, one obtains the
relationship between the initial crack size, a(0), and the reference crack size, a0 , as
follows

EIFS = a(0) = a0 exp (-Q0T) (8)

The EIFS cumulative distribution. F (x), is obtained by combining Eqs. 1 and 3
as follows:

Fa(0) (x = exp - x Q-x0 a; 0 < x < x (9)

=1i; x >X

where X is the upper bound of the EIFS distribution:u

xu = a0 exp (-Q0 ) (10)

The lower bound of TTCI distribution, c, for a given reference crack size, a0 , is
obtained from Eq. 10 as follows:

E: = n (a0/xu); a0  x

When each test specimen consists of Z fastener holes equally stressed and fractography
results are taken only for the fastener hole in each specimen which has the largest
crack size, the exponential exponents of Eqs. 1, 4, 7 and 9 should be multiplied by a
factor of 1/t (Ref. 22).

•3. Generic EIFS and Discussion of IFO Model

Intuitively, the EIFS cumulative distribution, F (x), should be only a func-
tion of the material and the manufacturing/fabricatioR' ocesses. As such, F (x)
(Eqs. 4, 7 and 9) should be independent of loading spectra, stress level, perOARt shear
load transfer through the fasteners, etc. If the same EIFS cumulative distribution is
valid for replicate fastener holes under different design conditions (e.g., loading
spectra, stress level, % load transfer, etc.), then the resulting F(Ab (x) is said to
be *generic". If F (x) is generic, then the crack growth damagg Agcumulation can
be calculated analyfiglly or numerically for different design conditions using the
EIFS distribution (Eqs. 4, 7 or 9).

. o The IFO model parameters, aO , 8 , , E , and b depend on the fractographic results.

Therefore, these parameters depend oR the c8 nditions used to generate the crack initia-
tion and crack growth data (e.g., material, loading spectra, stress level, etc). A

basic premise of the durability analysis method proposed is that Fa (x) can be det-
ermined from a given fractography Iata set or sets economically ana'fie resulting EIFS
distribution can be used for crack exceedance predictions for different loading spectra,

ijj



stress levels, % load transfer, etc. Encouraging results have been obtained to date
which suggest that such a basic premise appears to be promising. However, further /Q 7
study is required to evaluate the IFQ distributions using available fractographic
data generated in Ref. 23 and to assess the accuracy of the crack exceedance predic-
tions, p(i,T), under different design conditions.

For simplicity, suppose two sets of replicate specimens are tested using the same
loading spectrum but different stress levels. Using the fractographic results for each
data set, the respective TTCIs for a given a can be determined for each data set as
illustrated in Fig. 5. For the EIFS cumulatve distribution, F (x), to be "generic",
the TTCI distributions, F (t), for data sets I and 2 should trafl6rm into the same
EIFS distribution. From Eq. 9, the necessary conditions for a generic EIFS cumulative
distribution are for a0 and Q080 to be constants.

-{Faox)C = FT.(*)= FT2 (*.)

C2 /C 2Cal

TIME

Figure 5 - Generic EIFS condition

Investigations have shown that n is a material constant for a given type of
fastener hole and the product n0 appears to be the common denominator for linking
different fractographic data se s together on a common baseline. Although results to
date are very encouraging, futher research is required to evaluate and compare Q080
values for different fractographic data sets.

The EIFS distribution for case I (b # 1) and case II (b = 1) are given by Eqs. 7
and 9, respectively. In both cases, the EIFS cumulative distribution, F (x) is is
independent of the reference crack size, a , used to define the TTCI val, This
an important attribute of the IFQ distribution. The upper bound EIFS value in the IFQ
distribution, X , is either selected by the user or computed from Eq. 5 or 10. The
other parameterV (i.e., an, a0, E, Q and b) are determined from fractographic results
for coupon specimens or o~her suitable test results.

In previous work, Case I (b 0 1) has been considered (Refs. 11, 12, 16, 21, and
22). Fractographic results for protuding head (Ref. 33) and countersunk head (Ref. 23)
fasteners resulted in b values <1. When b is< 1.0, it is possible to obtain EIFS
values <0 using the original IFQ model. Mathematically, however, the original IFO
model can handle both positive and negative EIFS values, since the IFO model is simply
a mathematical tool" for predicting the probability of crack exceedance. An explanation
of the negative EIFS issue in terms of the original IFQ model and the crack initiation
process is given in Ref. 22.

At



There are certain advantages and disadvantages associated with the use of Case I
(b # 1) and Case II (b = 1) in Eq. 2. For example, the EIFS master curve for Case I
with two parameters Q and b 0 1 generally fit the selected fractographic crack size
range better than Cas9 II with a single parameter (Q , b = 1). However, the resulting
Q and b values must be on a comparable baseline when different fractography data sets
a~e considered. Since the resulting Q and b values affect the IFQ distribution, they
must be consistently defined. In Eq. 9, Q and b are shown to be strongly correlated
parameters (Ref. 19). Hence, for a given 9 there is likely to be a corresponding Q
and vice versa. Thus, for consistent IFQ results, the same b value may be determined
using pooled fractography results for different data sets.

When the one parameter form of Case II is used in Eq. 2 (i.e., Q , b = 1), the
"Q " value for one fractography data set is already comparable with tRe "Q0 " value for
another data set. Nevertheless, whichever form of Eq. 2 is used (i.e., Q, b # 1 or
Q0, b = 1) the resulting F (x) will be statistically compatible with he TTCI
distribution. Consequentl" ls long as the resulting F (x) is used in a consistent
manner, the same crack exceedance prediction will be obNA~ed.

C. Durability Analysis Procedures

The durability analysis procedures, described and discussed in detail elsewhere
(Refs. 15, 21 and 22), are summarized below for Case II (b = 1j. Similar expressions
can be developed for Case I (b = 1) using the same procedures.

(1) Divide the durability component into m stress regions where the maximum
stress in each region may be reasonably assumed to be equal for every location or
detail (e.g., fastener hole).

(2) Use the model shown in Fig. 3 and suitable fractography results to define the
EIFS distribution expressed in Eq. 9. Determine a0 and Q0 0 (Ref. 22). The x uselected
should be consistent with Eq. 10. s

(3) Determine for each stress region, the corresponding EIFS value, Yli(T), which
grows to crack size x at service time T as illustrated in Fig. 4 (Ref. 22). If
applicable fractograpny data are available for different stress levels and fractography
data pooling procedures are used, the crack growth rate expression in Eq. 12, where b. = 1,
can be integrated from a(O) = Yli(T) to a(T) = x, to obtain yli(r) in Eq. 13. 1

da(t) = Q [a(t)] b i
dt i (12)

yli(T) = x1 exp (-QiT) (13)

in which

Qi = Eoy (14)

is assumed to be a power function of the maximum applied stress 0, and C and Y are
constants to be determined from available fractography data.

If applicable fractographic results are not available for the desired design
conditions (e.g., load spectra, % load transfer, stress level, etc.), an analytic 1
crack growth program (e.g., Ref. 36) can be used to generate a "service crack growth
master curve" to determine yi (T) for a given x (Refs. 11 and 15). Wnen an analytical
crack growth program is used, y,. (T) must be determined in a manner which is consistent
with that used to determine the LIFS distribution from the fractographic test data.

(4) Compute the probability of crack exceedance for each stress region, i.e.,
p(i,T) - P[a(T) >x] = 1 - Fa(0) [Yli (T)J, using Eq. 9.

a 

t 4p (i,T) - 1 - exp [ x; 0 < Y/ iX u (15)

p(i,T) - 01 Yli(T) > xu
in which y IT) is given by Eq. 13, and Z is the scaling factor described previously
based on thi number of fastener holes per specimen used in the fractography data base.

. (5) The average number of details 9(i, T), and the standard deviation a(i, T) in
the ith stress region with a crack size greater than x at service time T are determined
using the binomial distribution and are expressed as f.llows:

H(i,T) - N P(iT) (16)

UT) - iP(iT) p(i, T)1/2 (1?)
MA
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in which N. denotes the total number of details in the ith stress region. The average
number of Aetails with a crack size exceeding x1 at the service time T for m stress /o-
regions, E (I), and its standard deviation, aL( ), can be computed using Eqs. 18 and
19.

m
L(T) = j N(i,r) (18)

i=l

m 2 ]1/2
OL(r) =| iu (ir)] (19)

Equations 18 and 19 can be used to quantify the extent of damage for a single detail, a
group of details, a part, a component, or an airframe. Upper and lower bounds for the
prediction can be estimated using r(T) tZG (T), where Z is the number of standard
deviations, i (t), from the mean, L(T). Eqbations 16 through 19 are valid if cracks in
each detail aPe relatively small and the growth of the largest crack in each detail is
not affected by cracks in neighboring details. Hence, the crack growth accumulation
for each detail is statistically independent (Refs. 11, 12, 15 and 21).

V. DURABILITY ANALYSIS DEMONSTRATIONS

A durability analysis of the lower wing skins of afighter is presented. Dura-
bility analysis results for complex-splice specimens subjected to a bomber load spectrum
are also presented. Both analyses are correlated with test data.

A. Fighter Lower Wing Skins

A durability analysis of the lower wing skins of a fighter durability
test article is presented to illustrate the methodology described. Analytical pre-
dictions of the extent of damage in each wing skin are presented in various formats,
and results are compared with observations from the tear-down inspection of the fighter
durability test article.

The fighter durability test article was tested to 16,000 flight hours (equivalent
to 2 service lives) using a 500-hour block spectrum. Each wing received the same
loading. Following the test, all fastener holes in the lower wing skins were inspected
using eddy current techniques. Fastener holes with crack indications were confirmed by
fractographic evaluation. The right hand and left hand lower wing skins were found to
have twenty six and seven fastener holes, respectively, with a crack size > 0.76 mm
(0.03 inch) at T = 16,000 flight hours.

A preliminary durability analysis for the fighter lower wing skins was presented
in Ref. 21. The preliminary analysis reflected: (1) fastener hole IFQ based on
fractographic results for protruding head fasteners, (2) crack growth rates for the IFQ
model based on Eq. 2 (b # 1), (3) three-parameter Weibull distribution used in the IFQ
model, (4) model parameters based on a single data set (one stress level, 400-hour
block spectrum, Ref. 33), (5) three stress regions considered for the lower wing skin,
and (6) an analytical crack growth program (Ref. 36) and the 500-hour block spectrum
were used to define the "service crack growth master curv for each stress region.

Essential features of the present analysis are: (1) fractographic results for
countersunk fasteners used to quantify IFQ (countersunk fasteners were used on the
fighter durability test article), (2) crack growth rates for the IFQ model based on Eq.
2 (b = 1), (3) three-parameter Weibull distribution used in the IFQ model, (4) model
parameters based on three different data sets (three stress levels, 400-hour block
spectrum) (5) lower wing skin divided into 10 stress regions, and (6) crack growth rate
parameter Q. defined for each stress region as a function of stress level a, determined
from available fractography data. There were no significant differences in the 400-hour
and 500-hour spectra.

The fighter lower wing skin was divided into ten stress regions as shown in Fig.
6. Applicable stress levels and the corresponding number of fastener holes in each
stress region are shown in Table 1. The stress levels for Zones I-IV were determined
using strain gage data in combination with finite element analyses. The stress levels
for Zones V, VII-IX were determined using a coarse grid finite element analysis and a
theoretical stress distribution for a circular hole in an infinite plate under uniaxialtension. The stress levels for Zones VI and X were determined from a fine grid finite
element analysis.

Fractographic results for three data sets (i.e., AFXLR4, AFXMR4, and AFXHR4) for
maximum stress levels of 220.7 MPa (32 ksi), 234.5 MPa (34 ksi), and 262.1 MPa (38 ksi)
were used to calibrate the IFQ model parameters. A 400-hour block load spectrum was
used. The AFX series specimens were designed for 15% load transfer. The specimens
were made of 7475-T7351 aluminum and contained two MS90353-08 (h dia.) blind, counter-
sunk rivets as shown in Fig. 7. All specimens reflect typical aircraft production
quality, tolerances and fastener fits. Nine specimens were tested per data set.
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Fgr 6 Stesnsfrfighter lower wing skin

STRESS LIMIT STRESS LEVEL, MPa (ksi) 9UMBER OF
ZONE FA'STENER HOLES

195.2 (26.3) 59

186.2 (27.0) 320

II167.6 (24.3) 680

IV 115.2 (16.7) 469

V 195.9 (28.4) 8

VI 201.4 (29.2) 30

vii 223.5 (32.4) 8

VIII 180.7 (26.2) 8

Ix 190.7 (26.2) 12

x 177.2 (25.7) 20
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Figure 7 - IFQ specimen

The crack growth rate parameter Q in Eq. 2 (b = 1) was determined for each of the
three AFX data sets. Q9 was determine

8 
from the fractographic results using a least-

square fit of Eq. 2 (Re . 22). A fractographic crack size range of 0.127 mm - 2.54 mm
40.005 inch - 0.10 inch) was used. An upper bound EIFS of X = 0.762 mm (0.03 inch)
was assumed for the IFQ distribution. Using Eq. 11 and the 

F
stimated Q values, the

corresponding lower bound of TTCI value, F, for each reference crack si~e, a0, was
determined for each data set. The results of Q0 and E are shown in Table 2.

Table 2 - Summary of IFQ model parameters for fighter spectrum

DATA UMAX a0  Q 0x10
4  

0 0
SET (MPa) (mm) (HRS

- ) (HRS) (HRS) QO 0

0.76 0 15,033 1.805

AFXLR4 220.7 1.27 1.201 4,253 12,916 1.551

2.54 10,025 13,421 1.612

0.76 0 1.823 8,721 1.777

AFXMR4 234.5 1.27 2.037 2,508 7,759 1.581

2.54 5,910 9,093 1.852

0.76 0 5,469 2.587

AFXHR4 262.1 1.27 4.731 1,079 5,098 2.412

2.54 2,545 4,598 2.179

POOLED 'o = 1.823, AVERAGE 
0 0 = 1.928

Fractographic results for the three AFX series data xftx werp combined tooether
to determine the corresponding *pooled n value using the following procedures.
Time-to-crack-initiation (TTCI) results f8r three different reference crack sizes (a =
0.762 mm, 1.27 mm and 2.54 mm) were used for each of the three data sets. The adjusgedTTCI data, i.e. , TTCI-E data for each reference crack size for each data set were normalized

using the corresponding average values (X). Results for the three data sets were
pooled together and the (TTCI-E )/X data were ranked in ascending order. Equation I
was transformed into a least-squares fit form for determining the pooled ao value (Ref.
22). The pooled value was found to be 1.823 (Table 2).

After determining a for the pooled data sets, the adjusted TTCI's for each
reference crack size for each data set were considered separately to determine the
corresponding n values (Ref. 22). These values are presented in Table 2. Also
summarized in Tble 2 are the QO80 values for the nine cases considered. For generic-0 0

ri At -iim m mm N EHl i~ii i



EIFS, the a and Q0B values should be constants. Average values of Q 0n = 1.928 and
= 1.823 age used f6r the present durability analysis. A plot of Q. versus 8 is

'hown in Fig. 8 for the three data sets considered (9 cases).

* 70

OR 
AFXHR4

4

if 1.928 (AVE)

4

I-
42 0 AFXMR4

or

z3
.O AFXLR4

0 . .76mm (0.03 INCH )
if * .. 27mm (0.05 INCH)

0 Q*'2.S4mm (0.10 INCH)

0.6
3 10 30

0(1000 HRS)

Figure 8 - Q versus B0 for fighter 400-hour load spectrum

The crack growth rate parameter Q. for the three data sets is plotted against the
applicable gross stress for each data ket in Fig. 9. Using a least-square fit (solid
line in Figure 9), the following expression is obtained for Qi as a function of stress
level when stress is bxpressed in ksi units:

Qi = 1.427 X 10- 16 G7.928 (20)

When stress is expressed in MPa units, the appropriate expression for Qi is as follows:

Qi = 3.2 X 10- 23 7.928 (21)

Equation 20 is used to estimate the Q value for each of the ten stress regions
shown in Fig. 6. 1

Crack exceedance predictions for the fighter lower wing skin were determined using
Eqs. 13, 15, and 20 as well as the following parameters: x = 0.762 au (0.03 inch),
(I = 1.823, 0 B = 1.928 (average), t - 4 and various T valUes. The results are pres-
eRted in vari~u? formats as described below.

The extent of damage predictions for the fighter lower wing skin are summarized in
Table 3 at T = 16000 flight hours for each of the ten stress regions shown in Fig. 6.
The number of fastener holes with a crack size >0.762 mm (0.03 inch), L(T), and the
standard deviationYL(T), was estimated to be 116 and 4.077, respectively. Based on
the test results for the right hand and left hand lower wing skins, an average of 16.5
fastener holes had a crack size >0.762 mm (0.03 inch) at T= 16000 hours. In Table 3,
the predicted extent of damage results track the average test results for the individual
stress regions very well.

In Fig. 10 the predicted percentages of crack exceedance versus fastener hole crack
size are plotted for the fighter lower wing skin at T - 16000 flight hours. Curves 1, 2
and 3 are based on L(T) x 100%/N*, [E(T) + ai (T)J x 100%/N* and [!(T) - 0L(T)] x 100%/N*,
respectively. L(T) and a (T) are defined by Eqs. 18 and 19, respectively. N* is the
total number of fastener ooles in the fighter lower wing skin (i.e., 1614 holes). Since

the number of fastener holes in each stress region is large, it is reasonable to approx-
imate the binomial distribution by the norpma isitriNition. The corremponAling exceeA4 nce
probabilities for curves 1, 2, 3 are shown in Fig. 10 in parentheses.

9.o i
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Figure 9 - versus gross stress for fighter 400-hour load spectrum

Table 3 - Durability analysis results for fighter lower wing
skin

NO. HOLES WITH a > 0.76 mm @ T = 16,000 [IRS

STRESS Qi x 104
REGION p(i,t ) PREDICTED TEST

N(i,T) ( N(i,r) R.H. WINC L.I1. WING AVERA.GE

I 0.4620 0.0426 2.5 1.547 7 0 3.5

II 0.3182 0.02182 6.9 2.598 7 2 4.5

III 0.1380 0.00480 3.3 1.812 4 1 2.5

IV 0.0071 0.00002 0.0 0 0 0

V 0.4751 0.0448 0.4 0.618 1 0 0.5

VI 0.5921 0.0662 1.9 1.332 5 1 3.0

VII 1.3504 0.2649 2.1 1.242 0 2 1.0

VIII 0.2507 0.0142 0.1 0.314 1 1 1.0

Ix 0.2507 0.0142 0.2 0.444 1 0 0.5

X 0.2152 0.0108 0.2 0.445 0 0 0

L(T) = 17.6, aL(0) 4.077, TOTAL TEST AVERAGE - 16.5

L(T .6, (

? I I i mmm m m mm
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Figure 10 - Percentage of crack exceedance versus crack size at 16,000

hours for 3 probability levels (fighter)

Test results for the right and left hand lower wing skin (at X1 = 0.762 mm and T =
16000 hours) are plotted as a circle and a square, respectively, in Fig. 10. Approxi-
mately 1.1% of the fastener holes in the fighter lower wing skin are predicted to have
a crack size > 0.762 mm (0.03 inch) at T = 16000 hourq. This compares with an average
of 1.02% baseU on test results for the right hand and left hand lower wing skins.

In Fig. 10, the predicted average percentage of crack exceedance decreases rapidly
for larger crack sizes. For example, the average percentage of crack exceedance for
the fighter lower wing skin decreases from approximately 1.1% at X1 = 0.762 mm (0.03 ")
to approximately 0.14% at X = 1.27 mm (0.05 inch). Crack exceedance predictions are
based on the service crack irowth master curve defined by Eqs. 13 and 14. A single
service crack growth master curve may not adequately fit the full range of desired
crack sizes for all crack exceedance predictions. For example, different service crack
growth master curves are required to fit two different crack size ranges as illustrated
in Fig. 11. Curve 1 and Curve 2 shown in Fig. 11 apply to crack size ranges A1 and A,
respectively. Crack exceedance predictions based on Curves 1 and 2 of Fig. 11 will
different for the same crack exceedance size, X. For example, p(i,T) predictions
based on Curve 2 for X1 , Ti' and X2 , T2 will be'larger than those based on Curve 1.

The extrapolation of crack exceedance predictions to larger crack sizes should be
consistent with the applicable crack growth process for given design conditions and the
crack exceedance crack size, X . Further research is needed to develop a better
understanding and confidence icrack exceedance predictions for different crack sizes,
materials, and design conditions.

Analytical predictions of the extent of damage are presented in Fig. 12 in an
exceedance probability format. In this case, the predicted number of fastener holes in
the fighter lower wing skin with a crack size > 0.762 mm (0.03 inch) are plotted as a
function of flight hours for different exceedance probability values (i.e., P - 0.05,
0.50, 0.95). The plots are based on Eq. 15, x = 0.762 n (0.03 inch), ao 0 1.823, Q0 %0
- 1.928 (average), 1- 4, N = 1614 fastener hoies, Z = i1.65 and LIT) tZa (t). For
example, at T - 16,000 houis,L (T) - 17.6 fastener holes and a (T) - 4.0 7. The upper
bound prediction L(T) + Zo (T), is approximately 24.3 fastenerholes. In other words,
there is a probability of b.05 that more than 24.3 fastener holes in the fighter lower

I- V '.T wing skin will have a crack size > 0.762 mm (0.03 inch) at 16000 flight hours. There
is a probability of 0.50 and 0.95, respectively, that more than 17.6 and 10.9 fastener
holes will have a crack size >0.762 m (0.03 inch) at T - 16000 flight hours. The
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average and upper/lower bound predictions for the fighter lower wing skin compare very
well with test results for the right hand and left hand lower wing skins at T 16000
flight hours (Fig. 12).

* 2
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Figure 11 -Service crack growth master curves for different crack
size ranges
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stress zone were all increased by the same percentage. The results shown in Fig. 13
can be used to assess the extent of damage as a function of stress level and flight

io _/,hours. This format is particularly useful for evaluating durability design tradeoffs
in terms of the extent of damaqe. For example, at T = 16000 flight hours approximately
1.1% ot the fastener holes in the fighter lower wing skin would be predicted to exceed
a crack size of0.762 mm (0.03 inch) for the baseline stress levels. If the baseline
stresses were increased to 1.1a and 1.2a, the predicted average percentage of holes
with a crack size > 0.762 mm (0.03 inch) would be approximately 4% and 12%, respectively.
This provides a quantitative measure of the structural durability as a function of
stress level and flight hours.

SYMBOLS

20.0. 0 R.H. LWR WING SKIN
a L.H. LWR WING SKIN) TEST RESULTS

- PREDICTED - . -
50% CONFIDENCE
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FLIGHT HOURS "

Figure 13 -Average percentage of holes with crack size > 0.76 mm
(0.03 inch) versus flight hours - stress level format
(fighter)

~B. Complex-Splice Specimens Subjected to Somber Load Spectrum

• . .- A durability analysis of complex-splice specimens subjected to a bomber load spectrum &
' ,, . is presented. Analytical predictions of the extent of damage in the specimens are , -

w_ -

__ ...... presented in various formats and compared with fractographic results. The analytical/
.o experimental results are summarized here and described in more detail in Re f. 27.

'= I, ":The complex-splice specimen geometry is presented in Fig. 14. The specimens were

Smade of 7475-T7351 aluminum plate and countersunk stool rivets. A bomber load spectrum
!# ; was applied. based on a simplified stress analyls and strain gage results, the
';' maximum gross stress in the outer rw of fastener holes at the fayng surface was



estimated to be 246.8 MPa (35.8 ksi). The eleven specimens were tested to two service

lifetimes (27,000 flight hours) or failure, whichever came first.

/ 7
22 PLACES

139.7 0 SYM /(Sw De A)

11.71 TYP 2 1. 3

i~. I

19.0 TYP I. Ik
1

SYM -143

__ _JLI,-
I I 4lt.3

r .-. 15

_r"* I F
-1.1i .Il4  - 3.01 1,2.710

MATERIAL: 7476-T7361 ALUMINUM

2.032 MAX

NOTE: ALL DIMENSIONS (mm)

DETAIL A

Figure 14 - Complex - splice specimen

After testing, all fastener holes in the outer rows were inspected. Fractography
was performed for the largest crack in each fastener hole in the outer rows. Twenty
five out of 110 fastener holes in the outer rows had a crack size >1.27 mm (.05 inch)
at 13,500 hours. Hence, 22.7% of the fastener holes in the outer rows had a crack size
>1.27 mm (.05 inch) at 13,500 hours.

The IFQ of the fastener holes was based on the fractographic results for nine data
sets and three different reference crack sizes. The specimens were made of 7475-T7351
aluminum and contained 2 countersunk rivets. Load transfer levels of 15S, 30% and 40%
were considered. All specimens had the same configuration (Fig. 7) with the same
overall length and basic test section dimensions. However, the lug end dimensions
varied depending on the amount of load transfer. Three maximum stress levels were
considered for each load transfer level.

A fractographic crack size range of 0.127 mm - 2.54 mm (0.005 inch - 0.1 inch) was
considered. An upper bound EIFS of Xu - 1.27 mm (0.05 inch) was assumed for the IFQ
distribution. A fractography scaling factor of I = 4 was used. The same data pooling
procedures were used which were previously described for the fighter demonstration.
The average a0 and Q0B0 values were found to be 2.702 and 2.823, respectively.
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The crack growth rate parameter Q. for the 9 data sets is plotted against
the applicable gross stress for each data set in Fig. 15. The solid line represents

1- the least-square best fit through the plot points. The dashed lines have the same
slope as the solid line and they encompass all the plot points. The corresponding
best-fit equation for Qi as a function of gross stress level when stress is expressed
in ksi units is as follows:

Qi = 6.151 X 10
- 1 3 C5.38

1  (22)

When stress is expressed in MPa units, the appropriate expression for Q is as follows:1

Qi 1.895 X 10- 17 G5.38 1  (23)
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Figure 15 Q Qi versus gross stress for bomber load spectrum

Crack exceedance predictions for the complex-splice specimens were determined
using Eqs. 13, 15, and 22. At T = 13,500 hours, an average of 9 fastener holes (8.3%) i 4
were predicted to exceed a crack size of 1.27 mm (0.05 inch). The test results showed
an average of 25 fastener holes (22.7%) exceeding a crack size of 1.27 mm (0.05 inch).
The difference in the predicted and test crack exceedances is attributed mainly to the
stress level used in the predictions. The actual stress level and distribution in the
outer row of fastener holes is far more complex, due to lateral bending effects, than
those considered for the damage assessment. The crack exceedance predictions are very |
sensitive to the gross applied stress level used. This is illustrated in Fig. 16. The

• , solid line represents average crack exceedance predictions for the gross stress level
" of 246.8 NPa (35.8 ksi) obtained using the simplified stress analysis approach. The-"
; dashed lines represent average crack exceedance predictions for other gross stress
.| levels. Also plotted as a single point is the average test crack exceedance at grs
S13,500 hours. it can be seen that if the gosapplied stress level used in the
1'" |predictions were 266.1 MPa (38.6 ksi) rather than 246.8 KPa (35.8 ksi), the predicted
i ,i crack exceedance at T- 13,500 hours would match the test results. Hence, a more;
1 accurate stress analysis could result in improved predictions.
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Other useful crack exceedance formats, previously discussed for the fighter demon-
stration, are presented in Figs. 17 and 18 for the complex-splice specimens.

SVI CONCLUSIONS AND DISCUSSIONS

I Probabilistic fracture mechanics methods for durability analysis have been described
I and demonstrated for both a full-scale fighter aircraft structure and for a complex

• splice subjected to a bomber spectrum. These methods can be used to analytically assure
compliance with the Air Force's durability design requirements. The analytical tools8

i described can be used to quantify the extent of damage as a function of the durability
design variables for structural details in a part, a component or airframe. Once the

_J economic life and durability critical parts criteria are established, the extent of
'i damage predictions can be used to assure design compliance with Air Force durabilityirequirements.

i An initial fatigue quality model can be used to define the EIFS cumulative distri-

bution using suitable fractographic results. Procedures and guidelines have been
I developed for determining the IFQ model parameters for pooled fractographic data sets
i and for scaling TTCI results. The parameters an and Q 0n provide the basis for putting

fractographic results on a common baseline for &uantif~i~g the initial fatigue quality.
For generic EIFS, an and Qn n should be constants for different fractographic data sets
(same material, fasgener t? R/fit, and drilling technique), loading spectra, stress
levels and percent load transfer. Encouraging results have been obtained to justify
the use of the same EIFS cumulative distribution for crack exceedance predictions for
different design conditions. Further research is required to confirm the IFQ distri-
butions for different materials, load spectra, stress levels, fastener types/diameters/

I .... fit, % load transfer, etc. A considerable amount of fractographc results exist which

need to be evaluated using the iro model.
~The effects of fretting, clamp-up, corrosion, size effect (scale-up from coupon to

1A" component), faying surface sealant, interference-fit fasteners, etc. on IPQ need to be

investigated. Also, the feaiility of using no-load transfer specimens with multiple
holes for quantifying the IrQ should be evaluated using spectrum and constant amplitude

, loading. This could provide an economical way to generate the fractographic results
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Theoretically, the IFQ model can be used to quantify the EIFS cumulative distri-
bution for various structural details as long as fractographic results are available
for the details to be included in the durability analysis. The IFQ model has been
evaluated using fractographic results for fastener holes. Suitable specimens and
guidelines need to be developed for generating crack initiation and crack growth
results for other details such as, cutouts, fillets, lugs, etc. Fractographic results
should be developed and evaluated for such details so that the durability analysis
methods described can be efficiently applied to different types of structural details
in typical aircraft structures.

The accuracy of crack exceedance predictions, based on the same EIFS cumulative
distribution, needs to be evaluated for different design conditions. Also, IFQ model
parameter sensitivity studies need to be performed to better understand the average
parameter values and variances and the impact of these parameters on the IFQ for
different fractographic data sets.

The durability analysis methodology was developed for crack exceedance predictions
for relatively small crack sizes (e.g., = 2.54 mm) in structural details. The largest
crack in each detail was assumed to be statistically independent to justify using the
binomial distribution for combining crack exceedance predictions for structural details.
If the largest crack in a given detail doesn't significantly affect the growth of
cracks in neighboring details, perhaps the proposed durability analysis methodology can
be extended to crack sizes >2.54 mm (0.10 inch). The simplistic crack growth rate
equation (Eq. 12) is not suitable for use in the crack exceedance predictions for crack
sizes>2.54 mm (0.10 inch). However, a general service crack growth master curve can be
generated under given design conditions which is valid for crack sizes >2.54 mm (Ref.
11, 12 15, and 22). Nevertheless, this approach has not been demonstrated in the
present study and further research is required to extend the probabilistic fracture
mechanics approach developed to larger crack sizes.

Two different F a (x) equations (i.e., Eqs. 7 and 9) were presented for represent-
ing the IFQ. Eithera~qation works but Eq. 9 is recommended for two reasons: (1) it
assures all EIFS'sin the IFQ distribution will be>0, and (2) the crack growth rate
parameter Q can be easily determined from the fractographic results and the resulting
Q values foP different data sets will be directly comparable. If Eq. 7 is used, a
c8 mmon b parameter (Eq. 2) must be imposed for different fractographic data sets to put
the Qn80 values on a comparable baseline. As long as b > i, all EIFS's in Eq. 7 will
be> > . Further studies are needed to evaluate the accuracy of these two Fa(O) (x)
equations.

The EIFS cumulative distribution, F ....(x), is independent of the reference crack
size, a This is illustrated in Eqs. 7aR 9. Therefore, the TTCI distribution for
different reference crack sizes will transform into a common Fa(0) Ix).

The IFQ model is simply a "mathematical tool" for quantifying the IFQ of structural
details. Therefore, the resulting EIFS's must be considered in the context of the IFQ
model and the fractographic results used to calibrate the model parameters. EIFS's
should be considered as hypothetical cracks used fc- crack exceedance predictions
rather than actual initial flaws per se.

Back extrapolations of fractographic data must be done consistently to put the
EIFS's on a common baseline for different data sets. Inconsistent EIFS results will be
obtained if the EIFS distribution is determined by back extrapolating the fractography
results for individual specimens and then fitting a statistical distribution to the
EIFS results for different data sets. Two problems result if this approach is used:
(1) the EIFS's are not on a common baseline for different data sets, and (2) the
resulting EIFS distribution is not statistically compatible with the TTCI distribution
and the fatigue wear out process. The resulting EIFS distribution should be
statistically compatible with the TTCI distribution. The IFQ model presented in this
paper satisfies this requirement.

Several useful applications of the durability analysis methodology developed are:
(1i The evaluation of durability design tradeoffs in terms of structural design variables,
(2) the evaluation of structural maintenance requirements before or after aircraft is A*
committed to service, and (3) the evaluation of aircraft user options affecting life-cycle-

Lcosts, structural maintenance requirements, and operational readiness.
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THE EFFECTS OF COMPRESSIVE OVERLOADS ON THE THRESHOLD STRESS INTENSITY FOR SHORT CRACKS
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0 SUMMARY

hihFatigue tests of smooth and notched specimens in which stress levels are relatively
hihand most of the fatigue life is spent at short crack lengths, have shown that the

compressive as well as the tensile part at a load cycle causes fatigue damage and that
oerloads significantly reduce fatigue life. crack propagation tests using longer cracks

and lower stress levels have, on the other hand, indicated that the compressive part of
the load cycle has little effect on crack growth and that tensile overloads are benefi-

Scial and delay crack growth.

In the present investigation, crack propagation specimens of an aluminum alloy are
subjected to continuous and periodic cycles having compressive stresses. Results indi-
cate that for a tension compression load cycle crack growth in the near threshold regime
is controlled by the tensile peak stress intensity and the compressive peak stress.
Compres:,ive loading significantly reduces the threshold intensity and increases crack
growth rate. Furthermore, periodic application of compressive overloads during zero to
maximum stress intensity tests is shown to drastically reduce the threshold stress inten-
sity for thousands of cycles following each overload application.

1. INTRODUCTION

Fatigue tests of smooth specimens in which a crack is initiated and propagated to a
length associated with the fracture of small samples, indicate that both the tensile and
compressive parts of the stress strain cycle affect fatigue life. On the other hand,
crack growth studies concerned with the propagation of longer cracks in larger specimens
usually at lower stress levels have generally shown that the compressive part of the load
cycle has little effect on crack propagation rate. The latter observation is consistent
with fracture mechanics concepts since cracks will close in compression and the stress
intensity will be zero. In fact crack closure measurements have shown that cracks open
only at a positive stress level so that part of the tension portion of the load cycle
also does not contribute to crack propagation. This concept has led to the use of pul-
sating tension cycles in reference tests to measure crack growth rates and the use of
only the tensile part of the load spectrum in fatigue crack growth analyses even if some
compressive loads are present. The difference in effectiveness of compressive loads
between smooth specimen tests and crack propagation tests has usually been explained by
attributing the effect of the compressive loads to crack initiation only. Recent work by
the authors [1-41 showing that short crack growth usually included in "crack initiation"
can be predicted from long crack data using fracture mechanics concepts, however, Sug-
gests that such a distinction between crack initiation and propagation might not be
valid. Several investigators [5-121 have indeed noted that the compressive portion of a
load cycle can increase fatigue crack propagation rates under some conditions.

Gurney, who tested centre-cracked mild steel plate at R = -1 and R - 0 concluded
that part of the compressive load in the alternating cycle was effective in crack propa-
gation. Crooker 161 found that in the high strength steels he examined, both crack
initiation and propagation were affected by the compressive portion of a fully reversed
load cycle. it was observed that for the same maximum applied stress, the number of
cycles to initiate a crack from a notch was less for R - -1 than for R - 0; also, the
crack growth curve at R = -1 was approximately parallel to that at R - 0 and 1.5 times
higher. Maddox et al [7] came to a similar conclusion while studying the stress ratio
effect on crack propagation in four structural steels, the stress ratios used ranged from
-4 to +0.67. Their results indicate that the crack growth rates at R - -1 varied from
1.65 to 2.5 times those at R - 0, the factor depending on the material. in all four
steels, the crack propagated more slowly at R - 0 than at any of the other positive or
negative R ratios investigated. These observations are similar to those obtained by
Sullivan and Crooker [81 in a 5 Ni-Cr-Mo-V steel. in addition, Haigh and Skelton [91
examined the effect of compressive loading during fatigue of a 0.50 Cr-Mo-V steel at 550
C and concluded that both in air and in vacuum, crack growth rates are always increased
by compressive loading. They also showed that it is possible to restart a fatigue crack
stopped at R - 0 by changing the stress ratio to R - -1. Their investigation was later
expanded by Haigh et al [101, who observed that the threshold stress intensity factor was
lower at R - -1 than at R - 0.

Limited work has been performed to study the effect of full or partial compressive
cycling on crack propagation in aluminum alloys. Hudson and Scardina (11,121 observed
that in 2024-T3 aluminum alloy, a fatigue crack grew faster at R - -1 than at R a 0.
However, in 7076-T6 aluminum alloy, the crack growth rate at values of R ranging from -1
to +0.8 were approximately the same, indicating that this material is relatively insensi- L
tive to compressive loads.



Recent work [13-161 has indicated that when applied continuously, the compressive
Ilipart of the load cycle can increase the steady state crack growth rates and also acceler-
I%4ate the propagation rates for subsequent smaller load or strain cycles. Conle and Topper

(13,141 and El Menoufy, Leipholz, and Topper (151 showed that in variable amplitude
straining of smooth specimens, large cycles increased the damage for subsequent smaller
cycles beyond that found in constant amplitude straining. They also noted in variable
amplitude that cycles whose amplitude fell far below the constant amplitude fatigue limit
contributed to damage. In addition, they showed that an equivalent strain-life curve
which gave correct damage summations for the variable amplitude tests, continued as an
approximately log linear extension of the low cycle portion of the strain-life curve to
levels well below the constant amplitude fatigue limit.

Topper and Au [161 hypothesized that since tensile overloads are known to delay
crack propagation, the above accelerations must be due to the compressive overloads in
the load spectrum. They found that in 2024-T351 aluminum alloy, continuous application
of load cycles with a compressive peak stress equal to about one half of the yield stress
reduced the peak tensile stress for threshold conditions by almost an order of magni-
tude. At high crack growth rates, the effect of the compressive part of the load cycle
diminished and there was little difference in crack growth rates between tests with a
high compressive stress and those in which the compressive stress was zero.

From the results of the aforementioned investigations, it is evident that compres-
sive loads may have an important influence on the fatigue crack initiation and propaga-
tion response of a material. Large compressive cycles can decrease the threshold stress
intensity and the fatigue limit of a material. If the magnitude of these compressive
cycles is sufficiently large, they may.accelerate crack growth for many cycles at lower
load levels. This study examines the effect of compressive loads on near-threshold crack
growth behavior in 2024-T351 aluminum alloy. The crack propagation response of the alumi-
num subjected to periodic applications of a single compressive cycle is also noted.

2. MATERIALS, TEST EQUIPMENT AND TEST TECHNIQUES

Crack propagation specimens with the geometries shown in Figure 1 were cut and
machined from 12.7 millimeter thick plates of 2024-T351 aluminum alloy. The specimen
surface was hand polished for ease of crack detection. A travelling microscope with a
0.025 mm resolution was used to measure crack growth; crack growth data were recorded
after the crack had grown out of the 2 mm cut and reached a length of approximately 5 mm.

Constant minimum peak stress (Smin) crack propagation tests were performed at room
temperature in an electrohydraulic testing system [13]. In the periodic overload crack
growth tests, the testing system was connected to a process control computer assisted by
some simple analogue computer circuits, as outlined in Reference [91]. The test frequen-
cies used in these tests ranged from 20 to 100 Hz, depending on the level of Smin* All
the data were obtained using the near-threshold crack propagation test technique guide-
line suggested by Bucci (14]. At the end of each test, the specimen fracture surface was
examined visually for crack tunnelling. A strain-gaged specimen was tested at an Smin
of -208 MPa to determine the amount of bending induced by high compressive loads, the
result showed that the induced bending stress remained negligible even when the crack was
long.
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3. EFFECT OF COMPRESSIVE LOAD ON CRACK GROWTH RATE 11-3
Figure 2 schematically represents the load pattern used in this study to investigate

the near-threshold crack growth behavior in 2024-T351 aluminum alloy under the influence
of compressive cycles. In each test, the compressive peak stress in each cycle was held
constant throughout, the tensile peak stress was progressively decreased and the maximum
threshold value of the positive threshold stress intensity, Kmaxth, for the chosen
Smin established when crack arrest occurred. Then the load was increased by a small
amount and K-increasing crack growth data were obtained when crack propagation resumed.

Figure 3 shows the K-increasing data for the aluminum tested at R = 0 (i.e. Smin =
0), and various negative Smin levels. All of the crack growth curves are sigmoidal in
shape except that the 'knee' portion is amplified as Smin becomes more negative. The
effect of Smin on Kmax is most pronounced near the threshold region and diminishes as
Kmax increases, eventually data for all values of Smin closely approach the R = 0
curve at approximately the same Kmax value of 11 MPa/m.
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Values of the threshold Kmax taken at a growth rate of 10-10 m per cycle from
Figure 3 are replotted versus the magnitude of minimum stress peak in Figure 4. The
relationship between Smin and Kmaxth is approximately linear for the values of

minimum stress investigated. This figure shows that an Smin of -208 MPa can reduce the
Kmaxth from 3.5 to 0.44 MPa/m - an eight-fold decrease. It is expected that the
decrease in Kmax h will level off at some positive value since crack extension is not
expected for a co 4letely compressive load cycle. However, investigation of this region
would require a specimen with a greater lateral stiffness than the one used in this
investigation.

4. TESTS WITH A CONSTANT MINIMUM LOAD AND MAXIMUM STRESS INTENSITY

Tests were performed to determine the extent to which crack length influenced the
growth rate. In these tests the minimum peak stress was held constant and the maximum
stress peak was decreased as the crack grew to maintain a constant maximum stress inten-
sity.

Figure 5 shows the results of a test at zero minimum load (R - 0) and a maximum
stress intensity of 6.6 MPa/m (twice the threshold stress intensity at R = 0). A con-
stant growth rate independent of crack length is observed. Data for a second test in
which the minimum peak stress was held at -208 MPa and the maximum stress intensity at
1.65 MPalm are also shown in the figure. Again, the crack growth rate remains constant as
crack length increases. Furthermore, the crack growth rate observed corresponds to that
found for the same Kmax and Smin in the constant minimum load K-increasing test shown
in Figure 3.

Figure 6 represents crack growth data for a specimen tested at a constant minimum
peak stress in which the maximum stress intensity was successively held constant for a
period of time at each of three values. No variation of growth rate with crack length is
evident at any of the Kmax levels and again the growth rates observed correspond to
those found in the constant Smint K-increasing test of Figure 3.

It appears then that steady crack growth rates are dependent on maximum stress
intensity and minimum peak stress but not on crack length.
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5. TESTS WITH A CONSTANT R RATIO

The two test series above indicate that when the minimum stress is held constant,
the crack growth rate remains constant and independent of crack length for a given value
of Kmax. The results also imply that each value of Smin would yield a separate crack

growth curve and that Kmx decreasing and Kmax increasing data would coincide if

Smin were held constant although the crack length changes throughout the test.

Threshold and crack growth data are, however, usually obtained from tests with a
constant R ratio (Smin/smax). In these tests the magnitude of the maximum and mini-
mum stress to yield a given Kmax value depend on the crack length. On the basis of the
above observations, it would be expected that data obtained in the constant R ratio tests

would not be unique since a given Kmax value could be combined with various minimum

stress levels in different tests and at different crack lengths in the same test when a
K-decreasing phase is followed by a K-increasing phase in a typical threshold test.

t t



Figure 7 shows the crack growth data obtained from tests in which Kmax was first
decreased and then increased at a constant R ratio. During the decreasing phase maximum II-5
and minimum stresses were decreased in the same ratio until crack arrest occurred. Then
both were increased slightly and held constant to obtain the K-increasing crack growth
data. Note that during this second phase Smi n also remained constant. The K-increasing
and K-decreasing curves do not coincide, indicating that data obtained in this way are
not unique. Unfortunately Smin has not generally been recognized as an important vari-
able and test data available In the literature usually specify only stress intensity and
R ratio. While this data is unique for the special case of R = 0 where the minimum
stress is zero, values for other R ratios can vary from investigation to investigation,
depending on the magnitude of minimum stress associated with a given stress intensity.
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6. PERIODIC SINGLE COMPRESSIVE OVERLOADS

Results presented so far show that the threshold value of maximum stress intensity
is decreased and crack growth rates increased in the near threshold region as the magni-
tude of continuously applied compressive stress cycles is increased. The next series of
tests examines the effect of periodic applications of a compressive overload on subse-
quent zero to tension cycles in the near threshold region.

Aluminum alley specimens were subjected to the intermittent overloads followed by
zero to tension load cycles shown schematically in Figure 8. The load spectrum was gener-
ated by a process control computer with the assistan e of some simple analog circuits.
Referring to Figure 8, n pulsating zero to tension cicles were applied to the specimen
between applications of each single compressive overload having a magnitude of 208 MPa.
Both n and the magnitude of the periodic compressive overload were held constant through-
out a test.

Figure 9 presents results from the tests on the aluminum alloy. The n - 1 curve
reproduces the data of Smin - -208 IPa of Figure 3 in which the compressive overload
accompanies each zero to tension cycle; the n = - curve reproduces the R - 0 zero to
maximum load test in which no overloads are applied. These define upper and lower bounds
for growth rate at all other n values. Somewhat unexpectedly results for the other tests
at n - 250, 500, 1000, 2000, 5000 and 50,000 fall close to one another. This indicates
that the effect of a single compressive overload in accelerating crack growth persists 4
for at least 50,000 cycles.

Attempts to detect fatigue striation differences between the various overload tests
and between these tests and the zero to maximum tension test by scanning microscopy were
not successful. No surface markings corresponding to the overloads could be observed on
the fracture surface.

DISCUSSION

Continuous application of compressive stress cycles decreases the threshold and
increases near threshold crack growth rates dramatically in the aluminum alloy examined.
The amount of the decrease in the maximum stress intensity at the threshold increases
with increasing compressive stress level. A compressive peak stress of 208 NPa (about 60
percent at the yield stress) results in an eightfold decrease in the threshold value of
maximum stress intensity.
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It appears that the variables controlling crack growth are maximum stress intensity
and minimum stress. When these two variables were held constant crack growth rates
remained constant as crack length increased. This suggests that the effect of compressive
stress should be similar for short and long cracks.

The present observations explain why previous investigations have generally found
the effect of compressive stresses to be much more pronounced in crack initiation (short
cracks) than in crack propagation (long cracks). in the former the stress levels neces-
sary to initiate a crack are of endurance limit magnitude. Threshold stress levels for
long cracks are much lower, Consequently, for long cracks the effect of compressive
stresses which is most pronounced in near threshold crack growth will be significant only
when compressive stress peaks are much greater in magnitude than the tensile stress peaks
(large negative R ratios), an unusual test condition. It is not, however, that compres-
sive stresses have less effect at greater crack lengths but that the tensile stresses,
because the controlling tensile variable is stress intensity, have an effect that
increases with length.

A plausible explanation for the effect of compression stress cycles on crack growth
is that during the compressive overload, metal behind the crack propping open the crack
and causing crack closure at positive load levels [19] is flattened and crack closure
loads are decreased. Residual stresses ahead of the crack tip may also be modified. This
explanation is consistent with the observation that crack growth rates remain constant
with increasing crack length when compressive peak stress and tensile peak stress inten-
sity are held constant. (Preliminary attempts to maintain constant crack growth rates
below the R = 0 threshold with constant minimum and maximum stress intensities eventually
resulted in crack arrest.)

The intermittent compressive overload tests show that at low growth rates, acceler-
ated crack growth and a lowered threshold stress intensity persist for a large number of
cycles following a compressive overload. Even after 50,000 cycles threshold values are
still greatly reduced. If the assumption that compressive overloads decrease crack clo-
sure loads is correct, a considerable period of crack growth is necessary to re-establish
steady state closure levels.

These results suggest that current methods of estimating crack growth rates in vari-
able amplitude fatigue tests may be seriously unconservative when the load history con-
tains large numbers of small cycles. Conditions in which short cracks grow out of
notches are often accompanied by high compressive stress cycles which can accelerate
crack growth during many subsequent small tensile stress cycles. Similar non conserva-
tive assumptions are included in editing of small cycles from variable amplitude load
histories. The present tests indicate that small cycles well below the constant ampli-
tude stress intensity threshold can cause crack growth following compressive overloads.
The previously noted results of Conle and Topper show that fatigue damage may indeed be
caused by small cycles well below the endurance limit in variable amplitude fatigue. Iw.. CONCLUSIONS
i. Continuously applied compressive overloads significantly reduced the threshold values

of peak stress intensity and accelerated near threshold crack growth rates in a
2024-T351 aluminum alloy.
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2. In the aluminum alloy tested, intermittent application of a single compressive over-
load reduced the threshold stress intensity and accelerated near threshold crack
growth rates for up to 50,000 small zero to tension cycles following the overload's "!
application.

3. Constant crack growth rates independent of crack length when compressive minimum
stress peak and maximum tensile stress intensity were held constant indicate that the
minimum stress associated with the compressive overload is the controlling variable
in determining the effect of overloads, rather than for instance, the minimum stress
intensity.
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CRACK PROPAGATION AT SHORT CRACK LENGTHS
UN4DER VARIABLE AMPLITUDE LOADING (2ND REPORT)
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9=1 SUMMARY

qcc An experimental programme was carried out to
investigate short crack anomalies whereby short cracks
propagate faster than long cracks at the same calculated
stress intensity factor. This paper is the second to be
issued on this programme and contains all results to date.
Fatigue tests were carried out on notched 2L65 aluminium
alloy specimens under constant and variable amplitude
loading. Measurements of corner cracks growing from
holes were taken down to crack lengths of 0.01mm using
replicas. Under constant amplitude loading short crack
anomalies were identified at zero mean stress but not at
R=O (zero to peak) loading. Under Gaussian random
loading much greater anomalies were identified. A
linear summation of constant amplitude crack rates to
predict those under Gaussian random loading gave
predictions that were too slow at short crack lengths
and too fast at longer crack lengths. It is suggested
that at short crack lengths, cracks remain open below
zero stress, due to the relatively large plastic zone.
The effect is particularly marked under variable amplitude
loading; high loads lower the crack closure stress and
accelerate crack growth, in contrast to long crack
behaviour.

1.* INTRODUCTION

Before crack growth prediction techniques based on fracture mechanics were developed, the fatigue life
of aircraft structure was determined from curves of life cycles to failure related to nominal stress and
stress concentration factor. Problems of durability and strength of fatigue damaged structures in service

* hastened the introduction of life assessment techniques based on the prediction of crack growth. The
notable example of a requirement for this is MIL SPEC 834441. In this document an initial flaw of ".005
(0.125mm) is assumed to exist at every hole. This flaw size is intended to take crack initiation am well
am propagation into account since it is in practice an equivalent initial flaw which, using current crack

* prediction techniques, gives a fatigue life which is equivalent to lives typical of service experience 2
.

However, there is some question as to whether conventionally-applied fracture mechanics will predict
X accurately crack rates at short crack lengths. In experimental investigations into crack growth rates and

growth thresholds at short crack lengths a number of investigators e-g. 3-6 have concluded that an anomaly
exists, typically for cracks shorter than about 0.25mm although individual investigators put this limit as I

k low as 0.1mm or as high as 0.5m. In nearly every case it was found that for short cracks, crack rates
were higher than for long cracks at the same calculated stress intensity factor. There is, then, the4
possibility that, since in most cases as considerable portion of crack growth life is obtained from the
growth at small crack sizes, conventionally applied fracture mechanics, between, say, 0.125mm and 0.25mm,
could greatly underestimate life. An improved understanding of short crack effects could be employed either
to modify crack growth prediction techniques or to provide a more certain base for the equivalent initial
flaw size.

This paper describes all the results to date, with discussion, from an investigation into crack
propagation at short crack lengths under constant and variable amplitude loading. GSm of this work has

been reported previously 7 where it was found that short crack anomalies were very marked under Gaussian
random loading but not so evident under constant amplitude loading. As described later in this paper it wasILZ7 thtteewr infcn aitosi h ansrse ple nteeririvsiainThis would be expected to effect the crack rate, an effect moat apparent in the constant amplitude data and

'A could explain why the short crack anomaly was not consistently observed. Fuirther tests under constant
amlitude loading using carefully controlled conditions are reported in this paper at two different stress e
ratios (R-0 and R-1I). The results of those tests support the hypothesis that short crack anomalies are
associated with crack cosure.



2. SPECIMEN AND MATERIAL

The test specimen used in this investigation was a centre-notched specimen as shown i,. ig.l. In
direct tension the stress concentration factor was calculated as 2.3. However, for the work described
in this paper the specimen was tested in four point bending and so the stress concentration factor was
slightly lower at 1.9. The material used was to specification BS 2L65 being the fully artificially-aged
version of a 4% Cu-Al alloy. Nominal chemical composition and tensile properties are given in Table 1.
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FIG i: Notched Specimen

3. FATIGUE TEST PROCEDURE

The specimens were tested in four point bending with the loads applied by steel rollers as shown in
Fig.i. By using this method fatigue cracks did not initiate down the bore of the hole. In any test up to
four cracks initiated reliably at the 'corners' of the 6.4mm diameter hole, as shown, and grew across the
plane faces A and/or B. The lengths of the cracks were monitored by replicas applied to the plane faces at
suitable intervals. Measurement of surface cracks in this case was found to be a good method of determining
the progress of the crack fronts since, as can be seen from Fig. 2 subsequent fractographic examination showed
that the cracks consistently approximated to quarter-circles up to crack lengths of about 2mm.

Variable amplitude loadings used were Gaussian random and FALSTAFF as illustrated in Figs.3a and 3b 4
respectively. The constant amplitude and Gaussian random tests were carried out in a 6OKN resonant fatigue
machine modified for random loading, as described previously

8
. FALSTAFF testing was carried out in a 100KN

electrohydraulic fatigue machine.

4. CALCULATION OF STRESS INTENSITY FACTORS

Recently a theoretical investigation into the influence of crack growth pattern on damage tolerance life
prediction was carried out

9 -10
. One of the configurations of structural element used for this exercise was

identical to that of the test section of the specimen in the present work. A stress intensity factor
solution was derived for the element under direct stress assuming quarter elliptical, including quarter
circular, cracks growing from the corners of the hole. The method started with the factor for an ellipse
embedded in an infinite solid, and then incorporated suitable adjustments for the presence of the hole and
the boundaries of the element. For the purpose of the current investigation the solution was modified to
account for the stress gradient due to the fact that the specimens were tested in bending.

or/
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FIG. 2: Fracture surface of failed specimen under Gaussian random loading

FIG. 3a: Gaussian narrow band random loading
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Fig.4 shows the derived stress intensity factors for the edge of the crack propagating along the bore
of the hole and also across the plane surface of the specimen. As can be seen the two solutions were close
together at the shortest crack length but at 1.5mm crack length the stress intensity factor for the surface
was calculated as about 66% greater than that down the bore. This is similar to a result obtained by Raju
and Newman

11 
for a similar configuration, but using finite elements. It would be expected, than, that the

crack front along the surface would propagate much faster than that along the bore, in conflict with the
observed quarter-circular shape of the cracks (Section 3). However, the prediction of crack growth with
curved crack front is not well understood. It has been demonstrated

1 0 
that, using calculated surface stress

intensity factors at each end of corner cracks to determine crack rates, and allowing the calculated crack
to develop into an ellipse, the resulting crack front shape tended to be too elongated. In the present work
the cracks were, as stated above, reliably quarter-circular up to 2mm length, which implied at first sight
relatively constant stress intensity factors around the crack front. It is well established, however, that
stress intensity factors vary around the fronts of quarter-circular cracks. This suggests that some average
value should be used in the analysis of the data although it should be appreciated that the configuration
in the present work was complex and the stress intensity factor solution could probably be improved.

In analysing the data it was decided to use for this paper the average of the calculated stress
intensity factors for the bore and the surface. in order to minimise errors crack rates were plotted in
this paper for crack lengths up to only about 1.5mm. However, the whole analysis was repeated using first
the calculated bore stress intensity factor and then that of the surface. No essential differences in the
patterns of the data which could affect the conclusions of this paper were noted in either case.

5. RESULTS AN4D DISCUSSIONS

Sections .5.1 to 5.7 present and discuss all the test results to date. The discussion from the previous
work

7 
is incorporated.

In Section 5.1 test resultg
7 

under constant amplitude loading at R=-l(zero mean stress) are presented
and discussed. Some evidence for short crack anomalies was found together with considerable scatter.

in Section 5.2 a mechanism for short crack anomalies involving crack closure is suggested. A consequence
of this is that such anomalies may be dependent on mean stress or residual stress. Accordingly, Section 5.2
describes the results of constant amplitude tests at R.-1 on specimen, which had been subjected to a series
of s tress -relieving loads prior to testing. The dependence of short crack anomalies on mean stress is
Investigated further in Section 5.3 with the results of tests at 11-0 (zero to tensile cycling).



tightening the rollers on the bending rig, no matter how careful the tightening procedure. It was

therefore decided to repeat the zero and tensile mean stress tests under better controlled conditions. The
test procedures and results are described in Sections 5.4 and 5.5 for the cases of R-O and R--1 respectively.
Section 5.5 also summarises the conclusions of the constant amplitude tests. Test results under Gaussian
random and FALSTAFF loading are described in Sections 5.6 and 5.7 respectively.

The fatigue test results are presented in Tables 2 and 3 for the cases of constant amplitude and
variable amplitude loading respectively.

5.1 Constant Amplitude Crack Propagation Results at R=-l (from Ref.7)

The data obtained from the replicas were plotted out in terms of length vs. cycles, and crack rates
were derived from these plots by drawing tangents manually and calculating the slope. Normally only one
such curve was obtained for each specimen as, under constant amplitude loading, in general only one crack
initiated per test. Fig.5 shows plots of crack rate vs. range of stress intensity factor OK. As is
conventional in this type of plot the value of &K used was the tensile part only, the compressive part
being ignored. Results are shown for the six different alternating stress levels applied to the specimens.
Note that the stress values should be multiplied by the stress concentration factor 1.9 to obtain uncracked
notch root stresses.
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lower ends. Out of the eleven curves plotted, five turned sharply to the left, three showed no great
tendency to turn and the three remaining tended to turn downwards. Such leftward turns, if occurring at
increasing higher crack rates for increasing net Lest stress values, indicate a short crack anomaly as
discussed in Section 1, where short cracks propagate faster than expected.
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Although it was not felt that a short crack anomaly was conclusively demonstrated from these results,
't was shown to be a possibility. Some supporting evidence for this can be seen by comparing Pearson's

1 2

long crack data plotted in Fig.6 with the present data. As can be seen the general slope of the present
data was considerably shallower than that of Pearson, and showed no tendency to turn over towards the crack
growth threshold for long cracks as measured by Frost

4 
and shown on Fig.5.

It was been suggested
13 

that short crack anomalies under constant amplitude loading can be explained
by crack closure. The closure of long cracks, tested at R--l, when load approaches zero, is well established.
It is argued that at short crack lengths the plastic zone is large compared with the crack length and props
it open so that it does not close until some way into compression. Thus the effective range of stress
intensity factor at short crack lengths is greater than at long and the crack propagates faster.

A consequence of the above explanation is that, under fully tensile loading, both long and short cracks
are open for the greater part of the stress range, and very little short crack anomaly would be expected.
Examination of Fig.6 shows that the two curves propagating fastest did not show the anomaly. If it is assumed
that these curves were effectively at a tensile (residual) mean stress due to manufacture then this is
consistent with the above explanation. For this reason the next two sections, 5.2 and 5.3, investigate the
effect of mean stress due to residual stresses and a change in mean stress respectively.

,'I



5.2 Constant amplitude crack propagation results at R=-l with "stress relieved"specimens - 7
On the basis of the model discussed in Section 5.1 it would be expected that specimens without

manufacturing residual stresses would show lower scatter and more consistent anomalies at R=-l than those
with residual stresses. To examine this hypothesis a number of specimens were subjected to a series of
stress relieving axial alternating preloads prior to testing in the bending configuration. The preloads
were applied at zero mean load and started with a load large enough to cause notch root plasticity.
Subsequent loads were gradually decayed to zero in a 20 step sequence. The magnitude of the highest load
was designed to cause plasticity at the notch root to a depth of 1.5mm using Howland's data

1 4
. The crack

propagation tests were carried out under the same conditions as described in Section 5.2 and are presented
in Fig.7. It can be seen from Fig.7 that all of the curves turn to the left at the short crack lengths.
However, it cannot be said that this trend was any more marked in this case than in Fig.6 or that scatter
was necessarily less. More data would be required for that.
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However, an discussed in Ref.4 and Section 7 the possibility exists that the anomalies were due to

residual stresses. A conclusion drawn from the tests described in this section was that residual stresses
were not, in this investigation, the cause of short crack anomalies because they were found in specimens
which had been cycled to be effectively stress fre at and near the root of the stress concentration.

5.3 Constant amplitude crack propagation results at R-O

These tests were carried out in order to investigate the hypothesis as discussed in Section 5.. thatthese under fully tensile loading would show a much reduced short crack anomaly. The test results are
presented in Fig. 8 and were all at R-O.

A comparison with Fig.6 shows two noteworthy differences. First, an suggested in Section 5.1, there,I



were no indications of any anomalous behaviour at short crack lengths. All the curves turned downwards at
the bottom.
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the original R=-l results (Fig.6) but similar to that shown in Fig.8 under the same loading conditions.
This probably reflects that fact that mean load control for this data in Fig.8 was fortuitously good and/or
that variations in mean load are not as important at R=O as at R=-l (see 5.3).

Out of nine test results plotted in Fig.9 only one showed any indication of the short crack anomaly.
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5.5 Constant amplitude test results at R-1 with strain gauged specimens

The results described in this section and presented in Fig. 10 should be compared with those presented
in Fig.6, in that the test conditions were the same except that the mean stress was controlled better for
the present tests.

For R--l it was found that, even with careful shimming and adjustment, when all eight rollers were
used significant mean loads could still be induced during tightening. Each specimen tested in this section
had a strain gauge attached to the net section away from the notch. The specimen was installed in the rig
and the rollers tightened carefully, ensuring that the strain gauge output remained at zero. After the
rollers were tightened, the strain gauge was removed using dimethylformamide and the surface of the specimen
cleaned so that replicas could be used on the surface.

A comparison with Fig.6 shows that improving the mean stress control greatly reduced the scatter. The
degree of improvement implies that better mean stress control was more important than variations in mean
stress due to manufacturing residual stresses.

The overall picture of short crack anomalies under constant amplitude loading is shown by comparing all

the curves nominally at R-0 (rigs.0-9) with those nominally at 3t-I. Cut of fifteen curves at R-0 only one
(in Fig.9) showed any tendency to the anomaly and then only slightly. In contrast, twelve out of twenty-
three curves in ?igs.6, 7 amnd 10 at R-1 showd marked anomalous behaviouar. It is considered that this



difference is sufficient to verify the existence of the anomaly for constant amplitude loading. In the
earlier work, with only the results presented in Fig.6, the anomaly was not identified positively because
it was felt that the identified leftward turns could be due to scatter. However, the marked difference
in behaviour at R-O is sufficient to reject that possibility.
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As discussed earlier, the data was confused by the possibility of residual stresses and inaccurately
applied mean stresses and it may be that if stress relieved specimens were tested at R=-1 the anomaly would
be observed more consistently. However, this test condition was not investigated and is a subject for
further work.

The relative absence of anomalies at R-0 was predicted in the earlier report
7 
before the testing was

carried out, and it is concluded that this result supports the crack closure o'del outlined in Section 5.1.

5.6 Gaussian random crack propagation results at RI--l (frme Ref.7)

Fig. 11 shows crack rates for Gaussian random loading plotted in a fashion similar to that of the earlier

data in Fig.6. In Fig.ll the stress intensity plotted is the root mean square value corresponding to the
conventionally measured rms value of the waveform in the fatigue test. For the specimens under Gaussian
random loading commonly four cracks were monitored in each test. Crack initiation was much more consistent
than in the constant amplitude tests, a phenomenon which was attributed to reversed yielding which occurred
under the highest loads in the random spectrum at the notch root, and which would tend to negate any
inadvertent application of man stresses other than zero.

As can be seen from Fig.11, the correlation of crack rate with stress intensity factor was not good for
the data obtained at different stress levels. Although not completely consistent there was a strong trend
for cracks in specimns at the highest stresses to propagate fastest, i.e. at a given stress intensity the
shortest cracks propagate fastest.
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Thus it was concluded that a much stronger short crack anomaly existed for Gaussian random loading at
zero mean stress than for constant amplitude loading.

-3
10

-4
10

0

0
E /
EE ___ - --

0 -5 FIG.ll: Gaussian random
S1 0 . .crack rates at R=-l

L

X

U

10
1/ 4 IV I. Symbol Not ,mor

Wk (MN. m-2)

10
1 2

10 10 10

Stress intersity factor- r-ms K ( MN.m 1 " 5 )

5.7 FALSTAFF crack propagation results (from Ref.7)

Crack propagation data under FALSTAFF loading is plotted in Fig.12. The stress intensity factor plotted
is the peak value as calculated assminig no notch root plasticity. It should be appreciated that FALSTAFF
loading is predominantly tensile. However, in the present tests the highest loads were high enough to give
local yielding at the notch root. Therefore a residual stress would have been induced by the first applica-
tion of the highest load. This would have redaced the local mean stress in the region of the notch root and
hence slowed the crack growth rate. The cracks propagate through this region of lowered mean stress and the
crack rate would be expected to have been affected most at the shortest crack lengths where the magnitude of 4
the residual stress was at its greatest. This situation was in contrast to that for the Gaussian loading at
zero mean stress. Since Gaussian loading is symetrical it is to be expected that alternating plasticity
occurred under the highest tensile and compressive loads. This would have a stress-relieving effect and
ensure that propagation under the lower loads was, at least initially, in an effectively stress-free specimen.

As can be seen from Fig. 12, the data is somewhat limited, being only the results of two tests at the
same stress level. The significance of the results is best appreciated in relation to the predicted values,
as discussed in Section 6.2.

p ;

i mmFmmmm -'-mmmmmmm•m ama m



10

, 10

U

U

N --

E
S -- FIG.12: FALSTAFF crack rates

-7
'~100U I

E -T -V
L

U

-9

10

of, 39--. "

10 1 10

Stress intensity Factor peak K MN.m' 1.5

6. CUMULATIVE DAMAGE CAlCUIATIONS

6.1 Cumulative damage calculations for Gaussian random loading

The crack rate under Gaussian random loading was calculated from each set of constant amplitude data.
The method used was a simple linear summation of the constant amplitude levels weighted according to the
measured probability distribution of peaks in the random loading. Crack closure at zero load was assumed.
The mean curves used for the predictions are plotted in Figs. 5, 7-10. It was assumed that the curves cut
off sharply at the crack growth threshold. Predictions were made for two assumed threshold values, the
'long crack' and 'short crack' values measured by Frost4 (see Fig. 5).

As can be seen from Fig.13 the predictions from all sets of constant amplitude data are similar. The 4
prediction from the prestressed data has a shallower slope than the others, probably due to the limited data
available. The predictions also show very little difference between the two assumed thresholds. However,
at the shortest crack lengths, i.e. occurring with the lowest stress intensity factors and the highest net
surface stresses, all of the predictions greatly underestimate the crack rate. Conversely, at the longer
crack lengths (highest stress intensity and lowest net surface stresses) the crack rate was overestimated,
as is cmon for variable aiplitude loading at long crack lengths.meaurd robbiit dstrbuio ofpeksintherado lodig.Crck lour atzeo oa wa asued
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6.2 Cumulative damage calculations for FALSTAFF

Crack rates under FALSTAFF
1 5 

were calculated from thj constant amplitude data in Figs. 5, 7-10. The
method used was the same as for Gaussian loading (Section 6.1) except that there were additional considera-
tions which were due to the irregular nature of the waveform (see Fig. 3b). Before the cumulative damage
calculations were carried out rainflow counting

16 
was used to give a logical interpretation of the loading

sequence in terms of numbers of cycles at different mean and alternating stress levels. The cumulative
damage calculations were then carried out as before. Crack rates for individual cycles were determined as
those for the same stress intensity factor range. In Figs.5# 7-12 no extra allowance was made for mean
stress intensity factor. Compressive parts of any stress intensity factor range were ignored.

The calculated crack rates under FALSTAFF loading are compared with the experimental values in Fig. 14.
As before, predictions were made using the rate data in Figs.5, 7-10, but with the two assumed thresholds. A
In this case the effect of changing the assumed threshold value was rather more marked than for Gaussian
loading. However, over the entire range of the experimental data the measured rate was markedly slower than
any of the predictions.

In view of the limited nature of the data it was not possible to come to any firm conclusions as to the
presence, or otherwise, of short crack anomalies. The slopes of the curves suggested that any anomalies
were not as marked as for Gaussian random loading. However, for both specimens the curves, in a manner

• similar to that for constant amplitude loading, showed no tendency to turn downward at the lower ends

towards the threshold(s) as indicated by the predictions. This is particularly noteworthy in view of the
fact that the early stages of crack propagation would have been expected to show slow crack rates due to
the action of residual stresses.
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It was concluded that more data was required to establish with some certainty the presence of a short
crack anomaly under FALSTAFF for these tests. However, the limited data generally supported the existence
of such an anomaly.
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7. CONCLUDING DISCUSSION

Establishing and accounting for short crack anomalies is not a simple matter because the number of
variables is so large and difficult to control in a small thickness of material near the surface. For
instance, a marked short crack anomaly was found by Pearson

1 2 
in the same material as used in the present

investigation. Subsequently it was established that much, if not all, of the anomaly was due to initiation
at inclusions. The inclusions provided an extra stress concentration which accelerated the crack growtl at
short crack lengths. Pearson's specimens, as it happened, provided a relatively large area for cracks to
initiate by 'finding' suitable inclusions. Therefore his results are unlikely to apply to the present work
where the position of the initiated cracks was closely controlled. This example illustrates how difficult
it can be to take one investigation and apply the results generally, or even to compare the results of one
investigator with another. Both Pearson's results and those in the present investigation may be applicable
to structural fatigue, but in different situations.

The above provides one small example of the way the metallurgical state of metals near the point of
fatigue initiation can vary greatly from situation to situation. This is rarely accounted for by investi-
gators. Additional problem arise when residual stresses are considered, either induced by the loading or
present in the specimen before testing. In most practical situations where fatigue failures are liable to
occur, both aspects of residual stresses may be significant.

The question then has to be asked: how far were the results of the present investigation affected by
metallurgical factors and residual stresses? Also is it possible to account for short crack anomalies by
metallurgical factors and residual stresses only?
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Consider first the constant amplitude results. As described in Section 5.5 anomalies were positively
identified at R=-l but not at R-O. This makes it unlikely that metallurgical state near the surface, for j ,
example a work hardened layer due to machining,

17 
is responsible for the effect. If such a layer were to

accelerate crack growth at R=-1 it is difficult to see how this would not happen at R=O. A similar argument
applies for residual stresses. Additionally, as discussed in Section 5.2 the presence of the anomaly in
specimens which had been subjected to a stress-relieving prestress confirms that residual stresses were
not responsible.

Turning now to the results under Gaussian random loading, where, as discussed in Sections 5.6 and 6.1,
a very large anomaly was found, the question has to be asked as to whether it arose from the same causes
as the anomaly established under constant amplitude loading. This is by no means certain, particularly as
the difference in crack growth behaviour was very great, as illustrated by a comparison of Fig.13 with any
of the comparable sets of data obtained under constant amplitude loading. This very large difference in
behaviour between the two loading actions is illustrated in a different form in Fig. 15 which shows typical
curves of crack length vs. cycles over the entire life of constant amplitude and Gaussian specimens. As
can be seen, for bot cases, cracks of about 0.5mm were reached at just over 105 cycles. In the Gaussian
case the crack was detected first at less than 2x,0

4 
cycles, but in the constant amplitude case a crack was

detected at more than four times that number of cycles, accelerated past the Gaussian curve and failed well
before it. Returning to Fig. 15 it should be noted that, as can be deduced from Fig.6, long crack fracture
mechanics data would predict, for the constant amplitude loading, even quicker acceleration of growth rate
with length than was measured. The same data would predict for Gaussian loading a shape of curve similar
to that measured for constant amplitude loading.
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FIG.15: Comparison between shapes of crack length vs. number of cycles curves
under constant amplitude and Gaussian random loading

For Gaussian random loading, metallurgical state near the surface is unlikely to have been the cause
of the short crack anomaly. In this case the argument is that it is difficult t- see how such an effect
could have been so large for variable amplitude loading and not for constant am, litude. Residual stresses
can be eliminated as a cause because under Gaussian loading the highest and lowest loads in the waveform
gave rise to yielding in both directions, thus washing out any residual stresses. However, the alternating
plasticity due to the highest and lowest loads could be involved since it did not occur under constant
amplitude loading and could be the cause of the differences in behaviour under the two loading actions.

Having examined and rejected residual stresses and metallurgical state near the surface as possible
explanations for the short crack anomalies found in this investigation, both under constant and variable
amplitude loading, the model described in Section 5.1 will now be examined likewise. Essentially it suggests N
that crack closure occurs at stresses below zero for short cracks, because the crack is propped open by theplastic zone, which in this case is large compared with the crack length. As discussed in Section 5.5 it

was deduced in an earlier paper that if the above model were the correct one then anomalies would be very
much le for P-0 loading than for R--1. Virtually no such amnalies wore found subsequently at R- in the
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present investigation, thus supporting the model for constant amplitude loading. Sm ieteiec'
linking short crack anomalies with crack closure was given in a recent review' '. In tests on 52N6 steel,
where cracks were initiated from saw cuts under constant amplitude loading at R=-l, it was found that at
crack lengths less than about lam the crack was open for about 80% of the stress range. This reduced
progressively as the crack increased in length, until for a crack length of 3mm the crack was open for
slightly less than 50% of the stress range. This value was maintained for crack lengths of up to 30mm.
Although the material and method of initiation were very different from that in the present work and so
the results are not necessarily applicable, such behaviour is entirely consistent with the model described
above and could account for the anomalies found in the present work under constant amplitude loading.

Returning to the results under Gaussian random loading, it can be argued as follows that the crack
closure model can explain also the large anomaly found under these conditions. Crack closure is well
established as a controlling mechanism in fatigue crack propagation under variable amplitude loading

2
0.

Measurements have shown
2

l that for long cracks, when cycling is changed from a high alternating stress
level to a low one the crack closure stress first is lowered, corresponding to a momentary increase in the
crack rate and then rises, giving a retardation of the crack rate. The overall effect is that of a
retardation and it is believed that under variable amplitude loading the observed retardation in crack
rate which occurs when larger loads are introduced into the loading sequence is due to the effect of the
highest loads on the crack closure stress under subsequent loads of lower amplitude. This leads normally
to variable amplitude crack rates being measured which are markedly slower than those predicted using the
linear summation method as described in Section 6.1. For the short crack case, if the model described
earlier for short crack anomalies is accepted, then it is likely that response of the crack to high loads
will differ from that at long cracks. Under constant amplitude loading it was argued that the plastic
zone, being large compared with the crack length, holds the crack open until some way into compression,
i.e. lowers the crack closure stress. For the Gaussian random case, as stated above, the highest loads
give general yielding at the notch root and are likely to give a much larger plastic zone than under constant
amplitude loading. If this has the same effect as under constant amplitude loading then the raising of the
crack closure stress and retardation of the crack rate is unlikely to occur as at longer crack lengths. As
discussed in Section 6.1 and shown in Fig.13, crack rates measured tended to be faster than predicted by a
linear summation of constant amplitude crack rates. This was particularly marked at the shortest crack
length, i.e. lowest stress intensity factor and highest rms stress (104 Mm

2
). Under this condition cracks

were propagating a factor of 10 faster then predicted. This is consistent with the large plastic zone
created by the largest loads in the Gaussian sequence inhibiting crack closure under subsequent lower loads
and hence being damaging. This extra effect of the high loads explains the greater anomaly in the Guassian
case and the fact that achieved rates tended to be faster than predicted. At longer crack lengths achieved
rates tended to be slower than predicted, in line with the generally accepted beneficial effect of crack
closure at a higher stress.

The FALSTAFF test results shown in Fig.14 and discussed in Section 6.2 are rather more complex to
analyse than those under Gaussian loading because of the existence of another variable, the redistribution
of stresses near the stress concentration, due to the highest loads in the sequence. Unlike Gaussian
loading FALSTAFF is predominantly tensile, so a compressive residual stress would have developed near the
stress concentration. This would be expected to slow the crack at the shortest crack lengths and tend to
act in opposition to any short crack anomaly. As can be seen from Fig. 14 the limited data suggested that
anomalies were present but not to the same extent as for Gaussian loading. Also the achieved crack rates
were all slower than predicted, in marked contrast to the picture under Gaussian loading. Thus the local
redistribution of stresses could explain the differences in behaviour under the two variable amplitude
loading actions. However, more work will be necessary to verify this.

8. CONCLUSIONS

An experimental programme has been carried out to investigate short crack anomalies whereby short cracks
propagate faster than long cracks at the same calculated stress intensity factor. Fatigue tests were
carried out on notched 2L65 aluminium alloy specimens under constant amplitude, Gaussian random and FALSTAFF
loading. Crack propagation measurements were teken down to crack lengths of 0.01mm using replicas. The
following conclusions were drawn:

(1) Under constant asplitude loading short crack anomalies were identified positively at zero mean stress.
For fully repeated loading however they were almost completely absent.

(2) under Gaussian random loading marked anomalies were identified. A linear summation of constant
amplitude crack rates predicted rates that were too slow at short crack lengths and too fast at longer
crack lengths.

(3) It is suggested that the explanation for such anomalies is that at short crack lengths, cracks remain
open below zero stress, due to the relatively large plastic zone. The effect is particularly marked
under variable amplitude loading; high loads lower the crack closure stress and accelerate crack growth,
in contrast to long crack behaviour.
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TABLE 1

/ / 3 NOMINAL MECHANICAL PROPERTIES AND CHEMICAL COMPOSITION OF MATERIAL

Specification BS 2L65

MECHANICAL PROPERTIES

0.1% Proof Stress U.T.S. Elongation

MN/m
2  

MN/m
2  

%

371 432 8

CHEMICAL COMPOSITION

Cu Mg Si Fe Mn Zn Ni Ti

0.32 0.66 0.77 0.30 0.73 0.04 0.04 0.03

Balance Aluminium

TABLE 2

CONSTANT AMPLITUDE TEST LIVES TO FAILURE

Results from Ref.7 (R=-) Results of Strain Gauged Tests (R=-l)

Peak Net Peak Net
Spec.No. Surface Stress Life Spec.No. Surface Stress Life

(MNm-
2
) (cycles) (mm

-2
) (cycles)

35 147 5.56 5

27 184 1.36 5 W0817 147 3.67 5

25 184 2.28 5

34 129 8.94 5 W0815 147 4.16 5

29 165 1.64 5 ff0901 184 1.18 5

30 147 1.92 5

28 184 1.24 5 W0814 147 3.73 5

26 221 7.52 4

31 129 3.53 5

24 184 6.90 5

Results of R=O Tests Results of R=O (Half Rig)

Peak Net Peak Net
S1ec.No. Surface Stress Life Spec.No. Surface Stress Life

(MNm
-
) (cycles) (MNm

-z
) (cycles)

W0803 184 6.91 4 W0907 156 1.90 5

W0818 156 1.81 5

W0205 184 1.29 5 W0710 193 1.31 5

ff10 84105W0908 193 1.125
0W915 193 1.33 5

W0905 136 3.21 5
Results of Tests with Stress Relief(R--l) W0910 156 1.85 5

Peak Net

Surface Stress Life
(O'W) (cycles)

P1 184 1.81 5

P2 147 2.24

P3 147 3.78 5

t.3
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TABLE 3

VARIABLE AMPLITUDE TEST LIVES TO FAILURE (REF. 7)

Gaussian Narrow Band Random Loading (R=-1)

RMS Net
S Surface Stress Life

(MNm
-2

) (cycles)

39 65 7.22 5

16 78 1.26 6

17 78 8.70 5

42 85 2.52 5

38 91 2.12 5

22 91 1.94 5

20 91 2.46 5

19 91 2.27 5

41 104 1.18 5

FALSTAFF Loading

Peak Net
Spec.No. Surface Stress Life

(MNm
- 2

) (cycles)

7 390 7.96 6

8 390 5.53 6

Ii

7.Wt.u.
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Summary

Several phenomena are discussed concerning creep-fatigue effects on crack
initiation and propagation in notched 7075-T651 aluminum at room temperature.
Background data show complete creep ruptures of smooth specimens in a time of

106 s at stresses about equal to the yield strength. Creep rate under a constant
load decreases in the first half of the life and increases in the second half.
In notched specimens (Kr= 4) tensile overloads with hold times result in addi-

tional extensions of the fatigue life beyond that of brief overloads. <- dA Tlio0
extensions in life are 33%, 44% and 55%, for 100% initial overloads with hold

times of 102 s, 103 s and 104 s, respectively. In specimens with part-through
short cracks, the overload causes no crack extension, and it temporarily decreases
the fatigue crack propagation rate. In specimens with through short cracks, the
overload causes a distinct tunneling rupture during hold times of 100 s and 500 s,
and a temporary retardation of the fatigue crack propagation rate.

Introduction

In this paper several phenomena are discussed concerning creep-fatigue effects on crack initiation and
propagation in notched 7075-T651 aluminum at room temperature. Simple loading spectra involving overloads
and hold times are used in the experiments. It is well known that overloads can alter the fatigue life of
a notched member because of residual stresses generated in the plastic zone. Overloads with hold times
have received little attention, in part because the possibility of creep in structural metals at room temp-
erature is commonly ignored. However, such creep may occur altering the service life of a member.

Carroll (1) investigated the behavior of notched 7075-T651 aluminum plates, applying overloads, or
overload-underload combinations, or sustained underload hold period immediately following the overload-
underload combination. He found that the sustained underload hold periods shortened the fatigue life, and
concluded that a hold period in any combination with an overload or underload would affect the residual
stress (by creep and stress relaxation) in the plastic zone. McGee and Hsu (2) investigated crack growth
in notched 2219-T851 aluminum plates, applying overloads, underloads, overload-underload combinations, and
hold times at either overloads or underloads. They concluded that the underloads following overloads would
decrease the retardation effect of the overloads, that underloads preceding overloads would have no effect,
that hold periods in tension would increase the fatigue life, and that hold periods in compression would
decrease the fatigue life.

The changes in fatigue life caused by hold times can be explained using the concept of localized creep
strain. Freed and Sandor (3) determined that creep occurs in the plastic zones of notched steel and alum-
inum plates cyclically loaded with a mean stress at room temperature. The creep strain can be of the same
order of magnitude as the cyclic plastic strains. In the case of an overload with hold time, there is a
localized, time-dependent deformation which increases the residual stress upon unloading with respect to
that of a brief overload.

Background information for the present investigation is obtained from monotonic tension tests of
smooth specimens. The results are presented schematically in the first five figures which are based on
extensive data provided by Freed and Duchon (4). In each specimen the longitudinal direction and loading
axis coincide with the rolling direction of the plate. Figure 1 shows that the 7075-T651 alloy has a bi-
linear stress-strain curve with nearly flat-top yielding. On the average, yield and ultimate stren ths
are ay = 515 MPa and ou = 580 MPa, respectively. Quite unexpectedly, dilatation vs. true stress ?Fig. 2)

is also bilinear. This implies the existence of triaxial stresses in a uniaxially loaded notched member
(caused by volume change differences), and it complicates future analytical work concerning notched
members. Figure 3 shows two typical curves for creep at room temperature. Stress vs. time to fracture is
sketched in Fig. 4. When the stress is slightly above the yield strength, the time to fracture is about h
106 s (about 12 days). Fracture data at stresses below ay are not yet available, but several test re-

sults show that creep occurs at stresses as low as 207 MPa at 29
0
C (5). Creep rate vs. t and stress

relaxation rate vs. t are shown in Fig. 5. It is remarkable that a long period of decreasing creep rate
may lead to an increasing creep rate culminating in fracture.

Experiments with Notched Specimens

t ..) The plate specimens of 7075-T651 aluminum are 6.4 mm thick, 25 mm wide, and 64 m long between grips.
Each specimen has a circular notch on one side with a theoretical stress concentration factor of 4. All
tests are performed at room temperature in an electro-hydraulic, servo-controlled testing system. Load
control is used at a frequency of 20 Hz. Crack length measurements are made with an accuracy of ± 0.06 mm
by microscopically observing the crack tip location against a reference grid on the specimen surface.

Several tests are performed to determine base-line crack propagation rates and fatigue life under
constant amplitude loading, with limits of 2.2 kN and 18 kH, both in tension. The fatigue crack is first
observed between 8000 and 15,000 cycles, and the average fatigue life is 22,000 cycles. A typical test is

illustrated by curve A in Fig. 6.



I?2 A group of tests is performed with 100% tensile overloads (36 kN) applied initially as in Fig. 6.
The hold time to ranges from I s (the time for loading and immediate unloading) to 10~ s. The brief

overloads (t 0 1 s) extend the fatigue life by about six times (Figs. 6 and 7), which is an expectable

result. Hold times ranging from 10 2S to Inl s cause additional extensions of fatigue life as seen in
Figs. 6 anl 7. In Fig. 7 the overloads with brief hold time (to = 1 s) are used for reference data.

There is considerable scatter in the results, but the averages are nearly on a straight line. The addi-

tional extensions in life are 33%, 44%, and 55'w, for l00% overloads with hold times of 10 2 S, l0 3 s, and

10 4 s, respectively. This phenomenon is most likely caused by localized creep at the notch root during
the held overload, resulting in an increased compressive residual stress upon unloading.

The effects of brief overloads applied in various sequences are shown in Fig. 8. Here Curve A from
Fig. 6 is reproduced for comparison. Curve B indicates that an overload applied at about N fA/2  is
almost as beneficial as an initial overload if no cracks are present at the time of the overload. Curve
C represents three different loading patterns as summarized in Table 1. C 1  is an average test with a

single initial overload of to = 1 s (Fig. 7). C 2  is the same as C1 , with a second overload applied at

4 2= 65,000 cycles, where N, is the approximate expected fatigue life with a brief initial tensile
overload. The second overload seems to be ineffective even though the specimen is not cracked at Ni2
Ten identical overloads applied initially (curve C 3) are also ineffective in comparison with one initial

overload. This is in contrast to the results of Hudson and Raju (6) who found a much greater delay in
crack growth in the same metal for ten initial cycles than for a single one. The reason for the differ-
ence is not known; probably the size of the plastic zone is a significant parameter.

Compressive overloads are detrimental as expected. In Fig. 9 Curve A is again reproduced from Fig.
6 for comparison. Curve D shows that an initial compressive overload reduces the fatigue life but not
drastically. Curves E and F show that tensile overloads applied at about N i/2  eliminate the harmful

effect of the initial compressive overload. Nj is the approximate expected fatigue life with a brief

initial compressive overload. Note that part-through small cracks present in specimens E and F when
I the tensile overloads are applied (Table 1) cause no crack extension (Fig. 9).

Crack growth with tensile overloads applied to fatigue cracked specimens i s illustrated in Fig. 10.
Curves G and H are for specimens that have part-through short cracks when the overloads are applied.
These cause no immediate crack extension, but a retardation in crack propagation rate (note that H shows
rapid fatigue crack growth before the delayed propagation). There are through cracks present in specimens
I and J when the overloads are applied. These cause a time dependent crack extension in the middle of
each specimen but none on the surfaces. This tunneling is observed after final fracture (a sharply de-
fined, dark gray area between the light gray fatigue fracture surfaces). The maximum central crack advance
during the overload is about 0.3 mm for to .100 s, and about 1.3 me for to = 500 s. A similar tunnel-

ing rupture has been previously reported only for Gatorized IN-l00, a nickel based superalloy (7). Remark-
ably, resumption of fatigue loading in specimens I and J causes rapid crack growth at first, followed
by a retardation in crack propagation rate. The number of delay cycles is the same, about 14,000, for the
four specimens in Fig. 10. Thus, noting the similarities in final crack propagation rates, the differences
in fatigue lives are due to different crack initiation lives, not to crack shapes, crack lengths (within
about 2 mm), and hold times. These results are similar to those for specimens E and F in Fig. 9
(10,000 delay cycles for combinations of compressive and tensile overloads). The extent of scatter in the
experiments involving cracked specimens is not yet known.

In conclusion, a given tensile overload with hold time is not necessarily equally beneficial in all
cases. Three situations are distinguished in this work: a) No crack; a 100% overload, with hold times

up to l0 4 s investigated, is beneficial for a member with a round notch; b) Pattru h short crack; the
overload causes no crack extension, and it temporarily decreases the fatigue cric propagjation rate;
c) Through short crack; the overload causes a distinct tunneling rupture during hold times of 100 s and
500 s, and a temporary retardation of the fatigue crack propagation rate. Work continues to investigate
these phenomena.
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Table I

13-3
a Nf

Curve Loading Crack length Fatigue life (cycles)

before overload (mm)

A constant amplitude 22,000

B T overload @ N = 11,000 0 102,400

C CI: T OL initially 0 128,100

(represents C2 : T OL initially 0

three T OL @ N = 65,000 0 129,400

tests) C3 : 10 cycles of T OL initially 0 129,700

0 C OL initially 0 14,100

E C OL initially, 0

T OL @ N = 7000 0.38 (part-through crack) 20,500

F C OL initially, 0

T OL (to = 100 s) @ N = 8500 crack at notch center 23,400

G T OL @ N = 25,000 0.32 (part-through crack) 52,100

H T OL @ N - 14,500 0.25 (part-through crack) 40,700

to = 1000 s

I T O1 @ N = 9000 1.4 (through crack) 33,000

to -100 s

J T OL @ N = 9500 0.25 (through crack) 33,400

to -500 s

40

Notes: For any test, a - 2.2 kN, b = 18 kN, c = 36 kN,

T * tension, C - compression, N - cycles,

OL - overload, to - 1 s unless otherwise noted

Ts in tigation was partially supported by Lockheed-Georgia Company.
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A h I'UDY OF SMALL CRACK GROWTH UNDER
TRANSPORT SPECTRUM LOADING /1/-I

by

ccD. Y. Wang

Douglas Aircraft Company
0McDonnell Douglas Corporation

3855 Lakewood Blvd.
Long Beach. California 90846

SUMMARY

This paper describes a study of microcrack growth and statistical fatigue in terms of the initial quality of fastener holes in aluminum
alloy. A special test procedure was used to obtain a statistically large sample of data under spectrum loading by testing a specimen con-
taining 24 holes with maximum of 48 fatigue data sets. A total of seven specimens was tested. Small crack measurements were taken by
fractography and surface observation. Marker cycles, which were designed to be part of the spectrum, served the intinded purpose of
identifying crack origin and microcrack growth rates using a scanning electron microscope. The phenomena of small crack growth have
been analyzed from the extensive data. The essential physical defects in 2024-T3 and 7075-T6 aluminum alloys as origins of micro-
fatigue cracking are the inclusions and tool marks.

INTRODUCTION

Analysis of fatigue crack propagation is utilized in the durability assessment of aircraft structure. A current specification, MIL-A-83444,
requires that an equivalent initial flaw be assumed to exist in every fastener hole as a result of manufacturing and processing operations
on material and structure. Damage tolerance requirements specify that small cracks of particular shape and length should not propagate
to a critical size within the projected lifetime of a part. In practical cases, some failed airframe parts do show extensive crack growth
during their service lives. Fairly rapid crack growth can be detected in the latter part of fatigue life. The small microcrack growth and
the process of crack initiation occur during most of the fatigue life. Our understanding of small microcrack growth behavior is limited
mainly because of the scale factor. The chance of finding a crack in a part increases with its size.

The range of a practical equivalent initial flaw size (EIFS) to be used for engineering analysis has been of great interest in the last several
years. Several investigations have been conducted to define the statistical quantity of EIFS distribution in order to assess damage toler-
ance of military aircraft under the present military requirements (References I through 4). The general procedure for developing EIFS
data consists of backward extrapolation of the crack growth curve to the zero cycle of loading. The experimental curves have been
developed through regressive analysis of fractographic test data. However, it is not an easy task to obtain experimental crack growth
curves to zero cycle from a non-precracked specimen. Instead, the experimental curves were correlated to the analytical curves, and
the analytical curves were extrapolated to define the EIFS values.

It has been shown in the quality assessment in Reference I that EIFS values may be obtained through regressive analysis of experi-
mental data only. In theory, EIFS should represent fastener hole surfaces of manufacturing quality independent ofsecondary variables,
such as the types of load spectrum, stress level, material, and fastening system. These are the parameters that require further research.

The objective of this research is to investigate microcrack growth behavior and to assess EIFS distribution for production-quality fas-
tener holes under a relatively long4ife transport load spectrum. The statistical distribution has been established by using large quanti-
ties of test data developed in this investigation.

S
EXPERIMENTS

PROCEDURE

The test was conducted at Douglas Aircraft Company in a I 00,000-pound (45,200 kg) MTS machine under uniaxial cyclic loadings. The
loading was controlled by a computer preprogrammed for spectrum loads. Figure I shows the overall view of the test setup with speci-
men. A set of 0.5-in. (1 2.7 mm) steel plate buckling gutides was clamped on both sides of the specimen to prevent buckling during the
compressive ground load in spectrum.

The spectrum load tests were chosen for their representation of actual service loading conditions. The sequential loading characteristic
also serves as a crack growth maker. The basic spectrum for the open hole specimens is a typical, simplified transport spectrum for a
lower wing. A detailed description of the loads spectrum is presented in Reference 5 as the BS6.MISCG Spectrum. Figure 2 presents
the loading profile of a flight, and Figure 3 shows the sequence of high peak loads in a repeat of the spectrum, which consisted of
3,843 flights. These high peak loads are arranged in such a way that the markers corresponding to the peaks are always identifiable in
the fracture surface to the accumulated flight number.

The test specimens reported in this paper consist of the different configurations of 2024-T3 and 7075-T6 aluminum alloy sheet. The
descriptions are listed in Table I. The fastener holes were fabricated in the Manufacturing department.
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FIGURE 1. SPECTRUM LOAD FATIGUE TEST SETUP FOR 24 MULTIPLE-DETAIL SPECIMENS
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FIGURE 4. VIEW OF MULTIPLE-HOLE SPECIMEN AND THE TOOLING RIG FOR DRILLING THE HOLES

built-in scale such as shown in Figure I(b). During the inspection, the specimen was under a positive static mean load to keep cracks
open. Cracking usually occurred at the edge of the hole normal to the loading direction. A complete inspection of the 24 details
required 96 discrete surveys, which included four per hole and two spots on each face.

A special procedure was developed to remove the cracked details when surface lengths exceeded 0.125 in. (3.18 mm). The procedure
requires the use of a modified hole saw that makes a 0.75-in. (19 mm) cookie-shaped cut symmetrically about the center of the hole.
Figure 5 illustrates a cookie-cut operation; Figure 6 shows a typical example of a cracked detail cut from the specimen. The 0.75-in.
(19 mm) cookie-shaped hole in the specimen was then reamed to remove the rough surface and fitted with an interference fit plug to
prevent cracking during further testing.
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FRACTURE SURFACE -SPLIT
CRACKED HOLE CUT FROM SPECIMEN FROM CRACKED DETAIL

FIGURE6. TYPICAL EXAMPLE OF CRACKED HOLE CUT FROM 2024-T3 SPECIMEN

RESULTS

FRACTOGRAPHIC DATA

In designing the spectrum load program, the marker cycles are built-in so that fatigue crack growth from the smallest scale may be
identified in the fracture surfaces. The marker cycles that register identifiable markings on the fracture surface consist of repeatable
infrequent high loads. Figure 3 shows a typical sequence of high peak stress and the corresponding markers on a fracture surface. The
width of the striations resolvable under a scanning electron microscope is inversely proportional to the magnification up to a certain
limit; i.e., a smaller width can be resolved only at a higher magnification.

In regions of very slow crack progression, only striations corresponding to the highest peak loads are resolvable. The markers provide
a road map of the rate of crack growth in terms of the change in crack growth at a given interval of flights.

Fractographic observations provide two types of data, the rate of crack growth at various crack depths, and the pattern of crack pro-
gression from the origin of fatigue crack initiation. The physical origins of crack growth are particularly important from the stand-
point of initial quality of the material and manufacturing process.

The identification of various types of common surface defects that result from the manufacture of the hole or from the combination
of defects in the material with surface finish imperfections is an important part of defining fatigue quality. Some defects are more
sensitive to fatigue cracking than others. Our approach is to examine the defects that are associated with cracking. This can be a byprod-
uct of identifying the origin of the microcracks. The defects are observed along the bore of the hole at the edge of the fracture surface
and the edge of the fracture plane where microcracks start and slowly grow (Figure 7).

The mechanical defects consist of various forms of tool marks. The material defects in 2024-T3 and 7075-T6 aluminum alloy are the
insoluble constituent particles (inclusions). Some typical defects are described in Figures 7 through 10.
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FIGURE U. VIEW OF SOME FATIGUE CRACK ORIGINS
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FIGURE 10. FRACTURED INCLUSIONS AND MARKERS RINGED AROUND THEM CORRESPONDING TO VERY SLOW CRACK GROWTH

Figures 7 (a) and (b) illustrate a typical surface of a microfatigue crack of about 0.01-in. depth in a semicircular fan shape. The radiat-
ing lines, corresponding to folding liaes of a fan, are "fracture traces." They are ridges on the fracture surface reflecting a change in ele-
vations of local planes. These lines converge toward the origin of an expanding crack front. The marker cycles and striations observable
under higher magnification are roughly normal to the fracture traces. Figure 7(c) shows the origin of microcrack growth from an inter-
cepting hole surface and Figures 8 through 10 show some typical microcrack origins. An easily identifiable origin is an inclusion sur-
rounded by rings of markers. In many cases, the inclusions cracked in a very brittle mode, as shown in the flat cleavage plane. However,
many of the specimens surveyed do not contain well-defined markers at crack origins. The absence of the markers may have been a re-
suit of opposite surfaces rubbing against each other in subsequent cycling.

The rates of growth in microfatigue cracks, or cracks less than 0.01 in. (0.254 mm) long, were measured by counting the spacing of
the marker cycles. These markers unequivocally represent crack growth under the highest peak load cycles. The distance between the
markers was generated from crack growth of repetitive flights of the lower peak loads. The proof can be shown by matching the se-
quence of alternating marker spacing and the pattern of the high-load sequence in the spectrum (Figure 3). In the region of very slow
crack growth at the origin, only the highest peak loads are resolvable under a high magnification. Nevertheless, the sequence of alter-
nating spacings was similar, although on a smaller scale.

The microcrack growth curve may be derived from experimental data. Figure I I(b) shows a plot of microcrack growth versus the num-
ber of flights for a crack less than 0.0015 in. (0.038 mm) in length. Figure I I(a) shows the corresponding fractograph from which the
marker cycle data were taken. In this case, it was quite easy to construct the growth curve by assuming that the surface of the bore, as
the reference for the crack length, equaled zero, and that the interior edge of the inclusion at the first marker was the initial data point.
As the crack grows away from its origin, the rate appears to increase exponentially. The markers are spaced further apart and become
more difficult to locate then when they are situated closely together.

CRACK MEASUREMENTS

The crack growth rate measurements were taken by two methods, fractography and optical recording of the surface crack length during
the test. The fractographic measurements were made only in the selected samples among various configurations of the specimens tested
because of the time-consuming nature of the operation. Some of the results have already been presented in the preceding section. The
surface crack length measurements of every crack were recorded during the tests.
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I1 lih'ilt range ol' crack growth curves call and have been derived by Iractograpitic nieans in a selected case, although tis is timte-
cn01nS1iimiiig. Figure 12 shows the c xperintentally derived crack growth curves for a 7075-T6 open hole and a 2024-T3 tilled hole starting/ .gat about 0.001 itt. (0.0254 tinl). These two curves have been constructed by integrating the representative growth rate shown onl the
fracture surface along the path ol crack growth. Part of the tractographic records used to measure growth rates at sonic crack length is
shown in l-igures 13 and 14, respectively. for fihe above two Curves. Several views ot' thle fatigue f'racture surface are shown at variouN
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FIGURE 13. THREE-VIEW OF FATIGUE CRACK PLANE AND MARKERS FROM A CORNER ORIGIN IN A SilO-IN. (.3"-m) ?@WTI
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FIGURE 14. FOUR-VIEW OF A FATIGUE CRACK GROWTH PLANE AND MARKERS FROM AN ORIGIN IN A 0.250-IN. (6.35-mm) 2024-T3
COUNTERSINK HOLE WITH CLEARANCE FIT SCREW

magnifications in these figures to display the physical size of the crack. The low-magnification views show the overall crack shape
and size, and the high-magnification views show the microcrack at the origin. Figure 15 shows the plots of crack growth per flight,
Aa/Af, along the maximum crack depth. These rates have been reduced from continuous series of fractographs of various magnifications
where the distance between the interval of marker cycles for a given spectrum of flights was measured at various crack depths. The data
show the rate of growth increasing with crack length on a log4og scale. Figure 16 shows the experimental crack growth curve for a
2024-T3 open hole crack obtained directly by counting the marker spacings along the path of the maximum crack length.

Quantitative surface crack growth data were recorded from surface measurements of each detail in every specimen, as discussed in the
section on procedure. For convenience, any surface crack length readily measurable with a 30X binocular is defined as a macrocrack,
roughly 0.010 in. (0.254 mm) and up. The separation of micro- from macrocrack growth is an arbitrary decision. The surface crack
length rarely coincides with the maximum crack length in the interior except for the comer crack. The relationship depends on the
shape of the crack front, which, in turn, depends on the locations of microcracks and the number of microcracks which develop into a
dominant macrocrack front. Figure 17 shows a typical macrocrack progression pattern that was constructed by using the surface crack
length data and a regressive count of the markers on the fracture surfaces along the path of the maximum crack length. The profile of
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FIGURE 17. PLOT OF A TYPICAL INTERIOR MACROCRACK PROGRESSION PATTERN

the progressive crack front was constructed by connecting the front and back surfaces (both faces) of the crack lengths through appro-
priate marker locations at the particular flight number. The spacing of the profile lines does not represent the crack growth rate because
it was not taken at a fixed interval of flight. However, the marker spacings shown do reflect crack growth under repeated sequences of
spectrum loads (Figure 3). Figure 13 shows the fractographic view of a typical corner crack starting from the edge of a countersink
open hole. The pattern of macrocrack progression markers is clearly defined. The surface crack length is almost equal to the maximum
crack length.

STATISTICAL DATA

The statistical data of surface crack length at 0.1 in. (2.54 mm) were derived from raw data and were adjusted to normalize the results.
Since the removal of the cracked hole is dictated by the first of the two possible cracks in a hole reaching 0. 125 in. (3.18 mm) and the
crack on the other side is small, the 0. 1 0-in. (2.54 mm) crack life of the short crack is a projected value. The procedure involves adding
the interval of macrocrack life from 0.010 to 0.10 in. (0.254 to 2.54 mm) to the short crack i.e., the interval is 20,000 flights fora K.,
corner crack in a 2024-T3 open hole. This interval of urface crack life is dependent on the crack shape. Therefore, each crack shape
has to be identified. A detailed discussion on surface crack growth is presented in a later section on crack shape. Figure 18 shows a typ- ,
ical 0.010-in. (2.54 mm) crack life distribution in the form of a histogram.
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FIGURE IS FATIGUE-LIFE DISTRIBUTION AT A 0.10-INCH (2.54-mm) SURFACE CRACK FOR OPEN-REAMED 3/16-INCH COUNTERSUNK
HOLES IN 0.250-INCH (6.35-mm) 2024-T3

DISCUSSION

CRACK GROWTH

The crack initiation appears to take only a small fraction of the total life of the open hole or clearance-fit fastener-filled hole specimens.
The full range of crack growth curves shown in Figure I 2 correlates almost exactly with the total Ilights in the tests. These curves start

at a very small crack length of about 0.001 in. (0.0254 mm). These results generally may apply to the other cracks in these types of fas-

tener hole specimens. The markers are not easily identifiable in the early part of inicrocrack growth in many open hole specimens, prob-

ably as a result of repeated surface rubbing during compression cycles. The markers are better defined in the microcrack growth phase

for fastener-filled holes than for the open holes because the fastener tends to prevent pressing on the cracked surface during compres-

sive loading.

Under this type of spectrum loading, the microcrack growth rate increases continuously with crack length (or depth) from the small

size, starting either in an inclusion or surface defects. The plots of increasing crack growth rate versus crack length are shown in Fig-

ure 15. This behavior is contrary to the finding of reducing rate under constant-amplitude loading in Reference 6. The only exception

to this is in the data for a crack starting from a heavy burr at the drill exit side of the hole because of the residual stress field.

The local geometry around a microcrack appears to influence its growth rate. In Figure 19, the plots show the comparison of micro-
crack growth curves of different hole configurations in 2024-T3 material. The countersink increases the local stress concentration
therefore, the crack growth rate is faster in a countersink hole than in a straight hole. The knife edging effect of a countersink in
0.07 1-in.-(1.80 mm) thick specimen is amplified greatly in the crack growth rate. Along the bore of a hole in a 1/4-in.46.35 mm) thick

material, the growth of microcracks starting at various locations such as those shown in Figure 17 does not seem to be different.

Crack Shape

Among all the fracture surfaces of the specimen surveyed, the cracking patterns (shapes) from fastener holes were of two general types.

the corner crack and the interior crack. The corner crack emanates from one corner at either the drill entry or exit sides of the hole.
such as shown in Figure 13. The interior crack originates in the microcrack locations (usually multiple origins), as shown in Figure 17.
There are other types of crack shapes which are somewhat inbetween these two. For surface cracks, the maximum length of an interior
crack is greater than the length of a corner crack. The measured crack growth rate is significantly faster for an interior crack than for a

comer crack because of the difference in maximum crack length. Figure 20 shows the schematic of surface and maximum crack growth
curves for comer and interior cracks. The figure indicates considerable scatter in the rate of crack growth in the surface-measured data.

To use the surface crack growth data for analysis, it is necessary to identify the type of crack shape for that particular crack. Figure 21
shows a comparison of typical experimental surface crack growth curves for interior and comer crack types. In fact, surface crack
growth life is quite consistent among the same type of cracks.

[.. Effects of Hole FUlin,

The effect of hole filling is to reduce the crack growth rate drastically, especially in the microcrack range. The increased fatigue life is a
result of a slower crack growth rate rather than slower crack initiation since full-range crack growth starting from a very small crack has

been observed in the filled hole, In the presence of a clearance-fit screw In the 0.2504n.-(6.35 mm) thick 2024-T countersink hole,
the mean total crack life increased by a factor of 4. The microcrack life increased by a factor of 5.46. The macrocrack life increased by
a factor of more than 2. Table I shows the differences.

9.0r '7
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One of the benefits of the fastener tilling tie hole is to prevent the crack from being subjected to spectrum compressive stresses. The
range of the stress cycle is therefore smaller in the filled hole than in an open hole. This is substantiated indirectly from the experi- 7/-
mental observations. The striation markers in the fracture surface of a filled hole, such as shown in Figure 14, are generally much better
delined than those its an open hole because the fastener prevents the cracked surface from crushing. The fastener also restraints contrac-
tion of the hole due to Poisson's el'lct.

A number of specimens with rivet-filled holes and with interlhrence-fit fasteners have been tested under the same spectrum as well as
under a modified spectrum (30 percent higher stress than the basic one shown in Figure 21. None of these specimens developed any
cracks after 100,000 flights except for the 0.071 -in. 11.80 Imn) specimens with rivets which developed a few cracks starting outside of
the hole.

FATIGUE LIFE PREDICTION

'he fatigue process of all open or clearance-fit fastener hole consists of; ( I ) the initiation of one or more microcracks; (2) growth of
%:xtremely simatl microcracks into macrocracks, and 13) growth of tile dominant macrocrack to failure. If tile initiation period is indeed
negligible, as suggested by some experimental crack growth curves starting from an extremely small microcrack, then the fatigue life
prediction may be handled by the crack growth analysis. The crack growth analysis is one form of durability analysis which predicts
fatigue from crack growth only, starting from an equivalent initial flaw size.

Statistical Distribution

Fatigue lif-e distribution may be analyzed by statistics in terms of the micro- and macrocrack growth period. The macrocrack growth
lite from 0.010 to 0.10 in. (0.254 to 2.54 mm) may be considered as a constant. The life of microcrack growth (where the crack length
is less than 0.01 in.) is the principal variable in the scatter. The scatter is proportional to the percentage of life consisting of microcrack
growth. 'Table I lists the statistical distribution of crack life for several conlfigurations of open holes and one with clearance-fit screws.
In one extreme. in the 0.071-in. (1.8 mil) 2024-T3 countersink open holes, the microcracks grow rather rapidly because of the knife
edging effect of countersink in a thlin sheet. The scatter is quite low, and tile microcrack growth period is usually less than half of the
total life. On the other extrenme of high scatter, the 7075-T6 has a short macrocrack growth period, as low as 10 percent, because the
niacrocrack growth rate is much higher than in 2024-T3. The crack life of 0.250-in (6.35 mm) 2024-T3 countersink holes with
clearance-fit screws has a longer microcrack growth period than the open holes in 2024-T3 because hole filling affects the microcrack
growth rate more than in the macro range.

For a given material and hole configuration, the microcrack growth period depends on the initial size of the crack or physical defect
and the rate of' microcrack growth. A large starting crack will have a shorter microcrack growth period than a small starting crack.
Therefore. the distribution of the defect size is partly responsible for the scatter in the total life. The other factor is the rate of micro-
crack growth in inverse proportion.

The microcrack growth curves do not correlate well with the analytical curves using existing linear-elastic fracture mechanics crack
growth analysis models which correlate well in the macrocrack range i.e., where the crack length is greater than 0.05 in. (1.27 min).
The reasons for the discrepancy are beyond the scope of this paper. Instead, a typical crack growth has been experimentally derived for
different hole configurations to evaluate fatigue life in terms of equivalent initial flaw size.

The master curve defines a complete crack growth relationship between crack lengths and the number of flights. This curve provides the
reference between the data for crack length versus fatigue life to an equivalent initial flaw size. Figure 22 exhibits a composite master
curve derived from the experimental results for the straight and countersink open holes in 0.250-in. (6.35 mm) 2024-T3. The curve con-
sists of two parts, a microcrack ranging from the smallest practical length to 0.01 in. (0.254 mm), and a macrosurface corner crack
starting from 0.01 in. to more than 0. 10 in. The scale is expressed in reverse order, starting at zero flights for 0. 10in. crack length.
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MASTER CURVESm
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FIGUM1 2L RELATION NIWEIMN R OF FLI1NTI1 TO REACH A I.tUCN (11.11.u-l S RFACE CORER CRACK IN ITRAIIHT AND
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rhe crack growth rate depends on tile crack length, the crack shape, and the load spectrum. For a given crack shape under a particular
/ load spectrum, the crack growth curve should be identical at any of the 24 details in a specimen. By isolating some secondary efl cLs.

the results of crack growth in both the micro- and nacrorange were quite consistent. Figure 22 represents typical crack growth curves
with no secondary eflects. In Reference 3, the fastest growth curve was chosen as the master curve. In thle microrange. the crack growth
curve is inlluenced by the geometrical factors of a hole. rie countersink increases the local stress concentration. therefore, the crack
growth rate is faster in a countersink hole than in a straight hole. Figure 19 shows the typical microcrack growth curie for three hole
conlfgurations. In the macrocrack growth, the difterence in rates among hole configurations is not the same as in nicrocrack growth.
In 0.250-in.-(.35 mn) thick specimens, tile rate is essentially the same for a straight or countersink hole. Because of these charac-
teristic differences, it is necessary to establish a master crack growth curve for a given material thickness and hole configuration
combination.

Equivalent Initial Flaw Size

ihe concept of equivalent initial flaw size, or the equivalent crack length at zero life. may be used to deline the fatigue property of a
lastener hole. For a given spectnim loading, the fatigue life is inversely proportional to FIFS and consists of the growth of micro- and
macrocracks. lhe master crack growth curve provides the relationship for transforming the normalized fatigue data to an expression
in terms of IFS. This procedure involves two assumptions 01) the period for crack initiation is treated as equivalent to additional
tiel to propagate a smaller original microcrack than one that does not involve crack initiation. and I 21 FIFS is in tie form of a siigu-
lar microcrack that develops into one corner inacrocrack since that was the basis of the master curve derived 'ronl experimental results.

It reality, many samples insolve multiple microcrack and interior mnacrocrack shapes that result in a faster crack growth than the corner
crack. In these cases, the assigned FIFS is a larger value than the physical size of the del-et, as a compensation for slower crack growth
of the singular corner crack.

Figure 23 shows the statistical distribution of 'IFS for the countersink hole specimens in the form of a histogram. Figure 24 shows the
comparison of the statistical cumulative probability plots of EIFS for straight and countersink holes, respectively. It would be noted
that the mean FIFS value. R, of the two groups is quite close, but the standard deviation is twice as great for the straight holes than for
the countersink holes. ris probably reflects a greater exposure area in the straight hole than in the countersink hole subjected to
microcrack initiation.

CONCLUSIONS

I . The special test procedure using a 24-hole specimen to obtain a statistically large sample of data is workable.

2. Microcracks initiated in the open holes or the holes with clearance-lit screws have been shown to grow quite early iii the spectrum
latigue test.

3. ('racks have been observed to grow at an increasing rate with crack length in the entire range of crack lengths.

4. The essential physical defects in the aluminum alloys as the origins of microfatigue cracking are tool marks. burrs, and inclusions.
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0.250-INCH (6.35-mm) 2024-T3

5. Statistical distribution of the equivalent initial flaw size based on quantitative data for the fastener holes was obtained using the
method and the experimental procedure developed in this investigation.

6. Scatter in the statistical fatigue life distribution can be described in terms of equivalent initial flaw size. microcrack growth life.
and macrocrack growth life. Scatter is a function of microcrack growth life, which is, in turn, a function of equivalent initial flaw
size and microcrack growth rates.

7. The effect of clearance-fit screws in 3/16-in. (4.76 mm) countersink 2024-T3 fastener holes is to reduce the microcrack growth
rate to one-fourth of that in an open hole.
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SMALL CRACKS IN LARGE FORGINGS

by

Dr.-Ing. Walter SchUtz

Industrieanlagen-Betriebsgesellschaft mbH
EinsteinstraBe 20, 8012 Ottobrunn, Germany0

1. Introduction

mAt the state of the art, it is not possible to produce large steel forgings for
steam turbine rotors entirely without flaws. Although there have been considerable

Simprovements in the quality of these forgings over the last 25 years and the type of
- flaws has changed from actual cracks to porosities or inclusions, see Figure 1 Z-1

their required size has also gone up dramatically, especially for the low pressure rotors,
due to the enormously increased output of modern power stations (up to 1300 MW on
one shaft).

According to statistics of a German steam turbine manufacturer and of several steel
companies [-2], about 8 per cent of the large forgings for turbine rotors have to be
scrapped, see Figure 2, due to unacceptably large flaws as detected by the mandatory
ultrasonic inspection.

In a further 20 per cent of the forgings smaller flaws are detected that require
residual static strength and crack propagation calculations, in order to be able to decide
if the forging in question can be accepted or has to be scrapped. Furthermore, the
possible growth of at first acceptable flaws during service due to start-stop operations
of the turbine requires repeated stringent NDI-inspections over the life of the turbine
with the attendant prolonged shut-down periods, as well as further crack propagation
calculations.

The engineering decisions leading to scrapping are based on two assumptions

- the ultrasonic indications are correct as to size and location of the flaw and

the flaw behaves like a crack of identical size in the most unfavourable direction
(at right angle to the tensile stress); that is, crack propagation starts with the
first stress cycle of sufficient amplitude.

While the first assumption could be conservative or unconservative, the second one
might be very conservative, since a potentially long crack initiation period is given
away. Thus a number of expensive forgings might have been scrapped unnecessarily.

2. The Research Programme

-- The present programme was intended to answer the following questions:

- How do natural flaws behave under typical service stressese

- Which typical geometries of such flaws are present in large forgings

- Under which conditions (size of the flaw, magnitude of stress) do such flaws propagate?

- How do small flaws bunched close together propagatey k"6'

- How accurately is the actu4 size of flaws in the interior of large forgings
indicated by ultrasonics?

In order to answer these questions the following research was decided upon by a
working group consisting of five steam turbine manufacturers, five steel companies and
the IABG.

First suitable forgings containing flaws of different types had k be selected. In
all, four shafts and four discs weighing between four tons and one hundred tons each were
found, see Figure 3. The forgings had 0,2 per cent offset yield strengths of
700 - 960 N/mm 2 (with the exception of forging A at O P 350 + 440 N/mm 2) and tensile
strengths of 740 to 1100 N/mm 2 (forging A 550 - 600 N/su, see Figure 3.

The programme steps were as follows:

The forging& were ultrasonically inspected by the highly qualified NDI personnel of the
steam turbine manufacturers and/or the steel companies. One detailed inspection sheet
per forging was prepared containing all the relevant particulars of the ultrasonic >
inspection, especially on the size, type and location of the flaws found (this was
also done for all the following ultrasonic inspections).

The forgings were next cut up into 2 - 6 segments and the ultrasonic inspections -

were repeated, in order to locate the flaws more precisely. Magnetic penetrant in-
spections were also carried out, because the cutting up of the forging might have 
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exposed flaws on the surface.

15 Several (up to 17) rectangular bars of a size of 65 x 65 x 300 mm were then machined
out of each segment in such a way that the flaws as indicated in the previous steps
were in the interior if possible, see Figure 4. Many other specimens for Pellini-
Charpy V- fracture toughness- tensile- and crack propagation-tests were also machined
out of the forgings, see Figure 5.

-The rectangular bars were then again inspected ultrasonically and by the magnetic
penetrant method.

All the above tasks were performed by the manufacturers and/or the steel companies,
the following tasks by IABG.

The obvious purpose of the repeated ultrasonic inspections was to investigate the
reliability of this NDI method with regard to size and location of flaws and different
inspectors in successively smaller test pieces.

- In the next step 45 specimens in all were machined out of the bars with a test
section diameter of 30 mm, see Figure 6, the largest diameter possible for the
available 60 ton servohydraulic fatigue test machine. These cylindrical specimens
were again ultrasonically inspected, this time by IABG personnel.

- Repeated loads of constant amplitude were then applied at a stress ratio of R = + 0,1.
the corresponding stress amplitudes were calculated individually for each forging, so
that the interior flaws would just show some growth in a maximum of 25 000 cycles, but
complete fracture of the specimen would not occur. The corresponding maximum stresses
typically were 60 to 80 per cent of the individual yield strengths. If flaw growth
was detected by the potential drop method, the test was stopped. If no flaw growth

i was observed, the stress amplitudes were increased after 25 000 cycles and the test
repeated.

The number of 25 000 cycles was arrived at as follows: A large steam turbine is
started up and shut down a maximum of 5 000 times over its lifetime. The necessary
safety factor was assumed to be five, large because of the catastrophic nature of a
turbine rotor burst in service. In the event, we were remarkably successful in pro-
ducing small flaw growth usually at the first try.

$- After the fatigue test, the specimens were again inspected by ultrasonics and
magnetic penetrant.

- Next the specimens were broken at liquid nitrogen temperature in order to obtain
brittle fracture through the largest flaw present.

- Examination of the fracture surface in the scanning electron microscope followed,
in order to establish the actual original flaw size and type as well as the flaw
growth due to the 25 000 cycles.

- The last step consists of supplementary tests to determine basic material data, such
as da/dN, &Kh tensile strength Pellini tests , SM-tests in the low cycle fatigue
range etc. for The unflawed material of every forging utilised.

3. Preliminary Results

As the evaluation of the large number of results has not yet been fully completed
only some preliminary results can be given.

3.1 Reliability of Ultrasonic Inspection

Figure 7 shows the results of the ultrasonic inspection of the flaws in some of the
forgings compared to the actual size of the flaws as determined by scanning electron
microscopy after breaking open the fracture surface. It is seen that there are conserv-
ative (below the 1 : 1 line) and unconservative (above the 1 : 1 line) predictions.

3.2 Typical Geometries of Flaws in Forgings and their Behaviour under Fatigue Loading

Some forgings, like shaft A, see Figure 8, contained a considerable number of
spike-shaped flaws. They consist of aluminium oxydes. The fatigue cracks growing from
these spikes tend to become more elliptical in shape, as predicted by fracture mechanics
calculations, see flaws 1 and 2 in Figure 8.

In forging D, circular interior flaws were typical, see Figure 9. They tended to
remain circular during fatigue crack growth. On closer inspection, see Figure 10, and
in the SEN, Figure 10, lower half, each "flaw" actually consists of a very large number
of small inclusions in the basic material.
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In forging G the flaws are finely dispersed and cannot be recognised macroscopically
on the fracture surface. Along the cylindrical part of the specimen many outside cracks
however can be seen after the fatigue test, Figure 11. The original flaws, photomicro-
graph in lower right part of Figure 11 again are sharp-edged inclusions which grow to
half-elliptical shape near the exterior of the specimen and to elliptical shape in the
interior.

3.3 Behaviour of Flaws under Fatigue Loading

Some of the flaws did behave like fatigue cracks of the same size and shape,
while others did not. One example of the latter case is shown in Figure 12, which will
be explained in the following: The average propagation rate during the 25 000 applied
stress cycles was calculated from the SEM photographs. In the case of flaw No 3 it was
4,2 • 10-5 mm/cycle. The curve of dl/dN for unflawed material of forging D had been
determined before with CT-specimens. The point of intersection between this dl/dN curve
and line 3 gives an effective aK of 700 N/mmyZ. At the stress amplitude applied this
is equivalent to a flaw of 0,6 mm diameter. However, flaw No 3 actually had an 1,6 mm
diameter; this results in an applied 6 K of 860 N/mmY, and the intersection of line 3'
with the dl/dN curve gives a crack propagation rate of 10- 4 mm/cycle. So the flaw acted
like a crack of 0,6 mm diameter, while it actually was 1,6 mm in diameter. Flaws 1 and 2
behaved similarly.

Obviously the reason for this may be that a crack initiation phase was present. We
will look into this matter in more detail using the potential drop records we have ob-
tained. One example is shown in Figure 13, left side, where there apparently was
a long crack initiation phase of approximately 60 per cent of the complete life
(9 700 out of 17 570 cycles). In shaft A, which contained sharp-edged inclusions, the
flaws behaved practically like cracks, see Figure 14.

In addition, dKth was determined for all materials, using CT specimens machined
from unflawed regions of the forgings. The values obtained are compared here with the
results of tests on the cylindrical specimens containing flaws in Figure 15. For several
specimens out of forgings A and B, each of which contained several flaws of different
sizes and therefore different stress intensity factors:

- Disc A, which contained sharp-edged inclusions: There was crack growth if the applied
stress intensity factor rapge of the individual flaw was greater the I6Kth. There
was not, if it was below ZAKth.

- Disc B, which contained half-elliptical flaws: There was no crack growth from one
flaw in specimen B 12, even though the applied 4 K was nearly twice as large as
A Kth. Four more flaws in specimens 7 and 8 did not propagate although aK was

more than 50 % higher than Z Kth.

Elsender in a paper at the Fracture Conference in Waterloo five years ago [3]showed
some very similar results, see Figure 16.

4. Outlook

By the end of 1982 the report co,'ttaining all the details as well as the conclusions
to be drawn will be completed. A paper with the more important results will also be
published in early 1983. A continuation comprising tests at typical rotor temperatures
(+ 5360 C) and at R = 1 is planned.
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Forging Turbine Material Tensile 0.2per cent Weight Approximate
Manufacturer, strength Yield strength (tons) size(mm) of the
Steel company N /mm- N /mm^ 2 of the part tested

_ forging_

Shaft A I , 1 26CrNiMo 4 550-600 350 -440 38 9650x8340
ShaftB I, 2 27NiCrMo85 800-880 700-750 30 7500x3000
Disc D II, 3 28NiCrMoV145 1000 -1100 880 -960 100 15000 x 325
Disc E II, 3 26NiCrMoV85 800-880 700 -790 19 1500 x 208
Disc F II, 4 26NiCrMoV115 920 780 -820 100 30000 x 441
Disc G III, 5 23NiCrMo 747 800-830 640 -700 12,5 17200 x 26u
ShaftH IV, 4 21CrMoV 511 750 625 -650 4,7 3500 xl0 10
ShaftJ V, 2 28CrMoNiV 49 740-800 600 -660 not 690 x490x120

known

Fig.3 Description of the eight forgings utilised
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Round Table Discussion

"SHORT CRACK" FATIGUE DESIGN CONSIDERATIONS:
MODELLING, CHARACTERIZATION, INTERPRETATION, DETECTION;

PREDICTION OF BEHAVIOR

by

D.W.Hoeppner, Ph.D., P.Eng.
Department of Mechanical Engineering

University of Toronto
5 King's College Road

Toronto, Ontario M5S I1A4
Canada

This conference has attempted to focus on)*short cracks" (or small cracks) rather thantlong cracks". My remarks
will be brief and of a summary context in relation to the papers presented at the conference and to stimulate thoughts for
additional research.

Professor Ritchie in the first paper summarized various perspectives on the short crack problem. In a similar fashion,
a recent report I wrote for the Metals Properties Council' emphasized the relativistic aspect of crack side and the
necessity to be sure you have the proper set of boundary conditions (similitude) to apply Mode I linear elastic fracture
mechanics to the fatigue crack propagation problem. This aspect can, in a sense, be discerned when the definition of a
short crack is formulated using a dictionary. This definition would be:

Short crack

I A) Having little length, not extending far from end to end,
4B) Limited in distance,
5A) Not coming up to standard, measure, or requirement.

Since no standard exists to precisely define a short crack it is difficult to discuss it as we have seen from this conference.
* Each presenter presents a certain perspective on the problem and, at times, generalizes so much that the rest of us get very

confused because of the many perspectives in which the short Crack problem can be viewed. To an extent this was
* brought out by Professor Ritchie.

that short must be compared to something. Thus, as engineers and scientists we are concerned with all of the following
aspects of the short crack problem:

(1) Definition of a Crack,
(2) Definition of a Short (Small Crack),
(3) Size of crack with respect to microstructure (grain size, packet size, unit cell size etc.),

(4) Size of crack with respect to plastic zone size,
(5) Size of crack with respect to thickness (3, 4, 5 are all related),
(6) Size of the crack with respect to applicability of Mode I LEFM,
(7) Size of the crack with respect to crack detection capability [in an engineering sense we are concerned about our

inspection capability (as discussed by Professor Packman) with respect to the crack size]I in relation to crack
size, location, and morphology,

(8) Crack size with respect to the tolerable crack size as determined by the Mode I fracture toughness (Kk) or
other fracture instability material parameter,

(9) Crack size with respect to the overall fatigue design philosophy,
-. -(10) Statistical aspects of the growth of short cracks, and

(11) The growth of short cracks in highly anisotropic materials (such as fiber composites or certain titanium alloys,
aluminum iorgngs etc.) and potentially heterogeneous materials (such as powder alloys).

All of thene aspects have been dealt with to an extent in this conference. Clearly, in dealing with the short crack problem
we must precisely define the physical/chemical evenitto be dealt with, formulate the proper physical/mathematical
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model, explicitly define the boundary conditions that relate to the specific crack size being dealt with, test the concepts
and models, and establish behavioral relationships. This is a problem of physics and mathematics that requires the proper
similitude. Many of these aspects must be researched further as pointed out in the conference and discussed in Reference
I. 1 would hope that future activities on the short crack concentrate on all of these areas so that we become more
effective at dealing with the "short crack problem" since some people believe we have the "long crack" problem under
control.

REFERENCES

I. Hoeppner, D.W. Estimation of Component Life by Application of Fatigue Crack Growth Threshold
Knowledge, Fatigue, Creep, and Pressure Vessels for Elevated Temperature Services,
pp.1-83, MPC-I 7, AME, NY, NY, 1981.
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Discussion (Continued)

Subsequent to the regular program and the introductory discus- /,.
sion an extensive discu-sion resulted with many varied inputs. The
committee reviewed thz discussion and invided D~r Brian Leis to
provide an extended written discussion to the conference.

His input follows:

DISCUSSION OF THE SHORT CRACK EFFECT IN AIRFRAME
MATERIALS AND COMPONENTS

Background

Author: Brian Leis
Battelle Memorial Institute
505 King Ave
Columbus, Ohio 43201
USA

This meeting has broug~ht together a number of diverse interests, each with a different perspective on what a short
crack is. The literature relevant to the short crack effect suggests that a short crack is any crack whose growth can't b-
correlated with handbook growth rate data using fracture mechanics technology, specifically linear elastic fracture
mechanics (LE FM). The short crack effect is of interest to alloy designers because it may be a key to improving materials
in the future. It is , f interest to the scientist because it does not follow the commonly used analysis framework of
LEFM. But most importantly for AGARD, it is of concern to the engineer in that the short crack literature indicates
LEFM predictions of growth rate (when integrated crack size), inspection interval, and possibly critical crack size are
often nonconservative in the presence of this effect.A -.-

The engineer may not be overly concerned with the causes of the short crack effect so long as he knows when to
expect it and whether it be of consequence in his design. The desire is thus to establish crack sizes, materials, loadings,
etc. for which the engineer must be aware of the short crack effect and its relative significance. Unfortunately, the
occurrence and significance of the short crack effect depends on the structure and the loading, primarily through their
influence on the critical crack size. For this reason, rules cannot be established to avoid design problems at the present
time. Furthermore from an engineering viewpoint the effect is only of consequence if it radically alters the threshold for
cracking and the total useful life of the structure or the inspection interval. In small highly stressed components the
effect is therefore intuitively more significant than large panel structures. Rational design, however, is not based on
intuition.

Causes of the Apparent Short Crack Effect

The engineer can avoid the problems associated with the short crack effect by careful consideration of the key
assumption he makes in applying LEFM. The key assumption is that equal changes in the value of the stress intensity
factor mean equal amounts of crack advance (equal crack driving force). That is, the concept of similitude is invoked.
On the surface, the concept of similitude is straightforward however, its implementation in practical situations related
to LEFM is not'. As detailed in a recent report', a breakdown in the similitude concept is central to the apparent short
crack effect. The following summarizes the central issues related to similitude.

Mechanical Similitude

Provided the plastic zone is small compared to all length dimensions, and small with respect to the distance over
which the first term of the elastic stress field solution is dominant, both the size of the plastic zone and the surrounding
stress field are adequately described by the stress intensity factor, K. Under these restrictions, two Cracks with equal
K have the same plastic zone and stress field regardless of geometry: there is similitude.

Unfortunately, the similitude is still conditional. Most important there has to be equal constraint. Otherwise.
ez and the plastic zone are diffe:-nt. Thus under circumstances of equal constraint and equal K , the response of two
cracks should be the same. Therefore two cracks should show equal growth habits. Since both K,,, and AK are of
relevance, it follows immediately that

da/dN =f, (Kax AK) = f2 (AK, R) . (I)

Equation (I) is physically sound within the limitations invoked above. However, the functional forms of f, and fi
cannot be derived from first principles and, therefore, they are obtained by interrogating the material through tests.

It should be pointed out that one similitude requirement has still been overlooked. This condition is that the plastic
zone in the wake of the crack must also be equal in as much as they affect the local stress field through Closure forces.
More rigorously, similitude requires that the closure displacement and stress fields be the same as indicated schematically
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in Figure 1. Experience from tests has shown that the latter condition is reasonably fulfilled for long cracks growing

* 4 under constant amplitude, since growth rates for long cracks tend to correlate on the basis of Equation (I) regardless of
I ~- geometry. This implies that for small cracks, Equation (1) is a function of the K history as well as the current K max

and AK.

Metallurgical Similitude

In the derivation of Equation (1) it was tacitly assumed that metallurgical similitude existed. Although this may
seem trivial, violation of metallurgical similitude can easily be overlooked when correlating the behavior of small and long
cracks. Therefore, it is worthwhile to consider the conditions leading to metallurgical similitude.

Clearly, the material should be the same with regard to phase, orientation, dislocation density, particle density, etc.
for it to respond in a unique manner to mechanically similar conditions. In the case of cracks with long fronts this
condition is satisfied on the average even in multi-phase materials with high crystallographic anisotropy. However, if the
crack front is short (e.g. of the order of several grains) this condition will generally be violated. Apparently, the condition
translates into the geometrical requirement that the crack front be long with regard to metallurgical features.

Closely related is the similitude in crack growth mechanism, which is often quoted as an important condition.
However, similitude in crack growth mechanism is not a condition. It is, rather, a consequence of the material's response
to the mechanical and metallurgical similitude.

Differences in crack growth mechanisms, which may be considered a consequence of a breakdown in similitude, can
affect the growth rate da/dN. The growth rate (crack advance over some cycle interval) is really a composite rate that
reflects all operative modes and mechanisms of crack advance as suggested in Figure 2 and elaborated in the following.
Most often long crack growth occurs by a sliding off mechanism at the crack tip in ductile engineering materials. For long
cracks then, crack advance is associated with Mode I loading and the dominant Mode I mechanism is reversed slip which
gives rise to striations. In contrast, short crack advance may be associated with both Mode I loading and localized Mode
11 loading. Moreover, the Mode I mechanisms may be related to reversed slip, ductile fracture, and brittle fracture and the

local Mode 11 mechanisms could be related to local crystallographic fracture and local shear. Thus, the character of the
growth rate process can be a factor in causing the short crack behavior.

In so far as the environment (temperature and chemistry) affect the mechanism and rate, it is clear that the local

environments should be the same for complete similitude.

Similitude Conditions and Breakdown of Similitude

In summary, the similitude conditions are as follows:

-small plastic zone with respect to all length dimensions (including crack front length).
-small plastic zone with respect to the distance over which the first term of the stress field solution is dominant.
-equal Kma, and AK.
-equal closure fields.
-long crack front with respect to metallurgical features.
-same environment.

When all of these conditions are satisfied the response of the crack will be the same. When any one condition is not
satisfied, the bounds of validity of Equation (1) have been exceeded and thus dependencies of the type implied by
Equation (I) become questionable.

If J1 is used instead of K as the mechanical similitude parameter the first requirement will be somewhat relaxed,
but all others remain in force. Thus the extension of the validity of Equation (1), with K replaced by J, can bring
only little solace to the small crack problem, and the comments that follow hold almost regardless of whether J or K
is used as a similitude parameter. Moreover, if significant unloading is involved, the use of J becomes even more
uncertain.

Similitude and Short Cracks at Smooth Surfaces

Provided that all similitude conditions are fulfilled, equal AK (and R) give rise to equal growth rate. For a given
AK a smaller crack will require a higher stress. As long as the plastic zone is uniquely related to K, equal K means
equal plastic zones. As a consequence the plastic zone to crack size ratio is larger for the small crack, so that the first
similitude requirement tends to be jeopardized. For very small cracks the same AK requires stresses at or close to yield
and the plastic zone becomes undefined. Then the first requirement is violated and for this reason alone correlation on
the basis of Equation (1) becomes impossible.

It has been attempted to mend this problem by applying a plastic zone correction, most notably in the case of the
threshold Keg,. If Kth has a fixed value for a certain material, it follows that



dt -

( (AKth (2)

Naturally Equation (2) predicts AOth - cc for a oc 0, while for a = 0 one should and does find AOth Ae (the
endurance limit), as shown in Figure 3. This is no surprise because for a = 0 all similitude requirements are violated.
The difficulty can be avoided by using a plastic zone correction as follows.

Auh= I ( AKth (3)
01 V _ a + /

For fixed Kh the Irwin plastic zone is constant. In that case Kth is finite for a = 0. However, for a = 0 the plastic
zone is certainly not rp and therefore Equation (3) becomes untenable for small a. As a matter of fact Equation (3)
has no merits beyond the 1975 equation of Ohuchida et al.3 or the 1979 equation of El Haddad et al." in which rp is
replaced by an empirical constant.

If a Dugdale solution is used for rp instead, rp will depend upon crack size, but since rp = 0 for a = 0 (trivial)
the solution still has little merit. From a technical point of view, Equation (3) would be fully acceptable if it would
consolidate the data. It may do so for a certain case, but since both P and rp depend upon geometry, it can hardly be
expected that the (erroneous) equation will have generality. In addition, violation of several other similitude require-
ments dampens the expectations.

For short cracks the effect of local crack front irregularities and consequent local K and constraint variations are
not averaged out. The shorter crack front length will further bring out the effects of micro-structural variations, which
may even lead to different growth mechanisms. Finally, the closure stress field will be different for the short crack if it
is only for the different history.

Similitude and Short Cracks at Notches

For short cracks at notches the problem is further compotnded by the notch field. In general, yielding will occur
due to the notch so that a residual stress field is introduced. The tip of a long crack would be outside this field, but the
tip of a short crack is engulfed by the field. Thus the local fields at the crack tip are different. Another consequence can
be that the short-crack tip is in a displacement controlled field and the long-crack tip in a load controlled field4 , as
indicated in Figure 4. If the effect of this field is ignored, correlation of crack behavior on the basis of Equation (1)
cannot be expected.

However, breakdown of the correlation is not, in the first place, due to a breakdown of similitude. Rather it is due
to the fact that the condition of equal K is erroneously assumed. In principle it would be possible to account for the
local field in the calculation of K and R. Provided this could be done properly, the problem of the short crack at the
notch would be equivalent to that of the small crack at a smooth surface, and all comments on the breakdown of
similitude given previously would apply.

The Literature on Short Cracks

There have been numerous reports in the literature that crack growth rate data taken for short cracks show two
anomalous behaviors; considerable scatter about the long crack growth rate trend data, and an apparent higher than
expected growth rate. These have been termed the short crack effect. Generally, data are said to show a short crack
effect if they do not correlate when growth rate is plotted against stress intensity factor range, the common LEFM

j parameter. But in many of these cases, the failure to correlate may have been due to the way LEFM was implemented
rather than to some inherent deficiency in the theory. For example, K has been used for short cracks where closure is
a factor, even though it is well accepted that K alone is inadequate for long cracks (e.g., see Equation (I)). This kind of
example illustrates why it cannot be conclusively stated that failure to consolidate short crack data is due solely to short-
comings in LEFM. On the other hand, there are also examples in the literature of data for which the underlying assump-
tions of LEFM have been violated and for which LEFM cannot apply.

There are factors other than the applicability of LEFM which are of consequence to the short crack effect. Data
from the literature show that a host of both micro and macro mechanisms of the flow and cracking processes influence
crack growth rate. Differences in the cracking process, particularly near threshold, are especially numerous. They include
multiple growth modes and combinations of modes and three-dimensional nature of the fracture proces s , the length
and configuration of the crack front involving dimensions of both the specimen and the microstrcture'- re , anisotropy",
free surface effects on slip character including effects of surface treatment and crystollographic growth ,s, n, multiple
cracking processes including possible environmental effectsis- 1s , ragged crack fronts", and finally transient effects due to
inclusions, grain boundaries, and grain to grain mis-orientation' 1- .

The factors just listed might be called materials related factos and they have their proponents who conlder them to
be the most Important factors. There is another school which believes that the most important factors ae mechanics-
ilted. They credit the short crack effects to the effect of the plastic zone to crack length ratio on LEIM, anbotropic

effects, surface residual stress and local closure effects dug to plane stress surface flow confined by a plane sis



4", surrounding, crack bifurcation and ill-defined crack fronts, stress redistribution due to notch root yielding and to material
transient deformation behavior, and macroscopic closure due to residual stresses and deformations. It may be that a
preference for the mechanics factors or the materials factors as being the most important in long and short crack behavior
is only a function of training and background. The truth is that all of these factors interrelate and must be considered
together. Thus, for example, grain size should not be considered alone and as unrelated to yield strength, and conversely.

The process of going from a situation in which there is no crack on a scale on the order of the microstructure, to a
situation in which a crack exists, is transient. The crack is tending toward a steady state condition, the limit of which is
the long crack condition. During this transition the crack length can be small compared to the size of the crack tip plastic
zone that is required to sustain a growing crack20 . In this regime, short cracks violate the confined plasticity requirements
of LEFM and LEFM is invalid. While this kind of argument about LEFM is true at the microstructural scale it is vacuous
in an application to a single crystal. Yet a crack in a single crystal must still go through the transient phase. This is not to
zrgue that LEFM is applicable to single crystals. To the contrary, it is to emphasize the transient nature of the process
and note that it cannot be modeled by steady state theories regardless of how they correlate growth rate.

The mechanism of initiation will control the length the crack must attain before a steady state develops at its tip.
Brittle initiations at inclusions localize the process and allow a sharp crack with a well defined tip and a continuous front
to form. In contrast, ductile initiation involves a good deal of flow before slip band decohesion, for example, initiates a
crack, often crystallographically and with a poorly defined tip and discontinuous front. Certainly, the second situation
described will have to grow some to sharpen etc., and thus will not achieve a steady state as quickly as its brittle counter-
part.

Brittle initiation tends to form a crack which grows stably from the beginning, with limited flow at the crack tip.
In contrast, ductile initiation would initially tend to violate the plastic zone to crack length limitation of LEFM. Results
in the literature indicate that active plastic zones in the ductile case are as large as 0.3 mm while those for the brittle case
approach 10- 3 mm (Ref.3). In this respect, brittle steady state exists soon after inclusions crack, at crack lengths as small
as can be consistently resolved using even highly sophisticated measurement systems. Ductile steady state by contrast
develops only after extensive cracking. Significantly, LEFM criteria are satisfied for the lower extreme of brittle intiation
at a crack length of about I 0-3 mm about the lower limit of detection. In contrast, LEFM criteria are violated at the
upper limit of ductile initiation for cracks nearly 3 mm long.

For short cracks for which the plasticity requirements of LEFM are met (nominally brittle initiation), the literature
suggests that metallurgical features are a controlling factor for cracks smaller than a few grains. Micromechanics is also a
factor in this case in that local closure occurs due to plane stress flow on the surface that is contained within an
unyielding plane strain field.* The growth of these cracks is strongly influenced by the transients associated with the
mode and mechanism of initiation. Whether or not multiple initiation and/or branching occurs is also a factor. For this
reason it is expected that naturally initiated cracks will show a short crack effect whereas artificially induced cracks will
demonstrate it to a much lesser degree, or not at all.

Smooth specimen data show the short crack effect inconsistently, and then only to a limited extent at finite growth
rates. In view of the preceding discussion, the limiting case of brittle initiation would not be expected to show any
transient behavior, and only limited closure because of limited flow. This is in fact observed2l. As more inelastic action
occurs, these effects should and do become more pronounced2. Thus, the observed inconsistent nature of the short
crack behavior is really not surprising, nor is it necessarily indicative of measurements scatter. Near the threshold, the
short crack effect is more wide spread and consistent, an observation that can be rationalized easily in terms of both
microstructural effects and mechanics (local closure). However, it has been demonstrated that the threshold may be
wiped out under variable amplitude (service like) loadings33. In this respect the fact that the effect develops consistently
near the threshold may be of little practical concern.

To be unquestionably accurate, damage tolerant and RFC analyses should make use of small crack thresholds. They
may be substantially smaller than long crack thresholds. But once the crack is growing, inclusion of any short crack
behavior will have a negligible effect. This is particularly true in the case of brittle initiation. It is difficult to give a
quantitative estimate of the short crack influence on life for smooth specimens. However, the case of confined flow at a
notch has analogous ingredients. By integrating the growth rate behavior shown in Figure 5 (Ref.24), a decrease in life
of about 10 percent is obtained for the most extreme of these results. The magnitude of this decrease depends on the
difference in growth rate, the crack length over which the short crack rates act, and the duration of the ensuing long crack
propagation. Of course, the shorter the critical crack size, the shorter the LEFM growth and the more significant the
short crack effect on life.

In the case of ductile initiation both small and larger cracks may initially violate the LEFM confined plasticity
requirement because of large crack tip plastic zones. That plastic zone may be due only to the initiation process. It may
also be due to yielding at a notch. In the first case the crack cannot behave as a long crack until it has grown beyond the
initiation zone, and ha developed its own steady state field. Again both micromechancs and metallugical features are
Important considerations in regard to the transient growth process. Equally Important an multiple initiation and

"Local doss" cannot be of commesue In ductle materials at sMa lewls that lead to bulk plasticty. The sinleu of local cloass.
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branching. Again, because artificial flaws would tend to concentrate deformation and tend to cause a more brittle
initiation, natural cracks are expected to show the short crack effect much more so than artificial preflawed samples. / (4- 7
When the plastic zone is due to notch inelastic action, not only may the contained plasticity requirement be violated, but
the K solution is inappropriate. Cracks growing under this condition tend to be controlled primarily by the mechanics
of the displacement controlled primarily by the mechanics of the displacement controlled inelastic zone.

Unlike the case of confined crack tip plasticity, integration of short crack growth rates for cracks growing at
inelastically strained notch roots suggests large errors could develop. Analysis indicates of such data2" indicated that non-
conservative errors of more than an order of magnitude may develop when LEFM data and analyses are used in place of
observed trends. Clearly, damage tolerant and RFC analyses need to use the appropriate short crack threshold and
growth rates in this case.

The subject of short cracks to this point has been discussed without reference to environmental effects. However,
airframe and engine components exist in an aggressive environment and some comment on environmental interactions
with short cracks is appropriate.

Consideration of the nature of environmentally assisted cracking (EAC) suggests that environmental short crack
effects may arise from several sources. First, many environmental processes generate reaction products which can serve to
block small, tight surface cracks. This will prevent entry of the aggressive species to the crack tip and retard the process.
Alternatively, if these reaction products are mechanically stiff and are resistant to compression fracture, they may serve
to wedge open cracks2 6 . This will locally reduce the range of the applied stress intensity factor, and thereby reduce at
least the mechanical component of the growth rate. A second issue of consequence is the ready accessibility of short
crack tips to the environment. In processes where transport of the aggressive species is of consequence, this would tend
to enhance the growth rate for shorter crack (e.g., Reference 27). A number of parameters are significant in such
situations, including CTOD and the nature of the environment. The final issue of consequence involves cracks whose
length lies within the steady state environmental process zone that develops for long cracks. Clearly any crack smaller
than the dimension of this zone will not be environmentally similar to its longer steady state counterpart.

Depending on environmental and mechanical factors, one would anticipate that environmentally affected small
cracks may grow either slower or faster than their longer counterparts. Data in the literature show that wedging action
develops for a variety of reaction products26 ,2s . Of particular significance in engine applications are the hard oxides that
develop on a range of engine materials. Such oxides possess mechanical properties which could effectively block and
wedge cracks. Wedging would have its greatest effect when its thickness is on the order of the CTOD. Small cracks and
threshold conditions thus are first to be susceptible to its effects. In view of results for wedging effects in long cracks in
aqueous media 28 , wedging may significantly reduce the growth rate under these susceptible conditions. Data in the
literature also show that there is an evironmental short crack effect that significantly increases growth rates27 . The first
evidence of this effect, presented in Figure 6, appears in print before much of the current concern for short cracks2".
More recent studies verify such trends at threshold2 and finite growth rates-". Unfortunately, studies done to date do
not permit determination of whether transport or nonsteady state environmental processes account for this increased
rate.

Critical Discriminating Experiments

it is clear from a critical review of the literature 2 that there is a need for experiments which do two things:

- isolate conditions under which physically small cracks exhibit anomalous growth when properly analyzed via
LEFM, and

- define those factors which control such growth in both smooth and notched specimens.

Since the effect appears to depend on the transient nature of the natural initiation process, naturally initiating cracks
should be used. Furthermore, the effect appears to be fundamentally different at inelasticatly strained notch roots as
compared to smooth specimens. Thus, both smooth and notched specimens should be used. Finally, differences in
microcrack closure and fractographic features tend to most easily explain differences in short and long crack behavior in
smooth specimens. Notched specimen behavior is likewise most easily explained by these factors, along with the fact that
the local control condition is displacement control. .4r

Discriminating tests that probe the influence of microcrack closure and fractographic transients would focus on
smooth edge-cracked plate specimens precracked at their edges, to initiate well defined plane fronted cracks, i.e., a steady
state crack. Use a simple edge-cracked geometry coupled with selective testing at a range of R values would facilitate
direct LEFM analysis of the data, thereby removing uncertainty in K calculation from the study. Depth of cracking
should be controlled to develop long crack (steady state) fractography. To ensure repeatability, the depth and minimum
section size should be controlled via some closed loop measurement system such as a crack gage. Various crack depths
can then be achieved using the classic Frost approach of machining off the sample edges.

Tests could be restarted on one set of samples at the same set of loads, with enough samples tested over a range of
loads to develop a range of plastic zone sies at crack tips. To circumvent the influence of prior platic sone, all samples
could be st rel esd with ear taken to avold Iran refinement or giwth. Growth rft sould be moultored and

i



fractographic features studied after the test to ensure a steady state mode. These tests provide a closure free, transient
free reference for all subsequent smooth specimens. They define the influence of plastic zone size to crack length ratio,

b in that a range of stress and crack lengths will be employed.

The influence of transients in growth due to differing growth mechanisms can be identified by running a corres-
ponding set of experiments with naturally initiating cracks and comparing their growth against the steady state data.
The effect of microcrack closure can be identified by selective testing to a similar matrix and thereafter removing material
in the wake of the crack. Finally, the influence of grain size on fractographic features and microcrack closure can be
studied by selectively performing certain of the above experiments on materials heat treated to refine or enlarge the
grains, and therefore cold worked to yield the same strength level for all microstructures.

A similar series of selective discriminating tests should be run on notched samples. Here the center notched panel is
appropriate. Different thicknesses can be studied to facilitate an examination of the influence of crack front length and
geometry. Microcrack closure can be examined again by cutting away material in the wake of the crack.* Selective
testing at a range of stresses and crack lengths facilitate direct study of the influence of notch plasticity. Since the
influence zone of notch plasticity should scale with the linear scaling of the specimen planform, several geometrically
similar samples of different relative size should be considered. Again, with the exception of the tests designed to study
the corner crack configuration, the geometry chosen permits simple LEFM calculations.

SUMMARY

Considering the almost complete breakdown of similitude for short cracks, it is not surprising that short crack
effects reported in the literature show no consistency. To some extent this may be because K had to be estimated or
because the wrong K and R were used by ignoring the local (notch or closure) field. However, even if these artifacts
could have been mended, correlations on the basis of Equation (1) (whether in terms of J or K) may still break down
when other similitude conditions, as for example environment, are violated.

For equal K the nominal stress will be higher for a short crack than for a long crack. Eventually the stresses will
exceed yield so that the plastic zone becomes undefined. Before that K becomes less and less a measure of similitude.
This means that the "short crack effect" will depend upon the yield properties of the material.

Since also the metallurgical similitude breaks down for small cracks (which means that the growth rate is no longer
an average taken over many grains) the local circumstances will be more reflected in the material's response. If the
material is elastically or plastically anisotropic (differences in modulus and yield stress in different crystallographic
directions) the local grain orientation will determine the rate of growth. A similar effect will occur in multi-phase
materials. Crack front irregularities and small second phase particles or inclusions affect the local stresses and therefore
the material's response. In the case of long cracks (which have long fronts) all of these effects are integrated and averaged
over many grains, but for short cracks with short fronts only the local circumstances count.

It then follows that the magnitude of the small crack effect Will depend upon:

-the yield properties of the material
crack front irregularity (affecting stresses and mechanism)

-crystollographic anisotropy (stresses and mechanism)
-phases

-particles

-environment.

Several of these items are interrelated, so that the above separation is somewhat arbitrary, but it serves the purpose of
showing the factors involved. Indeed the literature confirms this expectation. As such many publications are of interest,
but they hardly provide insight beyond those gained through physical arguments.

A certain number of publications simply ignore all physical reality and carry Equation (1) beyond all its explicity
limits, sometimes attempting to patch discrepancies through artificialities such as Equation (3). It is hardly surprising
that they meet with only limited success.

Another set of publications seeks the answer entirely in the mechanical factors. Clearly, mechanical similitude has
A i to be invoked, but it has to be invoked rigorously. Therefore, any attempts in which local fields and closure forces are

ignored, have no chance to succeed, and any incidental correlations are fortuitous.

Departure from stress field parameters in favor of a geometrical parameter such as CTOD certainly has merits. '
However, the most expedient way to obtain CTOD solutions, through a Dugdale model, is still limited to contained 1
yielding. Yet the big advantage of Dugdale solutions i that closure and other local fields can be accounted for, be it

*The advaitage here is that IC before and after cutting is the am so that growth fate trends p o a clear cut aseamonent of this factor.
(Imupius do not hae to be heat treated to remove the prior plastic sone.)
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with difficulty. In this respect the work by Newman in this publication and Seeger and Fuhring 31 -3 1 is very valuable
as a starting point.

Naturally, muchanical similitude alone will not completely solve the problem. To the extent that crack growth is
a geometrical consequence of slip, CTOI) is certainly a measure of crack extension. But it is not a unique measure,
because the local crack tip profile depends upon crystallographic orientation, phase, etc. Automatic averaging at long
crack fronts alleviates the problem, but for small cracks with short fronts da/dN cannot be uniquely correlated with
ClOD. The extent to which this presents a problem cannot he judged a priori. It can only be ascertained that it will be
strongly material dependent. Once a satisfactory model for mechanical similitude is developed, the significance of metal-
lurgical similitude will become obvious.

It is concluded that the short crack effect arises primarily because of crack tip plasticity, transients from the
initiation process, aiid incorrect or incomplete implentation of LEFM. The phenomenological data tend not to
discriminate between which of these is significant. when, and why. Thus, discriminating tests are required. CTOD
appears to be a viable basis to track the growth of small (short) cracks'. Its use as a measure of the crack driving force
warrants continued study.

Regarding papers of this conference in light of AGARD's interest in airframe structural fatigue, several conclusions
can be drawn. Potter et aL, and Wang-6 present data which indicate growth rate data for cracks from fastener filled
holes correlate with long crack data. These trends, which are contrary to open hole results, may be explained by the fact
that compression loads do not develop differing closure conditions as the crack extends. Closure does not develop
because (I ) the cyclic loading considered was predominantly tensile and (2) load transfer occurs across the fastener in
compressive cycles in filled holes and (3) interference fit fasteners (if used) prop holes open. Thus, one would not expect
a major short crack effect in growth rate behavior. However, this does not mean that the threshold behavior would not
differ from that developed for long cracks, particularly in situations where large compression loads develop. Data
developed by Topper et al.37 confirm the earlier Japanese work which shows threshold tends to be reduced in the
presence of block cycling". Significantly, data of both Potter et al. and Wang"6 do show crack propagation occurs at
levels below the usual long crack threshold. Aside from the reduction in threshold, the paper by Anstee39 thus
reasonably summarizes the problem of short cracks for panel like elements of airframe structures.

However, many questions remain for the AGARD committee to answer to the significance of short crack growth in
other geometries for which closure effects are not circumvented by load transfer through fasteners. Particularly significant
in this context are metallurgical factors such as anisotropy, the effects of end grain in forging&, etc. Of equal concern are
components subjected to aggressive environments. Given that in these situations, relatively high strength materials are
used for which brittle initiation occurs, the integrated effect of the short crack behavior will occur only over a fairly
short crack length (a few grains). Provided that critical crack lengths are very large compared to the grain size, the
integrated effect of the short crack behavior will cause a limited reduction in life as compared to the usual LEFM
prediction. But, if the critical crack size is small, there may be a major reduction in life.

In materials which exhibit ductile initiation under conditions where the plastic zone is large compared to the crack
length over a significant portion of the life, life predictions based on LEFM may be very nonconservative due to the short
crack effect. Fortunately, these situations tend not to be widespread in airframe materials and structures. However, such
situations are not uncommon in highly stressed hot path components in engines. Particular care, therefore, should be
taken in applying LEFM in engine design and RFC analyses. Attention should be focused on this and other similar
situation by the AGARD committee.
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