Journal of Alreraf

fatigue factor

licized accidents during and since World War II. Failures

VOLUME 8 MARCH 1971 NUMBER 3
L] L]
Fatigue and Fracture Mechanics
HerBERT F. HARDRATH
NASA Langley Research Center, Hampton, Va.
Nomenclature Introduction
a = half length of crack, in. ATIGUE failures and static failures of flawed structures
a. = critical half length of crack, in. have occurred in a wide variety of structures for as long
a = initial balf length of crack, in. as metals have been used. Extensive research has been di-
2, = %’nSt s modulus. ksi rected toward understanding the phenomena and toward
e _ n(:);?fa? ;?I?aig U S preventing such failures. Woehler'’s work in 1858 and
g _ acceleration due to gravity, 32.2 ft/sec? Griffith’s in 19202 are freqently cited as the pioneer inves-
K = stress-intensity factor, Ksivin 112 " tigations in fatigue and fracture, respectively. Research in
K. = critical stress-intensity factor for failure, ksi-in.1/? both fields accelerated markedly as the result of widely pub-

critical stress-intensity factor for plane strain failure,
ksi-in, /2

initial stress intensity, ksi-in.!/2

threshold stress-intensity factor for stress corrosion
cracking, ksi-in.l/2

theoretical elastic stress-concentration factor

strain-concentration factor

stress-concentration factor

exponent

number of cycles required to produce failure at a given
stress level

number of stress cycles applied at a given stress level

ratio of minimum stress to maximum stress

radial coordinate, in.

nominal stress level, ksi

fatigue limit, ksi

limit stress, ksi

maximum stress, ksi

ultimate strength, ksi

standard deviation

range of nominal strain

= range of the stress-intensity factor, ksi-in.1/2

range of nominal stress, ksi

range of local strain

range of local stress, ksi

local strain

radius of curvature at tip of crack, in.

local stress, ksi

= local stress in y direction, ksi
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of hundreds of welded ships, bridges, storage tanks, and pipe-
lines aroused a strong interest in fracture mechanics,®* and
failures in civil airliners about 1947 aroused new interest in
combating fatigue in aircraft structures. The unfortunate
Comet aircraft disasters in 1954 caused grave concern in both
fields and played a strong role in the adoption of the so-called
“fail-safe” design philosophy for many transport aircraft.

In preparing this survey of fatigue and fracture mechanics,
a review of the several hundred papers that have been pub-
lished annually in each of these fields during the past two or
three decades was clearly impossible. Thus, the scope of the
paper is limited to a discussion of behavior of metallic strue-
tures and only key concepts are treated. The detailed ex-
planation of even these key concepts is left to cited references
and to a selected bibliography, which should help the reader
delve deeper if he has the interest and need. Because the
paper is written from the point of view of the aircraft de-
signer, considerations on the metallurgical, and atomic levels
are not discussed.

This presentation is organized according to the steps that
must be taken to design an efficient aircraft structure to
operate with minimum danger of fatigue failures in a real
environment for some specified life. The first of these steps
(preliminary design) is concerned with establishing design
requirements and satisfying the static strength eriteria that
are chosen. The second step is a fatigue analysis with its
many component parts. The third step includes fracture
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Fig.1 Fatigue properties of structural materials.

and fatigue crack propagation analyses. In each step many
tests are required to check the adequacy of the design, and
periodic inspections are required during service to identify
and correct damage before catastrophic failure oceurs. The
frequency and sensitivity with which these inspections must
be performed are discussed.

Portions of the discussion are concerned specifically with
military aireraft or commercial transport aircraft because the
two types of vehicles are subjected to very different service
environments and are designed to fundamentally different
criteria. The sections on Fracture Mechanics include some
applications to missiles and space vehicles.

Preliminary Design
Structural Requirements

When a new aircraft is planned, the manufacturer and cus-
tomer must agree on a set of requirements. Because engi-
neering technology and manufacturing capability are becoming
highly sophisticated, and because a strong competitive urge
persists, these requirements usually include higher payloads,
lower structural weight fractions, higher speeds, greater
ranges, and longer economic lives than were required in pre-
vious models.

Frequently, these requirements are so stringent that the
designer faces a most difficult challenge to achieve the desired
result. - He may be forced to abandon some of the design
concepts he developed earlier and consider new materials,
fabrication processes, fastener design, and the like. When-
ever the new ideas have not been proven by experience, un-
anticipated deficiencies may arise. Furthermore, much
structural design is based upon empirical rules and judgments
which may not apply to new situations that depart signifi-
cantly from previous experience. Because of the very large
number of factors that must be considered, a new design is
accomplished by an iterative process that begins with simple
considerations and becomes progressively more refined.

Static Strength

The design and certification of an aircraft structure depends
to a major extent on static strength requirements. Generally,
the certifying agency (FAA, USAF, or USN) requires that a
specified (limit) load shall not cause significant permanent
deformation of the structure. In addition, an ultimate load
(usually 1509, of the limit load) shall not produce failure of
the structure. Under very strong motivations to produce
structures having minimum weight, designers strive to achieve
near-zero margins of safety with respect to these static
strength requirements throughout the structure.

Design procedures for satisfying these criteria have been
well developed over many years. The basic concepts of
material strength and stiffness are ones with which all engi-
neers are familiar. The analytical tools, though highly
sophisticated, need to consider only the gross properties of the
materials and structural shapes to achieve the desired resis-
tance to buckling, extensive plastic deformation, or failure.
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Frequently, at least for military aircraft, a full-scale static
test is required to demonstrate that the structure will not
fail under any load up to and including the ultimate load.
Static tests of civil aircraft are not required beyond limit
load. TUnless the designer has overlooked some unusually
high local stress condition, a redundant structure construeted
of a reasonably ductile material will generally pass the re-
quired test. The ductility inherent in many materials serves
to redistribute local high stresses, thereby reducing their
influence on the over-all strength.

Once the demonstrations are completed, the basic static
strength problem is no longer a concern because the airframe
will probably never experience the ultimate load condition
in service, and the variation in strength between successive
units is usually small. Because design criteria are based
primarily on static strength considerations, most materials
are selected, and components are arranged and sized as the
result of these considerations. Unfortunately, adequate
fatigue and fracture resistance are not assured by satisfactory
static strength.

Fatigue Analysis

The achievement of a long economic life for an aircraft
structure requires detailed attention to a very large number
of local stress conditions and to a large number of operational
parameters. Generally, the parameters can be -classified
into four categories: material behavior; effect of environ-
ment, thermal and chemical; structural configuration; service
loadings. To a first approximation each of these categories is
considered in light of previous experience, and calculations
are made by a set of empirical rules to produce an estimate
of life. The following sections discuss some of these rules
and assess their capabilities and limitations. Because con-
siderable scatter is involved in many of the inputs and re-
sponses, each should, in principle, be handled statistically.

Material Behavior

The most common means of characterizing the fatigue
behavior of materials subjected to cyclic stresses of constant
amplitude is the well-known S-N curve (Fig. 1). For many
steels, the S8-N curve exhibits a distinet horizontal portion,
called the fatigue limit S., below which failure is not expected
to occur. For most aluminum alloys the S-N curves display
a downward slope, even at very long lives. For this reason,
an effective fatigue limit is sometimes described at some
arbitrarily long life (frequently 5 X 108 cycles).

For many applications in ground-based equipment, operat-
ing stresses may be limited to levels below the fatigue limit
for steel and below the “effective fatigue limit” for aluminum
alloys. However, the high premium on low weight in aero-
nautical structures precludes such action and operating
stresses in aircraft penetrate well into the range where finite
lives are experienced. Thus, the sloping part of the S-N curve
becomes most important.
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The S-N curves are frequently regarded as characterizing
the performance of materials tested. To obtain this per-
formance, test specimens are usually polished very carefully,
tests are conducted in carefully alined and calibrated ma-
chines, and the test environment is controlled to minimize
corrosive effects. Among the parameters that might be
investigated by modifying some of the test conditions are the
effects of speed of loading, heat-treatment procedures, surface
finish, and others. The importance of each of these effects
is usually assessed by comparing test results with the char-
acteristic results discussed earlier. Such comparisons are
usually empirical. Sometimes a rationale is developed for
explaining the observed results, but quantitative rules for
anticipating results for conditions not yet tested are usually
not available. Attempts have been made to develop analyti-
cal expressions for predicting basic fatigue behavior from other
properties of materials,®~® but for the most part, these ex-
pressions have not found application in the design of complex
structures.

Many other factors such as the effect of mean stress on
life must be considered in a fatigue analysis. - Several stan-
dard diagrams®—12 have been employed that show constant-
life contours in a space representing the alternating and the
mean stress. The diagram in Fig. 2 is typical and was taken
from Ref. 11. The diagram is a cross-plot of a family of S-N
curves obtained from results of tests in which mean and
alternating stresses were systematically varied. This dia-
gram is most useful in fatigue analysis because the analyst is
frequently called upon to establish ‘“equivalence” among
various combinations of mean and alternating stresses. The
curves in the diagram usually indicate that at a given life,
higher alternating stresses may be tolerated for a lower mean
stress than for a higher mean stress. This trend is exploited
in many applications by shot-peening, surface rolling, or
other methods of providing compressive residual stresses.

A few investigators®12—1 have proposed standard shapes
for the curves in the alternating mean stress diagram. How-
ever, these standard shapes appear to fit only selected sets of
available data. In view of the statistical nature of fatigue
behavior, the curves in an alternating mean stress diagram
are subject to statistical interpretation, a fact that is fre-
quently overlooked. ‘

Other factors that may affect fatigue behavior are biaxial
and triaxial stress states. Numerous investigations!s17—2
have been conducted to correlate this effect by one of the
usual strength theories. However, most of the important
fatigue problems confronting designers involve cracks that
initiate at edges of free surfaces where a uniaxial stress state
is present. Analyses of practical cases where significant
biaxial stresses are present are usually based upon the maxi-
mum prineipal stress.

Up to this point the “tools” described are purely empirical.
Large numbers of tests are required to establish trends. No
deliberate account is taken of the progressive nature of fatigue
damage: crack initiation, crack propagation, and final
failure,

Effect of Environment

The corrosive effects of the environment in which an air-
craft operates can be deleterious to fatigue life.21=2% Many
attempts have been made to evaluate corrosion susceptibility
in accelerated tests. At best, such tests can rank various
materials for their resistance to corrosion in a specified en-
vironment and can demonstrate the effectiveness of protec-
tion. Rarely are the results applicable in a quantitative
sense to a calculation of life. Usually, the more susceptible
materials are avoided or are protected by paints or other
special treatments. In service, the structure is inspected
for signs of corrosion, parts are replaced if necessary or pro-
tective measures are restored.

The effects of temperature have not been significant in
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Fig. 3 Effect of stress concentration on fatigue properties

of 7075-T6 aluminum alloy.

most aircraft structures to date, but the design of some of the
supersonic military craft and the proposed supersonic trans-
port require that this parameter be given careful considera-
tion.?” For such aircraft, a new set of materials, principally
titanium alloys, will be utilized; new construction methods
will be incorporated; thermal stresses will be added to the
flight loadings to further complicate the stresses that must be
considered; and to the extent that creep might influence be-
havior, the fatigue life becomes more sensitive to frequency of
loading (or total time in test) than is the case at normal tem-
peratures,®—3 .

Structural Configurations

Structural parts inevitably contain changes in' shape and
mechanically fastened joints which introduce local stress
concentrations. Because fatigue failures almost always
originate at such discontinuities, much research has been
conducted to investigate these effects in a systematic way.
Usually, specimen configurations amenable to simple stress
analyses are tested and new families of S-N curves are ob-
tained.

The S-N curves shown in Fig. 3 are for 7075-T6 aluminum
alloy sheet specimens?! subjected to completely reversed axial
loads. The upper curve is for unnotched specimens and the
lower curve for notched specimens. The configuration of
the notched specimen is such that elastic stress analysis yields
a theoretical stress concentration factor K of 4. )

The simplest and most common analysis of these results is
the computation of the ratio of the fatigue strengths at a given
life. This ratio is commonly called the “fatigue factor” and
is represented by the symbol Kr. In this paper, Kr is ap-
plied only to cases of completely reversed stress and at long
lives. At such long lives, K7 is usually smaller than K.
The magnitude of the difference depends upon the material
and the size of part. Empirical rules have been developed? —3¢
which help to predict K for a given case, but these will not be
discussed here. Suffice it to say that K is smallest for small
specimens. This fact alone warns against the sometimes-
recommended test of a scaled-down structure or component
because such tests would inevitably produce longer lives
than would be found in full-scale tests.

At shorter lives the ratio of strengths is less than Kr and,
for failure during the first cycle, it is reasonably close to one
for ductile materials. This trend is attributable to plastic
action near the stress raiser, a phenomenon that has been
studied by a number of investigators.®—4 The behavior
is illustrated schematically in the right-hand portion of Fig.
4. The sketch shows the stress distribution across the net
section of the notched plate subjected to an axial stress S.
If the local stress is elastic, the distribution represented by
the dashed curve applies and the maximum stress is K78 as
represented by the square symbol. However, when the
local stress exceeds the yield strength, the stress is redis-
tributed as shown by the solid curve and the maximum local
stress is K8 as indicated by the circular symbol. Neuber
derived the currently favored expression for computing the
stress concentration factor K, in a notched specimen sub-
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Fig. 4 Effect of plasticity on stress concentrations.

jected to a static load: K,K. = K. = (6/8)¢/e where K,
and K, are the stress concentration factor and strain con-
centration factor, respectively, o and e are the local stress
and strain, respectively, and S and e are the nominal stress and
strain, respectively. For elastic nominal strains, this equa-
tion may be written se = (KnS)?/E, where E is Young’s
modulus. This equation is shown in Fig. 4 along with a
graphical representation of its solution for a given case. The
heavy line represents the stress-strain curve for the material
and the dashed line is the extension of the elastic portion of
the curve to the local stress K 78, which would oceur if plastic
action were not present. The remaining curve is the locus
of points satisfying the Neuber equation for all cases wherein
the values K78 are equal to the one shown. The intersection
of this curve with the stress-strain curve represents the local
stress and strain condition for the case in question.

Based on the Neuber analysis, Morrow and his associates®
have chosen the parameter (AcAeE)'2 = K(ASAeE)'?, to
correlate fatigue behavior of notched and unnotched speci-
mens. In this parameter, Kr is substituted for K7 in the
Neuber equation to account for size effect, and the symbol A
denotes the range of the stress or strain. The cyclic stress-
strain curve is substituted for the static stress-strain curve
in Fig. 4 to determine the stabilized local stresses and strains
under cyclic loading. When the data shown previously in
Fig. 3 are replotted on the basis of this parameter, the correla-
tion seen in Fig. 5 is achieved. The data points for both the
unnotched and notched specimens have converged into a
single band.

This correlation has been achieved by employing rational
notions, namely, the stress concentration factor for the plastic
range and the cyelic stress-strain curve. However, the system
has not yet been developed adequately for loadings other
than completely reversed nor for complex configurations.

Obviously, the designer must deal with complicated con-
figurations including joints. A considerable number of
systematic investigations have been conducted to study fa-
tigue behavior of simple joints®~5! and of complete aircraft
structures.®?~® Usually, the results of such investigations are
most useful for the vehicle tested. In some cases, they may
identify trends that are informative in a qualitative sense but
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Fig. 6 Comparison of fatigue behavior for structural com-
ponents and notched specimens.

do not provide quantitative information that will allow a de-
signer to estimate a life for a design somewhat different from
that tested. Thus, quite frequently, fatigue tests are conduc-
ted on complex components representing some part of an air-
frame structure to determine the “quality of construction”
achieved in that component. For convenience, results are plot-
ted on diagrams containing S-N curves for simple specimens
(Fig. 6) to find an “effective Kz,” an index that might be
useful for comparisons of fatigue adequaey for various designs.
The solid curvesin Fig. 6 are S-N curvest! ¢ for several sets of
specimens with notches of various severities, all tested under
cyclic tension stresses. The dashed curve is for results from
fatigue tests of 16 transport aircraft wings.*® The ‘effective
K+’ determined in this manner has widely different values de-
pending upon the stress level of the full-seale test, and could
lead to misleading assessments of the adequacy of a given
configuration. .

This disconcerting result is probably obtained because the
component contains many structural features each of which
has its own K7. Because each of these features is subjected
to a slightly different nominal stress and perhaps a different
local residual stress, the behavior of the component should be
considered to be represented by the conceptual curves of
Fig. 7. The several solid curves each represent a separate
local feature with its own K7. The stress level for each curve
is adjusted to account for the local nominal stress and residual
stress state. Tests of the complete component are likely to
result in failures along the dashed curve, which is the lower
envelope for the solid curves and the mode of failure is quite
likely to be different, depending upon the stress level of a given
test. Unusually good details might have basic S-N curves
like the one labeled A in Fig. 7. Failure at such a station is
highly unlikely. Conversely, a very poor detail would be
characterized by a curve far below and to the left of the others
and might well govern the behavior of the structure of many
stress levels.

While the foregoing is a rational conceptual model of why
structural tests behave as they do, it is hardly helpful as a
design tool unless one could predict the relative position of
all the local S-N curves and then compute the envelope.
This envelope cannot be computed by current technology.
Thus, one is limited to identifying some worst cases and to
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L

Fig. 7 TFatigue behavior of structural components.
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Fig. 8 Load experience in aircraft.

indicate trends.®® Qualitative reasoning and intuitive judg-
ment® play as large a role as formal calculation. A very large
number of components and complete air frames are tested to
back up these judgments.

Service Loading

The foregoing discussion is limited to constant amplitude
loadings, but service loadings are almost always much more
complex and arise from a variety of sources such as gusts,
maneuvers, landings, acoustic excitation, thermal gradients,
and pressurization. Only the primary structural loads are
considered in this discussion. For a given aircraft type, the
expected load experience is either derived for a specified
mission or prescribed contractually. Gust and maneuver
loading statistics have been collected for many years by
NASA=69 and the loading statistics for military vehicles are
specified in the appropriate military handbooks.®-"t The
required life, the frequency of occurrence of a given load, and
a representative stress history for a flight of a transport and
a fighter are shown in Fig. 8. The loading spectra shown are
for accelerations at the center of gravity of the aircraft. Sta-
tions on the wing or fuselage at which strains correlate closely
with such accelerations will, of course, experience stress
spectra proportional to the curves shown. Other stations
will have stress spectra very different from these. Several
observations are pertinent. The load spectrum for the trans-
port is subject to considerably less scatter than that of a
fighter. The transport rarely, if ever, experiences limit load
while the fighter encounters loads considerably in excess of
limit quite frequently. The transport, which is expected to
be serviceable for many more hours than the fighter, experi-
ences many times more low load cycles than does the fighter,
The representative stress histories indicate that the gust-
sensitive fransport experiences loading cycles that are reason-
ably symmetrical about the 1-g stress level. The fighter
loads come mostly from maneuvers and they are mostly on
one side of the 1-g stress level. For wing stations outboard
of the landing gear, the transport experiences an important
ground-air-ground cycle. This eycle is usually less important
in fighters. Helicopters characteristically experience very
large number of stress cyeles and relatively fewer high load
cycles. For the rotor blades, the cyclic stresses are super-
posed on a moderately high steady stress produced by cen-
trifugal forces. These considerations plus many others lead
to rather different approaches to the design of these vebicles.

The estimation of a service life under these loadings in-
volves some type of “damage” analysis. The well-known
Miner’ hypothesis, described in Fig. 9, is the most commonly
used. Some authors refer to this hypothesis as the Palmgren-
Mirner rule to emphasize the fact that the method was first
proposed by Palmgren™ some 20 years earlier. The rule
simply states that failure will occur when Zn,/N,; = 1 where
n; is the number of cyeles of S; and N, is the number of cycles
of stress required to cause failure at S;. This is probably
the simplest, most straightforward rule possible. Miner
qualified the application of this rule to predict the initiation
of a crack, but this qualification is usually ignored and the
rule is applied for a variety of failure criteria.

Fig.9 Miner’s rule.
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Several other cumulative damage rules have been proposed
by others®7478 but none have gained wide aceeptance. Usu-
ally, they are more complicated, but not necessarily more
accurate when their predictions are compared against data
taken from a large number of papers in the literature.

The application of a damage rule like Miner’s requires the
S-N curve for constant-amplitude tests of the same configura~
tion and for the same combinations of mean and alternating
stress as those for which the calculation is desired. This
information is rarely, if ever, available in sufficient detail,
particularly for major components. Consequently, designers
frequently perform calculations of Zn/N using S-N data for
simpler specimens taken from the literature. Sometimes,
the “quality of construction,” discussed in an earlier section,
is evaluated in a programed-load test. The result is analyzed
by the =Zn/N method using sets of S-N curves representing
various Kr values and the caleulation that comes closest to
producing En/N = 1 identifies the effective Kr for the con-
figuration. This approach is as likely to lead to questionable
assessments as did the approach based on constant-amplitude
stress conditions previously discussed.

Miner’s rule usually fails to prediet the life at failure quan-
titatively. Many reasons may be cited for this discrepancy.
Systematic series of tests®4=% have shown that =n/N varies
with the sequence in which loadings are applied, with the
over-all mean stress, and with whether or not negative load-
ings are included as indicated in Fig. 10. These results
suggest that an empirically adjusted value of Zn/N might
produce better estimates of life than does the standard value
of one. The trends outlined in Fig. 10 have been corroborated
to a limited extent in other tests on simple structural com-
ponents.?!

The variation in Zn/N as a function of the parameters
cited can be explained by considering the local stress near a
hole or discontinuity in the structure. Because of the stress
concentration present, the local stress frequently exceeds the
yield strength of the material when the applied load is mod-
erately high. The local behavior is indicated in Fig. 11. A
high tensile applied load causes the local stress to reach point
A. Subsequent unloading produces a local stress change
along the line A-B, and the compression residual stress B
is left when the applied load is completely removed. The
local stress due to subsequent load must be adjusted to ac-
count for this residual stress. Unless the subsequent load is
high enough to again produce local plastic deformations, the
amplitude of local stress will be unchanged from that cal-

TRANSPORT LOAD SPECTRUM, 7075-T6 SHEET, KT =4

wiNAY T

(]

SEQUENCE | ST 1

L= ) E—

O —

MEAN 0ksi — 1
STRESS prewe

GUSTLOADS ——
NEGATIVE ONLY

L0ADS | GUSTS PIUS
6AG CveiEs |1 ‘ , B
3

2 opn 3
PR

Fig. 10 Loading factors influencing Zn/N,




134 H. F. HARDRATH

TENSION

COMPRESSION

Fig. 11 Local residual stress.

culated from elastic considerations. However, the mean local
stress is reduced by the residual stress present and, as seen
earlier in Fig. 2, a longer life is to be expected than would be
observed for the same range of stress, but with a higher mean
stress. Conversely, a large compressive load produces a
local compressive stress C and leaves a residual stress D upon
unloading. Consequently, shorter lives are expected.

These effects are introduced each time 2 high load is applied
during a fatigue test or in service. For the situations por-
trayed in Fig. 10, compressive residual stresses are more
effective in prolonging life for monotonically decreasing se-
quences of stress amplitudes than for other sequences. Simi-
larly, they are more effective for positive mean stress than
for zero mean stress because high compressive loads (and
corresponding tensile residual stresses) occur very infre-
quently.

The fact that Zn/N > 1 in many cases results in somewhat
longer lives than are calculated. Generally, no deliberate
advantage is taken of this added life; thus, some conservatism
is introduced. However, the fact that Zn/N may be sig-
nificantly less than one in some cases is frequently not rec-
ognized; thus, the actual life may be shorter than estimated
by £n/N = 1.

Although the observations just discussed provide a means
for understanding some of the apparent anomalies observed
in fatigue behavior under variable-amplitude loading, design
tools based upon them are not yet adequate to predict life
without extensive testing. Because fatigue life must be
calculated for each of a huge number of stations in an air-
frame, each with its own local stress problems, the task be-
comes gargantuan in size and its aceuracy is questionable.
Add to this the inherent scatter, which will be discussed in a
subsequent section, and one almost despairs of ever accom-
plishing the task in the formal sense described.

This state of affairs dictates that the best estimate of ex-
pected life is to be gained from a fatigue test of a complete
airframe under programed loads simulating those expected
in service. Such a test has been conducted on a great many
airframes during the past several decades. The design of
this test should, of course, consider some of the systematic
influences cited in this section. For example, loadings should
be applied in random or flight-by-flight sequence, if possible.
Economic factors frequently prevent this course of action,
but the systematic influence of other sequences should be
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Fig. 12 Distribution of failures in identical tests.

J. AIRCRAFT

recognized. Economic considerations sometimes suggest that
negative loadings be deleted—an action which ignores one of
the predominant damage-producing loadings experienced by
aircraft.

An inagppropriately designed test may well introduce sys-
tematic errors in the estimated life, many of them in the
optimistic direction. Thus, the test of a complete aireraft
does more toward identifying the weak details in a structure
and evaluating fixes than it does toward establishing a “‘safe
life.” Further, a full-scale test may not identify the ap-
propriate critical weak details because of the inherent limita-
tions of the methods used and because ‘some significant en-
vironmental conditions may not be simulated adequately in
the test.

Scatter in Fatigue

The fact that considerable scatter is present in fatigue test
results has been mentioned in previous sections of this paper.
Similarly, the loadings to which aircraft are subjected are
characterized by considerable variability. Thus, the results
of a fatigue test of a complete airframe must be interpreted
in light of the statistical nature of the basic inputs and re-
sponses.

Few truly satisfying statistical studies have been performed
to define adequately” the statistical parameters needed to
anticipate the scatter to be expected in a given situation.
Similarly, customers and regulatory agencies have not spec-
ified the level of reliability they require. Several years ago,
Lundberg®—% recommended a statistical approach to the
over-all fatigue design problem. At the time, his proposal
was felt by many to require unnecessarily severe criteria.
Such methods have not been adopted formally to date. How-
ever, increasing emphasis is being placed on the assessment
of structural integrity and life in terms of reliability concepts.
Thus, it is of interest to comment briefly here.

Without formal and extensive statistical treatments, a
widespread belief has developed that fatigue tests of structural
components display less scatter than do tests of simple speci-
mens, and programed load tests display less scatter than con-
stant amplitude tests. By far, the most extensive systematic
series of fatigue tests of an aircraft type was conducted in
Australia® on ninety-two P-51 aircraft. The standard devia~-
tion of the log of the life was found to be about 0.20. That
result was interpreted to require that the life from a single.
test be divided by a “scatter factor” of 7.5 to preclude more
than one failure in a fleet of 1000 aircraft. The present
practice of the U.S. Air Force is to require a fatigue test of a

- complete airframe to survive four times the number of cycles

expected during the life of that aircraft type. An anticipated
spectrum of loads having a representative severity is em-
ployed. The Navy requires a test to twice the expected life,
but the spectrum is admittedly more severe than expected.
Recent studies based on early-order statistical techniques®—%
suggest that a factor of more nearly 8 is needed to relate the
earliest failure in a large fleet of aircraft to the mean life.

A simple statistical example may help to illustrate the

. underlying assumptions and probable significance of the

foregoing observations. The diagram in Fig. 12 is the familiar
normal distribution curve as applied to results of a fatigue
test of a complete airframe. The “safe” life is denoted on
the abscissa by X and the test life required by Air Force
specifications by 4X. The probability density of failure at a
given life is plotted as the ordinate. The implicit assumption
is that the life to failure in the test establishes the mean life
for that type of failure in the fleet. The figure is drawn for a
standard deviation s of the log life equal to 0.20. For that
value of s the life X coincides with the mean-minus-3s life.
The shaded area to the left of X represents the probability
of failure occurring before X; in this case, approximately
0.001. In other words, 1 in a fleet of 1000 aircraft would be
expected to experience the failure in question.
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Several comments are needed to place this diagram in per-
spective. The result of one test does not establish a mean.
The statistical diagram represents identical tests of nominally
identical specimens, conditions which are far from realized
in service. The sequence of loading, inchision or exclusion of
negative loads, and the service environment were cited earlier
as being significant but are rarely simulated adequately. To
the extent that any of these and the airframe tested are not
representative of service conditions, the estimated service
life may be seriously in error. For example, a photograph
of a detail that caused a fatigue failure during a fatigue test of
a large aireraft is shown in Fig. 13. The crack originated at
a very shallow machining mark left on an otherwise-generous
fillet in the corner of an access opening. TFlaws of this type
are probably not typical of the aircraft type. However, had
it been present in a service aircraft rather than the one in test,
it could have caused failure, but would not have been found
in test. Thus, it is virtually impossible to predict a safe life
with satisfactory confidence even though a complete airframe
was tested.

The realization of this fact has led the manufacturers of
commerical transport aircraft and the FAA to place much
more emphasis on faii-safe construction and on inspections and
maintenance to assure reliability in service. This action is
taken in spite of the fact that the service loadings of transports
are under much closer control than for other types of air-
craft, and in spite of the economic need to operate many of
these aireraft for over 12 hours of every day.

The uncertainties in anticipating service loadings, the
ability to identify unrepresentative—but potentially dan-
gerous—details by tests, and the inadequacy of analytical
procedures indicate that the best index of the life of a structure
that is presumed to have a ‘“‘safe life” is behavior in service.
Fortunately, many structures develop inspectable cracks in
advance of catastrophie failure. These cracks can only be
detected by periodiec and careful inspections. Contrary to
common opinion, such inspections are even more vital in
safe-life structures that afe not protected by fail-safe backups.
Guidelines for such inspections are developed in the succeeding
sections dealing with Fracture Mechanics.

Fracture Mechanics

The fail-safe design philosophy depends strongly on con-
sideration of residual strength of partially failed structures
and of rates of crack propagation--the key features of the
fatigue process that are all but ignored in the conventional
safe-life calculations and verifications.

A rationale for the analysis of fracture has been developed
based on the work of Griffith and Irwin®*" and has come to be
known as ‘“Fracture Mechanics.”” A special committee (F-24)
was established within the American Society for Testing and
Materials to deal with this class of problems. Because of the
concerted efforts of this group, Fracture Mechanics has been
developed in a much more rigorous way than fatigue analysis.
However, the present methodology does not yet handle ade-
quately many of the practical fracture problems confronting
designers. A large number of competing methods for analy-
sis of fracture have been developed and are used in 2 number
of companies and research laboratories.®~%* TFor brevity,
these latter methods are not discussed in detail. However,
many of them deserve study for the solution of particular
practical problems. ’

Basis for Analysis

The fundamental basis for Fracture Mechanics™* 197 js the
consideration of a quantity termed “‘stress intensity.” To
engineers not trained in the concept of stress intensity, it
seems perplexing at first exposure. The sketch and notes in
Fig. 14 illustrate the simplest concepts. The sketch shows
the elastic stress distribution along a line in the path of a crack
in an infinite sheet subjected to a uniformly distributed stress
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Fig. 13 Fatigue erack at tool mark.

S. Because the crack. tip is infinitely sharp, the calculated
local stress distribution contains a singularity. The distribu-
tion of local stress is given by the equation: ¢, = S +
S(wa/27r)V2 + ..., where a is the half length of the crack and
r is the radial coordinate of any point in the sheet. The
numerator of the second term of the equation measures the
strength of the S(ra)/? singularity and is called K, the stress
intensity factor. [Some authors prefer & = S(a)*2] It
has the somewhat unusual units of ksi (in.)¥/%. At least one
author'® avoids these units by considering the entire second
term of the equation at the point r = 1/2 min., thus, his K is
numerically equal to the K used herein, but has the units of
stress. Roman numeral subscripts I, I1, and IIT are used to
denote three modes of loading: opening mode (shown), in-
plane shear, and out-of-plane shear, respectively. All other
stress states are derived by appropriate superposition of solu-
tions for these three modes.

1f the stress S on the part is increased until the crack ex-
tends uncontrollably, the crack is said to have become un-
stable. The value of K computed for the stress and crack
length present at the instant of instability is called the critical
value K, (sometimes called fracture toughness). The analy-
sis is based upon an elastic stress analysis. Thus, the method
applies only to very brittle materials or to specimens in
which plane strain conditions are present at the crack tip.
1f these conditions are satisfied, 8 minimum value of K. is
obtained which is called the plane-strain fracture toughness
and is labeled K. A set of empirical criteria have been
developed and special specimens have been designed™® to
assure that “valid”’ values of K;, are obtained for a given
material at minimum cost. Obviously, many practical mate-
rials and configurations do not satisfy the restrictive condi-
tions imposed for these tests.

Originally, fracture was expected when the rate of release
of energy due to local redistribution of stress balanced the

_ 1/2
oy-s+5(%ra_r) $...

K = stmal"’?

CRACK BECOMES UNSTABLE
WHEN K = S(wac)l/ZZKc

Fig. 14 Stress intensity analysis.
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Fig. 15 Correlation of toughness with yield strength for
steels and aluminum alloys.

energy required to produce new surfaces as the crack grows.
However, attempts to quantify this hypothesis were unsuccess-
ful because the two energies were found to be different by
several orders of magnitude. Much of the diserepancy is
attributable to plastic work done during the fracture of most
engineering materials. Consequently, the value of Ky, is
established empirically from test data and is generally con-
sidered to be a characteristic property of the material.

A large number of analysts are active in developing mathe-
matical schemes for extending the applicability of the method
to a wider range of problems. Among the features considered
are the effects of plasticity,*~117 the finite width of speci-
men,'® cracks growing from holes,'' or eracks growing under
special loading conditions.120—123 At least two new technical
journals have been established to publish results of these
studics!?4~1% and several symposia have been held to discuss
results,1%6—1%0

This activity on the study of fracture has developed several
key issues that structural designers should consider, at least
in 3 qualitative sense to guide choice of materials and to plan
inspection procedures.

Trends in Results

One signifieant observation is illustrated in Fig. 15.131
In this figure, fracture toughness is plotted against the yield
strength (both normalized by density) for a variety of struc-
tural steels and aluminum alloys. Although the data exhibit
considerable variability, they also show an unmistakable trend
toward lower toughness for higher yield strength. Generally,
this trend is also observed for a given material heat-treated
to several strength levels. This single observation explains
why many structural parts made of high-strength steels some-
times encounter unexpected failures in service. Materials
having K;. values lying near the lower limits of the scatter
shown are likely to lead to hazardous applications unless
service stresses are kept low. If design stresses are kept low,
the part will weigh considerably more than if a material with
a better combination of properties were chosen. Metallurgists
and processing engineers are challenged to produce materials
with characteristics equaling or exceeding the upper limits of
the data shown. Notable among these efforts have been
studies of the effect of controlling more closely the percentage
of certain alloying constituents in a material!®2~13% and the
effects of thermomechanical processing. 134
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Specialists in fracture studies have long appreciated that
the thickness or the specimen or part has a profound effect
on behavior and on strength. Two typical sets of results!®
are shown in Fig. 16. The toughness data for 2024-T4 and
7075-T6 aluminum alloys are plotted against thickness. The
curves show that low values of K. are achieved in thick speci-
mens. As indicated previously, this behavior is generally
attributed to the fact that the material at the crack tip is
subjected to plane strain and the minimum value is labeled
K. For thinner specimens, the stress state is more nearly
plane stress and because significant plastic action takes place,
higher toughness valucs are observed. TFor a tough material
like 2024-T4, a specimen several inches thick must be tested
to achieve a valid K;..

The Fracture Mechanics method has not yet been extended
to treat with confidence the problems corresponding to the
sloping or higher portions of the curves in Fig. 16. Most
emphasis has been placed on determining the asymptotic
lower limit. Thus, the method is not useful for treating a
wide range of practical problems unless the fracture data are
collected in tests of specimens with representative thicknesses,
widths, and other key features. In the latter case, the tough-
ness number, though not a “valid”’ value of K. is, neverthe-
less, a convenient analytical tool for interpolation and moder-
ate extrapolations. Obviously, the fracture problem in the
very tough materials is less serious because a given crack does
not reduce residual strength as much proportionately as for
less tough materials. If welding is employed in the structure
order consideration, the fracture tests should, of course,
include specimens containing representative welds.

The curves of Fig. 17 illustrate the importance of fracture
characteristics of commonly used materials. The ordinate of
the diagram is the applied stress, normalized to the tensile
strength of the material, and the abscissa is the crack length
for through cracks in wide plates 1-in. thick. The curves
represent the residual strength of such plates made of each of
four commonly used structural materials. Clearly, for some
fixed crack length, the residual strength of the steel has been
reduced much more drastically than has that of the tougher
materials. Conversely, given a stress level, the rough mate-
rial can tolerate a much larger crack without causing failure
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than can the more brittle material. In service, structural
parts made of 2024-T4 aluminum alloy occasionally contain
cracks several inches long without failure, but steel parts
frequently fracture from very small cracks. Obviously, the
inspections required to preclude fracture must be much more
sensitive and frequent for high-strength steel parts.

Fatigue Crack Propagation

Although Fracture Mechanics was not developed for use in
the analysis and prediction of fatigue crack propagation, the
stress intensity parameter has been adapted for the analysis
of such data. Generally, test results are plotted, as shown
in Fig. 18, as the increment of crack growth per cycle against
the range of the stress intensity AK. A number of “laws”
have been proposed of anticipating the shape of the resultant
curve.1¥-147  One by Forman ¢ has been found on an empiri-
cal basis to treat an assortment of data gathered for a variety
of combinations of alternating and mean stress and over a wide
range of AK and crack growth rates.

As in most fatigue analyses, this study has started with
constant-amplitude loading. A few studies®—1% of fatigue
crack propagation under variable-amplitude loading have
shown that significant delays in crack growth may be observed
when the stress level is reduced during a test.

Proof Testing

An important application’” of residual strength and crack
propagation information to a design problem has been in
assuring adequate life in pressure vessels employed in space
vehicles. Because the expected life is short and weight sav-
ings are even more important than in aircraft, high strength
materials are used at high stress levels. To prove that the
vessels are free of significant flaws, a proof test is conducted on
each vessel. As indicated in Fig. 19, the proof stress level
is somewhat higher than the operating stress level. Pro-
vided the vessel survives the proof test, the basic Fracture
Mechanies eriterion K;. = S(ra)/? is used to determine the
maximum-sized crack that could have been present without
causing failure. That crack length and the operating stress
level are used to determine the crack propagation rate and the
number of cycles of load required to propagate the crack to its
critical length. If that number of cycles is sufficient to allow
the necessary pressure cycling during use, the vessel is de-
clared safe. The procedure may, of course, be reversed to
determine the relation between proof stress and operating
stress that will assure sufficient life.

The application of this rationale to proof tests of aireraft
structures presents a more difficult problem. Generally,
the aircraft structure is many orders of magnitude more com-
plicated, the numbers of load cycles desired are very much
greater, and variable-amplitude loadings are almost always
involved. Further, a proof test of a structure like a wing
would require that a high bending load be applied. The
side of the wing that is loaded in compression might well be

SIMPLE STRUCTURES AND CYCLIC LOADING
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Fig. 19 Proof test for fatigue crack propagation.
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left with tensile residual stresses that could aggravate the
fatigue problem. Proof testing is not a demonstrated or
accepted technique for determining a safe life for an aireraft
structure. Limited studies indicate that practical proof test
stress levels assure only a very short useful life after the test.
The following discussion of inspection intervals provides
additional information to support this conclusion.

Prediction of Inspection Intervals

Structures must be inspected frequently enough so that a
crack that is not detected in one inspection will not grow to a
length that will cause failure under normal operating condi-
tions within the inspection interval. A prudent criterion is
one that requires inspections at one-quarter the calculated
period to grow a crack from the minimum inspectable to
critical length. This procedure would protect against an
occasional crack that is missed during an inspection and allows
for the statistical scatter in results.

The curves in Fig. 20 have been calculated to indicate the
influence of such a practice on inspections of fighter aireraft,
The abscissa is the size of flaw that is presumed to be identifi-
able in an inspection. The ordinate is the expected life of a
part that contains a flaw and that is loaded according to the
spectrum of loads for a fighter given in the military specifica-
tion™ for fighters. The calculations were made by the Forman
expression (Fig. 18) assuming that each material was stressed
to 509, of its ultimate tensile strength at limit load. The
highest applied load was assumed to be 125%, of limit as given
in the military specification. Results are shown for the same
four materials chosen for the residual strength curves shown in
Fig. 17. Actual lives are expected to be somewhat longer
than those shown because of favorable interactions produced
when stress levels are changed. 2% However, the positions
of the four curves relative to each other are not expected to
change significantly.

The results illustrate clearly that the tough aluminum
alloy has a much longer residual life for a given crack length
than do any of the other materials. Therefore, a much cruder
or less frequent inspeetion plan would produce a given level
of safety. The high strength steel has a very short residual
life even when very short cracks are identified. Any useful
inspection interval would require that inspections be capable
of finding microscopic flaws. The relationship between crack
length and residual life will, of course, be correspondingly
different for structures stressed to other percentages of the
tensile strengths of the materials from which they are made.

The usefulness of a proof test in detecting flaws and assuring
a safe life or inspection interval can be indicated by a com-~
bined analysis of Figs. 17 and 20. A proof test to a very
high load level, such as 709, of the ultimate strength, indicates
a safe life of 100-1000 hr, depending on the material. The
life, however, is shortest for the high-strength steel which is
most sensitive to the small flaws that are hardest to detect by
nondestructive evaluation techniques. Note, also, that
fracture toughness values alone are not a measure of either the
relative strength of cracked parts or the appropriate interval
for inspections.
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Stress Corrosion Cracking

The stress intensity factor and basic fracture concepts are
also applied in the study of stress corrosion cracking of parts
containing cracks (Fig. 21).1%8 If a cracked specimen is sub-
jected to a tensile stress for a long time while it is immersed
in a corrosive environment, slow crack growth is likely to
oceur at a K level substantially below K;.. When the crack
grows to the critical length for the applied stress level, fracture
will occur. The lowest K value at which this phenomenon
occurs is called the stress corrosion threshold and is labeled
KIscc«

This basic concept is of paramount importance in the
evaluation of pressure vessels for spacecraft, which may be
subjected to highly aggressive environments for long times
in space flights. A proof-test procedure for guarding against
stress corrosion in pressure vessels has been developed®® and
isillustrated in Fig. 22. The curves represent the locus of all
combinations of applied stress and crack length for the values
of K;. and Ky, taken from Fig. 21. A proof pressure is ap-
plied to the vessel and the curve of K, indicates that no crack
greater than o is present. The safe operating stress for that
crack is taken from the curve of K.

In aircraft, stress corrosion cracking may take place due to
moisture from rain, condensation, splashing from runways,
and others. Exhaust fumes, salts, and other corrodents may
also be present. The behavior is almost always concurrent
with crack propagation due to fatigue. Thus, analysis would
require that both mechanisms be considered simultaneously.

Prediction of Fatigue Life

A few investigators®—%! have applied fatigue propagation
analysis and Fracture Mechanics to compute fatigue life.
A minute flaw (usually a few ;5%7 in. long) is assumed to
exist in any manufactured part. This flaw then propagates
under the applied loadings until a eritical combination of crack
length and applied stress produces failure. A consistent
application of the idea would require accounting for the stress
field around the discontinuity that initiates failure.!'* Cal-
culations based on these assumptions have given good predie-
tions of observed behavior. However, this proposal has not
been established well enough to be recommended as a design
tool as of this writing.

Concluding Remarks

The development of an efficient airframe capable of operat-
ing economically and safely for a long life poses very complex
design problems. Existing design procedures for fatigue
are based primarily on empirical rules and results taken from
systematic test series. Large numbers of tests are being
performed to evaluate the adequacy of designs and much
judgment is employed to produce flightworthy structures.

Systematic research is providing ways for rationalizing
observed behavior and for anticipating behavior. However,
a purely analytical fatigue design method is not yet available.
If it were, tremendous numbers of calculations would be re-
quired. The scatter inherent in fatigue behavior and in
service conditions would require that results of such analyses
be interpreted statistically.
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Jonsequently, effective designs will continue to be pro-
duced through a judicious combination of experience, intui-
tion, fatigue analysis, and evaluation testing. Fail-safe
features should be incorporated whenever practical to pre-
vent catastrophic failures. Frequent and careful inspections
are required to maintain continued structural integrity in
service.

The use of high-strength materials has increased the chances
of major failures caused by moderate damage or flaws. Frac-
ture Mechanies analysis procedures appear capable of treating
simple problems of this sort, but are not yet adequate for
complex structural and loading conditions. However, simple
applications of these procedures provide a useful rationale for
defining inspection techniques and schedules.
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