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PREFACE

Prevention of fatigue failure in structural parts has been an im-
portant concern in aircraft engineering for many years. Technological
developments continually bring out new materials, new fabrication
processes, improved design concepts, and additional information about
service requirements. Hence, engineering procedures for prevention
of fatigue need continual review. In recognition of this, the Naval
Air Systems Command of the Department of the Navy has sponsored,
in addition to numerous technical reports, the preparation of several
books on fatigue.

In 1941, the Bureau of Aeronautics sponsored the preparation of
a book on Prevention of the Failure of Metals Under Repeated Stress.
This book was prepared by Battelle Memorial Institute with the co-
operation of many individuals interested and experienced in the
field. It was published by John Wiley & Sons.

In 1955 the Bureau of Aeronautics authorized Battelle to prepare
a book, bringing up to date information on the fatigue behavior of
materials and including some discussion of design allowance for stress
concentrations and complex loading conditions. This book, titled
Fatigue of Metals and Structures, was prepared by H. J. Grover, S. A.
Gordon, and L. R. Jackson with help from others on the Battelle staff
and from numerous individuals in government agencies and aircraft
companies. It was published by the Government Printing Office and
subsequently published by Thames & Hudson (London, England) and
by Longmans, Green (Toronto, Canada) .

Quite recently the former Bureau of Naval Weapons sponsored the
preparation of a small volume, “Tips on Fatigue” by C. R. Smith, to
set forth in simple language some outstanding factors in fatigue. It was
planned to help junior designers, shop men, and inspectors to recog-
nize items critical in prevention of fatigue failure.

‘The present book is another contribution sponsored by the Navy.
The objective differs from those of the previously mentioned books.
In contrast to the 1941 and 1955 books, the present volume includes
information accumulated, particularly in the past decade, on topics
of recent interest, such as low-cycle fatigue, acoustic fatigue, and
fatigue testing of full-scale structures. Somewhat more emphasis is
placed on pertinence to structures in contrast to fatigue test data on
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v PREFACE

materials in small coupons. In comparison with “Tips on Fatigue,”
the present book is intended to have a wider coverage of engineering
details.

Design procedures to prevent fatigue failure are empirical and can,
unfortunately, achieve varying results. In most practical situations
there are various alternative procedures which can be evaluated only
relatively. For conciseness, only some of the procedures in use by
aircraft designers at the time of preparing the manuscript have been
selected for discussion in this book. Hopefully, many improvements
will develop. Accordingly, the data and ;')rocedures presented herein
should be regarded as starting points for design consideration but not
as inviolate rules. It is planned that the book provide a useful back-
ground for engineering to prevent fatigue failure. It is not intended
that any portion of the book should relieve an engineer from the
challenge and responsibility of always using the best information avail-
able to provide structural reliability.
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CHAPTER I. INTRODUCTION

BACKGROUND

Fatigue failure—cracking of metal under repeated stressing—was dis-
covered in the railroad industry. This industry presented some of the
first situations where extensive repetition of mechanical loading of
metal parts caused failures. As sources of vibration and of dynamic
loading of materials have increased, fatigue failures have become
increasingly important in engineering.

Perhaps nowhere is the prevention of failure by fatigue more

Ficurz 1.—Fatigue failure of wing-fold fitting.
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Ficure 2. —Fatigue failure in wing panel—crack through holes (see fig. 3) .

important than in the aerospace industry. Here, sources of dynamic
stressing are plentiful but design must avoid penalties of overweight.
Past records furnish many illustrations of failures ascribed to fatigue.
Figures 1 through 14 show examples illustrating a number of points:
1. Fatigue failures have occurred in many parts of aerospace
structures.
2. These failures have involved different materials and diverse
conditions of loading and of environment.
8. The failures usually start at some local stress raiser such as a
bolt hole, a fillet, a flange, a rivet, or a tool mark.
4. Cracks tend not only to start at a stress raiser but also to propa-
gate through others.
5. In some instances, fracture surfaces afford clear indications of
fatigue crack progression; however, such evidence is not always clear.
While none of the examples in figures 1 through 14 were the direct
cause of a catastrophic failure, catastrophies have occurred as a direct
result of fatigue in routine operations of airplanes. Other fatigue prob-
lems have necessitated frequent replacements and extensive redesigns.
These have been costly in time and in money and, for military opera-
tions, have posed very important logistic problems.
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Ficure 3.—Fracture surfaces—"beach” marks of section indicated in figure 2.

Ficure 4—Fracture surface of fatigue failure of wing panel—clear lines of progression
of crack at each side of hole.
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Fatigue origin

Top: Cracked bracket.

Failure origin

Bottom: Fatigue fracture surface—"beach” marks around origin.

Ficure 5.—Failed door-cylinder bracket.
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3
INCHES

Top: Break at right.

Bottom: Fracture face—contour marks indicate progressive nature (however, contrast
with “beach” marks in fig. 8).

Ficure 6.—Fatigue failure in booster-valve modulator piston.

The examples shown have been limited—partly to avoid undue
length in this chapter. Additional illustrations are available in the
literature (see, for example, references I and 2), in the files of aero-
space companies, and in the records of government agencies. It cannot
be recommended too strongly that an engineer concerned with the
prevention of fatigue study numerous examples of fatigue failures,
both from laboratory tests and from service. Whenever possible he
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62 873R

Ficure 7.—~Fatigue failure in a fuselage ring—crack from large hole to stiff flange.

should examine the physical part involved. An appreciation for many
factors in fatigue can be developed by extensive study of previous
fatigue failures.

SOME TRENDS

While fatigue has been a serious problem in the past, there is
reason to expect that it will present increasingly serious problems in
the future. Trends in design and in operations indicate new complexi-
ties are certain to arise. Some of these trends are: higher design stresses,
requirements for increased performance, and demands for increased
operational flexibility. Moreover, special flight vehicles, such as rotary-
wing aircraft, VTOL and STOL aircraft, supersonic transports, and
missiles and space vehicles, present special problems.

In the past several years, the design-limit load factor has gone down;
this trend has decreased but has not disappeared altogether. In some
instances, development of new materials of higher static strength (but
not proportionately higher fatigue strength) has produced an increase
in design allowable static stresses. These trends, which increase the
possibility of fatigue, were brought about by the continual need for

" & OF FLUAKT Time 1S CLoSeER 1o
LIMT LDAD — | aloT & Level, A 26
7 " O0.S LIMIT LoAD, WHEZE A (4G
Ve 1S AT 01Sh UMIT . sod 0] S-n diatrans i b
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Bottom: Fracture surface.

Ficure 8.—Fatigue in landing-gear bolt.

weight saving and high performance. Although these objectives remain,
there is concern for the competing objective of high reliability over
long service lifetimes.

Figure 15 shows the trend of transport aircraft operating speeds over
a period of about three decades. This trend contributes relentlessly to
more severe gust and maneuver loadings in flight. The corresponding
trend in takeoff and landing speeds results in more severe taxiing,
ground-maneuvering, and landing dynamic loadings. Catapult takeoffs
and arrested landings are particularly severe for carrier-based aircraft.
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Top: As reccived—failure in circled area.

Middle: Crack at flange (2X magnification) .

Bottom: Fracture surface (5X magnification) .

Ficure 9.—Fatigue failure in a flap-track flange.
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FiGuRE 10.—Fatigue failure of wing main spar—growth through areas of stress con-
centration (see also fig. 11).

Another design trend is toward flight at higher altitudes. This
requires increased pressurization loading on fuselage sections and influ-
ences other loadings.

New designs bring new emphasis on dynamic loadings. VTOL and
STOL aircraft introduce particular problems. High-speed jet aircraft
have made acoustic fatigue an increasing concern. The supersonic
transport adds concern for elevated-temperature fatigue and for
thermal-cycling fatigue. Missiles and space vehicles have shown some
problems in very low-cycle fatigue and in fatigue at cryogenic tempera-
tures. In general, the range of concern (low-cycle, high-frequency, high-
and low-temperature) is increasing.

At least as important as some of the design trends are operational
trends.

About 20 years ago, a commercial transport airplane might have
flown less than 2,000 hours a year; today a commercial airplane may
fly 4,000 hours or more a year. Air Force use of one type of aircraft
increased 50- to 100-percent over the past three years. Such increasing

usage means significant increase in the calendar rate of accumulation
of fatigue damage.

Moreover, aircraft assignments vary and often include missions dif-
ferent from those in the planning and developmental stage. Figure 16
shows variations in the frequency of maneuver loadings of identical
airplanes flown by two different squadrons. Mission assignments may
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Ficure 11.—Fatigue failure of lower wing surface after spectrum loading.

include severe environments such as in low-level radar penetration or
in weather observation. The increasing trend toward variation of mis-
sions requires increasing concern for the accumulation of fatigue
damage.

A few years ago, there was a “dividing line” between large aircraft
(transports, bombers) and small aircraft (fighters, reconnaissance
planes, etc.). The former were given qualitative consideration for
possible fatigue from gust loadings; the latter, being designed to with-
stand occasional high maneuver loads, were thought to be less critical
in fatigue. This dividing line is no longer so clear. The diversities of
military use (for example, low-level attack) mean that loadings are
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Bottom: Surface of crack along a—a (8X magnification) .

FIGuRE 12.—Fatigue in bellows from a lox duct.

no longer so clearly separable. Hence, there is a trend toward considera-
tion of fatigue in more types of aircraft.

Maintenance problems increase. Larger or more complex aircraft are
more difficult to inspect for possible fatigue damage and are more
costly to repair or change. Costs are serious even for military budgets.
One testing and repair program on a bomber is estimated to have cost
over $200 million. The cost of numerous minor alterations and repairs
on various aircraft is difficult to determine; one estimate is that the
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Ficure 13.—Fatigue crack in lug.

Navy spent over $150 million in one year. Such costs emphasize the
importance of design to prevent fatigue failures.

All of these trends require that the aircraft engineer be increasingly
cognizant of fatigue problems and of all feasible means of preventing
fatigue failure.

DESIGN APPROACHES TO PREVENT FATIGUE

Some materials (for example, low-alloy steels at room temperature
in noncorrosive environment) show no tendency to fatigue cracking
if peak stresses are less than some value called the fatigue limit.”
Hence, a steel part can, in principle, be designed for indefinitely long
life. Some parts, such as engine components or controls, are so designed.
Aluminum alloys, widely used for aerospace structures, do not show a
clear fatigue limit, but a tendency to fail at quite low stresses with a
sufficient (sometimes many millions) number of repetitions. More-
over, weight considerations often prohibit designing for extremely low
stress under infrequent high loads. From these considerations arose the
concept of safe-life design, that is, planning for a finite but usefully

O Fatigue limit is defined in chapter 3. The value varies with type of stressing
and with type of stress concentration as well as with material composition and
metallurgical structure.
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Ficure 14.—Fatigue crack originating at spline.

long lifetime after which the aircraft is to be retired or critical parts
are to be replaced. This safe-life design concept raises two_important
questions. First, since there are uncertainties in the expected loads and
stresses, and since there is known to be scatter in the fatigue behavior
of any material, what kind of statistical basis should be used? Second,
since consideration of the loading of many parts 1mmed1ately 1mp11es
a spectrum of stresses, what design principles should be used for the
cumulative- dam_ggg loads of varying magnitudes?

The dlfﬁculty of these questions led, several years ago, to a different
approach called fail-safe design. This approach can be illustrated by
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Ficure 15.—Trend for increased airspeed in transport aircraft.

a structure with planned multiple load paths such that, if one part
fails by fatigue, other parts will sustain necessary loads until the
vehicle can land and the structure can be repaired. Another illustration
is a panel so designed that, if a fatigue crack starts, it will propagate
slowly enough that the flight can be completed, the crack discovered,
and the panel replaced or repaired before any catastrophe occurs. At
first it was hoped that this approach might prevent the statistical uncer-
tainties connected with safe-life design. However, additional thought
shows need for careful consideration of fatigue lifetimes and proba-
bilities, even in a failsafe design. For example, the panel must be
designed so that (1) a potentially dangerous small crack is detectable
and (2) a crack too small to be detected on one inspection will not
propagate to catastrophic proportions before the next inspection.

At present, the indefinitely long-lifetime approach has limited use
in aircraft because relatively few materials have dependable fatigue
limits, and penalties for overweight prevent designing for extremely
low peak stresses. The two approaches of safe-life and of fail-safe are
both widely employed. Which approach is emphasized in a specific
part depends on many considerations such as material properties,
manufacturing and assembly possibilities, inspection accessibility,
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FiGURE 16.—Comparison of maneuver loads on the same model aircraft in different
squadrons.

safety requirements, and weight limitations. In many situations neither
method is used alone but rather a combination of the two.

AVAILABLE ENGINEERING INFORMATION

Pursuit of any design approach must be based upon the information
currently available. In design to prevent fatigue, as in other engineer-
ing design, the available information is largely empirical, and actual
procedures are based on approximate rules. The engineer must develop
a “feel” for the factors likely to be critical in any specific situation and
then utilize, with all the skill and judgment at his command, the scat-
tered information seemingly pertinent to his particular needs.

Information concerning prevention of fatigue comes primarily from
three sources: (l) laboratory fatigue tests on material coupons, (2)
laboratory fatigue tests on aircraft components, and (3) fatigue tests
and service experience on actual aerospace vehicles. It seems convenient
to arrange the information in this book in that order.

Accordingly, the following nine chapters are concerned mainly with
the information that has been accumulated from laboratory investiga-



16 FATIGUE OF AIRCRAFT STRUCTURES

tions of the behavior of material coupons. Such studies have proved
useful in:
1. Comparing different materials, different processing treatments,
and different surfacing treatments.
2. Comparing behavior under different types of stressing or under
different environmental conditions.
3. Guiding the development of new materials.
4. Investigating basic mechanisms of fatigue.
The results accumulated in laboratory investigations over several
decades have provided considerable understanding of fatigue problems.

In general, data from tests of material coupons are not directly appli-
cable for quantitative prediction of the behavior of complex structures.
This is discussed more completely in chapter XI, which, with the four
chapters following it, presents information accumulated from many
laboratory studies of components. This information on components is
helpful toward:

1. Revealing unanticipated stress concentrations and other design
faults.

2. Indicating various fabrication problems.

3. Comparing designs, comparing materials for a specific design,
and comparing fabrication processes.

4. Establishing design criteria.

5. Obtaining correlation between material laboratory test behavior
and service experience.

The latter two objectives may not be fully realized in many situations.

Realistic appraisal of the behavior of an aircraft requires additional
considerations relating to its expected loading and environment and
the complex interactions among its components. The final five chapters
cover some of these additional considerations and contain information
about some approaches that are currently in use.

Some additional information, not needed for continuity in the text,
is included in four appendixes on (1) statistics in regard to fatigue,
(2) fatigue behavior under combined stresses, (3) illustrative data on
several materials, and (4) processing of alloys in aerospace structures.

REFERENCES FOR CHAPTER 1

1. Smith, C. R.,, “Tips on Fatigue,” NAVWEPS 00-25-559, U.S. Government
Printing Office, 1963.

2. Longsan, J., A Photographic Study of the Origin and Development of Fatigue
Fractures in Aircraft Structures, Her Majesty’s Stationery Office (London), 1962.



CHAPTER ]I
THE NATURE OF FATIGUE

Fatigue under repeated loading was established as part of the testing
repertory of the engineer about 100 years ago. This was a direct conse-
quence of the experiments of Woehler (I) in connection with axles
of railway cars. Since then, much effort has been devoted to attempts
to understand the process of fatigue well enough to eliminate or to
control the problem of failure under repeated loading.

Approaches in seeking such understanding have been extremely
varied in nature. They have included development of empirical rela-
tions, phenomenological analyses, and meticulous metallurgical studies.
Approaches of each type have contributed to engineering by focusing
attention on factors critical in design. Current progress promises addi-
tional help toward the goal of increased reliability of materials and
structures against unanticipated fatigue failure.

The objectives of this chapter are to illustrate the diverse approaches
that have been taken, to indicate the current status of basic studies,
and to suggest in what manner the developing understanding of the
nature of fatigue is relevant to engineering.

EMPIRICAL RELATIONS

Attempts have been made to correlate fatigue strengths of metals
with almost every other conceivable property of interest in engineering:
with static tensile ultimate strength, with static tensile yield strength,
with proportional limit, with internal friction, etc. For some materials
there appears to be a limited correlation between fatigue strength and
static tensile strength; no such correlation appears generally valid for
materials of wide differences in composition and alloy structures. For
the most part, fatigue strength and other strength properties do not
show a dependable correlation.

Other physical properties (density, electrical conductivity, etc.) have
proved completely disappointing as engineering indexes of fatigue
strength.

Experimental measurements of fatigue behavior and empirical rela-

17
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tions for interpolation and extrapolation of data form the basis of
eﬁ_gi neering to resist fatigue. Such data and relations are the subject
of subsequent chapters. However, it is pertinent to emphasize here an
outstanding limitation of this approach. This limitation is the uncer-
tainty about the validity of extrapolation of empirical relations beyond
the limited range of available test data. The desire for more certainty
about the range of applicability of suggested relations is a major reason
for engineering interest in more basic understanding of the process of
fatigue.

PHENOMENOLOGICAL APPROACHES
Early Studies

A recent paper contains an account of early observations of fatigue
failures and of speculations concerning their cause (2). One of the
first speculations, that “metals crystallize in service,” persisted until the
early part of the present century. This idea was partly overridden by
recognition of the importance of the repetition of stress and was finally
eliminated by establishing, through use of the optical microscope and of
X-ray, the inherent crystalline nature of metals in the solid state.

During the first quarter of the present century, work with the optical
microscope brought further insight into the failures of metals by slip
along certain crystallographic planes. Many attempts were made to
study the behavior of grain bouudaries in polycrystalline metals and
alloys subjected to cyclic loading. Conjectures that slip converted a
material to a different thermodynamic state were advanced as explana-
tions of the irreversibility apparently required for fatigue. The work
of such men as Bielby, Ewing, Barstow, Rosenhain, and Haigh was
outstanding. Much of the experimental evidence which they obtained
has been improved and altered by use of more modern techniques;
however, the importance of slip along crystallographic planes has
remained. In the period 1920 to 1935, Gough and his colleagues carried
out extensive experiments of significance in the understanding of the
basic nature of fatigue (see reference 3 for an excellent summary).
Some of the important conclusions drawn were:

1. In ductile materials fatigue failure is a result of discontinuities
which are a consequence of slip; in brittle materials it results from
discontinuities inherent in the material.

2. Resolved shear stress along crystallographic planes is important
to the fatigue process.

3. Single crystals exhibit the same fatigue behavior as polycrystals;
hence, grain boundaries may influence fatigue but are not the sole

source.
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Some of these conclusions have been slightly modified and considerably
extended by later studies, but they remain essentially valid. A major
contribution was the identification of the intrinsic importance of the
crystalline structure.

In about the same period, Griffith (#) suggested a quantitative
explanation of some observations concerning the failure of glass under
steady load. He suggested that small microscopic cracks were inherent
in the material and that failure involved the growth and coalescence
of these cracks. While Griffith’s original work pertained to brittle
materials, the emphasis on inherent defects (not necessarily the crack
type suggested for brittle materials) has been used in many subsequent
speculations concerning fatigue.

Recognition of the importance of stress repetition suggested an irre-
versible process: An early stress cycle must produce some irreversible
change if a later cycle is to cause failure. In 1881 Bauschinger (5)
found evidence of hysteresis loops in quasistatic stressstrain relations
and suggested the pertinence of such behavior to fatigue. This sugges-
tion is still valid, although it has proved less fruitful than originally
hoped. It is deficient in at least two respects as an adequate explanation
of fatigue. First, experimental evidence shows the material properties
revealed by quasistatic tests do not correlate well with fatigue behavior
because the latter is extremely sensitive to local imperfections, while
in quasistatic tests they are “usually averaged out.” Second, mechanical
hysteresis itself needs further explanation on a more basic level.

Cumulative Strain Hardening

The work of Gough focused attention upon strain hardening and
the exhaustion of ductility. Shortly afterward, Orowan (6) developed
a theory based upon this idea. Despite some limitations, which will be
noted later, this concept retains considerable value and merits descrip-
tion. The idea suggested by Orowan is illustrated by the schematic
diagram in figure 17.

Figure 17 (a) shows a small volume of a polycrystalline solid under
an applied tensile stress. Grain A is oriented to yield at a relatively
low value of stress; it is wholly surrounded by B grains oriented to
resist higher stresses. Figure 17 (b) shows the relative stressstrain
behavior of grains A and B. Note that the suggestion of different grains
is unimportant. Grain A might be any kind of defect in an otherwise
elastic matrix. Orowan’s term was a “plastic inhomogeneity.” Now, con-
sider varying the applied load sinusoidally. The whole element shown
in figure 17 (a) will vary through almost a fixed strain cycle since it
is (with the exception of the single small grain A) elastic. Suppose the
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FIGURE 17.~Schematic diagram of Orowan'’s theory of strain hardening.
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cycle of strain (==¢) is such that, if all grains supported their share, B
grains would never exceed their elastic limit but grain A would. On the
first loading, grain A will deform plastically and work-harden so that,
on reversing the load to an equal strain in the opposite direction, the
“weak grain” will undergo a higher stress. Repetition of load cycles
and cumulative strain-hardening will cause an increase in the local
stress on grain A. With successive cycling, the stress will tend to be
distributed among the B grains. If this happens before the grain A
fractures, the range of strain is “safe” (below the fatigue limit).

This is an inadequate explanation for fatigue for several reasons.
First, it is admittedly phenomenological and based upon empirical
shapes of stressstrain relations; a more basic mechanism for strain
hardening is needed. Second, as Orowan has pointed out, this picture
requires additional assumptions to allow for all observations about
fatigue; for example, the influence of mean stress is not readily
explained. Third, as Gohn (2) emphasizes, some materials sometimes
exhibit strain softening in the fatigue region.

Nevertheless, it is quite certain that local “plastic inhomogeneities”
and redistribution of stresses are important factors in most, if not all,
fatigue situations. In some instances this view may provide an almost
complete explanation of behavior in terms quite adaptable to more
detailed description (for example, in terms of descriptions in the
crystal) . In others the Orowan mechanism may be mainly concomitant,
influencing the form of results but not accounting for all observed
fatigue behavior.

Theories Based on Preexistent Flaws

As already mentioned, Griffith suggested preexisting cracks as a
major item in the static fracture of glass. If cracks are formed or propa-
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gated by some time-dependent process (such as atmospheric corrosion),
then observed static strengths will be time-dependent. According to
Griffith’s original suggestions, a crack will grow under a nominal tension
stress:
where

K =a constant for a specific material in a specific state,

E=Young’s modulus, and

{ =the half-length of the crack.
Suppose there are many submicroscopic cracks in a piece of metal to
be subjected to repeated stressing, and some of these are long enough
to grow during the maximum tensile portion of each stress cycle. Each
of these cracks will grow increasingly fast as the number of cycles
increases, and, at some time, two or more will coalesce. Eventually a
visible crack will appear. This explanation has been offered for many
of the observations of fatigue behavior. Some aspects are discussed
in chapter V.

Of course, flaws other than cracks may preexist and may provide
the local stress concentration that is necessary to start a small crack.
Subsequent behavior can be cumulatively catastrophic, with suscepti-
bility to damage increasing with the number of repetitions of loading.
Formulation of semiempirical relations may then be made on the basis
of statistics. Preexistent flaw approaches require more detailed descrip-
tion of the type of flaw than is usually available. However, there is
little doubt that such flaws exist and complicate most fatigue experi-
ments even though they may not themselves provide a full explanation
of the basic mechanism.

Statistical Approaches

Afanasev (7) advanced one of the early “statistical theories” of
fatigue failure. Freudenthal (8) and many others have made notable
contributions.

In general, these “theories” suppose that the disruptive actions are
on a microscopic or submicroscopic scale—too small to be observed
using simple techniques. Because of the nonhomogeneity of metal on
such a scale, and of the imperfection of measurement and control of
stress in testing, it is likely that some disruptive and irreversible action
will occur in any cycle—even though this may not have happened on a
previous, supposedly similar cycle. So, it is suitable to consider the
probability of some irreversible action, such as fracture of an atomic
bond, which increases with increasing number of cycles,



|

22 FATIGUE OF AIRCRAFT STRUCTURES

For example, suppose ¢ (r) is the distribution function of position
of strength of atomic bonds, and ¢ (S) is the distribution function of
bond forces under the stress, S. Then one can write for the probability
of disruption:

PS) =oS96) LS ¢(x) drlds. )
The probability of surviving N cycles without fracture can be written
for p,

Pu(S) = [1=p (9 I™ @)
if the failure of m bonds is required for fracture and if the ¢ (S) are
considered as independent probabilities. It has been shown (8) that
this approach may be considered on the basis of the statistics of extreme
values to lead to a reasonable logarithmic form for the S-N relation.
The statistical approach also suggests, as has been pointed out by
Freudenthal, implications concerning ‘“size effect” and ‘“‘cumulative
damage.”

Nevertheless, the statistical approach cannot provide a wholly satis-
factory theory of fatigue. The ideas noted above, containing the
implication of independent probabilities of bond rupture, might
approximate the behavior of a brittle material where breakage of one
bond may not drastically influence adjacent bonds. Incorporation of
the suspected behavior of interaction of local defects in actual metals
is beyond the capabilities of current statistical theories. Some of the
“conclusions” from the statistical approach are, likewise, less informa-
tive than they appear at first. For example, probability considerations
of any strength property imply a lower macroscopic strength for larger
specimens, but they do not directly imply the magnitude of this “size
effect” or the factors which govern the magnitude. Fatigue strength
might be low at a thickness of a few hundred atomic distances, with no
further decrease of engineering significance anticipated as thickness
increases over such practical ranges as l4-inch to 1 inch. This infor-
mation requires characterization of the quantitative expressions for
such distribution functions as ¢ (r) and ¢ (S); this characterization is
not likely to come, in any unique sense, from the statistical approach.

For providing insight into the atomic mechanism of fatigue, the
statistical approach may be, as Gough once said, “simply irrelevant.”
However, as indicated in subsequent chapters and in appendix C,
statistical_allowance for variables in fatigue is most important in the
interpretation of experimental data and in the extrapolation from data
on similar samples in predicted behavior of engineering structures.

Theories of Progressive Deterioration

Many microscopic mechanisms, other than slip, twinning, and strain
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hardening, have been proposed to explain the irreversible action
inherent in fatigue.

Freudenthal and Dolan (9) have suggested “fragmentation of
crystals” with resulting deterioration of structure. Shanley (I0) con-
sidered “progressive unbonding” in reversed slip. Freudenthal (1I)
suggested local “heat flashes” as sources of irreversible damage.

Feltner (12) and Blatherwick (I3) have proposed that in the low
and intermediate fatigue range the stress is not a valid criterion to
use as a measure of lifetime. Morrow has proposed that in the low-cycle
range a more valid criterion for fatigue design is the microplastic strain
energy. This shifts the emphasis to measuring and understanding the
microplastic strain energy.

Many of the mechanisms mentioned above are either plausible or
backed by experimental observations for some materials. None has
been experimentally validated to a satisfactory degree to be acknowl-
edged as an approach of major importance.

STUDIES OF METALLURGICAL DETAILS

Attempts to develop empirical relations and phenomenological
theories have revealed the importance of localized behavior of the
crystalline structure. Recent investigations toward more basic under-
standing have been concerned mainly with observations in microscopic
detail. Grosskreutz (I4) has reviewed the “micromechanisms of fatigue”
and Schijve (I5) has summarized such work with particular reference
to aluminum alloys.

Possibility of Different Mechanisms

Wood and his colleagues (I6) used X-ray techniques to look for
structural changes under cyclic stressing in contrast to those under
static stressing. Figure 18 shows their suggestion of differences in a
high-stress (H) low-cycle region and a low-stress (F) high-cycle region.
In the former, many features resemble effects under static loading; in
the latter, some detailed differences may be noted. Accordingly, Wood
suggests that different mechanisms may operate at high stress levels and
at low stress levels.

Laird and Smith (17) consider the importance of different mecha-
nisms questionable. They suggest that the H region represents rather
a hastening of the fatigue process and a wider distribution correspond-
ing to a larger volume of plastically deformed material. Current interest
in low-cycle fatigue (see ch. VII) may provide further insight into
the value of considering two different mechanisms.
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Ficure 18.—Differences in high-stress and low-stress fatigue (according to W. A.
Wood et al).

The possible importance of considering two distinct mechanisms
is not yet entirely clear. Attention is presently directed toward more
detailed understanding of behavior in each region.

Stages in the Development of Fatigue

It is now generally agreed that the development of fatigue failure in
any metal or alloy subjected to repeated stressing under some fixed
amplitude of (macroscopic) stress or strain may be usefully considered
in stages (note, for example, reference 18) . These include:

1. Cyclic slip and local strain hardening or strain softening prior
to any detectable crack.
2. Development of submicroscopic pores or voids (note refer-

ence 19) .

3. Coalescence of these pores to form a microscopic crack or cracks.
4. Growth of the crack or coalescence of cracks to a macroscopic
crack.
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5. Relatively continuous propagation of the macroscopic crack.

This stage may be further subdivided (see ch. V).

6. Final rupture after the macroscopic crack has weakened the
piece.
A completely satisfactory theory must account for each stage.

Of the six stages mentioned, the latter two, observable on a macro-
scopic scale, are being studied in terms of continuum mechanics.
The first four are being studied experimentally on a microscopic basis
with particular attention to the role of cyclic slip.

The Development of Cyclic Slip

Much careful study has been carried out on pure metals, such as
aluminum and copper. These not only are free of some of the micro-
structural complexities of alloys but are relatively easy to observe for
slip bands. One of the major contributions of studies of slip in pure
metals has been the distinction of two types:

1. Fine slip—movements through relatively few lattice spacings,
movements being of the order of 1077 cm.
2. Coarse slip—avalanches of fine slip movements, producing bands
of the order of 107° to 107 cm.
The relative extent of fine slip and of coarse slip appears to be a func-
tion of stress amplitude, fine slip being particularly evident at lower
stress amplitudes.

The evidence concerning details of slip under cyclic stressing is being
obtained by optical and electron microscope studies of surfaces trans-
verse to cracking and of crack surfaces (fractography). Figures 19 and
20 show examples. Figure 19 shows striations in a 7.5 percent Zn-2.5
percent Mg aluminum alloy. The upper photograph shows “ductile
striations” frequently observed; the lower photograph shows “brittle
striations” observed in a corrosive atmosphere. Figure 20 shows fracture
surfaces in a 7178 aluminum alloy. The curvature of the striations in
the upper photograph indicates slowing down of the propagation rate
at grain boundaries. In the lower photograph alternate regions of
“ductile striations” and brittle fracture of second-phase particles can
be seen.

Dislocation Studies

In the past decade there has been considerable progress toward
explaining static yielding and slip in terms of line defects or disloca-
tions. It is now realized that dislocation interactions with point defects
may be extremely important.

Complex arrays of dislocations produced under cyclic stressing have
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Bottom: “Brittle striations” in 3 percent Na-Cl solution.

Photographs through the courtesy of the Royal Aircraft Estahlishment, Farnhorough, England.
FiGure 19.—Surfaces of fatigue fractures in Al-Zn-Mg alloy.
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been observed in electron microscopy of thin films. Figure 21 shows an
example. Such arrays and the dislocation dynamics important to the
fatigue mechanism are not yet fully understood. Experimental studies
have been reported by Grosskreutz (I4), Forsythe (20), Thomp-
son (21), Machlin and McEvily (22), and others.

There are a number of speculative models of dislocation movements
which may explain various aspects of fatigue (references 21
through 27).

The upper photograph in figure 21 shows subcells formed in fatigue
of pure aluminum and some hints of dislocation tangles at the subcell
boundaries. The lower photograph in figure 21 shows, at quite high
magnification, a complex array of dislocations.

Other Approaches

Experimental studies at high magnification continue. Some aspects
of dislocation behavior in crystals can be studied in nonmetals. See, for
examples of studies pertinent to fatigue, references 25 and 26.

Investigations at cryogenic temperatures presently imply that
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a. Striation curvatures showing change in rate at grain boundary.

Ficure 20.—Fatigue fracture surfaces in 7078 aluminum alloy.
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b. Regions ot ductile striations and ot prittle tracture at second-phase particles. /

Photographs through the courtesy of Regis M. N. Pelloux; see Boeing Report DI-82-
0169—RI (1963).

Ficure 20.—Fatigue fracture surfaces in 7078 aluminum alloy—Continued.

mechanisms dependent on thermal diffusion cannot be basic to
fatigue (27).

The great importance of the surface environment in many instances
of fatigue is being recognized (28, 29).

It is to be hoped that these and other avenues of investigation will
provide information to eliminate some of the overabundance of models
proposed for explaining the early formation of cracks. This represents,
at present, a particularly unresolved question in the total picture of
the fatigue process.

" PRESENT UNDERSTANDING AND
PERTINENCE TO ENGINEERING

The foregoing discussions indicate that there is still appreciable
confusion regarding the basic nature of fatigue. In a sense, we have
recognized the phenomenon for more than a century and still do not
understand it. Yet, progress has been made.
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It has become clear that fatigue is critically influenced by micro-
mechanisms, not only by the crystalline structure of a metal, but also
by defects in this structure. At present it seems likely that a great deal
will be understandable in terms of line defects (dislocations). It is
equally clear that other details (point defects, gross inclusions, surface
interactions) will be important. In fact, of the various types of fracture
in engineering materials, fatigue seems to be influenced more signifi-
cantly by submicroscopic details of metallurgical structures than any
other. It should be recognized, however, that even though atomic read-
justment in fatigue cracking may become better understood, most
fatigue-cracking engineering problems still may not be satisfactorily
resolved. It seems evident that basic understanding will involve micro-
scopic and submicroscopic items that can be related to design factors
only in some statistical sense.

There are two ways in which our improved understanding about
fatigue may be expected to provide engineering help. One is to suggest
principles for the improvement of materials and fabrication techniques.

Photographs through the courtesy of J. C. Grosskreutz, Midwest Research Institute, Kansas
City, Mo.

Ficure 2]1.—Electron microscope transmission photos of fatigued pure aluminum.
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Ficure 21.—Electron microscope transmission photos of fatigued pure aluminum—
Continued.

These principles may not immediately lead to vastly improved mate-
rials; in some instances, materials may already approach economic
optima, even though this situation has been reached by trial-and-error
methods. Another way in which improved understanding may be help-
ful is in qualitatively defining the factors most significant in such
problems as stress concentration, cumulative fatigue damage, effects
of combined stresses, and influences of temperature and environment.
Even when our understanding is greatly improved, such effects may
have to be determined experimentally, but clearer theoretical mechan-
isms can be expected to provide guiding rules for optimizing the
experiments.

The present status of knowledge indicates quite clearly the com-
plexity of the fatigue processes and is compatible with our observations
that fatigue is influenced significantly by many variables difficult to
control in practice. This conclusion implies clearly that, to prevent
fatigue failure, engineering must be continuously cognizant of the
importance of local weaknesses and of the likelihood of “scatter” in
engineering values for fatigue strength. It is important to realize that
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practical problems are not likely to be solved without attention to
details—often to a greater extent than may be required to prevent other
kinds of fracture. The engineering problem is inherently that of pro-
viding maximum reliability against fatigue with some tolerable amount
of detailed design, testing, quality control, etc. The important lesson
from consideration of present knowledge concerning the phenomenon
of fatigue is that this optimization is so difficult that it may be neces-
sary to approach practical problems entirely on a probability basis.
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CHAPTER IIIL
FATIGUE TESTING NOMENCLATURE
AND CONVENTIONS

INTRODUCTION

In the preceding chapter it was indicated that the basic nature of
fatigue is becoming better understood in terms of crystalline imperfec-
tions. However, even when atomic behavior becomes well understood,
the engineer will seldom be able to design in such terms. He will have
neither the detailed information nor the computation time to predict
the lifetime for a structure from data on a microscopic level. Engineer-
ing to prevent fatigue failure is now and will long remain based largely
upon experimental test data and upon empirical design relations.

In one sense, this situation is not wholly different from designing
against static overloads. The static allowables for materials are deter-
mined by measurement rather than by basic theory. Calculations are
based upon a combination of theory of elasticity and assumptions (such
as isotropy and effective strength under combined stresses) which have
been found by experiment to be acceptable approximations and have
been justified further by experience.

However, there are some differences in the case of fatigue. Experience
has shown that behavior under repeated loading is more sensitive than
static strength to local stress (or strain) concentrations and to local
weaknesses, so that more careful and detailed allowances for such items
must be made. Moreover, in fatigue there are inherently more stress
(or strain) variables; in place of a single quantity such as yield stress,
it is necessary to consider (1) stress amplitude, (2) mean stress, and
(3) the number of repetitions of stress. Moreover, usually more “scat-
ter” appears in observed values of fatigue strength than in observed
values of static strength. For this reason and because of additional
uncertainties in expected distribution of loadings, a probabilistic
analysis of survival has particular significance in design to prevent
fatigue failure.

The sensitivity of fatigue behavior to local stresses and to local weak-

33
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FiGure 22.—Nomenclature for conventional laboratory fatigue testing.

nesses and the extreme difficulty of analyzing these in a complex
structure mean that it is difficult (often impossible) to use laboratory
data concerning the fatigue strengths of materials directly for design
purposes. Despite this, there are at least two valid reasons for making
laboratory fatigue tests of materials. First, such tests, because they iso-
late variables, are helpful in rating materials. They also indicate the
relative importance of various factors in heat treatment, in fabrication,
in assembly, and in environment. Therefore, laboratory results have
intrinsic (although often only qualitative) value. The second reason,
and the reason why such studies are discussed first in this book, is that
most of our concepts of design relations have come from laboratory
tests and experience. Such ideas as “Goodman diagrams,” suggestions
for the treatment of “cumulative damage,” and so on, have originated
from laboratory experiments on simplified specimens. Thus, the nomen-
clature and definitions of many terms used in engineering are most
readily stated and illustrated by reference to results of laboratory tests.

SINUSOI DAL LOADING AND “S-N” CURVES

The most common way of fatigue-testing a material specimen in the
laboratory is to subject it to a stress (or strain) varying sinusoidally
with time. Figure 22 indicates the quantities ordinarily used to specify
the loading.” Frequency (except at elevated temperature or in the
presence of a corrosive environment) is often chosen for testing con-
venience. The other characteristics of the sine curve can be specified

) The nomenclature follows that of ASTM (see reference I).
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by any two of the five stress parameters shown or by any one of these
plus one of the stress ratios. Practices common in the aerospace industry
are:

1. To run tests at various specified values of R (load ratio) and,
for each value of R, to vary S... (maximum stress) for different
specimens and to observe and record resulting values of N (number
of cycles to failure) .

2. To run tests at specified values of S,. (mean stress) and to vary
the 8, (stress amplitude) for each value of §..

8. To run tests at a constant base load (usually 1g) and to vary
Smaz OF S.i. For special purposes, other procedures such as “spec-
trum” or “variable-amplitude” testing are used. Spectrum testing is
discussed subsequently.

Figures 28 through 25 show some ways of plotting data from labora-
tory fatigue tests. At the top of figure 23, values of stress (S,) are
plotted as ordinates and values of number of cycles to failure (N) as
abscissas. This plot is called an “S-N” curve. Note the convention of
arrows on points at the right; arrows indicate that specimens did not
fail in the number of cycles shown. The bottom graph has the same
data in terms of S versus log N (a logarithmic scale is nearly always
used for lifetimes (in cycles) since it spreads out the shorter lifetimes) .
At the bottom of figure 23, the experimental curve is dotted to the
left of the region of observations toward a value of S, equal to the
ultimate tensile strength (UTS) at one-fourth cycle. This is an arti-
ficiality to be used only with caution in recognition that stresses
above the yield strength have ambiguous meanings; current work on
low-cycle fatigue (see ch. VII) is providing improved methods of
representation of data in this region.

A more common practice is to use as abscissa a logarithmic scale
extending only a little beyond the range of observed data—as in
figure 24. In this figure the bottom curve represents the same data as
in figure 28. The top curves illustrate two other points:

1. Many steels show S—N curves that appear horizontal beyond
some long lifetime; the stress at which the curve becomes horizontal
is called the “fatigue limit” for the material and condition of test-
ing. For a material (such as an aluminum alloy) which may not
show a clear fatigue limit, an engineering value sometimes used as
an “effective fatigue limit” is the stress at an arbitrarily specified
long lifetime (such as 10° cycles).

2. The ordinates used for data on notched specimens are usually
values of nominal stress at the section through the notch.

Sometimes the ordinate plotted is the ratio of the test stress (ampli-
tude) to the static tensile strength. As indicated in figure 25, this
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representation affords some comparisons of materials not so apparent
otherwise.”

“GOODMAN"”’ DIAGRAMS

Figure 26 shows a family of S—N curves at different values of the
load ratio, R. From such extensive data it is possible to construct
constant-lifetime diagrams such as that in figure 27, in which the
“points” are values at which the curves in figure 26 intersect the dotted
line at a particular lifetime value. The solid-line curve through these
points provides a design guide for various values of mean stress. Figure
28 shows another representation in terms of S... (upper curve) and
of §,... (lower curve) against §,. A plot that shows this relation and
contains explicitly many quantities used in design is shown in figure 29.

@ Representation as a fraction of static strength (an actual or a design value)
is used especially often in representing data from tests of structures.
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In the United States constant-lifetime diagrams are often called
“Goodman” diagrams.®
In many instances the designer does not have available such exten-
sive fatigue-test data. In such instances, he may use an approximate
curve fitted through such values as he may have (commonly, S, for

@ After J. Goodman who actually suggested a linear relation between S, and S,.



40 FATIGUE OF AIRCRAFT STRUCTURES

30

Linear appraximation

20

Sa‘ ksi

Parabolic appraximatian

(o] of
OO IlO 2'0 3L0 40 50 60 70
Sm, ksi
Ficure 27.—A constant-lifetime (Goodman) diagram.
80
utTs=730
-
~
PR
- /
60|~ Simax N2 /
x
i
/
X /
2 = </
_ 40} g
= X x
£ X L
p !
" e *  “—Smin
o /
é 20 X
75) x:/ For N=107 cycles
X/
0 :;.;/ | |
/20 40 60
X Sm, ksi
-20 X

FIGURE 28.—Another constant-lifetime diagram—same data as in figure 27,



FATIGUE TESTING NOMENCLATURE AND CONVENTIONS 41

4.0 2.33 1.5 A< 067 043 025 ol 00
-06 -0.4 -02 R=00 0.2 04 06 08 1.0
100 T T T T T T T
so}-
A= - ==
R=-LO[\
AN
= 9o GB(\
2
=
o
€
n
40~
20}
o} 1 1
60 30 =20 0 20 20 60 80 100
Smin‘ ksi

FiGure 29.—Constant-lifctime diagram combining features of diagrams in figures 27
and 28.

fully reversed loading, and S,, = §, for §; = 0). T'wo simple approxi-
mations are:
I. Linear approximation: S, = 4 (1 — Sm/Su)
2. Parabolic approximation: S, = 4 (1 — §,.*/8.%)
where
A=Su forSm=0;
S. = ultimate tensile strength.
These are indicated as dotted lines in figure 27. For the data repre-
sented in figure 27, the parabolic approximation affords a close fit, but
no simple relation is known to fit all materials under all loading con-
ditions. Figure 30 shows suggestions (from reference 2) which may be
used as rough guides in the absence of many data.

COMBINED STRESSES AND OTHER FACTORS

To this point, emphasis has been on uniaxial stress. In a structural
part, this simplicity seldom exists; bending and twisting are likely
to be present as well as tension.

Considerable effort has been devoted to devising a method for pre-
dicting fatigue strength under any system of stresses when data are
available for one type of stress (such as unidirectional). No widely
acceptable procedure has been developed. The present status of the



42 FATIGUE OF AIRCRAFT STRUCTURES

i Ductile materials for Smax/tmax = |
osk Ductile materials for
qux/Tmox = |/2
T Linear
n
@ 06 -
S
o
w
~
U)U o4l
Brittle materials
and ductile materials
021 for Smax/tmax small
OO i 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0

Sm/ UTS

Ficure 30.—Schemes for approximation of Goodman diagrams.

search is reviewed briefly in appendix A, and some references for
further reading are listed there. Although there are no widely accepted
conventions in multiaxialfatigue testing, there is a tendency to follow
the “combined-stress strength theories” developed for static design.
The emphasis in the following discussion in this chapter and in
subsequent chapters concerning laboratory fatigue tests on materials is
in terms of uniaxial stressing. For some situations, results of such tests
are directly applicable; for other situations, uniaxial test results give
relative values for different materials or processes that can be used as
design guides in more complex loading. However, it should be empha-
sized that fatigue behavior under multiaxial stressing is seldom quanti-
tatively predictable from laboratory results. It is necessary to define the
fatigue strength of a material with specification for the type of stressing
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as well as for the combination of mean stress and alternating stress and
the lifetime involved.

Many other factors influence fatigue behavior and necessitate con-
sideration in use of the data in design. Among these are: stress con-
centrations, crack-propagation rates, cumulative damage behavior,
temperature, corrosion, and fretting. These are discussed in subse-
quent chapters, and definitions and nomenclature are given as appro-
priate.

SCATTER AND STATISTICS

Up to this point we have considered the idealized situation in
which, if all the pertinent factors are delineated, the fatigue strength
of a material (or component) can be considered determinable. Actu-
ally, if many samples are tested, the results do not fall on a smooth
S—N curve. Figure 31 illustrates the “scatter” that is more likely to be
observed. When it is recalled that fatigue behavior is dependent on
minute imperfections always existing in metals and alloys (even the
best that can be produced under laboratory conditions), such scatter is
not surprising.

Variability in static strength values has long been recognized in
design. There are, however, some additional factors of particular con-
cern in fatigue:

1. The scatter for fatigue strengths is larger than for static
strengths. For the material used in figure 31, the ultimate tensile
strength had a maximum of 100.6 ksi and a minimum of 94.5 ksi—
a range of about =3 percent about the mean. If one takes, as a
crude measure of uncertainty of fatigue strength, the vertical distance
between dotted lines in figure 31, a range of about =17 percent is
found at 500,000 cycles.

2. In regions of low slope of the S—N curve, the scatter implies a
very large variation in lifetime. In the results shown in figure 31,
the range at 32,000 psi is from 300,000 cycles to 4,000,000 cycles—
somewhat more than an order of magnitude.

3. As might be expected and as is illustrated more completely in
later chapters, very many factors influence fatigue lifetime signifi-
cantly, so that the variation found in a laboratory test of a material
is extremely difficult to relate to service conditions. The scatter found
in fatigue tests of complex structures often seems less than that in
the laboratory test specimens of the material involved. This may be
rationalized by supposing that every structure contains weak places
and these crack according to the lower part of the material scatter
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band. Another factor is the likelihood of imperfect surface finish

and assembly of components. (See later chapters on components and

structures.)
Thus, it is imperative to take cognizance of the statistical nature of
fatigue-test results.

Whenever there is scatter in the results of a test to failure, a serious
question arises as to what value to use in design. This may be easily
illustrated by considering the nine data points at the 36,000 psi level of
figure 31. For the nine specimens, there was apparently a 50-percent
chance that any one would survive 306,000 cycles (the median value
through which the curve is drawn). What is the chance of another
specimen (the material to be used in the structure) surviving this
many stress repetitions? What is the lifetime which has a higher prob-
ability than 50 percent for survival and which might be acceptable
in practice? The reasoning employed in statistics (discussed briefly in
app. C) permits more precise formulation of such questions and, when
enough data are available, useful answers. It is possible to plot, from
information such as shown in figure 31, probability-of-survival
(P—S—N) curves as illustrated in figure 32.

As the very many data needed for describing materials in such
detail become available, it can be anticipated that statistical repre-
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sentations of fatigue properties will become more extensive. A start
toward this is provided in reference 3. However, there are not yet
enough data for statistical qualification of the fatigue of many materials
subjected to various conditions.

The role of statistical analysis in engineering to prevent fatigue
failure is difficult to assess. On one hand, there is the argument that
scatter and probability considerations are inherent in the fatigue prob-
lem and that no analysis can be dependable without the use of statisti-
cal reasoning. On the other hand, economic considerations make it
wholly impractical to run a large number of fatigue tests on a complex
structure; for this reason mathematical statistics are sometimes avoided
in engineering practice. There are at least two potential uses of mathe-
matical statistics for engineering. One is the use of statistical methods
in laboratory comparisons of materials or of fabrication practices when
it is economically possible to test a reasonably large number of sup-
posedly identical speciments (#). The other is the use of mathematical
statistics in analytical studies of methodology in design (5). In this
second use of statistics, it may be unreasonable to suppose that a
measure of scatter (for instance, the standard deviation of log N
divided by the mean value of log N) for a material is equivalent to
that for a structural component fabricated from this material. Other
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factors in the fabricated structure may override the variability inherent
in the material. Such factors must be considered in any stochastic treat-
ment of the probability of survival of a structure.

For the most part, subsequent discussion in this book will avoid
the use of statistical terms. Fatigue-strength values are usually nominal
stresses at median lifetimes, although the median values may be crudely
estimated. This is largely an admission of the lack of information suffi-
cient to warrant elaborate statistical analysis. However, the existence
of variability in material should be emphasized as a precaution to be
considered in the application of results from laboratory fatigue tests.

AVAILABLE DATA ON FATIGUE PROPERTIES
OF MATERIALS

Most of the information from laboratory fatigue tests of materials
has been obtained under expedient limitations such as:
1. With simple types of applied stress.
2. With few specimens from a statistical point of view.
8. In what might be called an “intermediate” range of lifetime.
4. At cyclic ranges of speed from about 1,000 cpm to 3,000 cpm

(with rotating-bending tests on small specimens frequently run at

higher speed, such as 10,000 cpm). Much lower speeds are used

for low-cycle tests (see ch. VII).

5. With rupture as a criterion of failure.

6. With specimens whose size, shape (including notch configura-

tion), and surface finish are not yet entirely standardized.

An engineering objective is to deduce, from an accumulation of such
data, practical information such as the relative merits of candidate
materials for a structural part. Such deduction nearly always requires
interpolation among or extrapolation from available laboratory fatigue
test results.

Some of the implications of the first two limitations listed have been
mentioned. Data under a few conditions of mean stress or of R-values
are extended by Goodman diagrams according to the information
available. There are suggestions of limited merit for estimating be-
havior for one stress system (such as torsion) from data under another
(such as uniaxial tension). Cumulative damage, under varying-ampli-
tude stressing, is discussed in chapter VI. Scatter can be handled by
techniques of statistics although often only with the help of unproved
assumptions.

The other limitations in the list above are sometimes overlooked
but deserve attention. Several points can be illustrated by reference to
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figure 33 in which the solid lines show the results of a reasonable
typical laboratory fatigue test on a steel commonly used in aerospace
structures. With the testing speed used, it was almost meaningless to
observe lifetimes less than about 1,200 cycles and too time-consuming
to run to more than about 12,000,000 cycles. Extrapolation to shorter
lifetimes is very questionable, partly because the nominal stress values
are higher than the proportional limit for the steel. “Low-cycle” fatigue
studies are relatively recent, and some of the procedures involved are
discussed in chapter VII. Extrapolation to very long lifetimes is of
interest when such things as acoustic fatigue or the possible effect of
very small gust loadings on an airframe are being considered. There
are not many test results available to justify a long extrapolation. More-
over, there are current concerns about the possibility of damage at
stresses below the fatigue limit. For example, it is known that a crack
started at a relatively high stress may propagate at a stress well below
the fatigue limit for an unnotched specimen.

The effect of speed of testing is usually considered negligible (1)
for most metals and alloys in the intermediate-lifetime range, (2) at
room temperature, and (3) in a noncorrosive environment. It must
be emphasized that for other conditions there are speed effects (usually
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fewer cycles being endurable at a specified stress level for a slower rate
of loading) . The limitations within which speed of cycling is unim-
portant are not sharply defined.

Unless otherwise stated, the “cycles to failure” usually denote rupture
of the laboratory test piece. This is a convenient criterion, but it is
influenced by such factors as the size of the specimen, the type of
testing machine (constant-load or constant-deflection), and the kind
of material (brittle or ductile). There can be distinct differences
between failure criteria; for example, in some cases the first visible
crack might be considered failure while in other cases failure might
be considered rupture. In some instances, use of different criteria of
failure may provide quite different comparative ratings of materials.

Some aspects of notch-size effect are noted in the next chapter, and
some aspects of surface finish are mentioned in appendix D. For the
present, it must be emphasized that there are no widely accepted
standards. Consequently, -comparison of the results of tests made with
different specimen surfacing or of tests with different specimen con-
figurations is speculative.

TESTING COMPONENTS AND STRUCTURES

Fatigue tests of materials follow some conventions that have become
fairly well established (plotting of S—N curves and of Goodman dia-
grams, and statistical analysis when data are sufficient) . Extensions to
high-stress and low-cycle conditions, to combined-stress loadings, and to
wider ranges of frequency and environment are under way, and con-
ventions and nomenclature are being established for these.

Component testing involves additional complications and is accord-
ingly much less standardized. Testing is usually limited by economics
of time and cost to few specimens, and there is little chance for study-
ing scatter. Often the design objectives determine the type and range
of loading, so that tests may be run at a selected mean load for several
values of load amplitude. Detailed stress analysis is frequently extremely
difficult; accordingly, in place of S, or S./UTS, a common variable is
load as a fraction of design limit load. Results are often plotted in
analogy to those indicated for material tests; for example, load versus
log N curves in analogy to S-log N curves.
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CHAPTER IV.
STRESS CONCENTRATIONS

INTRODUCTION

Fatigue failures in structural parts always occur at regions of high
local stress called “stress concentrations.”

There are many potential sources of stress concentration in a struc-
ture. Some may be in the material itself; for example, inclusions or
regions of local variation in heat treatment or, in a composite material,
locations where elements of different properties join. Variations in
local stress may also occur at spots where previous stressing (for ex-
ample, in forging or in extrusion) has produced differences in cold-
work and residual stresses. Many stress concentrations are associated
with design configurations: fillets, holes, groves, pin-connections, etc.
Such types of stress concentration may be considered geometrical stress
concentrations. Still more causes of high local stresses may occur in
fabrication and assembly: rough surfaces, imperfect alignment of
bolts or rivets, as well as accidental scratches, gouges, and dents. An
extreme and classic example is the stress concentration produced by
an inspector’s indentation stamp of approval. Still further complica-
tions frequently arise in service, such as fretting, local corrosion pitting,
and local damage caused by interference and unanticipated impact
loads.

It is clearly unreasonable to make engineering stress analyses so
detailed as to consider each cubic millimeter of a large and complex
structure. Therefore, the usual procedure is to compute ‘“nominal
stresses,” considering large volumes as homogeneous (and usually
isotropic), and to provide some kind of allowance for stress concen-
trations by appropriate “stress-concentration factors.” This procedure
originated and is most easily discussed in regard to geometrical stress
concentrations.

ELASTIC STRESS-CONCENTRATION FACTORS

It has been noted that fatigue is dependent upon plastic behavior,
even though this may be so localized that most of a fatigue-failed part

50
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was stressed elastically and the fracture appears “brittle.” Therefore,
elastic stress-concentration factors cannot be expected to provide all
information pertinent to fatigue behavior. Local plastic regions are
very important.

Nevertheless, there are two good reasons for starting our discussion
with a review of stress-concentration factors in the elastic region. One
is that a great deal of information is available about these, and they are
often discussed in the literature. A more important reason is that they
are used as guideposts in several ways: (1) as the basis of considerable
nomenclature, (2) as indicators of the relative severity of various
notches, and (3) as a starting point for some considerations of local
plasticity near a notch. The latter use requires precautions, some of
which are noted in a later section.

Open Central Circular Hole in a Sheet in Tension

One of the shapes for which extensive analysis has been carried out
is that of a central hole in a sheet under tensile loading. For the sheet
very thin (so the problem can be considered in two dimensions—that
is, a state of “plane stress”) and very wide and long compared to the
radius, p, of the hole, and subject to uniform tensile stress in the
y-direction, the stress field is given by

S 2 2 4
—radi =i (1= ) —(1—4L L 3B
S,=radial stress_2 |:<1 12) <1 412 +3 7A> cos 20]. 1)

2 4
S,=tangential stress:%li(l + f;;) + <1 + 3%—) cos 20] . (2)

—S.

2 4
p P\
5 <1+272 3 74> sin 24, (3)

S.o=shear stress=

where
S. = stress remote from hole = P/2wt
2w = sheet width
t = sheet thickness.

Here the polar coordinate system has its center at the center of the
hole, and § = 0 in the positive x-direction.

Along the x-axis,

2 4
S,=S,=stress transverse to P=3 %(',’:—2 —_ %) . 4)
N S 2 4
Se=S§,=stress in P-direction= ?"<2 + %2- +3 %) c (5)

S0=8.,=0. (6)
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FICURE 34.—Stress distribution around a hole in a thin sheet under tension.

Figure 34 shows a plot of equations 4 and 5. The maximum tensile
stress occurs at the edge of the hole and has a value of

Sma: = Sy.::p = 38".
Kt = Smna:/Sn = 3 (7)

is the value usually given for the stress-concentration factor of a circular
hole in an infinitely wide sheet.

The ratio
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The maximum compressive stress for tension loading occurs at
6 = =/2, + = p, is transverse to the loading direction, and has the
value

S, = —8§,. (8)
All the above equations are valid if the load, P, is compressive, except
for the proper sign reversal. Thus, for compression loading, the
maximum tensile stress is given by equation 8. This means that, if
fatigue cracks propagate perpendicular to the direction of maximum
tension stress, one might expect:
1. For zero-tension loading, cracking in the x-direction outward
from the edges of the hole
2. For zero-compression loading, cracking in the y-direction out-
ward from the edges of the hole
3. For tension-compression loading, a cracking direction depend-
ent on the load ratio and on the isotropy of strength properties of
the sheet.
This behavior has been observed.

The equations above are appropriate strictly to a hole in an infinitely
wide sheet. Howland (I) has calculated the values shown in table 1
for a central circular hole in a thin sheet of finite width under ten-
sion loading. Values of K are appreciably higher when the hole diameter
becomes greater than about 1/10 the sheet width. As implied by entries
in the last column, this increase is due to the net-section nominal stress
becoming significantly higher that the gross-section nominal stress.

Other Conditions Involving Circular Holes

Stress distributions have been worked out, largely on the basis of
approximations and numerical computations, for a number of situa-

TABLE 1.—Stresses at edge of circular hole in sheet of finite width

2p/w Ky = S, maz/Sn K, (1 —p/w) ®
0 3.00 3.00
1 3.03 2.73
2 3.14 251
3 3.36 2.35
4 3.74 2.24
5 4.33 2.17
p = hole radius
2w = sheet width
Sp = P/2wt

(2) This may be considered as a differently defined stress—consideration factor:

K= —Smez
= Snom (net section)
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tions involving holes. Savin (2) has an extensive account of these, and
many of the results are conveniently summarized in a series of articles
by Griffel (3). Two examples will illustrate some important points.

Figure 85 shows some values of peak stress in a wide plate containing
two circular holes and loaded in tension. The stress is particularly
high at the outermost edges of the holes.

An effective method for reducing the stress concentration around a
hole is to weld a ring around the hole. While details of numerical
examples given in references 2 and 3 are somewhat lengthy, some of
the conclusions can be listed briefly:

1. The influence of a strengthening ring is quite local and prac-
tically disappears about five diameters away.

2. With increasing rigidity of the ring (relative to the plate), the
stress concentration in the plate decreases, but the stress in the ring
increases.

8. It is often possible to choose a ring of such rigidity that the
stress-concentration factor in the plate with the strengthened hole
is reduced to unity.

These conclusions apply only to a ring integrally fastened in the hole
and not to press-fitted rings.

It must be emphasized that when load is transmitted into a sheet
through a hole (pin-loading) much higher stress-concentration factors
usually apply than for open holes. Theocaris (#) gives values shown
in figure 86 for a strip loaded by a moderately close-fitting pin in a
circular hole. Persson (5) has discussed the factors involved in the
elastic stress distribution around a close-fitting pin. In addition to
the simple parameter p/w in figure 36, the following are likely to be
important in practical cases: the edge distance, the relative moduli
of pin and sheet, and residual stresses in any forced fit.

Square and Rectangular Cutouts

A number of situations involving holes of other than circular shape
have been investigated. Details are too extensive for enumeration here,
but much information is available in references 2 and 3. One out-
standing generality is that sharp corners are to be avoided to keep
stress-concentration factors low.

Central Elliptical Hole in a Sheet in Tension

Another geometry for which extensive analysis has been carried out
is that of an elliptical hole in a wide, long, thin sheet under tensile
loading. Equations for the entire stress field are complex (see reference
6) . However, for an ellipse whose major axis is along the x-axis, in a
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sheet loaded in the y-direction, the stresses along the x-axis are
given by
S.=8.{—A4 +Ax[x*—a* +ap] ™ —Bax [x*—a*+ap] " } (9a)
S,=8.{1—C 4 Cx[x*—a* +ap] ™ +Ba’x [x*—a"+ap]™" } (9b)
Sn=0
where A= (1—\/p/a) ~*
B= (1—V/p70)
C= (1—Vp/@) ~* (1—2V/3]0)

a = semimajor axis, b = semiminor axis; (a>b) .

p =radiusatx = a,y =0
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Figure 37 illustrates these stress distributions.
The stress S, has, at x = a, a maximum value
Symee = 8. (14+2V/a]5),
so that the stress concentration factor for an elliptical hole, under
tension loading perpendicular to the major axis, is often written

K=S8, nes/Se=1+2Va]p (10)

This shows the high value to be expected for a long, sharp ellipse.
! T } { v
S O S O I N
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FIcURE 37.—Stress concentration at elliptical hole in thin sheet under tension.
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For an ellipse for which p/a— 0, which has been considered an
approximate description of a crack, the second term in each of the
equations 9a and 9b is dominant for a region near the crack tip and
gives values close to the approximations developed by Irwin (see refer-
ence 18).

Stress concentration factors have been developed for elliptical holes
under other types of loading (see reference 11).

Calculation of the stress distribution around an ellipse in a sheet of
finite width presents extreme difficulty. An approximation suggested by
Dixon (&) is

Ke = Sua/Ss = (14-2va]p) (1 —a*/w) %, (11)
where

S, = gross area nominal stress — P/2wt.
Experiments indicated this to be valid for small values of a/w (less
than about 0.4) .

Stress Concentrations for Other
Geometrical Notches

Figure 38 shows the stress distribution near a deep hyperbolic notch
in a round bar under tensile loading along its axis. Such a three-dimen-
sional notch introduces another factor—a sometimes significant biaxial-
ity of stress at the notch root and a triaxial stressstate just inside.
One® stress-concentration factor may be written

S e 1+n

K.= s, = 10617 (n*—0.2n4+2.5), (12)
where
SW=S, at r=d/2,
S,L=4P/7rd’,

n=(14d/2p)*,

v=DPoisson’s ratio=0.3.
Note that in this case S, equals the nominal net-area stress at the sec-
tion through the notch root.

Figures 39 through 42 show values of K, for four other situations
illustrative of the information available. More data of this kind can
be found in references 10, 11, and 12. However, the four examples
indicate several points:

1 Attention is usually focused on the highest tensile stress, and the K, most often
quoted is the ratio of this to a nominal tensile stress. Other factors might be
defined; for example, the ratio of the highest shearing stress to some nominal
stress. As previously mentioned for the case of a sheet with a circular hole, it may
sometimes be important to consider the entire stress pattern to bring out factors
critical in fatigue.
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FIGURE 38.—Stress distribution in round bar with deep grove under tension.

1. The value of K; may vary with the kind of loading. (Compare
values in tension, bending, and torsion for a filleted shaft with r/d
=0.12and D/d = 2.)

2. In using such graphs, care should be taken to note whether the
referenced nominal stress is defined on the basis of gross area or of
net area. (For the round hole discussed previously, the nominal stress
was in terms of gross area; for the filleted round bar, the nominal
stress is in terms of the smallest cross section.)

8. Values are usually very sensitive to the notch root radius. Very
high values may be associated with small values of r—sharp notches
are dangerous.

As discussed subsequently, direct use of values of K, in design to pre-
vent fatigue failure is subject to many limitations and some uncertain-
ties. However, values such as illustrated here and more extensively
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tabulated in the literature are useful in avoiding unduly high local
stresses, in comparing design configurations, and in furnishing indexes
against which results of tests of components may be compared.

STRESS AND STRAIN CONCENTRATION
IN THE PLASTIC REGION

Quick calculations using the elastic-stress-concentration factors
quoted in previous illustrations imply that, if a specimen with a sharp
notch is moderately loaded, the material near the notch root may be
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stressed beyond its yield strength. In this event, the stress distribution
will be different from that in the elastic case, and neither the local-
stress distribution nor the stress-concentration factor can be accurately
evaluated on such bases as previously described. Local yielding redis-
tributes stress; so the peak stress is lower in ratio to the nominal stress
than it would be if all the material remained elastic.

Rigorous mathematical treatments of stress distribution around
notches under conditions in which local regions are plastic are
extremely difficult. Figure 43 (adapted from reference 2) shows by
shaded areas the plastic regions (sometimes' called plastic “enclaves”)
at the edges of a hole in an aluminium-alloy sheet loaded in tension
to a nominal stress of 6/10 of its yield stress. Within this region the
stress and strain distributions follow the plastic characteristics of the
material, while in the remainder of the sheet, the distributions follow

Sn =06 Sy|e|d

/- Plastic region

- 2w=12p e

R N A A

Sn =06 Syleld

FicurE 43.—Plastic regions around a stress concentration.
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its elastic behavior. The laws of behavior in each situation can be fair-
ly well described mathematically. A major difficulty is that the bound-
aries of the plastic regions are not easily determinable.

Figure 44 shows the distributions of stress and strain (in the load-
ing direction) along a transverse line through the center of the sheet
in the example of figure 43. For comparison, dotted lines indicate the
distributions (from equation 5) that would exist if the material had
remained elastic. Two effects of the local plasticity are: (1) a higher
strain and (2) a lower stress near the edge of the hole than elastic
theory would predict.

Relatively few mathematical solutions of elastic-plastic stress and
strain distributions around notches have been reported. Dixon (I3)
has described results of a digital computer calculation of the stress
field near the tip of a crack in a sheet of aluminum alloy loaded in
tension. However, even numerical solutions are difficult to obtain and
are scarce for situations of concern in regard to fatigue.

Several years ago, Stowell suggested, for a circular hole in a very
wide plate under tension, a simple approximate treatment (I4). The
stresses are written

S *\ , E ] i
L N =5 1—4L 4 38
S'—zKl rz>+E<l 41!“’%)””]’ )
Sk i E i
So:?[<l + _Pr.z_> — —Ei<1+3 p7>cos 20], (14)
_ B8 58t
S, = -3 E<1+2 - —3 r‘>sm 20, (15)

where
E = elastic modulus
Es = secant modulus at 7,6.

These reduce to equations 1 to 3 when the material is elastic
(Es = E).
S ae =135 at §=0, r=p
=S, (1+2 E,/E).

Thus, one may define

o (16)

This reduces to K, = 3 for the elastic case. Figure 45 shows values
computed for a specific case and compared with values obtained by
measurements with very small strain gages. Hardrath & Ohman (I5)
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Ficure 45.—Effect of plasticity on stress concentration.

suggested generalization of Equation 16 to define a “plastic stress-con-

centration factor’:
K,=14 (K. -1) Es/E, 17)

where K, is the theoretical elastic stress-concentration factor for the
geometrical notch involved.

Dixon and Straunigan (I6) have reported results of photoelastic
measurements at the tips of sharp cracks. They observed that for
many materials (mild steel being a notable exception) the elastic-
plastic shear strain could be predicted by

Y= (E£S>v2 Y,, (18)

where Y, is the value from an elastic solution.

Crews & Hardrath (I7) have applied equation 17 and a similar
relation for unloading to estimate the stresses at the root of edge-
notched specimens of 2024—T3 aluminum alloy. Values thus computed
were in good agreement with experimental data from small strain
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gages. In addition, it was noted that the local stresses stabilized quickly
(in less than 30 cycles under some stress conditions) .

A number of approximations have been suggested for estimating the
length, S, of the plastic region in front of an advanced crack. Irwin

(18) suggests
s o (5 19
=5\3,) (19)

2a sin® (zS,/4S,)
1—2 sin®(zS./48,)
The first has been observed to fit approximately the behavior of an
aluminum alloy, while the second fits some observations on a mild
steel. (13)

An aspect of plastic deformation near a notch that is important in
cyclic loading is the residual stress remaining after unloading from
some high value. Figure 46 illustrates this for a notched sheet of an
aluminum alloy under zero-to-tension loading. The curve marked S,..
shows the longitudinal stress along a transverse section through the
center. Near the notch, ... exceeds the proportional limit, §,, and
there is a region (cross-hatched) of yielding. Upon unloading to zero,
the stress at the edge of the notch goes to a compressive value. Hence,
not only the stress amplitude but also the mean stress at the notch was
affected by the combination of stress concentration (diminished from
K, by plastic deformation) and residual stresses introduced by the
local deformation.

Dugdale (19) suggests
§=

(20)

Details of elastic-plastic behavior in the regions of stress-concentra-
tions are exceedingly difficult to calculate by rigorous mathematical
techniques. The approximate estimations mentioned and the experi-
mental indications of localized plastic zones, residual stresses and
strain-hardening to an equilibrium state, clearly indicate qualitative
behavior of undoubted significance to notch-fatigue behavior.

FATIGUE STRENGTH REDUCTION BY
GEOMETRICAL STRESS CONCENTRATION

There is extensive evidence that geometrical stress-concentrations
usually reduce greatly the (nominal stress) fatigue strengths observed
in laboratory tests. The reduction appears to depend on several para-
meters, including the severity of notch (as indicated by an elastic
stress-concentration factor, K,), the notch sharpness (as indicated by

@ The values are based upon actual measurements.
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root radius), any residual stresses introduced in preparing the speci-
men, the loading, and the environment (including temperature) .

The following examples of laboratory fatigue test results illustrate
the evidence available. The examples are divided into two groups: (1)
fully reversed loading and (2) loading not fully reversed. For the first,
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conventions have developed in terms of a “fatiguenotch factor”; for
the second, there are some ambiguities in nomenclature and engineer-
ing convention.

Fully Reversed Loading

Figure 47 shows fatigue curves for sheet specimens (without a notch
and. with a notch) under fully reversed axial loading. It is customary
to denote the ratio

nominal maximum stress, unnotched specimen
nominal maximum stress, notched specimen, same lifetime

K, =

as a “fatigue-notch factor”. If fatigue failure were wholly determined
by the maximum local stress, one might expect that K, would equal K,
(or possibly K, at high stresses) . Figure 48 shows values of K,, K, and
K, for the specimen configuration of the tests for figure 47. In this
figure the agreement between K; and K, is within experimental error
for the mild (K, = 2) notch, but not for the sharp (K, = 5) notch.
Figure 49 shows values of K, and of K, for long lifetimes and low
stresses for two common materials in sheet form and with edge notches.
Here is more evidence of increasing difference between K, and K, with
increasing notch severity.

60
T = N e
2024-T3 sheet
Tension - compression
40
Unnotched, Ky = 1.0
& 30r
201 — Hotched, Ky = 2.0
ok ~— Notehed, K= 5.0
ol 1 - 1 1
10 10 10° o 107

Cycles to Failure

Ficure 47.—Effect of notch on observed fatigue strength:
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Ficure 48.—Fatigue-notch factors (from fig. 47) .

Neuber (10), in a theoretical treatment of stress concentration by
notches, emphasized the fact that the sharper the notch (that is, the
smaller its radius), the higher the stress gradient near the notch. This
has been involved in different explanations of the divergence between
K;and X,.

Neuber suggested that when there is a very high stress gradient the
usual assumptions of isotropy and homogeneity are invalid. He pro-
poses a model in which conventional elasticity relations are used down
to regions of a limiting size (of linear dimensions ') ; a high gradient
across this material “building block” is not allowable. Speculations of
this kind lead to a suggested reduced “effective stress-concentration
factor”:

K1
KN=]. s 21
Y Vs e

where p is the notch radius. Neuber suggested a value of about 0.018
inch for p'. Kuhn (17, 18) has analyzed fatigue test results for notched
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Ficure 49.—Notch factors for two materials at 107 cycles of tension-compression.

specimens of several steels and aluminum alloys to find values for o’
that might allow Ky to be used in design for K, He concluded that
0.02 inch fits most aluminum alloys (for some of the weakest, a larger
value is suggested) and that the values shown in figure 50 are suitable
for common low-alloy steels. Figure 51 shows results of fatigue tests on
an aluminum alloy in which K, values actually decreased with decrease
in p as predicted (although not quantitatively) by equation 21.

Peterson (8) suggested an empirical allowance for the observed non-
linear variation of K, with K,. This involves the definition of a “fatigue-
notch-sensitivity index,”

o= 22)
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This index varies from zero for a material insensitive to notches to
unity for a material with “full” sensitivity. Figure 52 shows observed
values for g for several steels. Equation 21 would indicate

1
=14Vl (28)
Values from equation 23, using the indicated values of p’, are shown as
dotted lines in the figure.
Peterson has also suggested an approach based on failure at a dis-
tance § inside the surface; this involves the stress gradient and leads to

1

1=Tta/," 24
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Ficure 51.—Fatigue-notch factors in a particular test.

where ““‘a” is a material constant. Heywood (19) suggested an alterna-
tive formula with allowance for notch radius in addition to elastic
stress-concentration factor.

Thus, results of reversed-loading fatigue tests on notched specimens
have been reported in terms of empirical values of K;, and there have
been a number of suggested formulations of K; in terms of K, (the
elastic stress-concentration factor) and of p (the notch radius). Sugges-
tions for incorporating the notch radius usually involve an additional
parameter (p’, 8, or a, for example). This may reflect some plasticity
response of the material, but in an indirect manner. It has been spec-
ulated that the additional material parameter may relate to micro-
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Ficure 52.—Fatigue-notch sensitivities for ordinary steels in rotating-bending.

scopic inhomogeneity, to effects of stress gradient, and to subsurface
nucleation.

Loading Not Fully Reversed

There are probably more situations in which a structural part is
subject to a combination of steady load and alternating load than situ-
ations of fully reversed loading. There is less certain information about
methods for making design allowance for notch effects under such
loading than for fully reversed loading. However, figure 53 illustrates
a procedure often used. The upper curves are for unnotched specimens
and the lower curves for notched specimens at two lifetimes indicated.
The “points” are derived from the upper curves by dividing ordinates
by Ky®. This means applying a stress-concentration factor only to the
stress amplitude. This procedure is questionable in meaning, since

@) Another procedure, usually more conservative, is to use K;. When data are
available, it is possible to use values of K; for zero mean nominal stress.
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Ficure 53.—A constant-lifetime diagram for notched specimens.

there is evidence that a notch affects both mean stress and stress ampli-
tude. However, there are partly-compensating effects: (1) at higher
mean stress the maximum stress is high enough that local plasticity
makes the actual stress-concentration factor less than K,, and (2) at
low mean stress the observed fatigue strength is not as sensitive to
mean stress as to stress amplitude. In practice, it appears that appli-
cation of an effective fatigue-strength-reduction factor to just the
stress amplitude often provides a reasonable prediction of the nominal
stress amplitude that a notched specimen will withstand.

There are several possibilities for defining a fatigue-strength-reduc-
tion factor in situations of combined steady load and varying load.
For example,

3 stress amplitude, unnotched specimen
" stress amplitude, notched specimen, same mean stress

or

X7 maximum stress, unnotched specimen
f 7 maximum stress, notched specimen, same R

are two commonly used definitions. It should be emphasized that the
values of K, and of K, may be significantly different. If K, is con-
stant for a notched specimen, then
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1. if the Goodman diagram is a straight line,

K,, = K,;
2. if the Goodman diagram is parabolic (Gerber),
K/ =K atR = —1

but decreases with decreasing R toward
K/ =1 atR = +1.
For many materials K/ is significantly less than K, within the range
0 < R < 1. Of course, either definition (or any of several alternatives)
is valid and may be useful if enough data are available to make only
small interpolations or extrapolations necessary.
In summary to this point, it appears that laboratory tests of simply
notched specimens show that:

1. A notch usually lowers the cyclic load a specimen can with-
stand far more than is attributable to its reduction of the cross
section. The fatiguenotch factor may, especially under reversed
stressing, be as high as the theoretical stress-concentration factor for
the notch.

2. TFor high stresses that produce local yielding, the theoretical
stress-concentration factor is less than that for elastic stress distribu-
tion; the fatigue-notch factor is also often lower for high loads.

3. For very sharp notches, there appears to be an influence of
notch radius that differs for different materials.

4. For loading under combined steady and alternating stresses,
analysis is uncertain, but application of a fatigue-notch factor to
the nominal stress amplitude alone is a common expedient.

Stress Concentrations in Structures

In an actual structure, there may be many additional factors that
influence the local stress in relation to the applied load, such as residual
stresses from fabrication and assembly, fretting, welding, and redis-
tribution of stress under service conditions. Usually some of
these factors are unknown. Consequently, values of K; from labora-
tory tests on simply notched specimens can seldom be used to predict
with accuracy the lifetime of a structure.

Values of K; from fatigue tests of simply notched specimens are
used in engineering for such purposes as:

1. Making preliminary design estimates when no other informa-
tion is available.

2. Delineating factors critical in a structure.

8. Assessing the relative fatigue-notch sensitivity of materials.

4. Preparing critical tests of a structure and making indexes of
attainable performance.
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For any of these purposes, it is important to consider the several factors
shown by laboratory fatigue tests to be significant in the fatigue
behavior of a material in the region of a geometric stress concentration.
The importance of local stresses, including residual stresses in fatigue
of components, is illustrated by such studies as those of Smith (23) on
interference fasteners.

The present state of knowledge concerning stress concentrations in
fatigue may be summarized as follows. A considerable amount of infor-
mation exists concerning the effects of several types of notches upon
the fatigue behavior of various materials. Some factors are qualitatively
well established. There is no excuse for neglecting fatigue-notch sensi-
tivity in design of structures. However, a great deal of judgment and,
usually, verification by component testing is necessary for effective use
of empirical parameters such as fatigue-notch factors to predict the
fatigue lifetime for an aerospace structure.
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CHAPTER V. CRACK PROPAGATION
AND RESIDUAL STRENGTH

BACKGROUND

Ten or more years ago, there was relatively little interest in propa-
gation of fatigue cracks. It was considered that the “propagation
stage” was a small fraction of the fatigue lifetime, and main attention
was devoted to the “initiation stage.” In conformity with the safe-life
design philosophy, the emphasis was on preventing the start of a
fatigue crack. Several factors have changed this emphasis.

One factor is that, as tools for detecting cracks improve, there is
increasing recognition that a large fraction of total lifetime may be
in the propagation stage. In some instances, very small cracks may
exist at the start of service loading; in other cases, cracks may develop
in 1 to 10 percent of the total recorded lifetime to fracture. On the
other hand, there have been a number of observations (see, for ex-
ample, reference I) of cracks which do not propagate to fracture. Thus,
it becomes of practical significance to attempt to formulate the con-
ditions that determine whether or not a crack will be catastrophic.

Concurrent with interest along these lines, there has been increasing
emphasis on crack growth criteria under static loading. A whole field
of research related to brittle fracture of metals has arisen. Studies of
brittle fracture show that the fractional reduction in static strength by
a sharp notch, such as a fatigue crack, is a property that varies greatly
from one material to another. Such conditions have developed concur-
rently with growing emphasis on fail-safe design. In this design
approach, it is imperative to consider whether a crack, if one exists,
can grow, between inspection times, to a catastrophic size. It is there-
fore important to consider the relative evaluation of materials on the
basis of their resistance to catastrophic crack propagation.

Finally, there is interest in attempting to understand the mechanism
of crack propagation (under static or impact or fatigue loading) in
terms of more fundamental factors such as the behavior of disloca-
tion arrays. This interest will not be emphasized in the present chapter
because basic understanding seems insufficient to afford much help in

80
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current design problems. Rather, the subsequent discussion contains
some account of quantitative relations that have been suggested in
terms of engineering parameters and very brief references to more basic
approaches.

CRACK PROPAGATION UNDER
“STATIC” LOADING

It is convenient to start with some account of studies of crack propa-
gation under steady (or monotonically increasing) load. These studies
not only furnish some background for considering behavior under
fatigue loading, but also provide an approach to consideration of
“residual static strength” that is important in fail-safe design.

The Griffith Crack (in Brittle Materials)

Many vyears ago, Griffith (2) discussed the (static) strength of
inherently brittle materials (such as glass) on the basis that they might
contain, from the time of fabrication, small cracks. His argument may
be understood by considering the stored elastic-strain energy in a plate
subject to uniform tension. If we consider a wide plate containing an
elliptical crack and under tension®, as indicated in figure 54, the
decrease in total elastic-strain energy per unit thickness is approxi-
mately

U. = strain energy of plate without elliptical hole
minus strain energy of plate with elliptical hole )]
N
E b
where / = half-length of ellipse®

S,=nominal stress far from hole=P/wt
E=Young’s modulus for the material.
The surface energy of the two faces of the crack is
U, =22 T) =4 T,
where T =surface tension for unit thickness.
The total change in potential energy for the presence of the crack is
wl* S,2
E

© Griffith actually used, as one of his approximations, a stress-concentration factor
more appropriate to biaxial tension. This is K, — 2 Vp.

@ In this chapter, the symbol / is used for the half-length of a central crack and
also for the semimajor axis of the ellipse representing the crack for analytical
purposes. In chapter IV, a was used for the semimajor axis.

U=U,—U,=

—4¢ T,
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Ficure 54.—Notation for an elliptical “crack.”

A condition for the crack to grow is that

oU
& >
ol =0,
or that S, = ___f"[f . 2

Thus, a small crack needs a relatively large stress to satisfy energy
requirements for growth.
A similar conclusion may be reached by another argument. The
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maximum stress at the end of an elliptical crack in a sheet under
tension is approximately

Sna=Su (1 +2V{]p), @)

where p=radius of curvature of crack
Now, if \/f]/p >>1, and

S, is constant, and

Smaz is fixed (a maximum stress criterion of failure), then
COIl\S/t;l_nt ] <4)
So, again it appears that for a specified applied stress a large crack will
grow, but one too small will not.

The Griffith condition (equation 2) does not give an idea of propa-
gation velocities even in an isotropic brittle material. It does suggest
that S, must be greater than the stability value (given by the equal
sign in equation 2), and one may consider that the excess elastic strain
energy is used to provide kinetic energy for the crack propagation.
However, other factors may also be important in cleavage fracture of
brittle materials, and a full discussion is outside the present interest.

L SMI —_—
S.= _2\/—&\/U7_

Cracks in Ductile Metals

In a ductile metal, there will be at least one other significant energy
besides the surface energy that must be supplied by the decrease in
elastic strain energy as a crack grows. That is the plastic energy in the
region immediately around the crack. Orowan (3) noted that this may
be much greater than the surface tension energy. Now, it is commonly
observed that the plastic lip along a crack is reasonably uniform, so
one may assume an energy increase, U,, proportional to /. Then

wl? 2

U=T"" 4t Tdtp,
and equation 2 becomes .= M‘;—p), (5)
™

which provides the same functional relation between S, and / as
equation 2, with allowance for the energy expended in plastic defor-
mations.

Friedel (#) has given an extensive discussion of the theoretical in-
fluence of plastic deformation on the propagation of a crack under
unidirectional loading. He concludes that the most important consider-
ation is whether or not plastic relaxation of the high stress at the

crack tip occurs. Details of this are complex and not yet fully estab-
lished.
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Irwin (5) extended the Griffith-Orowan considerations. Using stress
functions of a type suggested by Westergaard, he noted that important
features of the elastic stress field around a sharp notch can be charac-
terized by a parameter K dependent on specimen geometry and loading.
For example, the stresses near an end of a central slit of length 2lin a
wide sheet under tensile load perpendicular to the slit are® (for plane

stress)
K cos 8 < sin 4 sin 39)
S,—= —— 1— —_— ) — 00
\/2771‘ 2 2 2
K cos 6 sin § sin 36
= ()
K cos @ sin § cos 30
S . 6
W=mw 2 2 2 ®

Here 7, § are polar coordinates about a point at the tip of the crack,
and f = 0 is the direction (x) of the crack. The point is that (neglect-
ing the value o) the stress at every position reflects the geometry of
the slit specimen and the external loading through the single para-
meter K.

Irwin suggests that a critical value of K—the K. at which brittle
(fast) cracking starts—may be a useful material parameter. Integration
of the energy around a crack can provide a relation between K and
the specimen and crack geometry, and the loading. For the central slit

K=8,Vxl. (7)
Thus, if one measures, for a specific nominal stress, the critical length
., he can evaluate K, as a material characteristic. This illustration has
been somewhat oversimplified to emphasize the main principle of a
critical value of K being a possible material characteristic. A recent
review (6) pictures some of the additional complications and provides
number of additional references.

It has been noted that the Griffith-Orowan-Irwin approach can be
related to the Neuber elementary particle concept (see, for example,
reference 7) .

The idea of susceptibility of a material to brittle fracture has one
very important relevance to design to prevent fatigue failure: the possi-
bility of estimating the residual static strength of a panel after a fatigue
crack has grown to some length. Table 2 (adapted from reference 8)
shows some illustrative data on the rupture strengths of cracked flat

@) The approximations in equations (6) are currently the subject of considerable
discussion.
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panels under tension. The gross-area nominal stress for rupture appar-
ently is not constant but decreases with increasing crack length. The
net-area nominal stress also decreases with increasing crack length, but
significantly less. The Irwin K, value is still more nearly constant in
this example.

TABLE 2.—Residual strength of cracked sheet
Material: 2024-T3 Alclad
Panel Dimensions: 20 inches wide, 40 inches long, 0.040 inch thick

s S, (gross), §. (net), K (@,
inches ksi ksi ksi x in.t2

1.48 40.2 47.2 86.7
1.46 40.3 472 86.4
1.65 384 459 88.8
1.62 38.4 458 87.5
2.64 30.0 40.7 89.0
241 29.4 38.8 83.0
3.77 229 36.7 86.0
4.42 24.0 428 90.0
4.68 19.1 35.8 85.0
4.36 19.7 35.0 83.0
5.67 14.3 33.0 79.0
6.46 14.1 37.6 89.5

B Kc = In(gross) VTA[ X c'.

Other data on residual static strength of fatigue-cracked specimens
have been developed at NASA (see, for example, reference 9) and
interpreted in a somewhat different way—in terms of an adjusted
Neuber stress-concentration factor. Somewhat similar conclusions may
be drawn: (1) The strength decreases more rapidly than can be
accounted for by the increase in net nominal stress, (2) allowance for
increasing stress concentration with increasing crack length helps sys-
tematize the observations, and (8) different materials (for example,
7075 and 2024 aluminum alloys) show different sensitivities to the
stress concentration of the crack.

The ideas of a critical-stress intensity factor (K.) or of a notch-
sensitivity correction or of an energy-release rate (G. of Griffith) have
been helpful. However, further study has shown that no unique value
of such a quantity as K, characterizes completely the brittle fracture
nature of a material. Corrections for panel width and thickness help,
but different modes of cracking (shear and tensile, for example)
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require different K, values; each K, varies with temperature; fast and
slow cracks behave differently; branching cracks require additional
considerations.

Consequently, engineering design in regard to residual static strength
remains largely empirical. A good example of measurements on panels
(flat and curved, plain and stiffened) is given in reference 8 together
with empirical formulae for interpolation. Extrapolation of any such
formulae must always be considered questionable. The theories based
on elastic-stress concentration have provided the significant precaution
that the brittle response of a material to a crack is not predictable
from conventional stress-strain data. Cracking tendencies must be eval-
uated experimentally, and, at least until more theoretical understand-
ing is available, under conditions (loading and geometry) suitable to
the design purpose.

CRACK PROPAGATION UNDER
REPEATED LOADING

The problem of developing any sort of theory of crack propagation
under repeated loading is extremely difficult since there is scarcely any
well-established mechanism for fatigue. Such development is currently
in a transitional stage. Accordingly, the following brief account of theo-
retical considerations is illustrative rather than complete and planned
to provide a framework for the empirical formulations which are sub-
sequently discussed.

Theoretical Considerations

Head (10) developed a theory of crack propagation under cyclic
loading on the basis of Orowan’s theory of fatigue failure (see ch. II).
He focused attention on a small volume of material (of length a in
the crack direction) just ahead of the advancing crack tip. As the load
increases the stress rises to the yield stress, and this volume becomes
plastic. With successive cycles, the material strain-hardens and loses
its ductility until, after sufficient stress cycles, it fractures, and the crack
becomes longer. On the basis of this physical picture, highly approxi-
mate computations give

dl[dN=Cg(S)a™" (*", (8)
where N = number of cycles
g (S) = function of stress amplitude
a = length of the plastic element assumed in the model.

Hult (II) considered the radial growth of a crack in an idealized
elastic-plastic material subjected to reversed torsion. He used the cri-
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terion that material ahead of the crack would fracture when the accu-
mulated total plastic strain reached a critical value. This resulted in
where y, = the nominal amplitude of torsional stress.

dr/dN = Kv.’r, 9)

Others (see, for example, references 12 through 14) have derived
relations of the form

dl|dN = CSz=t, (10)

where C is a “material constant” and various values have been given
to the exponents x and y. In nearly every case, some aspect of stress
concentration at the tip of the advancing crack has been concerned.
Other criteria have included: cumulative plastic strain, a fixed value
of shear-strain energy, a peak value of local strain, and dimensional
analysis. Values suggested for x have included 2, 8, 4, and $ +m (m=
strain hardening coefficient) ; values for y have included 0, 1, and x /2.

Meanwhile (see references 14 and 15) examination of details with
high optical (and electron optical) magnification has afforded some
suggestions. It appears possible that more than one mechanism may be
involved—for example, a slip process strongly influenced by shear
stresses in an early stage and a different fracture process much influ-
enced by local tensile stress in a later stage. The relative length of each
stage may be related to the strain-hardening characteristics of the metal
and to the stress level at which the fatigue crack is being propagated.
Limited studies, in detail, of polycrystalline metals show apparent
variations as a crack travels through differently oriented grains (I6)
and around inclusions.

Consequently, a detailed theory of crack propagation under repeated
stressing is not available. Engineering must depend mainly upon
empirical relations which may be somewhat guided by the ideas of
currently imperfect theory.

Empirical Relations for Fatigue Crack Growth

Frost and his colleagues (17, 18) have reported a number of meas-
urements of fatigue crack growth in panels under constant-amplitude
axial loading. These have been analyzed in terms of the relation

dt|dN= (P+0S,) S, a1)

where S, and S, refer to the nominal gross area stress and where the
constants P and Q are characteristics of each sheet material. For some
materials, a small value was reported for Q; for these, the rate of propa-
gation seemed relatively insensitive to mean stress. Figure 55 is a plot
adapted from some of this work; note that:

1. Over a good portion of the test, the data lie close to a straight
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FIGURE 55.—Results of axial-load (S, = 56.0 = 224 ksi) tests on cold-rolled mild
steel (see ref. 18).

line on the plot of log ¢ versus N. This is compatible with equa-
tion 11.

2. At an early stage, points deviate as if the early propagation
were different. This is discussed later.

8. Values fit only to a total crack length about one-tenth of the
panel width. Frost suggests that equation 11 should not be con-
sidered valid beyond this distance (the finite width of the panel then
becomes significant) .

Weibull (19) describes tests in which the nominal net area stress
amplitude was held constant and suggests

dl/dN = K Sma, nete (12)

He also notes cases in which an early stage appears to follow a different
growth rate relation than fits later behavior.

Hardrath (20) and others at NASA have interpreted data in terms

of an effective-stress-concentration factor at the crack tip. Thus an
empirical expression of the type

C
log d/[dN = C:KySui—Ci—F5——c (13)
NVnet— Mt
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where Ky is an effective-stress-concentration factor and the C’s are
experimentally determined constants is found to fit data.
A number of investigators have suggested fitting data (under fixed-
amplitude loading) to an expression of the type
dt|dN =CS;:t", (14)
and several have suggested (on consideration of the energy near the
crack tip)
dt |dN =f (S.0*) . (15)
Figure 56 shows results of zero-to-tension tests on sheets of 6061 alu-
minum alloy with three different loading conditions: (1) constant
amplitude of nominal gross-area stress, (2) constant amplitude of
nominal net-area stress, and (3) constant amplitude of a quantity in-
tended to characterize the local stress near the crack tip. It may be
noted that:
1. a good portion of the data for the first condition may be fitted
to an expression like equation 11;
2. a good portion of the data for the second condition may be
fitted to equation 12;
3. a good portion of the data for the third condition fits a straight
line on the plot as drawn.
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FIGURE 56.—Results of zero-to-tension tests on an aluminum alloy sheet.
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‘The moral is that such data are inadequate (21) to “prove” any theory.
It may be further noted that data to about N =130 kilocycles do not fit
with latter trends-an implication of a possible first stage that may
differ in rate from a later stage.

In the whole picture of empirical formulations, there is much ana-
logous to the situation concerning brittle fracture and residual static
strength. Various means have been tried to allow for stress intensity
and material response to this at the tip of the advancing crack. These
have had limited success, and no universally applicable relation among
such quantities as S,, S,., ¢, K; has been developed. Nevertheless, the
experiments have shown clearly that fatigue-crack propagation rates
can vary greatly with different loading conditions on a material or, for
the same loading condition, with different materials. Thus fatigue-
crack propagation sensitivities must be considered in design; at present,
the only dependable way is through experiment.

SOME ADDITIONAL CONSIDERATIONS

Since aircraft structures are subject to variable amplitude loading,
the question of crack propagation under such loading has been con-
sidered. Figure 57 shows some results reported by Schijve (22) which
show that a crack grown to a certain length at a high stress level grew
slowly after the stress amplitude was lowered but, after a detay period,
assumed a growth rate characteristic of its length at the lower stress
amplitude. When the stress levels were reversed (the lower level first),
there was hardly observable delay in assuming a rate characteristic of
the second stress amplitude. A similar trend has been observed by
others. This effect is believed to be due mainly to the cold worked
plastic region and the residual stress remaining after unloading from
the cycle preceeding the change in stress amplitude.

Valluri, in a number of publications (see, for example reference 23),
has suggested a “unified engineering theory of fatigue” based upon
considerations of crack propagation rates. While most of his detailed
relations are highly questionable, the broad framework is important.

Consider the sheet specimen in figure 58 under constant-amplitude
loading (say, zero to P). The total process to rupture may be usefully
considered in stages:

L. For a period of N, cycles, there is accumulating damage that
results in the initiation of a small crack. This will be greatly influ-
enced by the stress concentration, residual stress, and material condi-
tion near the notch,

2. In subsequent N, cycles, there is a first stage of growth. During
part of this, there may still be an influence of the stress field around
the notch.
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