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PREFACE

The Structures and Materiala Panel of the NATO Advisory Group fur
Aorospace Reucarch and Development (AGARD) consists of engineers, sclentists
and tachnu 1 administrators from induatry, government and universitiaes
throughout the NATO natimns, and 19 oconcerned with the advancement of
aevospace research and dovelopment and the application of the resulta to the
deaign and construction of, and the asolution of problams arising during the
operation of NATO military vehicles, aystems and equipment, The biannual
Panel Meetings provide torums for specialist multi-national discussions of
problems and of research information and for initiating and monitoring
cooperative studlas and oxperimental programmes, The Panel also provides a
machanism for the planning, preparatinn and distribution of surveys and
reporta on the preasent atate of knowledge in tochnicnl areas within the
fields of Structures and Matevials gelected because of their importance and
their relevance to current or future problems facing the NATO aerospace
comaunity.

Three ioars ago, the Panel, rcalizing that the many problems in the
aerospuca field experienced with new high-strength materials, flaw
susceptibillity, stresa corrosion, non~destructive testing, fractographic
material examination, crack propagation and residual strength asperts of

the fatigue of airoraft structures, and brittle fracture all require that
fracture mechanica cuncepts and related approaches be made available to the
enginver and designer, set up a Fracture Mechanics Working Group to
commizaion and monitor the preparation of a comprehensive survey of the
portinent information available on the applications of fracture mechanics

to the fracture of metals, In addition this work was to ccver stress con=
centration procaeduresa, experimental-design approaches and other available
methods of interest to the aerosp.ive atructures and materials engineer and
the evaluation of the ditfferent techniques available for designing against
brittle=type fracture of metals, It was recognized that fracture mechanics
was an inter-disciplinary growth area of research of ever increasing
importance to those people concerned with the design and operational manage-
ment of aircraft eapecially in the light of the modern alrframe fail-safe
dusign philosophy and aircoaft safety. It was therefore decided that the
resulting critical survey report should be given a wide circulation within
the NATO nations,

The Panel was very fortunate from the outset in securing the services
ag Coordinator and Editor of Profeasor H. Liebowitz, Dean of the School of
Engineering and Applied Science, The George Washington University,
Washington, D.C.,, a world renowned expart on the fracture of materials,

An esgsential feature of AGARD activities is the pooling of relevant
knowledge within the NATO nations and the bringing together of spacialists
for informed discussions and debate on the subject concerned, This occurred
in full measure within the I'racture Mechanics Working Group and the Panel
i+ indebted not only to Professor H. Liebowitz, the Coordinator and Editor
for his vutstanding efforts and to all the members and participants of the
Working Group for their valuable contributions, but especially to the many
contributors to the monograph "Fracture Mechanics of Aircraft Structures"
itsolf from the six natlons: France, Germany, Italy, Netherlands, UK and
USA and who are listed by name in the preliminary pagee.

T. Gaymann B.P, Mullins

Chairman Chairman

AGARD Structures and Materials Panel Practure Mechanics Working Group

Munich, Germany AGARD Structures and Materials Panel

November 25, 1973 Farnborough, Hants, England
November 25, 1973
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FOREWORD

The Structures and Materials Panel's Fracture Mechanics Working Group under the
Chairmanship of Dr B.P.Mullins has been working, since its inception in 1971, to make
available a requisite body of knowledge to facilitate an understanding of fracture and its
implications for and applications to aircraft.

The survey on fracture mechanics has essentially been oriented to present practical

- aspects of aircraft. Theoretical discussions and presentations have been included. however,
to afford the engineer, scientist, and aircraft designer an appreciation of the complexity of
the problems involved.

The Editor, Professor H.Licbowitz, wishes to thank the Chairman, Dr Mullins, and
the members of the Working Group, Mr W.Barrois, France: Dr T.Gaymann, Germany: and
Col C.K.Grimes, USA. for their significant efforts and assistance in providing guidance and
direction during the course of preparing the survey on fracture mechanics. Also, apprecia-
tion is given to the administrative and technical staff, especially to Dr P.K.Bamberg and
Ms. Alice Gueritlot, of the Structures and Materials Panel in Paris for the many helpful
suggestions and assistance rendered. In addition, the Panel Coordinators from each NATO
country participated in obtaining the data and surveys to make this effort a-truly inter-
national cooperitivé project. Special thanks are due to Mr J.LBluhm who participated in
the Working Group's study: also appreciation should be expressed to Drs T.E.Sullivan,
AJ.Barrett, F.Niordson, J.W.Mar and W.Schiitz, and Messrs NI Promisel, H.P.vanLecuwen,
T.F.Kearns, R.L.Ballard, and G.C.Deutsch and the other members and participants of the
Structures and Materials Panel for their interest and participation in helping to achieve the
objectives of this study.

Special thanks are also due to the many contributors indicated in the List of
Contributors for their unfailing cooperation and untiring assistance in providing the
material for the survey on Fracture Mechanics of Aircraft Structures.

H.Liebowitz

Coordinator and Lditor

Washington, D.C.
“November 15, 1973
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I. INTRODUCTION

by

Harold Liebowitz

The rising incidence in recent years of dangerous, costly, and sometimes lethal fractures of military
and commercial aircraft has underscored the need for the widespread dissemination of available fracture
mechanics information pertaining to aircraft. The results of fracture mechanics work in aircraft design,
materials selection, nondestructive evaluation, and other important problem areas are usually not dissemi-
nated on a sufficiently broad scale nor always to the proper recipients.

The situation is made even more urgent because of the continuing development of larger, more cumplex,
and more expensive structures which make it essential that development and application of design practices
safeguarding against premature fracture be accelerated in an efficient and organized manner.

The fracture mechanics survey has been designed to fill this need. The survey makes available to
aircraft designers, materials scientists, nondestructive evaluation engineers, and aeronautical and aero-
space engineers a comprehensive and interdisciplinary examination of current fracture mechanics thought
and practice with emphasis upon aircraft.

The chapters have been organized so that the reader may obtain an understanding of fracture mechanics
concepts and their relationship and application to the unique problems of aircraft design. The importance
of fail-safe design concepts in aircraft structural design is strongly emphasized with detailed discussions
of the basic concepts and their applications to design, materials, and testing.

Efforts have been made in the survey to balance the information so that theoretical discussions are
complemented by presentations of actual applications of these concepts. For those who must apply frac-
ture mechanics principles to predict crack growth and critical crack lengths, many new approdches and
tools are being developed which should prove invaluable. Descriptions are included on improved non-
destructive testing methods, and the use of acoustic emissions, surface dye penetrants, magnetic particle
testing, holography, and fractography to facilitate the determination of flaw sizes and cracks.

It has been found that a number of fracture problems develop because responsible persons are not
sufficiently aware of information from other disciplines which would have made it possible to foresee
the fracture. The regular dissemination of applicable information in the engineer's and scientist's own
and related fields of interest could help increase the meaningful contributions which can be made to the
problems of fracture prevention design to minimize the failure of structures.

The fracture mechanics survey provides an international medium for disseminating pertinent technical
material, data, and information on an interdisciplinary basis. Also, this survey attempts to utilize
much of the information generated by government sponsored studies and that obtained from industrial
research into the factors pertaining to aircraft dosign, materials selection, and fracture mechanics.

Specifically, each ¢hapter in the survey presents the following information:

Chapter I! presents a summary of airframe service loadings particularly related to that portion of
life following the initiation of a crack., Discussions are included on structural, operational, and
internal airframe environments and the significance of airframe loadings. To enable the designer to
anticipate areas of structure or components which will require particular attention in design, a series
of photographs are included depicting failures that have stermed from undetected fatigue damage. The
chapter concludes with a discussion of fracture regimes to enable the wesigner to recognize the various
specific fracture modes which might be operative under different conditions. If the relevant fracture
mocs governing an expected failure is recognized, then appropriately relevant design criteria can be
used or developed for use in the design relationships.

Chapter 111 reviews current trends in the usage of high strength structural matoerials for aerospace
wﬁlications and illustrates the manner in which fracture control procedures may be iaplemented to
achieve a high degree of damage tolerance.

+ Chapter IV presents a concise and somewhat technical review of fracture mechanics, highlighting its
strengths as well as current limitations, while at the same time establishing some porspuctive as to its
relation to the general fracture process, In so dolngﬁ the importance of the role of nondestnictive
inspection as one of several potential safeguards against failure by fracture should bocome apparent.

This information should enable designers to approach the problem of fracture-safo design in a move rational
marner, comparatively speaking. than has been possible in the past. Since fracture in practical situations
is usually initjated b{aoxist ng flaws [n processed and fabricated structural components, it seoms quite
reasonable to expect that those involved with nondestructive inspection of matorials should have an awavenoss
of the interrelation between flaw size and the fracture process,




ta

Chapter IV is augmented by several appendixes which discuss the application of the following methods
to the fracture process: J-integral; crack opening disp) « :ment (COD); resistance method; the Kuhn-
Hardrath method; crack propagation laws; environmental ¢.fects in fracture; and a brief summary of the
limitations of these methods.

Chapter V treats in detail the importance of fail-safe design and discusses the basic fail-safe
design concepts. Following this theoretical discussion are numerous examples of the application of frac-
ture mechanics concepts to the design of aircraft wings, the development of the DC-10 fuselage, the pre-
diction of the residual strength of relatively thick structures, aerospace pressure vessels, and esti-
mating the life to failure of a cylindrical pressure vessel subjected to repeated internal pressure.
Before concluding with a discussion of the outlook for future developments in fail-safe design, attention
is given to the relationship of service failures and laboratory tests and the possibilities of fatigue
life assessment of aircraft structures based on random or programmed fatigue tests.

Chapter VI describes two standard methods, both published by ASTM, Test for Plane Strain Fracture
Toughness of Metallic Materials and Sharp Notch Tension Testing of High Strength Sheet Materials, and the
problems which have to be solved but are not covered by these stardard procedures.

Chapter VII discusses the present reliability of crack detection methods and the means for deter-
mining crack size. The current and future possibilities of the applicability of nondestructive testing
and flaw detecting methods are discussed in detail. These methods include: acoustic emission; surface
dye penetrants; magnetic particle testing; holographic interferometry; and fractography,

The appendices contain detailed information on typical plane strain fracture toughness of aircraft
materials (steel, titanium and aluminum alloys); fracture toughness test results for the same materials;
the titles and references of approximately 140 configurations for which stress intensity factors have
been deteymined; and for the convenience of the reader, the international system of units has been included,
as well as a list of selected references; an author and subject index complete the survey.

Since the survey represents a first step to provide the engineer and scientist with a current compila-
tion of fracture mechanics concepts and applications, it is strongly suggested that an effort be made to
update the fracture mechanics survey periodically and encourage by other means the widest possible dis-
semination of all applicable information,

I s
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. II. ‘EigTORY OF LOADING OF AIRCRAFT AND EXAMPLES OF AIRCRAFT FAILURE
IX.A SPECTRUM OF LOADING OF AIRCRAFT
Howard A. Wood

1.1 INtroduction « « « ¢ « o o = s s s s 6 e s e & s e > e e 2 e o . .g
1.2 The Structural Environment « « « » s o o s o ¢ o e o » s » o o o o .
1.3 Frequency of Occurrence and Significance of Airplane Loadings. . . . .;

Roferences . « o« ¢ o o ¢ s ¢ v o s e s e e b s m e s
1.1 Introduction - : .

Hvlhd peimary alTeraft structufal compotants genera , defects or anomalies of variahle:
shape, orientation, and criticality, which are either inherent in the basic material or are introduced
during the manufacturing and assembly processes. A large portion of service cracks found in aireraft
structures are initiated from tool marks, manufacturing defects and the likel!4, Under the combined
driving forces of eavironment and service loading, these flaws may grow to catastrophic proportions
resulting in serious reduction of service life or complete loss of the aircraft. Thus, to a large degree,
the integrity of the basic airframe is dependent upon the safe and controlled growth of cracks as well as
the achievement of residual strength in their presence. Acceptance of this condition requires the
designer and analyst to select basic materials, structural configurations and allowable stress in
zacordance with intelligent criteria and coupled with the likelihood of discovering service cracks in the
field, well in advance of fracture.

There is an abundance of fracture evidence to support these observations3’]0’13 15 in which likely
causes of cracking or failure have been documented. In coupling statistics of this nature, one becomes
aware of the true nature of the aircraft envirorment. .

In the following discussion, airframe service lcadings and experience will be summarized,
particularly if they are related to that portion of the life following the initiation of a crack. A
comprehensive treatment of loads is beyond the scope of this paper. The reader is referred to the
excellent manual prepared by Taylor’.

1.2 The structural environment

The operational behaviour of structures and materials is affected by the magnitude and cumulative
effects of external loads coupled with the possible detrimental action of the internal airframe chemical,
thermal and stress environment. Taylor! has described the environment in which the aircraft operates as
"... the source of all the loads that are applied to it ... The enviromment is easy to define; it is
the atmosphere up to some prescribed height and the prepared ground from which aircraft operate". The
presence of moisture, chemicals, suspended contaminants and matural occurring influences such as rain,
dust, and sea coast atmosphere can cause deterioration in structural strength both due to the premature
cracking and acceleration of subcritical crack growth8,10,. Anderson3 has attempted to_quantify the
significant structural enviromment as ranges of temperature from at least -50°C to +50°C, and all
possible ranges of humidity in a pressure spectrum from nearly 15 1b/in¢ to about 2-3 1b/in2,

While it is pertinent to discuss and summarize the external Jdoadings experienced by the airframe,
the significant concern is the response of materials in the structure to these accelerations in the
presence of the internal environment. It has been the general practice to describe loads in terms of CG
acceleration; however, the response of the airframe to these external influences depends upon the aero-
elastic characteristics of the structure. : ' : '

(a) The operational enviromnment

The loadings experienced during operation depend to a large degree upon the ty, » of aircraft
(e.g. fighter, bomber, transport, etc.) and upon the particular mission being flown. Naturally induced
loadings due to atmospheric turbulence result when the airframe penetrates air masses moving transversely
to it. Maeuwver loads result when the aircraft is accelerated around one or more of its axes by
deflection of the control surfaces. Once per flight loads may include cabin pressurisation and the
reversal of load on the wings, i.e. the 'ground-air-ground' cycle. Landing impact, ground roll during
landing and take off, taxiing, turning, and braking constitute the source of ground induced loadings.
Specific turbulence conditions exist in and near clouds and storms, in clear air, and in the wake of
other aircraft. These are the subject of detailed studies!,!6, Localized buffeting turbulence is
initiated mainly by the shape of the aircraft and can occur in regions and cavities such as control
surfaces, bomb bays, etc.!. Wake turbulence is particularly significant during air-to-air refuelling.
Sonie loads occur in the vicinity of power plants and as pseudo noise in turbulent and separated airflow
and can react in the presence of the structure causing localized oscillatory stresses associated with
resonances of the surface structurel.

The contribution made by these separate loading actions will be dependent on the operational role
of the aircraft - for example, maneuver loads may predominate with strike aircraft, whereas the cabin
pressurization load and the ground-air-ground cycle may be the paramount considerations with a leng range
transport aircraft. In the case of aircraft intended to operate 'in the field' from semi-prepared runways
the taxiing loads may be of major significance.

(b) Internal airframe environment

In their summary of airframe environmental lnfluencess, Astley and Scott categorize the atmospheric
environment in terms of conditions that apply in any space or on the ground and in the absence of air.
An excellent discussion of the thermal and chemical environment is presented. Humidity/water constitutes
the chief cause of concern in airframesbecause of its ability to carry dissolved or suspended contaminants
and forms the basis of all good electrolytes. ® Water may be present in the residue of fuel tanks and its
influence must be investigated. Perhaps most significant, however, is the manner in which the airframe
reacts in the presence of the corrosive atmosphere present. This segment of the environment is concerned
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with the form of stresses present, mainly, thos: residual stresses induced during part fabricationm,
materials processing and assembly. The latter can be caused by mismatch of parts, eccentricities, lorce
firting of members and in interference fit fasteners. To a somewhat lesser extcut, body stresses which
result from the static geometry and mass of the airframe are available to be coupled. Under advers:
enviromment these conditions can result in stress corrosion cracking in some of the alloys commonly used.
Their effects are additive to the operation stresses which rrsult and sigrificantly influence the sub-
critical growth behaviour of flaws in the airframe structure.

1.3 Frequency of occurrence and significance of airframe loadings

As discussed previously, the true significance of the external loadings is the way in which
individual elemehts of the structure respond. For example, a large variable sweep aircraft performing
low altitude manguvers may encounter severe turbulence of such frequency and duration that the cumulative
effect for some time period may be particularly damaging to wing structure, whereas the structural
members of the swepep mechanism during this time period may react differently and encounter a rather large
sustained loading|spectrum perhaps critical for sustained loading crack growth. Thus, in considering the
fracture problem, jcyclic as well as static or sustained, loads must be considered. '

Repeated loads in themselves may vary in frequency of occurrence as shown in Fig.l 2. Mancuver
loads may vary significantly with the particular mission segment as shown by King", Fig.2., Individual
aircraft may assume rather broad mission requirements as illustrated in Fig.3 12, Gusts and atmospheric
turbulence may be less significant for fighter than for transports®»’'S, Fighters experience more
frequent load excursions to design limit load factor than do transports as shown by Hardratiu® in Fig.4.
Gust loads can be quite different in severity and aistiibution in different regions of the world!. 1In
general, gusts are less frequent at high altitudelvla, and increased speed of entry can intensify the
experienced acceleration3. Fig.5 includes gust data variation with altitudes presented by Bryanl!8,

One(a) per flight Many per flight
lg wing lift Wing loads from gusts
(air~ground-air cycle)
Tail balance loads Wing loads from maneuvers
Flap loads Fin i0ads from gusts and
maneuvers

Cabin pressure loads Fuselage loads from gusts
and maneuvers

Landing gear impact Landing=-gear taxiing loads
Engine thrust/thrust |Propeller, slip-stream or
reversal jet-stream loads
Ete. Engine vibrations

Etc,

(a) In some instances this denotes one group of
loads per flight.

Fig.1 Some repeated loads on aircraft structures
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Fig. 4-Load experience in aircraft (7)
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Fig. 5-Atmospheric gust load environment (From Bryan) (18)
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Military aircraft in general fly a broader and more widely varied mission than commercial transports,
and the effects of turbulence and ground conditions may be more or less severe depending upon the mission,
For ¢xample, high speed and low altitude operations coupled with terrain following can result in frequent |
naneuver loadings and alwost continuous, scvere loadings associated with flight through the turbulence at
low altitudes!6,

accumulate experiences of repeated loadings independent of cyclic frequency and cyclic duration, it is
becoming increasingly necessary to account for these factors, particularly where materisl-environmental

{
Whercas it has been customary in the past to describe envelopes of sreed and load factor and to \i
influences may dictate the need. In addition, sustained loading~environmental spectra, as indicated in

Fig.6, may need to be duscribed in particular instances®. L
S0
i
' 1.5k B
§ Fig. 6-Example of derived sustained load |
§ rok spectrum-fighter aircraft (6)
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i 1 1 | 4
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t.4 Representation of airframe loads for fracture control considarations

In the assessment of structural integrity, it is essential that the most realistic representation
of the loading-enviromeent be constructed both for analytical predictions as well as for qualification
testirg. Mission description results in formation of a profile of key parameters including the most
vepresentative sequence of loads, cyclic frequencies, periods of sustained loading, eavironment,
temperature and time. Ao example of such a flight profile fs shown in Fig.7.

Fig. 7a-Typical profile for tactical aircraft
conventional weapons delivery mission

. Smm—m MAXIMUM RANOOM SEQUENCE OF
GUST CYCLES,

SYMME TRIC GUST
PECTRUM

RANDOM SEQUENCE
OF TAXIING LOAD
CYCLES

BINIMN ——
¥ FLIGHT -

rig. T™-Simplified flight-load profile for
transport wing root (5}

Load sequence and block size are particularly significant in flight load simulation. Importavg
differences have been noted when test results are compared with randomized ordering. Data from Schijve
are presented in Fig.8, to illustrate this fact.

Development of the flight load profile presumes that sequences of loads {s essentially deterministic.
This is generally far from the truth for most missions since gusts and maneuvers generally occur in &
randon fashion. The portion of the profile most deterministic however, is the ground~to-air cycle (Fig.7),
and its occurrence once per flight in programmed growth tests can be significant.

rig.9 includes data frou Ref.5 on the order of magnitude periods and number of loads occurring in
the service life of several types of aircraft.

The question of how best to couple combined cyclic and suctained loading in the simulation of the
flight envirorment remains open. To & large extent, for analysis and test, the importance of this
andesvor depends upen the sensitivity of the maveisntoc wes-ntod oo E A B -
[T L A S L e weremsg = eggsesNiVE ENViTOTMent. At least two methods appear to be
possible at the current tilt‘: representing the time at high load in terms of peak load factor versus
representative sinusoidal frequency in which case the appropriate material growth behavior at these
frequencies sust be evaluated; and representating the sustained load environment as shown in Fig.6 in
which case, an incremental model of sustained and cyclic loading such as in Ref 22 would be used.
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.3 EXAMPLES OF ALRCRAFT FAILURE
W, T. Kirkdby

t [agroduction

for aloost three decades fatigue has been recognised as a potential threat to the safety and
reliability of aircraft. Failures have occurred ranging in importance from complete destruction to
failures requiring unscheduled repair and replacement of parts. Correspondingly, over the same period,
methods and procedures have been developed for use in design, testing, and operation of aircraft which
are aimed at achieving freedom from significant fatigue troubles throughout the service life of the
aircrafc.

Notwithstanding the care tak:n, situations do arise in se-vice in which cracks are found ir. primary
structure of the airframe during routine inspections. When such & situation arises, two questions will
be asked ~ "Is it safe to continue to operate the aircraft (with or without load/maneuver restriction)
pending repairi™. Yf so, "When must the next inspection of the damaged area be made?” The first
question concerns the residual strength of the structure with 8 crack of known geometrv and the second
question concerns also the rate of growth of the crack,

The possibility that such a situation may arise is, of course, recognised in design and is
reflected i{n the choice of materials having favourable crack propagation properties and residual strength
(fracture toughness) for use in areas of the structure subject to fatigue loading. Indeed, in the case
of "fail~safe' aircraft, one of the design objectives is to ensure that any cracks that may occur in
service can be found before the strength of the aircraft falls below an acceptable level. This objective
is tackled in design by calculation and, as part of the airworthiness certification process, tests are
normally made on & complete sirframe, or major components, to demunstrate that such an objective may be
achieved.

The development over recent years of an analytical approach to problems of crack growth and
residual strength of structures and components, which is based on the use of lincar elastic fracture
mechanics has provided a valuable tool for use in design and for uvse in tackling problems of crack growth
and residual strength ae they arise in service.

2. Exsmples of failure

Before discussing in detail, {n subsequent chapters of this Survey, the way in which fracture
mechanics concepts may be applied i. the design phase, or in dealing with problems arisi~g from cracks in
service, it vould be of interest to look at a selection of failures that have stemmed from undetected
fatigue damage. Knowledge of the mituations in which fatigue damape has origirated in the past will
enable the designer to anticipate areas of structure, or componen:s, which will require particular
attention in design. The selection of photographs chosen (Figs.!~18) cover damage which has resulted in
complete loss of an aircraft, serious damage on landing or, at the least, significant unserviceability
problems: some failures in test are also included, It will be seen that the examples include failures
in fabricated structures (Figs.l~4, 14~18) extrusions (Figs.é, 5, 15, 17-18) and forgings (Figs.6-11):
the damage has originated from stress concentrations, such as cut-ouots, bolt and rivet holes - often with
evidence of fretting, from flaws in the material, and from imperfections in welding. Crack lengths at
failure range from those measured in millimetres to those measured in tens of centimetres.

In the previous section an indication has been given of the nature and complexity of the
various forms of loading which may be experienced by different parts of the structure. The examples of
failure shown in this section serve to illustrate the geometrical complexity of the structure in
which cracks may be groving. It is evident, then, that much is demanded from the structural 4nalyst in
spplying fracture mechanics principles to predict crack growth behaviour and critical crack lengths in
the foregoing circumstances.
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Pig. 1 In service failure - pressure Fig. 2 Pressure cabin skin failure -
cabin skin growth of damage along
rivet line

rig. 3 Pressure cabin failure - crack
through underlying frame spar boom

Pig. 5 1In service failure - landing gear door
¥ up-lock operating lever

Fig. 6 In service failure - pivot bracket
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Pig. 8 1In service failure - undercarriage torque link

PFig. 9 1In service failure - nose-wheeling casting
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Fig. 12 In service failure - hydraulic reservoir
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rig. 16 Pailure in test - spai boom
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I1.C FRACTURE REGIMES

J. I. BLUHM
1. Introduction

It is quite obvious, in view of the foregoing, that the loading spectrum on aircraft is indeed a com-
plex and ill-defined quantity which nevertheless must be a consideration of major proportions in any pre-
diction of the types of failures discussed. Both deterministic and probabilistic considerations have a
role in such predictions and much is yet to be learned as to how best to treat this '"loading" problem.
Some failures are the consequence of only a few or even a single isolated load application; others are
associated with and characteristic of large numbers of repeated load applications; still others result
from truly random spectrum types of loading.

Beyond the immediate problem of defining the loading, there exists the further need for recognition
that prediction of failure under a set of prescribed loading conditions requires an acute awareness of the
anticipated or possible failure modes. In an ordinary structural sense this entails, for example, the
obvious recognition of potential elastic compression instability (buckling) in a column or of compression
yielding or "compression" fracturing in a ductile or brittle column respectively. Predictive analyses for
failure are useless if they fail to provide for treatment of the mode of failure which is most apt to limit
the structural integrity of the components.

In a similar but more detailed vein, and as a basis of discussion for this immediate section, it is
essential to recognize the various specific fracture modes which might be operative under different condi-
tions. If we recognize the relevant fracture mode governing an expected failure, then appropriately rele-
vant design criterﬁa can be used or developed for use in the design relationships.

At the engineering level, the study of fracture can be simplified by recognizing, identifying and
characterizing regimes wherein different fracture behavior are observed. Over a range of temperature, for
example, the resistance to defects (toughness) is noted to vary widely, leading to an appreciable spread
in real component strength. The fracture mode is not only associated frequently with temperature but also
‘with component geometry, Agajin, wide variations of strength, ductility and toughness are observed to be
associated with such fracture modes as cleavage or brittle fracture, flat ductile or dimple fracture and
shear fracture. And, finally, the point to be made - and perhaps of most significance to the engineer -
is that, depending on the fracture mode to be anticipated, ore can utilize different applicable analytical
design approaches to safeguard against unanticipated fracture in service. More specifically, if we con-
sider the simple case of an aircraft component or 'structure' constructed of an alloy steel, one might plot
the static strength of that part as a function of temperature. Figure 1 suggests schematically, the nature
of the response of such a typical "real"” structure. This behavioral pattern lends itself to a first simple
(and admittedly incomplete) illustration of several temperature based 'fracture regimes."

2. LINEAR ELASTIC FRACTURE MECHANICS

In the low temperature region, the "structure" normally exhibits a very low strength and the fracture
is characteristically brittle, i.e,, little or no ductility is evident (particularly if the structure is
notched or cracked). But these are precisely the prerequisite conditions for use of linear elastic fracture
mechanics (LEFM), the offshoot of Griffith's original work on glass. In this regime, a useful fracture pre-
dictive tool is available with the large store of analytical techniques born of Inglis (1) and Griffith (2,3)
and nurtured to maturity by Irwin (4,5), Orowan (6) and a host of more recent investigators. In essence, we
can understand and apply with a good desl of confidence, the tools of LEFM - at least for those conditions and
materials for which the basic assumption of "elastic' behavior is essentially valid. Inherent in the LEFM
concept is the presence of a '"crack" of known size and shaps and knowledge of the '"plane strain fracture
toughness" of the material expressed either as G,. ur K., the critical energy absorption rate and the
critical stress intensity factor respectively.* The effect of a crack at low temperature is always to
reduce (as might be expected) the strength of the structure, This will be seen to be in contrast, under
certain conditions, to the behavior in the high temperature regime,

3, LIMIT DESIGN

At the other end of the temperature scale, i.,e., the high temperature region, it is recognized that
materials generally tend to exhibit unusually large plastic flow prior to and during fracture. This observa-
tion is in direct contrast to the "zero" or limited ductility of structural materials in the low temperature
region., Therefore, of course, the LEFM approach is not applicable in this high temperature regime, On the
other hand, these high temperature conditions are precisely those associated with so-called "limit" design
based upon plasticity theory, Like LEFM, limit design concepts have been developed to a high level of
sophistication (see for example, Prager (7) and Hodge (8), and s great number of useful analyses are available
in the literature. Limit design techniques lead invariably to sstimates of maximum allowable "loads," at
which loads, the material merely continues to flow at constant or decreasing load and fracture per se does

not occur as in the LEFM model.

The residual strength of a wide variety of notched or cracked configurations has been catslogued
using results of plasticity theory. Though much of that work is based upon idealized plasticity theory
which generally ignores strain hardening, apprecisble practical insight is never the less provided, via
this discipline, to the understanding and the prediction of the behavior of notched structures.

ore recently the crack opening displacement COD has also been suggested as s parameter for defining this
toughness. The relation between COD (8) snd G, . is approximate & =Gy /byg.
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In cortrast 1o their effects in the LEFM regime, cracks at elevated temperatures do not necessarily
weaken a structure. On the contrary, they may, as seen in Fig. 2, augment the strength by as much as 28
percent in load-carrying capacity is theoretically possible,

4. Transition Approaches

Whereas then, as inferred in the furegoing, useful tools are available for design at the extremes of
behavioral regimes exemplified by LEFM on one hand and limit design on the other, most real life problems
unfortunately lie somewhere in between these extremes. Some advances have been made with respect to cases
of restricted plastic flow, i.e. where departure from linear elasticity occurs in only a small region near
the crack tip. For these situations, minor modifications are applied to LEFM techniques using plastic
zone size corrections. For materials exhibiting more extensive plastic flow, such techniques are not appro-
priate and alternate rational approaches need to be developed. From a pragmatic point of view, the behavior
in this "grey" regime has, in the interim, been most effectively treated by one of the "transition'" consider-
ations. These are generalized to include, for the purpose of this document, all approaches intermediate
between and spanning the extremes of LEFM and limit design. Among the commonly used concepts are transition
temperature, energy absorption or fracture appearance as reflected by Charpy type impact specimens, Drop
Weight Tear Test (DWTT), Dynamic Tear Test (DTT), Nil Ductility Test (NDT), Crack Opening Displacement (COD),
Crack Arrest Temperature (CAT), Resistance Method (R-G), and others.

5. General Discussion

It is important to observe at the outset that there is no unique failure mode for each material, but
rather a range of fracture modes governed by a number of variables. Normally 'brittle' materials can fre-
quentlv be "made' to appear ductile by (a) ralsing the temperature, (b) superimposing sufficient hydrostatic
pressure, cr (c) lowering the rate of loading. Conversely, normally ductile materials can frequently be
"embrittled'" by (a) lowering the temperature, (b) decreasing the magnitude of hydrostatic pressure, or
alternatively, applying a hydrostatic tension component of stress, or (c) increasing the strain rate. These
effects are shown schematically in Fig. 3. Certainly a unique unambiguous strain (or stress) criteria does
not appear to be assignable for fracture considerations.

In addition to these overt environmental factors, the issue is complicated further by the fact that the
fracture mode is conditioned in plate specimens upon such geometric factors as plate thickness, for example,
This effect can probably be considered, however, as equivalent to modifying the hydrostatic stress component
via its influence on the stress state in regions of geometric irregularities such as notches or naturally
induced cracks. >

Notches and cracks, intentional or otherwise, represent a geometry induced perturbation of the stress
state which tends to enhance brittle fracture. The stress state at the base of 4 notch in a thick plate
(Fig. 4) varies, for example, from uniaxial tension at the free lateral surface at (a), to biexial tension
at mid thickness st (b), to triaxial tension subsurface at (c). With a sharper notch a plane strain con-
straint is more nearly achieved, facilitating this latter triaxial tension condition. Additionally, if a
small plastic zone dcvelops, then Poisson's ratio approaches a value of 1/2 and idealized hydrostatic ten-.
sion is fully developed locally. The importance and significance of notch specimens for evaluation of
brittle behavier of materials undoubtedly stems from this characteristic peculiarity of inducing hydrostatic
tension. In recent years the use of specimens artificially cracked by fatiguing has come to be more and
more in favor since ''cracks" represent the ultimate in notch severity, Of course, it shouid be appreciated
that the strength of "cracked" specimens generally is significantly lower than those of more gently notched
specimens. Design which presumes presence of cracks, though conservative, may therefore overly penalize
structures where design, material selection, processing, and inspection procedures have significantly mini-
mized the probability of emcountering cracks beyond a given minimum size.

Nevertheless, the concent of a crack, in conjunction with low temperature and/or high strain rate does
provide 8 basis for such conservative design approaches as the Linear Elastic Fracture Mechanics technique,
Somewhat less conservative approaches utilize the LEFM but modify it by considering a small plastic zone at
the crack tip.
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This survey reviews current trends in the
usage of high strength structural materials

for aerospace applications and illustrates

the manner in which fracture control procedures
may be implemented to achieve a higher degree
of damage tolerance., Experiences with the
application of fracture requirements to two
current designs are related. These experiences
have contributed immensely to the formulation
of specifications for use "across the board"

on all new systems. Important aspects of the
proposed USAF Damage Tclerance Criteria,
including initial damage ar amption and crack
growth analyses, are discussed.
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I1XI. THE USK OF FRACTURK MECHANICS PRINCIPLES IN THK ORSIUN AND ANALYSIS OF
DAMAGE TOLERANT ATRCRAFT RTRUGTURKS

Howard A, Wood

1 Introduction

Recent cases of catastrophic fallure of primary structure in Cirst line USAF airurvaft due in part
to the presence of undetacted flaws and cracks have emphasined the need for fvacture oontrol procedurss to
augment traditional static and fatigue deaign and qualification requiraments, Such proeadures, when
aftectively implamented, would insure the reduction in the probability of catastrophic failuve due to
undetected flaws and allow the safe oparation of the aiv vehicle within the presaribed service period.

With regard to aivcraft atructural deaign, fracture control implies tha intelligent aslection,
usage and control of structural matarials, the deaign and usage of highly ucceasible, inapectable and
damage tolerant structural configurationa, and the control of asafe operating stresses (Figure 1),

MATERIAL
SELECTION

STRUCTURAL
FRACTURE CONFIGURATION DAMAGE

CONTROL TOLERANT
DESIGN

INSPECTION
PROCEDURES

SAFE OPERATING
STRESSES

Fig.! The objectives of fracture control procedures

In design, consideration is given to the likelihood that all now structure containe flaws, intro-
duced during the processing of the basic material, during part forming or during the assembly procass,
with the size and character of initial flaws governed by the capability to detect during the manufacturing
cycle. Analysis and tests are performed to verify that the assumed injtial flaws will not grvow to catas-
trophic proportions and cause failure in the prescribed service period.

The traditional USAF approach to insuring structursl integrity ie to design for a crack free service
life through conventional fatigue analysis, careful attention to workmanship, surface finish and protec-
tion, detailed design, local stresses and ease of inspection., Demonstration is accomplished through a
full scale airframe cycle test to simulated service conditions. The achievement of these goals of
"fatigue quality" or "durability" are, of course, essential, and the implementation of fracturs control
procedures is in no way intended to replace fatigue requirements.

Naturally, there has been resistance amung many to accept the pre-existent flaw philosophy in air-
craft design, because of the weight penalties normally associated with supplemental strength and life
requirements. There are those who cite airecraft performance degradation and the time and cost of imple~
menting fracture requirements as deterrents.

Effective employment of fracture control procedures on new USAF designs has been hampered by the
lack of an adeguate material environmental data base for most materials, deficiencies in fracture analysis
techniques, uncertainties with regard to production and in-service inspection capability, poorly prepared
specifications, and inexperience with respect to requirements for full scale proof of compliance testing.

2 Materials Utilization - The Need for Fracture Control

The obvious desire for more efficient aircraft structures has resulted in the selection and use of
high strength alloys in primary members with little regard for the general decrease in fracture toughneas
assoclated with increased yleld strength (Figure 2). §o, too, sophistication in design and analysis
techniques and closely monitored weight ssving programs have afforded some the opportunity to exploit
conventional alloys such as 7075 aluminum far beyond the practical limits with the result baing higher
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allowable design stresses with each aircraft system., These general practices of course, have reduced the
tolerance of the structure to both initial manufacturing defects and service produced cracks. Critical
flaw sizes are often on the order of the part thickneas and many times much less, making positive detec-
tion during normal field service inspections improbable. Higher design stresses, of course, increase the
likelihood of early fatigue cracking in-service and may result in loss of fleet readiness and expensive
maintenance and/or retrofit programs,

For a specific application, the designer must select a material of reasonably high strength in order
to meet static strength requirements and still achieve minimum weight, A parameter for evaluating struc-
tural efficiency (o ‘/material density) will be mentioned later. In the selection process, however,
fracture toughness fiust be a conaideration. The achievement of maximum yield strength and maximum frac-
ture toughness is often difficult as is illustrated in Figure 2. It is generally recognized that within
certain material groups, toughness decreases with increasing yileld strength. This trend is illustrated
in Figure 2 for aluminum, titanium and several selected steels where material data from Table 1 have
been plotted. Variations in Kyc can be expected for any given alloy and strength level and these varia-

tions are generally due co metallurgical aspects, impurities or manufacturing processing. This variability

makes the selection <f a "design allowable" extremely difficult.
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Fig.2 Trends in fracture toughness
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In speéifying a particular materiel and strength level (minimum acceptable o), thmligner
usually would not be concerned about those quantities of material which possessed’ strength levels on the
upper end of the normal range. However, because of the dramatic decrease in KIC, he must in many cases
limit the upper bound of acceptable range of yield strength. This is one procedure used to specify
titanium alloys. In Pigure 2, Kyc ranges for two common titanium alloys are noted. The data are shown
at one yield strangth value to di\ututo the fallacy in specifying only %ya minimum.

The material selection process is therefore a tradeoff procedure wherein many concurrent requirements
must be satisfied. For the cese in point, the designer must establish a criteria for accepting either a
reduced zoughness or strength level. The choice might be dictated by overall flaw tolerance. This is
11lustrated in Figure 3 where the ordinate, (Kyo/o )2, a parameter indicative of crack size, is used.
Since structures are designed to withstand (ataticzily) a percentage of the yield strength, this parameter
may be conveniently used to illustrate flaw tolerance sensitivity, Examination of Figure 3 indicates a
more dramatic reduction in the crack length parameter, with increased yield strength.

The same trend is repeated in Figure 4; however, the yield strength has been normalized to the
material density ¢ . The parameter cyg/e is one form of structural efficiency used to select materials.
Note that material ranking has changed with titanium being superior to steel. Ome exception illustrated
is the 18% Ni maraging steel and 9Ni 4C which fall beyond the bounds illustrated. There are recognizable
limits on both the values of (Kic/o,,) 2 and (o 3/€ ) for materials in use today. The bounds are illus-
trated in Figure 4. y y

The data presented in Figure &4 clearly illustrate the relationship of non-destructive inspection (NDI)
capability and material selection to resist brittle fracture. For example, a throu&h the thickness crack
will experience plane strain fracture vhen K = Kijc = o J7d. . 1f fracture is assumed to occur at the

design limit stress, the value of critical crack length, 4., can be computed. F:or many aircraft structures,

~

- - 2
flesign limit stress is of the orfler of ¢ . °‘6°ys and a, =(Kic 2 1. Kpe . Thus, each point on
0.60y n a

‘ ys
Figure 4 might be considered the critical characteristic flaw dimension for plane strain fracture, and
thus describe the sensitivity level required for fleet inspection. For this type of selection criteria,
many materials may be prohibited because of the extremely small flaws which must be detected. Limits of
NDI practide are not well defined.
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With the technological trend in material utilization growing toward greater strength to weight ratiocs,
1t seems logical also to define more realistic limits on the material selection based on uncontrollable
"human element” defects. Thus, the crack size definition of Figure 4 might indicate limits produced by
normal tool marks, scratches or gouges produced during manufacture or maintenance. If these limits are
recognized as sound, then more effective means of inspection may be required, such as proof of testing

(Figure 5). .
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In the previvus dlucunsion it wan ansumed that plane stiaile Fractuts was the dominant considarvariog,
Fortunatedy, thin is oot always the cane for many engineering materinls because of the ofiacts of thick=
nean, plastlefey, geometvy, ete, (Figure § and 7). The quention dovs vemain, howover, as to what role
Ky haw in the material seleation and analynin procean. 1t {n perhaps wafe to conclude that the saelection
of candidate maturials for a spectfic sonnideration van be made an the basia of aupavior Kyc, no long as
the materiale are simtlar, The decinion, howevar, reats upon the thicknesn rvequived to fulfil) the task.
In Figure 7, the variation of crigical atveas (mtons ity factor with thickneas i 11lustrared for aeveral

alluyn.  (Ref. 1)
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Fig.7 Nominal critical stress intensity for several materials

Material selection based on eyclic growth considerations is not as clearly defined, since observed

trends in cyclic rate data, for a non-sggressive environment indicate that materials within a group or

class ge
growth rate curves h

Hatn (Ref. 2) has observed that the rate, da/dn, can be approxinated for many materials as:

Wl eear——

nerally fall within a narrow scatterband, with little, if any dependence on toughness. Average
ave been included in Figure 8 to illustrate the relative relationship betwesen materials.
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da/dn = 8 {4k} 2
X

in the central or log linear portion of the growth rate curve, Several points are shown in Figure 8 using
the Nahn expression. DBacause of the relationahip of growth rate to wodulus, B, the data can be normalized
to the material density, @, as indicated in Figure 9 where rate curvea are sesn to couverge. It is
apparent then, that a material's advantage can only ba asseused on an individual application basis.

Growth under variable amplitude spectrum loading, for example, may produce different trends in growth
retardation due to the interaction of locads. Generally spesking, however, the time to failure from an
initial flav is dapendent upon the toughnass Kyc as illustrated in Figure 10. The relative effect, however,
may be dependent upon the shape and sevarity of the spectmum, The selection of materials {or vepeated load
application in the prosence of flaws may be seriously influenced by the chemical and thermal environments

in which the structure must operate.

i ﬁ;
@
4 e
L 4ol &v
: g x
g ° arm-yax)’ in
¥ PRI =
1] e g0l
B DRY AR - AVG.« > R0
s DATA M DAY AIR
H S}
]
obu 3t
g "
(=} § 2t
LK) W %0 W A
OENSITY NORMALIZED STRESS INTENSITY -OX /¢

3 45678900 » X 000
STRESS INTENSITY RANGE - A K (KSI VN

8 i th rate dat
Fig.8 Fatigue crack growth data for typical Fig9 Comparative crack growth rate data
aircraft structural materials

!
SPECTRUM 1B

CRACK SIZE, »

Y
) f
[} t
| 0!
L. 14 'y —d, - IA"

SAFE CRACK GROWTH LIFE—
Fig.10 Effect of fracture toughness on life for various spectra

TR X

P p—————— e b e

va:m. L 1;

e e




TN A EE— W ——" <4'f1-”, l:i,__,,_, —

3 Fracture Control - Basic Objectives

Of the recent Air Force experiences with high strength materials, none is more dramatic or illustra-
tive of the need for fracture control than that of Déac steel used in major structural locations of the
F-111, Reference 3. An accident in December 1969, which has been attributed to the presence of a critical
defect in the steel wing pivot fitting, was the singular event which caused wide spresd action and reaction
within the Air Force and the contractor and resulted in the formation of a fleet recovery program and
structural proof test effort.

[P
1.0 LLHEEY » oo b o
AL o - ol
- .

Fig.11 Wing pivot flaw

The flaw responsible for this incident is shown in Figure 1l. critical depth occurred in the struc-
ture at a poirt less than the thickness of the member. The dark region of the flaw is surmised to have
originated during the manufacture of the basic forging. Subsequent analysis of this material (D6ac steel,
strength level 220 ksi) during the fleet recovery program, revealed its sensitivity to quenching procedure
during heat treatment with a greater than two to one variation in fracture toughness, Kic, resulting even
though standard tensile properties fell within the acceptable range. The effect of this 2:1 variation of
KIC 18 to reduce the critical crack size by a factor of four.

With somewhat "ideal" conditions existing in this instance (i.e., the flaw occurring in a region of
high stress, and orientated normal to the principal stress direction) brittle fracture of this unexposed
flaw was inevitable. The subsequent recovery program for the F-111 fleet and the proof test program are
well documented. (Ref. 3) This incident resulted in the largest single investigation of a structural
alloy ever to be undertaken (Ref. 4),

The wing pivot flaw is an excellent example to illustrate the need for fracture control considera-
tions in design and will be used here to assist in identifying major goals which are to be achieved as the
result of {nstituting fracture requirements.

In examining this failure, one could conclude that a higher toughness wculd have resulted in a
larger critical crack size, possibly through~the-thickness and a much improved probability of detection.
For some cases, fuel leakage might be expected, Thus, we can say that fracture considerations should
encourage the intelligent selection of materials and control procurement and processing to insure consistent
propeirties; assist in establishing inspection procedures including such requirements as positive detection
and leak before break situation. In addition to material selection, growth of flaws can be lessened and
critical crack sizes increased considerably by limiting or controlling design stress. This can have addi~
tional benefit from the point of view of fatigue resistance or durability and can significantly result in
reduced maintenance cost and system down time,

The wing pivot fitting used in this example is essentially a single load path member. Failure of
this element resulted in loss of the aircraft. A more damage tolerant structural arrangement, including
possible multiple load paths or crack arrest sembers, if properly designed, could have improved the
overall safety.

In Section I1, materials data wern presented to illustrate how strength weight (efficiency) could
result in the selection of material with an undesirable level of toughness. Likewise, the choice based on
fatigus alone might lead to serious difficulty since many high strength materials (ste¢ls, for example)
may have acceptable fatigus vesistance but possess low resistance to brittle fracture and subcritical flaw
groweh (stress corrosion cracking, for example).

Structural configurations vhich possess multiple lozd paths, crack stoppars, stc., are necessary and
desirable, however, their ability to function and meet specific preassigned goals must be demonstrated

sarly in design.

Controlling design stress levels for common structural matarials can have untold benefics from both
the strength and fatigue points of view and can prevent costly fisld maintenance problems. For example,
multiple load path, redundant and "fail safe” arrangements may effectively prevent ths loss of aircraft,
80 long as adequate and frequsnt inspections are plannad. The sole dependence of the fail safe approach
to achieving {racture control without regavrd to limiting design stresses msy result in frequent ssmber
failures, costly unscheduled maintenance and atrcraft down time. This situation can be allaviated by
requiring each member in the multiple or redundant sst to bs inherently resistant to flav growth within
prescribed bounds (i.s., sust have & safe life with cracks.}
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The ability to detect and quantify flsws and cracks, both ‘p the raw prcducy form and the final
asseabled structural article, remains as the most significant messure in deterring catastrophic fracture.
Because we institute fracture control procedures is in fact a frank admittance that serious flaws can and
often do go undetected. This fact was drsmatically pointed out by Packman, et al (Ref. 5) in a study for
the Alr Porce Materials Laboratory. The data in Figure 12 has been obtained from that report and depict
the sensitivity and reliability of common NDI methods in cantrolled laboratory experiments. The results
sre quite surprising becsuse relatively large flaws were not detected. This does not mean that all hope
is lost of improving our methods and procedures. On the contrary, coantinued development of faproved NDI
techniques 1is mandatory.
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Fig.12 Demonstration of flaw detection capability

4 Tracture Control - Requirements

Preparstion of detailed step by step requirements for fracture control is a difficulet task becsuse of
the aumerous claseses of aircraft (i.e., fighter bombers, trainers, etc.) in use today by the Air Yorce and
bscause of the various types of structural arrangements which comprise thuse airframes. Aside from the
selection, procurement and control of processes for engineering materisls, implementation of fracture
considerations consists of the formulation of safe crack life and strength goals which must be satistied
by primary structure, Compliance with these requirements is accomplished by snalysis in sll cascs and
often requires substantiation by element, component or full scale testing. The fracture analysis is
completed in comnection with the conventional analysis (e.g., static and fatigue) for which a flav free
structure i{s assumed.

In the fulfillment of these analyses, basic materials allowable, knowledge of operdtional environ-
ments and an analysis capability to perform complex flaw growth and strength analyses are among the items
necessary. Supplemental tests may de required to establish or substantiste stress intersity relaticnships,
verify real time and spectrum growth bdehavior, and demonstrate crack arrest capability.

Within the USAF, early attempts have been made to define sud implement fracture control prograas for
systems currently in the design stages. Pigure 13 ifucludies a summary of the mzjor elements for two of

these systems.

Bomber Fighter
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Fig.13 Fracturs control elements current systems

As an example of the strong wording of these directives, the following is extracted from early wver-
sions of the requirements for the phomber.



P e TN —

g s

e ey

%6 ™ T — ’ i o

'...Primary structures which are not fail safe shall be designed so that initial
flaws or cracks will not propagate to critical crack length during the lifetime
of the airecraft., Through fracture data tests and analysis, the characteristica
and dimensions of the smallest initial defect that could grow to critical size
during the service life shall be determined. Once these initial flaws aizes
have been identified, quality control procedures shall be developed such that
parts containing initial flaws of these dimensions will not be accepted. 1In
the event that the identified initial flaws sizes are smaller than the quality
control detection capability, changes shall be made in the materials and/or
stress levels so that initial flaws compatible with quality control capability

can be tolerated."

The requirements were further modified to require that the service life uanalysis be made with specific
initial crack size assumptions. In other words, the initial crack size is to be treated as a design

allowable. For example:

"...These initial defect limits are as follows, (a) In the absence of special
NDI procedures as indicated below, the minimum allowable defect size shall be
0.150" in its critical dimension, i.e., 0.150" deep for a surface flaw.,. (b)
Defects smaller than 0.150" will be allowed if special NDI procedures are
followed with a demonstrated ability to detect flaws of the required size with
a 95% probability at a 50% confidence level..." (This was later amended to

952 confidence that at least 90% of flaws greater than critical size are found.)

The analysis of each part was to be performed as follows:

",..The analysis shall assume the presence of a crack like defect, placed in
the most unfavorable orientation with respect to the applied stress and
material properties and shall predict the growth behavior in the chemical,
thermal and sustained and cyclic stress environment to which the component

is subject.”

With regard to material selection, usage and control, measures were to be instituted to insure ade-
quate toughness in production. The early version of the requirements stated

", ..Specifications shall be prepared to insure materials having minimum
guaranteed Kyc are used in manufacture."

While the intent was certainly sincere, the wording was revised to be more direct and more nearly defini-
tive.

"...The materials from which the structures are to be fabricated shall be con-
trolled by a system of procedures and/or specifications which are sufficient

to preclude the utilization in fracture critical areas of materials possessing
static fracture properties significantly inferior to those assumed in design."

To those familiar with aircraft structural design and analysis, these requirements seemed profound in
nature, and when circulated anong the major airframe manufacturers in 1970, certainly caused a mild furor.
Nevertheless, the basic meaning of these requirements is still with us, both as contractual obligations
on the bomber program and requirements for future systems.

Because of inexperience, several items of the early raquirements needed strengthening, or at least
clarification.

First, the early requirements lacked sufficient strength regarding the safe crack growth goals of
multiple load path or fail safe structurs.

The second point concerns the statement regarding the control and assurance of material property
consistency. This simply means that properties must be guaranteed by the metal producers, or that
screening of stock and segregation must be performed with the selection of only the superior material for
production, a costly procedure in any case. The question of what properties to control is often asked.
Kic is the logical choice since it is the only property for which standards exist. The rate of fatigue
crack growth da/dn is perhaps more significant on 1ife but does not sppear to be as sensitiva to basic
materidl processing procedures as does the toughness, Kic.

The third item concerns the identification of fracture critical parts. Since the requirements stipu-
late that all primary members be designed for safs crack growth, a tremendous bookkeeping task is involved,
to sayv nothing of the costs incurred in tracing materials, processes and parts through the manufacturing
stage and the establishment of standards for field maintenance. What will most probably evolve in a
specific design are sensitivity analyses for certain parts to examine effects on life due to material
property variation, initial flaw size, etc.. Whare applicable, parts will be further classified as to
function, safety, stc,, 80 a8 to lessen the stringent requirements for traceability and material property
control on those parts where these controls are unwarranted,

5 Susmary of New Requirements

The lessons learnsd in applying fracture mechunics to theas two systems have been beneficial
in the formulation of general "across the board" damage tolerant or fracturs requirements for future
USAF aircraft. The cverall schems currently defining these requirements is shown in Figure 14 and includes
as aajor documentation, Milicary Standard 1530, the description of the Air PForce Aircraft Structural
Program (ASIP), and the detailed requirements (Military Specifications) which provide the specific wording

of the requirements.
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" The key elements of Mil Std 1530 are included in Figure 15.
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Fig.14 USAF specifications and control for design of damage tolerant aircraft
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Fig.15 Key elements of Mil. Std. 1530 as applied to damage tolerance:

An initial draft of the currently proposed Damage Tolerance Requirements hss been prepared and
includes specific growth requirements for each classification of structure (i.e., slow crack growth and
Fail Safe) based upon the planned degree of and frequency of inspection. This initial draft, summarized
in Tables 2, 3 and 4 is currently being evaluated on several existing aircraft structures, to determine
the relative sensitivity and impact of the various elements such as initial damage, inspection frequency, .

etc., on the design stresses.
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initial damage sizes, &;, a,, and &,, and the frequency of inspection. Initial damage size assumptions
for intact structure (2,), reflect the production inspection capability of the contractor and must be
demonstrated in an approved NDI program to prescribed levels of confidence. Flaw size, a/Q, treated as
an allowable, reflects all possible types and shapes which have equal initis? severity as shown in
Figure 16. It is important to qualify NDI capability for flaws eminating from fastener holes so as to
measure any possible increase in detection sensitivity due to the presence of the hole. Otherwise, it !
must be assumed that the crack sizes demonstrated are acting in conjunction with the open hole. In the 3
analysis of parts for safe crack growth, this is the most severe case. If NDI is qualified to an (a/Q) b
value or range, rather than a fixed surface length, or depth, the analyst must assume the worst case, i
that of a shallow crack and examine the possibility of it becoming critical prior to becoming a semi- !
circular flaw (Figure 17) since experimental data has indicated that shallow flaws grow faster in the

depth direction. : . .
‘ €

MRS P

The important variables which control the severity of the crack growth design requirements are the k .

PR

6 Conclusions -~ Some Problems and Concerns

With the initiation of firm requirements for damage tolerant design and analysis and the institution
of an extensive applied research activity, the USAF has made impressive strides toward insuring structural
safety in future aircraft. In applying these requircments, however, some problem areas and concerns still 3
remain particularly with regard to the amount of success we can expect to achieve. For example, in
examining the requirements for safe growth within the bounds of the initial and final crack sizes,
Figure 18, we see that inspection, maximum stress and fracture toughness govern the end points (A) and (C).
For a specified 1life goal, the designer must trade stress level, material type of construction, etc., to
fit the growth curve within this envelope. Ky, may be relatively unimportant in this process, particularly
if the shape of the growth curve starts out fiat and curves sharply toward the end of life.
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Fig.17 Growth of equivalent flaws under sinusoidal loading

VARIATION ~ SCATTER
e ———r—

Fig.18 Factors which influence crack growth life

I don't want to convey the wrong impression, however, since Kic can govern the size of final crack in-
setvice and the larger Kyo of course is desired, Between the end points, however, much takes place with
the shape of the growth curve dependent upon the many factors susmarized in Figure 18, including the
ratio of initial to final stress intensity. The shape is also dependent upon the type of mission flown,
the number and relative wagnitudes of the flight stress cycles and the amount of growth retardation which
! E may occur due to the presence of overloads or proof cycles, the material and the environment, their inter-
| relationship and the sequance in which the loadings ars spplied. Ssquence effects are among the least
understood and constitute an area vhere a considerable amount of bsnefit can be gained through further
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research. Whereas the initial and final crack sizes may be considered deterministic, (Kic vim few
percent, for example), growth rate behavior under variable amplitude and environment is extremely complex
and difficult to predict even when loads and sequences are known. This coupled with the fact that flight
load envircnment information ip most cases is not deterministic make the problem at first glance

untenable. Scatter in basic growth rate dats csn be as much as 2:1 for most materials, even in a controlled
nonagressive atmosphere. Thus, it appears that 1life predictions within this accuracy may be the best we
can achieve. What adds to the difficulty is that many of the spectrum effects are often difficult to.
separate from normal scatter in basic growth rate.

Under certain conditions (i.e., small crack sizes and low stzess amplitude), growth occurs at very
low ranges of AK, Figure 19, a region of the growth rate curve for which there is little data due mainly
to the time and expense incurred in the generation, Likewise, until recently, there has been little call
for low AK growth rate data. The concept of threshold or lower limit of growth rate 4K, is presented and
data are available which show this to be related to the elastic modulus. Recent experiences indicate that
basic growth rate data may be specimen dependent, that 1s, there are observed differences between compact
tension and surface flaw growth rates (Figure 20) attributable to maximum stress levels, for example
(Ref. 5). Crack front stabilization, for example, isthought to affect growth results at low AK values.

Thus, there are many as yet unanswered effects on besic growth rate data generation, which must be
resolved if we are to use this basic data to predict complex loading cases. Figure 19 includes a summary
of these factors.

The subject of scatter factor or confidence factor to be used in design with safe growth predictions
remains undiscussed. Current recommended practice is to use upper bound growth rates with conservative
accounting of factors such as variations in anticipated usage and amount of retardation.
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Fig.19 Factors which influence measured crack propagation data
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1. INTRODUCTLON

The processes involved in the fracture of solids are so complicated and varied
that no single formula or criterion can be expectew to reaiistically descrile all of
the observed fracture phenomena. Despite this rather pessimistic assessment, a sizeable
body of useful knewledge roncarning certain aspects of fracture doeas currently exist,
having been obtained from extensive theoretical and experimental research efforts. This
information enables designers to approach themoblem of fracture-safe design ir a more
rational manner, -omparatively speak.ng, than has been possible in the past. Since
fracture in practical situations is usually initiated by existing flaws in processed
and fabricated structural components, it seems quite reasonable to expect that thore
involved with nondestructive inspection of material: should have an awareness of tha
interrelation between flaw size and the fracture process.

The objective of this chapter is to present a concise and somewhat technical
raview of fracture mechanics, highlighting its strengths as well as its current limjta-
tions, while at the same time establishing some purspective as to its relation to the
general fracture process. In so doing, the importance of the role of nondestructive
inspection as one of several potential safcguards against failure by fracture should
become apparent.

The lack of a compirehensive understanding of the failure process in structural
materitls has resulted in the catastropic failure, over the past fifty years, of a
variety of engineering structures [1,2,3]. Analysis of the failed components of such
structures as pressure vessels, storage tanks, welded ship structures, aircraft parts,
bridger, pipelines, turbinc blades and housings, rocket motor casings and variovs heavy
machine parts, have shown that crack or flaw ‘nduced brittle fracture has often been
reaponsible for the failuras. If it is assumed that derign and construction decisions
were compatil.le in each of these cases with the appropriate conventional design code
requirements and construction specifications, the need to establish supplementary de-
siyn criteria, as well as fabrication and inspection techniques, to insure againat frac-
ture failure Lecomes abundantly clear. The problem in this respect is further intensi-
fied by current trends in materials technology and applications. The trend toward use
of excepticnally high yield strength meterials, such as is available in certain steel,
aluminum and titanium alloys, presents the designer with an unfortunate dilemma. The
advantajes of higher strergth materials that he now ha3 at his disposal for structural
applications are offset by a significant reduction in ductility, a factor that tends
to enhance the possibility of failure by unstadble fracture.

Theoretical and experimental considerations coupled with failure studies of
fractured structures reveal many contributing factors and influences with regard to the
susceptibility of a solid to fracture. Among the most significant are the existence
of flaws (cracks) and notches in the structure, the service temperature, geometry and
thickness of section, the state «f stress in the immediate vicinity of the pre-existing
crack or notch tip, and the rate of load application, in addition to the yield strength,
ductility, metallurgical composition and grain structure of the material. Several of
these factors will be discussed in some detail subsequently. They are mentioned here
only to give some illiustration ¢f the inadequacy of conventional design practices rela-
tive to the question cf fracture-safe design. Indeed, design standards currently in use
in design of buildings, bridges and other civil engineering type structures are based
entirely on the yield strength and some measure of ductility of the material. Although
the designer has freedom in determining the distribution of applied loads, selecting
norinal section sizes, and introducing designed stress concentrators such as threads,
holes, operings and corners; a design approach which depends solely on yield strength
presumes a high level of material integrity throughout the life of the structure. In
other words, it does not acknowledge and deal with the possibility that severe stress
crncentrations may be introduced by material processing, structural fabrication and
environmental changes. Stress concentrations can be introduced by welds, machjine tool
markings, stress corrosion and inherent material microstructural defects, which under a
combination of unfavorable circumstances may lead to a catasatrophic fracture. The
yield-strength oriented desigr procedure also excludes the possibility of subcritical
crack nucleation and growth under cyclic loadings at acceptable load levels, i.e.,
fatigue induced fracture. On the hypothesis that flaws or cracks of some kind are always
present in processed and fabricated structural components, it is clear that design based K
only on maintaining nominal stresses below some predetermined percentage of the yield ¥
strength is inadequate to safequard against the possibility of failure by fracture.
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Designers >f heavy machinery, pressure vessels, ship and aircraft structures often
employ additional measures such as Charpy-V notch impact and notched~bar tensile tests as
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qualitative aids in evaluating and selecting materials which are less likely to be frac-
ture prone within a given set of design and operational circumstances. For example it

is standard practice to select materials with a measured Charpy energy value greater than
that wiiich has previously been found in practice to successfully resist fracture in similar
structurec, While this practice is an improvement over a design method relying entirely
on yield strength, it nevertheless has serious deficiencies. Difficulties arise when
applying such an approach to new types of design, to the use of thicker sectioned struc-
tures and to newly developed materials, particularly to materials having higher y.ield
strengths. A rational basis for extrapolation of past experience to new situations

is an inherent requirement with this approach. Furthermore the design engineer is not
provided with the kind of information that he can readily translate into design require-
ments, namely, allowable stress levels.

Although it is important to include fracture considerations in the design process,
it should be emphasized that careful manufacturing and inspection techniques must also
be considered as being complementary to effective fracture-safe design. The probability
of introducing serious flaws into a structural component must be minimized during the
processing and fabricating stages. Inspection techniques must be developed which can
easily and econcmically identify and characterize potentially dangerous flaws. When
combined with given allowable flaw size criteria, such techniques will then determine a
rational basis for rejection of unsafe structural components.

The discussion of fracture mechanics which follows shall be confined, by and
large, to discussion of the assessment of fracture resistance or fracture tnughness
in structural metals in situations where fracture is essentially brittle or semibrittle.
Only under restrictions of this kind can the fracture problem be treated theoretically
with any degree of realiam and confidence at this stage in the development of a general
theory. Other than the brief mention given in the discussion of different types of frac-
ture, no account will be given of the microscopic and retallographic aspects of fracture,
nor will fracture dynamics be discussed. The technically important problem of environ-
mentally induced fracture, e.g., through stress corrosion cracking, hydrogen and irradia-
tion embrittlemant and creep fracture at elevated temperatures, must likewise, for lack
of space, also be omitted.

2. MACROSCOPIC CLASSIFICATION OF FRACTURE

Fracture on the atomic scale, can occur in crystalline solids in one of two ways;
by direct separation normal to specific crystallographic planes, so called cleavage or
brittle fracture, and by extreme slip or glide plane decchesion, which is usually referred
to as shear or plastic fracture [4]. From the metallurgical viewpoint, the ability to
classify fracture into two or three distinct categories becomes more difficult. In real
single and polycrystalline solids, the micro-mechanisms associated with crack nucleation
and crack growth are quite numerous and complex, and are just beginning to be understood
with the recent development of electron fractography [5). Fracture surfaces in poly-
crystalline metals usually exhibit mixtures of cleavage, microvoid coalesence and slip
type dcromechanisms in the overall fracture process. Dominance of any one particular
mic omechanism generally requires special circumstances, such as low temperatures and
high strain rates which are conducive to cleavage separation in body-centered cubic
materials [6,7].

The engineering classification of fracture is based on macroscopic considerations
of material separation, and employs designations such as brittle, semibrittle (or quasi-
brittle) and ductile to categorize fracture. Broadly speaking, brittle fracture exhibits
virtually no macroscopically observable plastic deformation on or near the fracture
surface. The fracture surfaces are almost completely flat across the severed section,
having a crystalline texture and a shiny appearance. The basic micromechanism involved
in the separation process is cleavage. Once an existing crack or flaw starts to grow it
tends rapidly to crack instability or sudden unstable fracture with relatively low energy
absorption. Brittle fracture is most commonly observed in high yield strength metals and
glassy solids subject to low temperature, high strain rates and a high degree of stress
triaxiality in the vicinity of the edge or tip of a flaw (crack). At the other extreme,
ductile fracture is accompaniad by extensive plastic deformation. A conventional uni-
axial tensile test perfcrmed orn a low yield strength initially uncracked aluminum alloy
or mild steel bar at room temperature provides a typical example of a ductile type frac-
ture. Considerable localized reduction of cross-section takes place as a result of
plastic slip processea before the bar fails by shear sliding across the remaining necked
se~tion. The essential micromechanism involves slip or glide plane decochesion. The
fractured surface is usually inclined relative to the tensile direction, with a fibrous
texture and a dull surface ajpearance. Extensive plastic deformation necessitates high
energy expenditure so tunat ductile fracture is comparatively difficult to initiate and
to majintain in the sense that applied loading must be maintained throughout the fracture
process. Low yield strength, high temperature, low strain rates and a low degree of
stress triaxiality are circumstances which promote ductile fractures.
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and specimen sizes. Microvoid coalesence, cleavage, and slip have been identified as
distinct micromechanisms active in the fracture process. The fracture surfaces poszess
features which are common to both brittle and ductile type fractures, that is, they are
partially square and shiny and partially slanted and fibrous. The initial phase of
semibrittle fracture is generally marked by slow, stable crack extension coupled with
moderate plastic deformation at the root of the notch or crack. This phase continues
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until some critical load level is reached, whereupon ﬁnstable crgck pigpagigéggrzgsggz,
1 rface features. The energy absorption ]
B e e ture moturaily falis b ow and high extremes common to brittle

semibrittle fracture naturally falls between the 1
snd Aauotils fracsures. The fracture surfaces of medium strength metals fractured at or

near room temperature are characteristically semibrittle in appearance. ;

In crystalline solids such as structural metals, the essential distinguishing
feature separating brittle, semibrittle and ductile fractures lies in the degree of
plastic deformation which accompanies separation. Since it is not possible to establish
precise quantitative measures in this respect, the limitations of the above classifica-
tion scheme are quite apparent. It should also be remembered that these rather imprecise
designations are not always consistent with microscopic observations. 1In polycrystalline
metals X-ray diffraction and electron fractography often reveal small amounts of micro-
plastic deformations on fracture surfaces which macroscopically appear brittle. Thus it
must be emphasized that the engineering scheme for classifying fracture is to be under-
stood only in a phenomenological sense, and that the terms brittle and ductile can have
different meaning to different people, depending on the scale of observation.
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3. EARLY DEVELOPMENTS IN FRACTURE MECHANICS

The effects of stress concentrations due to holes or cutouts in otherwise con-
: tinuous structural members were first recognized during the latter part of the Nineteenth
i Century. Figures 3.1 and 3.2 illustrate the variation of the stress component parallel
to the direction of the uniform tension applied to an infinite sheet containing a circular
or elliptical hole, according to the theory of elasticity [8,9]. The presence of a cir-
cular hole raises the stress level at the edge of the hole to three times the applied
stress level, while for the elliptic hole, the stress concentration at the edge with the
smaller radius of curvature increases in proportion to the slenderness ratio of the
ellipse, i.e,, to the ratio of the major to minor axes. When the major axis is twice i

1

the minor axis the stress concentration is five. These results approximate guite accurate-
ly the situation for finite sheets with holes when similarly loaded, provided that the
major dimension of the hole is very much smaller than the dimensions of the sheet. -

Hence their practical significance is immediately apparent.

A crack or flaw of finite proportions can be thought of as the limiting case of
an elliptic hole as the ratio b/a approaches zero, as .llustrated in Fig. 3.3. According
to the theory of elasticity, the maximum stress parallel to the direction of the applied :
load at the edge of the crack increases in this case without limit. This behavior ’
explains why cracks oriented transversely to the direction of applied tensile loads tend ]
to grow or spread. However, the material at the edge of a sharp crack obviously cannot
support infinitely large stresses. 1In real metals a state of plastic yield develops over
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The first critical load-crack size relation appropriate to brittle fracture
(actually ideal brittle fracture in the sense that all plasticity effects are ignored)
was introduced by Griffith in 1921 [10,11). Referring to Fig. 3.3, let U_ represent the
. total elagtic strain energy in an uncracked infinite sheet of unit thicknfss loaded as
- shown. Suppose that a crack of length 2a = ¢ is introduced slowly enough such that all
) dynamic effects are negligibly small, while the loaded boundary is held fixed. Since
" the plane dimensions of the sheet are infinite while the crack size is finite, the applied

stress will remain at the same level o as the crack is inserted. Let U designate the

strain energy of the cracked sheet. With the loaded boundary held fixed the applied
) load can do no work as the crack appears. Consequently the strain energy in the body can
o only decrease by virtue of the relaxation of the stresses over the surfaces which define
the crack. Thus U < U,. The creation of new surfaces which total area 2c, assuming
the crack to extend through the unit thickness of the sheet, requires an expenditure of
energy which Griffith assumed to be linearly proportional to the crack surface area,
Yg*2¢, where vg is a fracture surface energy density. The surface energy density is
presumed to be determinable by experiment for any given solid at any given temperature.
The quantity 2vgc can be interpreted as the work done by the relaxing stress as the new
internal surface (crack) is introduced. 1In other words, 2Yg4c represents the energy ex-
pended in overcoming the inherent cohesion of the solid across the plane crack surface.
Using the plane strain linear elastic solution for the elliptic hole of Fig. 3.2, [12],
i in the limit as 2b approaches zero, Griffith deduced that insertion of a crgc% 2a = ¢,

auoject to the given circumstances, changes the elastic strain energy by mo4e?(1-v2)/4E,

E being Young's modulus and v Poisson's ratio [13]. The strain energy of the cracked
body with a stationary crack 2a = ¢ is thus

) 13
: § a small region bordering the edge of the crack, Fig. 3.4. This point will be discussed
§ i in more detail subsequently. It suffices here merely to point out that the plastic
! ¥ enclaves which develop at the borders of a stationary crack, however small, tend to
! # inhibit potential crack growth through blunting of the curvature of the crack tip. 3
! L3 Hence, any set of circumstances which inhibits the free development of plastic yield at 3
? L the crack borders, e.g., low temperature, fast rate of load application, high degree of :
: & stress triaxiality in the crack region, tends to promote easy crack expansion, or brittle
: P fracture. For any given crack size, an increase in plastic enclave development generally
3 ; requires greater net section stresses for initiating crack extension.
13
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while the total energy is
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. 2.2 ‘
¥Y=U+ Zysc = Uo'- E%EE— (l-vz) + 2ysc. (3.2)

¥, which is actually the thermodynamic free energy of the cracked solid because isothermal
cénditions are hereyimplied, varies only as the crack size since all the other guantities
appearing on the right size of Eq. (3.2) are fixed under the assumed circumstances.

Griffith postulated that the crack is in a state of unstable or critical gqu*ll-
brium, that is, at a int of incipient growth, when the free energy attains a station-
ary ({n this case maximum) value. Analytically this means the parameters which determine
the critical crack equilibrium state are obtained from the condition

ay
dc fixed =0 (3.3)
boundary

which from Eq. (3.2) leads to the requirement that

. 4au ‘
dc = s’ (3.4)
or
4EY
2 s
07°C & ——=p— ., (3.5)
T{1-v°)

For a given applied load o the critical equilibrium crack size is thus

4EY
c=2as= [—2
m(1l-y

(3.6)

1= .
2, 02
Alternatively, for a given crack size 2a = ¢, Eq. (3.5) can be viewed as determining
the applied stress level which is necessary to bring on a state of incipient crack
growth, or E

4Ey
o= V. S . (3.7)
mc(l-v°)

This is Griffith's formula. It can be interpreted as a brittle fracture criterion for
the plane infinite sheet described in Fig. 3.3 (for conditions of plane stress, the
factor (1-v2) is replaced by unity).

Despite the limited circumstances for which Eq.. (3.7) is strictly valid, it never-
theless shows remarkably good experimental correlation with fracture tests performed
on glassy solids. It does not, however, yield results compatible with experiment when
applied to fracture in structural retials. One reason for this lies in the development
of plastic deformation at the crack tip regions, mentioned previously, which the Griffith
derivation ignores. 1In situations where the extent of plastic deformation in the crack
tip region is substantially smaller than the crack size, the fracture stress is generally
observed to be proportional to 1//c, in agreement with Eg. (3.7). However, the constant
of proportionality necessary to correlate with experimental data for finite-sized speci-
mens is found to be much greater than that appearing in the Griffith formula. In an
attempt to rationalize this discrepancy, Irwin and Orowan [15,16) proposed independently
that a plastic work term y_ be added to the fracture surface energy Yg in Egq. (3.7) in
order to account for any pgastic deformation associated with the separation process. Thus

4E (v +v_) i
g = v —2PB (3.8)

ﬂC(l‘VZ)

was proposed as a possible generalization of Griffith's formula to instances of semi-
brittle fracture. For structural metidls, experimental data requires that the plastic
work factor yp be 103 to 106 times larger than the surface energy v [14].

It should be pointed out that for Eq. (3.8) to be even approximately valid, it
is necessary to assume that the plastic enclaves be confined to very narrow strip-like
regions on each side of the crack plane as the crack extends. Recent experimental de-
lineations of crack-tip plastic enclaves show numerous instances in which this condi-
tion is not even remotely satisfied [17,18,19). Instead it is more common to find
plastic regions which extend away from the crack plane, as in Fig. 3.4, requiring that
the crack-front plastic work be volume dependent and not, therefore, a characteristic
constant or property of the material as Eqa (3.8) implies. It thus appears that the
Irwin-Orowan modification of the Griffith formula is inadequate to deal with fracture
in circumstances in which front glasticity is readily observable.

Griffith's formula applies rigcrously only to the artificial case of an elastic
solution for a plane infinite body. Thus, apart from the error associated with the
omission of possible plasticity effects, additional error will arise when the theory
is applied to cracked bodies of finite size. 1In the next section linear elastic fracture
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Mechanics, which considers the effect of finife géomEtFyMlis@V; fracture cri-
terion, is considered.

4. LINEAR ELASTIC FRACTURE MECHANICS

The simplest possible continuum theory of fracture is founded upon the supposition
that a cracked solid under load experiences small deformations which are everywhere
elastic in character. This assumption is observed to be reasonably valid in strong solids
such as structural metals, metallic and ionic crystals and glassy solids. When coupled
with guidelines which define the limits of applicability of an essentially elastic treat-
ment, a linear elastic theory of fracture has much practical utility because of its:
ability to relate fracture behavior in the laboratory to potential fracture of structural
members in service. Since the theory is applied most successfully in those situations
which can be treated anaiytically as problems of two-dimensions, most of the discussion
which follows wil: be limited to the plane case.

4.1 Stress Intensity Factor and Fracture Toughness

In Griffith's theory of brittle fracture a critical stress-crack size relation
is derived from an energy postulate, while the treatment by Irwin leads to stress-crack
size relations by focusing attention on the elastic stresses very close to the tip of
the crack [20,21,22). For analytical purposes imagine an existing flaw or opening in
a body to be, ideally, a plane sharp-ended crack. The solid is assumed to be homogeneous
and isotropic, with the crack extending through the thickness of the body. Referring
to Fig. 4.1, a local coordinate system is chosen so that the z axis is collinear with the
leading edge of the crack, assumed tohave a straight front, the y direction is perpen-
dicular to the plane of the crack while the x direction points in the direction of
expected crack extension. Loadings on the boundaries of the solid are taken to be
applied symmetrically with respect to either the x-y plane or the x-z plane. If the z
dimension of the body is large a condition ofplane strain will exist throughout the
body. At the cther extreme, if the z dimension of the solid is small relative to the x
and y dimensions, as in a thin plate, a plane stress situation will exist. Both of these
situations are idealized cases. More realistically, in all but very thin plate-like
specimens a mixed plane stress, plane strain state will exist across the z dimension,
varying from plane stress at and very near the x-y plane surfaces to plane strain over
the central portion. Any plastic deformation which may occur at the crack borders is
neglected in a first approximation. Plasticity effects, provided they are small, are
subsequently treated as a minor correction to the elastic analysis.

Three basic modes of crack surface displacements which can lead to crack extension
are shown in Fig. 4.2. 1In the openring mode the crack surfaces move apart symmetrically
with respect to the x-z plane. Because of space limitations attention will be confined
only to the opening mode of separation since this mode is used almost exclusively in
fracture toughness testing. It should be realized, however, that the essential results
and conclusions associated with opening mode displacements also apply to the other
two modes shown in Fig. 4.2.

Corresponding to the opening mode conditions outlined above, the stresses and
displacements at points close to the crack border can be shown to have the form [23]

o, = 7;;; cos % [1 - sin % sin %21 + eee. (4.1)

o, = 7%;; cos % [1 + sin % sin %Q] + euen (4.2)

Ty = 7%;? sin % cos % cos %3 + ... (4.3)

o, = {v(ox+oy). ’ (plane strain). (4. 4)
0 , = (plane stress).

Opy = cyz‘ =0 ’ (4.5)
u, = K Eélizl /;% cos % t1-2v+sin® %] + .. (4.6)
u, = K géli!l /;%_sin % [2-2v-cos2 %] + oo ' (4.7)
u_ =0 {plane strain). (4.8)

In these expressions only the firg’. term of a series expansion is shown. The omitted
terms involve increasing half powers of the ratio of r divided by the crack length, and
consequently, are important only at large distances from the vrack tip [24]. Very near
the crack tip the first 'term in each of these series dominates, especially for the
stresses, since they are proportional to r~1/2, Thus over a region for which r is very
small compared to the plane dimensions of the body, e.g., the crack length or the
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specimen width, the above expressions specify the tip region elastic stresses and dis-
placements to an acceptable degree of accuracy. The K term in thesa equations is inde-
pendent of r and 8, and serves only as a positive multiplying factor which can be shown
to depend on the applied boundary lcad and the crack size. Its explicit functional form
in any given situation depends on the geometry of the cracked body and the location of
the crack. In fracture mechanics terminology K is referred to as a "stress Intensity
factor."

The significance of the above expressions is due to their generality, since they
hold for all stationary plane cracks, regardless of the configuration of the body or the
location of the crack. Wwhat changes in these equations, in going from one configuration
to another, is only the functional form of K. Thus the state of elastic stress and dis-~

placement in the immediate region bordering a plane crack is, in effect, entirely charac-

terized by the stress intensity factor K. Expressions similar in form to Eqs. (4.1) -
(4.8) have been developed for the sliding and tearing modes of crack surface separation
[{23). Determination of the explicit form of X for any given cracked body configuration
requires an exact solution of the corresponding elasto-static boundary value problem,
discussion of which is beyond the scope of this article. Interested readers can consult
References [21, 22, 23, 25, 26] for details and for additional appropriate references.

The only exact opening mode solutions that are available thus far are for in-
finite regions. For the plane infinite sheet loaded as shown in Fig. 3.3, the stress
intensity factor is

K~ o/ma . (4.9)

For a plane circular (penny-shaped) crack with diameter 2a located in the interior of an
infinite solid loaded in uniform tension directed perpendicularly to the plane of the
crack, K has the form

K = 20/r§ (4.10)
where 0 is the applied tensile stress, For finite sized regions acceptable approximate
expressions for K have been determined by a variety of techniques. A tabulation can be
found in References [23, 25]}., Stress intensity factors for inhomogeneous and aniso-
tropic cracked bodies are discussed in References [23, 26].

Widely used opening mode stress intensity factors for specimen configurations
designed specifically for laboratory fracture toughness testing are recorded below for
subsaquent reference. For the center cracked sheet, as illustrated in Fig. 4.3,

Ta 1/2
K = o{na sec (W_)} [25] (4.11)

and for the double edge cracked sheet as shown in Fig. 4.4,

2 3
K = ov/a {1.98 + 0.36 (%3) - 2.12 (f,—a-) + 3.42 (%3) } (4.12)

where 0 < %5 < 0.7, {25], or alternatively

1/2
K=o {Wtan (J2) + 0.1 sin (202)) . [27]. (4.13)

For a single edge cracked sheet, Eq. (4.12) is replaced by

2
K=0/a {1.99 - 0.41 () + 18.70 ()

" a,’ a,?
- 28.48 (w) + 53.85 (W) } (4.14)
for 0 < % £ 0.6, [25, 28). For the'four-point bend specimen-illustrated in Fig. 4.5,
K= 6_'437!_ £, M= F(L~2), L = 4W, (4.15)
B[wW-a)
a/wW 0.05 0.1 0.2 0.3 0.4 0.5 0.6
{23)
£ (a/W) 0.36 0.49 0.60 0.66 0.69 0,72} 0.73
or alternatively
2
K= /2 (1,99 - 247 &) + 12,97 B
BW 3 4
a a
- 23.17 () + 24.80 G } (4.16)
SUESYCICONE Al - . - - -
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for 0 <& < 0.6, (25, 291.

For the notched round specimen, Fig. 4.6,

S SPROIT

k=0.233 (&) A5, da=o0.707, [30] (4.17) _
nd H
or ] -
!
k=2 2P - 1271, (25, 2 (4.18) '
! for ?
<
0.5 <d4/p<0.8 . .
For the compact tension specimen shown in Fig. 4.7, g
2 .
100F - a a
K = == v/a {0.296 - 1.855 () + 6.557 ()
. a 3 a 4
- 10.170 () 6.389 (&) ) (4.19)

[25, 32].

i +

for 0.3 < 72 0.7, = 0.6,

The expressions for K given by Egs.
nevertheless of considerable value because
of the resistance of a material to brittle

(4.11) - (4.19) although approximate are
they provide a simply determinable measure
fracture. For example, if for any one of

these specimnna the applied load and crack size that is observed in a test to correspond
to onset of crack propagation is substituted into the corresponding expression for K,

a critical stress intensity fracture value is determined. When, furthermore, the
specimen dimensions are chosen so as to ensure essentially plane strain conditions, then
this critical plane strain stress intensity value, designated by K. , may be taken as a
definition of the plane strain fracture toughnems of the material tested., Experiments
conducted on a variety of nign strengtn structural metals indicate that each material

has a characteristic K. value which is basically the same regardless of the design of .
the specimens used for the tests. The choice of particular test geometry is thus largely : ‘
a matter of test program economy and laboratory convenience. A decade of laboratory
testing has shown, for the high yield strength metals at least, that a lower bound K
value exists for each material. Consequently it is possible to interpret the K, vaISe
as a fracture resistance material property which, under certain conditions, can Be used :
to estimate the load that a structural member containing a crack of specified dimensions } ‘
can be expected to sustain without fracture. Several examples which serve to illustrate i

this concept are presented in Section 6.

4,2 Relation Between the Griffith and Irwin Approaches

Irwin has shown by use of Eqs. (4.2) and (4.7), for y-direction stress and displace-
ment, that the work done per unit area by the stress field in slowly extending both ends
of a crack in a sheet of _unit_thickness (in plane strain), while the outer boundary is
held fixed, is simply 2K2(1-u2)/E {21, 33]. As a result of Clapeyron's Theorem in linear
elastostatics [34], it follows that this work represents twice the rate at which energy
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disappears from the elastic strain energy field as the crack extends, i.e., the elastic .
strain energy release rate, traditionally designated by the symbol G. Thus sg’
3y C
[e 3 IS -5— (4. 20)
° ¥
and for opening mode crack surface displacements oA {
Kg (1-v2) '
Gy = (4.21) !
in plane strain. For plane stress a similar calculation yields ; 1
2 )
G =5 (4.22)

The notation used in these expressions is compatible with that commonly found in frac-
ture mechanics literature. K, and GI represent the stress intensity factor and the
elastic strain energy release” rate - in plane strain, while K and G denote these same
quantities for either plane stress or mixed plane stress-plane strain conditions. At

the onset of fast crack propagation a subscript (e¢) is used to designate critical values.
Thus KIc and G.  represent critical values in plane strain and Kc and G_ specify critical
values for pfﬂne stress or for mixed plane stress«plane strain (mixed®mode) conditions.

(4.9) that

X For the infinite sheet of Fig. 3.3 in plane strain it follows from Eq.
: at the onset of crack propagation
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K (1-v®) 2 —ud
= ¢ = 10 giEl vy o (4.23)

GIc
where it is understood that o and ¢ are the load and crack size which are observed at
the critical condition.

In Griffith's theory the state of critical and unstable equilibrium is attained
when Eq. (3.3) or (3.4) is satisfied. From Egs. (3.1) and (3.4) this leads to the
requirement that

2

2
1e°c(1=-v7) _
—"IEL'——'" 2y, . (4.24)

From Eqs. (4.23) and (4.24) it is seen that the onset of crack propagation in Irwin's
theory corresponds to unstable equilibrium in Griffith's theory when the elastic strain-
energy release rate has the critical value

GIc = 2Ys ’ (4.25)
or when
:EGIC
0"/——-—2—- . (4.26)
Te(l-vT)

The surface energy Y_ in the Griffith theory must be determined by experiment for any
given material. Irw¥n's theory likewise must rely on experimental determination of the
critical value of G (or KI ) for a given material because a purely theoretical
criterion for fractﬁfe in a 8ontinuous solid analogous, for example, to the onset of
yleld condition employed in the theory of plasticity, has yet to be formulated.

4.3 Plasticity Correction

The inevitability of plastic deformation at the tip of a crack in structural
metals, as well as the importance of such an occurrence from the viewpoint of fracture
toughness, was discussed briefly in Sec, 3. However, the crack tip stress and displace-
ment relations and the explicit formulas for K discussed in Section 4.1 are based
entirely on elastic analysis. Valid application of such analysis to practical situations
is therefore contingent upon the requirement that the extent and influence of any crack
tip plastic yield on the surrounding elastic stresses and displacements, or on any
quantity determined by them, be comparatively small. From Egqs. (4.20) - (4.22) it is
seen that K is related to the rate of change with crack size of the total elastic
strain energy in the body. If the crack tip region over which plastic deformation takes
place is relatively small, then the contribution of such a region to the total elastic
strain energy rate of the body will also be comparatively small [33)., Thus elastically
calculated K formulas will be substantially correct, i.e., will be affected only to a
minor degree by the existence of small crack front yield zones.

A somewhat rational, if not rigorous, method for correcting for small scals
plastic yield effects at the crack border has been proposed by Irwin [35, 36), based
on the following argument. The presence of a plastic zone at the ocrack front tends
to elevate the elastic stress level in the elastic region between the boundary of the
plastic enclave and the free edge of the cracked body as a consequence of the redistribu~-
tion of stress caused by the plastic deformation. To compensate for this increase,
the actual half crack length can be imagined to be increased by an amount r,, which
represents a measure of the plastic enclave dimension along the plane of an crack
under conditions of small-scale yielding, as in Fig. 4.8, In other words, the actual
stress in the elastio-plastic solid corrosponding tc a half ocrack length, a, is imagined
to be equivalent to the stress that would arise from an “effective" half crack length

a, =at+ ry (4.27)
in a parfectly elastic material. A precise, realistic calculation of the shape (and
therefore the size) of the crack~tip plastic snclave is currently not possible hecause

of the mathematical difficulties associated with the required elastic-strain hardening
plastic analysis. However, cln:tio-por!coth plastic anasysis for the tearing mode
probiam (mode III of Pig. 4.2) indicates a sircular plastic zsone with radius proportional
to K¢ divided by the square of the yield stress in simple shear (37]). A result similar
in form, mathematically, is obtained for the opening mode from EBq. (4.2) if, along the
plane of tha crack, 6 = 0, the y~direction stress is set equal to ths uniaxial yicld
stress of the material Oy At some distance r » r,, from the orack tip. These considera-
tions prompted Irwin to "propose as a rough non!x:o of the plastic sone sisze

2
vy 4z (5—;) (plane stress) (4.28)

and
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(—=) {(plane strain) . (4.29)

Y

o
=3

Fiy =

The plane-strain plastic zone size measure is reduced by a factor of one-third in order
to account for the constraining effect of the lateral 9, stress, which is zero in plane

stress.

Near the crack tip along the plane of expected crack extension a state of triaxial
tension exists for the plane strain case, which reduces to biaxial tension in plane stress.
The effect that such a difference in the state of stress may have on the mechanical

behavior of the material can be demonstrated qualitatively as follows. Consider a solid
which is subjected to a series of tensile tests; the first uniaxial, the second biaxial

and the third triaxial, as illustrated in Fig. 4.9.

For each case in increasing order of dimensionality

g
1
E 22—
(1) ey
. 9 o _ By
= = T'—-——_-—_' ——-—r_
(2) e B lo,~voj] 1=v
(1) *

(o4 g E

1 1 (1)

E B mea XX -
(3) o Ef%; {a,-v(a5+a})] 1=2v

where E ) B and E ) are the effective elastic moduli in each case. The (1)-
directiéﬁ ela$@lc stra‘i strain relations can then be expressed in the form

9 = B &
Eq

9 " ‘1“)’{-\; e
Ea

o = r'('!'LE- vk ©1

for the uniaxial, biaxial and triaxial situations respectively. Setting k = 1 and
choosing v = 1/3, for a given level of stress 9 in the eslastic range the corresponding
strain e, increases with decrease in the degree of dimensionality of the applied tensile
stress l}:tom. Fig, 4.10. A triaxial tensile state of stress tends to, in effect,
“embrittle” material behavior relative to biaxial and uniaxial states. Applying this
result to the crack problem, the o_ stress near the crack border, Fig. 4.1, (which is a
principal stress since shear stresfes vanish along the crack plane) in the plane strain
state acts as an elastic constraint to plastic Xieldinq in this region., As the crack
opens in the tensile mode the material at the tip of the crack is pulled apart., When

o, is very small compared (o 0, and o, as in the plane stress case, a thickness reduc-
ton or "necking down," which *is assdciated with relatively large plastic enclave
development can be readily observed in front of the crack (38]). Thus it is seen that
the degree of plastic yield which occurs at the front of a sharp ocrack is largely deter-
mined by the yield atrength of the material, and by the degree of stress triaxiality

which prevails near the tip of the crack,

If the K formulas are corrected for small scale plastic yield effects acoording
to Eqs. (4.27) - (4.29), for center cracked sheets in plane stress, Bqs. (4.9) and

{4.11) become

2
2, 42 K
K = 0% wa + (=) ) {4.20)
i. GY
and
k= o¥((va ¢ § d‘-)zl-uo(&m N AT (4.31)
1 gy 7 oy

for the notohed round bar in plane strain, replacing thoe notch diameter d by "":v
allows Eq. (4.17}) to be modified to the form

/1 szz
Kz {1~ %S (8;’ ] = 0.233 %% /7B (4.32)

where d » /2.0 and o, = 4!/143. Critical fraoture toughness values ara obtained from
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these expressions by "trial and error" calculations.

4.4 Thickness and Fracture Mode Transition, Plane
Strain Size Requirements

In view of the effect of stress triaxiality on the size of the plastic enclaves,
aschematic representation of the crack-tip plastic zone might then appear as shown in
Fig. 4.11, which illustrates gqualitatively the change from plane stress conditions
near the plate surfaces to plane strain conditions through the central portion. When
the thickness B is large compared with the plastic enclave size factor (K/o,)¢, most of
the plate is in a state of plane strain. If the thickness is reduced such that the
bell-shaped ends of the plastic enclaves overlap, then a state of plane stress is attained.
Actual experimental observation of plastic enclaves show a wide variation of shapes
depending on the plastic properties of the different materials [38, 39]. Figure 4.11
is, therefore, shown for illustrative purposes only. Nevertheless, it is generally true
that thick-sectioned bodies which approach plane strain conditions tend to suppress crack
front plastic yield, compared to thinner sectioned structural members which yield more
readily at the crack border owing to the reduced elastic constraint. One might then
expect to find fracture toughness variation with thickness because of the plastic enclave
size dependency on thickness. Experiments show this to be generally true for high yield
strength metals. These same experiments also show a distinct correlation between frac-
ture surface appearance and thickness. Figure 4.12 illustrates schematically data
obtained for 7075-T6 aluminum alloy tested at room temperature [40, 41]. The principal
features of Fig. 4.12 have alsc been observed for other high strength metals including
steels, aluminum and titanium alloys {14, 42, 43). Fracture toughness in general
increases with reduction in specimen thickness at a rate which varies for different
materials. Beyond a certain thickness, the fracture toughness approaches a lower bound
value K (or GI ), which remains independent of further increase in B, However, the
variatisﬁ of K_~Sin the thin sheet or foil range has not as yet been well enough
documented to Warrant any general statements [(44].

Fracture surface appearance also shows correlation with specimen thickness.
Thick sections, essentially in a plane strain state, exhibit a wide portion of the
thickness as a relatively flat smooth fracture surface (square fracture) coupled with
thin oblique shear edges called "shear lips," Fig. 4.13a. The proportion of square
fracture to oblique shear fracture increases with increase in thickness, Fig. 4.12.
In thin specimens the fracture surface is entirely, or almost entirely, oblique shear
(slant fracture), Fig. 4.13c. 1In the range of thicknesses over which K_ attains its
uppermost values, the fracture surfaces are generally observed to be 10§ percent slant
fracture. The portion of the fracture toughness versus thickness ~surve which changes
rapidly corresponds roughly to a change in fracture surface appearance from slant to
square. In other words a fracture mode transition occurs over the range of thicknesses
intermediate between thickness values which give primarily plane stress and plane strain
states at the crack tip.

Slant fracture is associated with a shear sepatation process whereas square frac-
ture is better characterized by a cleavage-type separation. Since slant fracture occurs
in thin sections with relatively extensive plastic yield compared to aquare fracture,
which is typical of thick sections, the ratio of plastic zone size to sheet thickness
is significant in determining the degree of elastic constraint at the crack tip, and
thus the appearance of the fracture surface, This fact is clearly shown by means of the
dimensionless parameter 8 introduced by Irwin [45, 46).

K. 2 2nr

- 1 (_€ Y
%85G T (4.33)
K 2 ény
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Figure 4.14 illustrates the fracture appearance, in terms of percent of slant fracture
8w ]l«-Pw= (1~A/B) x 100, plotted against the relative plastic gone size parameter #

for a large number of high strength steels and several titanium alloys tested at room
tempesrature. Note that when 8 = B° is greater than 2v the transition to oblique shear
fracture is almost complete, being greater than eighty percent. At 8_ = 27, B = Fye

Thus when the plastic enclave size is equal to or greater than the sh8et thickness: the
fracture mode is one of plastic shear approaching plane stress conditions. For valuas

of 8 w 8. less than about 0.5, the fragture appsarance is more than ninety percent

flat, apé?onchinq plane strain, with B & 40 r_ .. Under these circumstances fracture
toughness values approach a minimum value, 1n5‘pendone of further increase in section
thickness as indicpted by Fig. 4.12. In other words, for all thickness values B > 40

., ™ 2.1 (K a/°v’ a fraoturs toughness teat performed on ang one of the spacimen designs
shdwn in rig‘. 4:3-7 will yield approximately the same lower bound K, value, Subsequent
tests performed on high strangth maraging stoels using several diffedfint test spacimen
designs have confirmed this result [25]. These tests have also demonstrated that in

the range of crack length topecimen width ratio 0.3 ¢ 2a/W < 0.5 in sheet specimens, or
0.3 < a/W < 0,5 in bend specimens, (i) there isnosignificant variation in X o Values
with change in ligament length (W/2 - a) in sheet apecimens, or (W-a) in bend specimans,
(i) X s independent of initial crack size provided the crack length is approximately
forty t¥nes Try.
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we have previously referved to the pessibility of interpreting the K, = value fur
a qlven ma‘erla& as a4 fracture resiatance matarial properc¥. mpliad in iR thearpran

tation {8 the ability to ameribe any euch value, obtainad From wmall simed labhorauvery

test specimens, to the full sigzed atcuetural compuical, Thia of gouvse mueais that a v
laboratory determined K1 valuy must be independent of specimen dimenniona and apaeelmen
confiquration, On the ““basis of the exparimantal data dincuasnd above these veygulves

ments will bo satiafiod whan teat specimen thickness and avaek length ave wf sutficient “h’
magnitude relative to the plastic zone alue mvasure, Aceordingly, Lhe MURE FEORALt ronume

mandations Ly the American Socliety for Toeatlng and Materialae for Kia teating auyygoeunt
that both test specimen thickness and crack length be no leas than™ " 2.% (K‘vfuy i
order to enaure valid Kio valuds,

Mixed=-modn and fully plane streas fracture toughnesa valued exhibit wignificant
sacti~n thicknesa dopendency in all atructural mmtals that have hean tewted. For thia
reasor K, valuad cannot be considered in the same way as K, »stimates for any given
matar al-as a material property independent of slue and q»%huery‘ The thioknewa depen-
dency of K_ 1s, cor coursa, related to the rolatlval¥ roater dogrea of oraok front
plastic yidld associated with non=plane strain conditions. In addition te thickne.a, L
values may al#o depend on specimen width and erack aiase, as {llustrated by Fige. 4.1%
and 4.16, [48), ohtained from sheet specimens. With dverease in nigze, a significant
lowering of K, ocours when the net section atress, vy, at onsaet of fravture lLuoreases
beyond 9,2 4, S&imilar trends have also besn observild for thin-aheet 7074-T6 aluminum
alloy ley]. There is at present, however, insufficient exparimental data avatlable
covering a wide range of structural metals to warrant yeneral apacimen «ine vecommanda-
tions for minimizing the effects of these variables on X_.. Furthermora, contrary to
the plane strain situation, it is possiblo that each pnr?icullr mataecial or alloy syvtem
may require different sixe criteria [50 - $3).

The degrea of nharrnoas of the crack-uimulating notchoer alot in a test specimen
can affect the K_ value through notch blunting, with itas congumitant stress=-relieving
affects. Data oBtained from testa performed on thin atael sheeta iw shown achematically
in Fig, 4.17, indicating the variation of fracture toughnesa with notch root radius.
Above a certain minimum root radius, K. increases in Trnporttan to thn sgquare raot of

the notch radius. This minimum notch Poot radius variva with the materisl in question.
Values ranging from as low as 0,0002 inches for H-»l) steel= ' Llgh yield utrangth laveln
to as high as 0.010 inches for 7075-T6 aluminum &) loy have buoun observed (34, 3d].

After considerable study, [55, 56), it is now thegneral practios in fracture toughness
testing to use a "natural" crack which has heen initiatead at the root of & noteb vr aaw-
cut slit in test speclmens. Such sharp cracks mni be produced by atriking with a shavp
wedge at low temperatures, or more usually by fatigue at low cyulic stxeasas.

Because of the thickness dependengy of K it should not be congluded that K,
values are of litcle importancve as compared with K, values. For structural uses “of
gheet material, as in the aevospace industry, desiéh based on the lower bound plane
strain fracture toughness would require unrvasonably thiok panels in normally thin-ave-
tioned structural members. This wnould be particularly true for the tough low atrength
alloys. However the K, tests used to evaluate the fracture touyhness in sawch olraounm-
stances should be carried out at the thickness of thp intended atructural application.

4.5 Temperature and Fracture Mode Transition

Since the intrcduction of notchaed bar impact testing at the beginning of this
century, e.g., the Charpy V-notch test, it has been apparent that low~to-medium yiaeld
strength steelg exhibit a rather abrupt uhan?e in fracturs anergy oveyr a relatively
narrow range of temperature variation. Within this narrow temparature range a tranai-
tion in mode of fracture takes place, from a tough fibrous (ohligue shear) fracture
requiring high energy absorption at higher temperatures, to a hrittle aleavaga (flat)
fracture requiring low energy absorption at lower temperatures. FPFlgure 4,18 illuctrates
schematically the typical behavior ot a medium strength steel. The transition in
fracture mode arises from basic differences in the micromechaniums by whigh the fracture
is produced at different temperatures. The abruptness of the energy~-tanpesature curve
and the temperatures at which it occurs varies with different materials, and with the
metallurgical processing of any given material, e.g., its heat treatnment Temperatura
transition phenomena are pronouncad in materials with body~ventered cubic and hexagonal
close~packed lattlice structures, for example, iron, molybdenuw and 2inc., It is much
less significant in naterials with face~centared cubic latti¢e strugture such as copper,
aluminum and nickel [57].

The increase in Charpy V~notch energy required for fracture with increasing tem=-
perature suggests that the same behavior wouldbe expeuted for fracture toughness values.
The same conclusions can also be inferred from other experimental information. Both
the ultimate tensile strength and the yield strength of structural metals are known to
vary inversely with temperature. Further, both K  and K, tend to decrease with
increasing ultimate tensile strength and/or yield'strangéh, as seen in Figs. 4,19 and
4.20, %8, 52]. From these experimental observations, X, and Ky, can be expectad to shaw

significant temperature dependence, with a tandency to ificrease as the temperature
is raised.
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Figure 4,2) shows the variation of K, with temperature for a medium strength steel
alloy 0.073 inch thick, together with the cgrresponding change in the percentage of
square fracture observed nn the fracture surfaces [41]. The transition in fracture ap-
pearance is continuous and is illustrated schematically in Fig. 4.22. Practically all
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of the change in fracture surface appearancs takes place within the range of temperature
over which the fracture toughness transition occurs, exhibiting a behavior strikiugyly
similar to the Charpy V-notch results. Thus for a certain class of structural mctals,
there is associated with K_ values a characteristic transition temperature range, It
has alsc been observed tha¥ for a given material, the temperature transition range is
smaller, i.e., the variation in fracture toughness with temperature is more abrupt, for
thinner sections and lower yield strengths. This represents the added effect of a sec-
tion thickness or geometry induced transition in fracture toughness and fracture mode.
The physical bases of both transition effects, one due to the reduction of lateral
stress constraint with reduction in section thickness and the other due to elevation

in temperature, are simila: in that both tend to promote crack front plastic yield, and
thus shear type micro-mechanisms of separation. This in turn increases fracture

toughness.

The character of the temperature dependence of plane strain fiacture toughnecs
K,. is more difficult to establish because with rise in temperature (with correspcnd-
sﬁq increase in the crack front plastic enclave size), specimen dimensions must be pro- 2
gressively enlarged so as to meet the ASTM recommended size criteria, B,a < 2.5 (K c/oY) .
For example, for a test performed on a low strength A 533 Grade B steel using a cofts
pact tension test specimen des.gn, Fig. 4.7, at room temperature ?5°F with a yield stress
of 70 kei and a K; . value of about 150 ksi /in, it is necessary to use a specimen which
is 30 inches wide "and 12 inches thick [59]. At elevated temperatures the required
specimen dimensions become prohibitively large. On the other hand, at low temperatures,
say at -250°F, & plane strain fracture of this same material can be obtained on a specimen
only 2 1/2 inches wide and 1 inch thick. Data obtained from this series of tests, Fig.
4.23, (59, 60), as well as from another series performed on a medium strength A 517-F
alloy steel [61), clearly indicate a temperature transition phenomenon for plane strain
fracture toughness.

Prior to the time that these tests were performed, it was generally felt that

the relatively abrupt transition in absorbed energy to fracture cbserved in the Charpy
V-notch impact test was due mainly to the transition in the state of stress, i.e., from
lane strain below the temperature transition range to plane stress above this range

62). Since a single sized specimen is used over the entire range of temperatures in

the Charpy test, the observed transition effect was thought to be due simply to the
impossibility of maintaining sufficient crack front stress triaxiality in small specimens
because of the increasing plastic zone size with increasing “emperature. Thus, it was
reasoned that if the specimen size could be progressively increased in a series of
temperature-plane strain fracture toughness tests, only a gradual rise in plane strain
toughness with temperature might be anticipated [63]). The experimental results shown

in Fig. 4.23 clearly demonstrate otherwise. Electron fractographic studies of *he frac-
tured surfaces in the steep 0 <+ 50°F terperature range in these tests revealed no signifi-
cant differences in fracture surface appearance. Fracture surfaces were predominantly
square fracture with little evidence of shear lips. The pronounced increase in Ky
over a relatively narrow temperature range is thus a strictly temperature induced ¢
effect, independent of thickness. A higher rate of increase in fracture toughness
would be expected if a secticn-thickness induced transition effect from plane strain
conditions to mixed-mode or plane stress conditions were superimposed on the increase in
plane strain toughness. This is borne out by the test results shown in Fig. 4.24, ([61].
Since some materials exhibit a sharp decrease in fracture toughness with a relatively
small drop in temperature, it is imperative that the designer have fracture toughness
information at, and preferably lower than, the lowest service temperature. Ideally, it
would be even more desirable to have information on the toughness variation over the
whole range cf possible service temperatures.

4.6 Strain-Rate Effects on Plane Scrain Fracture Toughness

In certain strain-rate sensitive materials, notably low-to-medium strength struc-
tural steels and soft titanium, a pronounced increase of yield strength occurs in a change
from static to dynamic load application whirh leads to a loss of fracture toughness.

In high strength aluminum, titanium and steel alloys this effect is not significant.

There is now sufficient evidence to justify the conclusion that in rate z~ns3itive
materials, fracture toughness is a rate dependent property where, furthermore, this
dependence is also a function of temperature [64, 65, 66). Figure 4.25 is illustrative
of data obtained from static and dynamically loaded 3-point bend specimens of a medium
strength A 517-F steel [67]). A more comprehensive and revealing picture of the fracture
toughness variation over a wide spectrum of strain rates for a low strength steel is shown
schematically in Pig. £.26, [68, 69, 70, 71]. The curve to the right of the figure was
obtained from wide plate crack propagation tests st -12°F, The curves to the left
represent plane strain fracture toughness vzlues over a range of strain rates of five
orders of magnitude. A gap of three orders of magnitude separates the results from :the
fastest of the dynamically locaded tests and those from the slowest propagating cracks.

The dotted horizontal line represents a hypothetical minimum KI value for the -12°F
temperature, suggested by the data points at both ends. ¢

ThesSe 1lIMITEC TEST IEBULLE APMOGAL W Sugyber viome wmemme —= o o T
plane strain fracture toughness level for a given temperature in rate-sensitive materials.
The location of this minimum along the strain-rate spectrum depends on temperature.

The practical significance of such effects is manifest. If not properly anticipated,
brittleness induced by high rates of loading, particularly at low temperatures, can lead
to significant reduction in fracture toughness, and thus to unexgpected service failures
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as temperatures drop and load rates increase. Unfortunately the experimental difficulties
inherent in establishing the complete rate dependence of fracture toughness over a
range of temperatures are formidable.

5. FRACTUFY TOUGHNESS IN SEMIBRITTLE FRACTURE

While there is no theoretical justification for limiting lineaxr elastic fracture
mechanics to high yield strength materials, difficulties of a practical nature arise
when considerable crack-tip plasticity is observed prior to fracture. Unduly large and
unwieldy specimen sizes become necessary in order to maintain validity of the linear
elastic K characterization of the crack tip stress field.

It has previously been shown that to obtain the plane strain fracture toughness
for a low strength A 533 steel, o, = 70 ksi and K. _ & 150 ksi vin at room temperature,
using a compact tension specimen, Fig. 4.7, it is ﬁecessary to use a specimen which is
30 in, wide and 12 in. thick. At higher temperatures for this same material, or for
a ductile steel at the same temperature, still larger specimen dimensions will be
required. This is clearly impractical because of limited laboratory capabilities, not
to mention the high costs of performing such tests.

A similar situation prevails for K, testingof low-strength thin sheet specimens.
This can be shown in several ways. Consifler a center-cracked sheet specimen, Fig. 4.3,
for which the stress intensity factor is given by Eq. (4.11). For a unit thickness the
formula for K can be expressed in terms of the net section stress oy = F/ (W-2a) as

1/2
K =og(1- %5) {ra sec (%E)} . (5.1)

Choosing a crack-size to specimen-width ratioof one-half, i.e., a = W/4, Eq. (5.1)
can be modified and solved for W in the form

8/2 %y 2 x 2 :
W= — (_.) (..._) . (5_2)
m GN OY

. When o, = o, the entire ligament length ({(W-2a) approaches a state of plastic yield, a
situation which clearly invalidates use of an elastic analysis. Suppose it is assumed
that for o,/d, < 0.5, the crack front plastic enclave size is sufficiently small to
justify re§en iocn of the elastic analysis. Then in place of Eg. (5.2) we have

K 2
W= 14.4 (a,-y-) ' oy = 0.50Y (5.3)

For a low strength 2024-T3 aluminum alloy with o, = 50 ksi and K, = 87 ksi vin at
thickness B = 1/16 in., application of Eq. (5.3) indicates that & specimen width of
W= 44 in. is necessary for valid application of linear elastic fracture mechanics.
Again we are approaching the limits of practicability with specimens of this size.

A more revealing approach to the sameproblem can be seen in another way. The
elastic stress components for the plane stationary crack problem with opening mode crack

1
surface displacements can be expressed as a series expansion and written as [24, 72, 73] .
. n
K 1 s r,2 -1 n Svr
djk = — fjk(e) + niz Cn(E) . fjk(e)' jk = 1,2 (5.4) §
Y

where, corresponding to Eqs. (4.1)-(4.3), ¢ = 0., 0 5 = 0., 0 3 =0 and qu(e)
represent functions of the angle 9, Referriﬂg to Fis. 5.l¥ fo} valul¥ of r/d® << 1, '
all terms appearing under the summation sign in Eq. (5.4) can be ignored in comparison

to the first term, so that for all points close to the crack front L.

o K_ .l
= £ (8) {5.5)
yenr jk

94k

1

{

¥
which is a compact representation of equations (4.1) - (4.3). It is clear that the %
degree of accuracy represented by the retention of only the first term of Eq. (5.4) i
depends on the extent to which L1, 1In Fig. 5.1, r, represents the radius of a i
circular region enclosing the cralk tip within which Eq.” (5.5) gives acceptable values p
of the elastic stresses. In metals, crack front plastic yield invariably occurs, so :
that a plastic enclave whose size along the plane of the crack is roughly r,, is embedded §
within r_ . If r_, is very much smaller than r,, then the elevation of elast{c stresses
within r cau!ed by the plastic deformatiog within r, is negligible. Hence Egq. (5.5) }
is a valid "approximation for the crack-tip stresses fof all points exterior to the
plastic enclave but within the circle of radius r , provided that r /a < r/a < rb/a << 1.
(for purposes of discussion, it is sufficient to cgnsider the plasti! enclave to “be
circular and centered at the crack tip). Studies designed to determine the variation
in accuracy of Eq.(5.5) with change in r/a, for several different test specimen configura-
tions indicate that, for r/a = 0.05, an error of the order of 10 percent can be expected.
(See Ref. [251, pgs. 75, 76 for details). 1In other words, with r/a = 0.05, for all
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points lying outside the plastic enclave but interior to the radius r, = 0.05a the
elastic crack tip stresses given by (5.5), or equivalently by (4.1) -"(4.3), can be
expected to be about 90 percent or more accurate. Accepting this as a tolerable level

of accuracy, we consider once again the 2024-T3 aluminum allow sheet discussed previously.
For the indicated Kc and o, values r_ ¥ 0.5 in., For this value of r, the above inequali-
ties require that 0.5/a < ¥/a < 0.05Y or, equivalently, that the cragk lenyth 2a > 20 in.
For a crack size to width ratio of (2a/W) = 0.5, it is necessary to have a specimen

width 2a/Ww = 0,5 > 20/W, or W > 40 in., which corresponds to the result of the previous
analysis. Thus, for tough low-strength ductile materials which develop large plastic
enclave sizes in plane stress, retention of a linear elastic approach to the assessment
of fracture toughness requires the use of very wide test specimens.

In order to circumvent these limitations several different proposed methods of
determining fracture toughness in situations where crack front plastic yield is appre-
ciable (semibrittle fracture) are currently under investigation. At this time, however,
none of these proposed methods has obtained sufficient acceptance to be recognized as
an international or national standard.

Accordingly, a brief outline of the better-known of these methods is presented
below,

5,1 Crack-Opening Displacement (COD)

For situations in which significant crack-tip plastic yielding occurs prior
to unstable fracture, a certain amount of opening displacement (blunting) of the crack
or notch tip is often observed. This crack opening displacement (COD) has been proposed
as a measure of fracture resistance in situations where crack-tip yielding is greater
than allowable limits for the elastic K characterization of fracture toughness [74, 75].

In situations of small crack-tip yielding, an approximate relationship has been
established between the COD concept and the linear elastic G or K qguantities. This
relation is obtained by considering the crack tip yield region to be represented by a
circle of diameter 2r,., The actual crack and plastic zone combination is then replaced
for analysis purposes by an effective elastic crack, a_ = a + r_,, as shown in Fig. 5.2a.
The crack-opening displacement, ¢, is defined as the s8paration’of the faces of the ef-
fective elastic crack at the position corresponding to the tip of the real crack, and
represents the actual crack-tip opening due to plastic yield, as seen in Fig. 5.2b.

The COD or § can be calculated by first substituting 9 = m and r = ry in Eq.
(4.7) for the plane strain y~direction displacement, giving
2K 2
uy(ry,n) =3 (1-v ) 211rY . (5.6)

Then with. § = 2uy (ry,n) and ry = 1/67 (K/cY)z, Eq. (4.21) becomes

I.:-

6 = s
bt UY

o3l

A similar analysis in the case of plane stress gives
4 G

§ = = ==
b OY
In keeping with the approximate nature of the entire calculation, a value of unity is
assumed for the coefficient multiplying G/oy, so that
~ G
§ = — (5.7)
9y

Within the limitation of small plastic enclave size, Eq. (5.7) merely recharacterizes
G, the elastic energy release rate of theentire body, in terms of the deformation of the
material at the tip of the crack.

Regardless of the relative size of the yield zone at the crack tip, however,
crack extension can be expected to take place at some critical COD value. This critical
value designated by § , (at a given temperature, section thickness and strair rate)
has been proposed and~is currently being investigated as a measure of resistance to
fracture. If, as is often the case with ductile materials, crack growth initiation is
follcwed by slow stable crack growth prior to crack propagution, the obeerved value of
$ at the onset of catastrophic crack propagation should be taken as the critical cob.

Another example of an elastic analysis with simulated plasticity can be seen
in Dugdale's "strip-~yield" model {76). In situations where such a model may be reason-
ably applied, the "strip~yield" model permits consideration of plastic zones more
extensive than car. be tolerated by the Irwin ry correction discussed previously. The
Dugdale model consists of a crack of length 2a"in a thin infinite sheet (in plane stress)
which is loaded uniformly in tension normal to the plane of the crack. The plastic yield
at the ends of the crack is assumed to be confined to a very narrow band of length s,
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oriented along the lewyuh of tha grack, Flg. $.3Ja. Plastic zones having this shape have
been observed in thin sheet specimens of mild strain-hardening materials [77]. The

crack shown in Fig. 5.3a is replaced by an extended crack a+s, loaded ovar the langth

by a compressive stress of constant magnitude equal to the yleld stress of the materiala,
Pig., 5.3b. This model was devaloped to simulate the constraining effect of the actual
strip-like plastic zones for idmal elastio-=plaatic material response, and permits elastic
analysis of the sheet having the geometry of Fig. 3.3b. The characteristio singularicy
of the stresses at the tig of a orack in the elastic analyais of 8S8ac, (4.1) is replaced
in the Dugdale model by finite stresses at the tip of the extended arack. The opening :
of the orack wallas at distance x » : a of g, 5,3b corresponds to the oruck opening dis- .
placement at the ends of the crack of Mig. 5.3a, and can be shown to be [78)

8o,a
d = -;%—-ln sec (; %;} .

In terms of a series expansion of the log sec function

8o, a 2 4 6
Y l n1ag 1 ng 1 Tg
Sm —<E (7 (}- _Uy) + ¥ (5 ——cy) + i3 (5 -—oy) L By . (5.9)

For small values of the ratio ot applied astress to yield stress, say (U/GY) < 0,1, only ;
the first term of the series expansion is significant. Use of Eqs. (4.9) and (4.22) .
for the center-cracked infinite sheet in plane stress, reduces the first term of Eq. '
(5.9) to Eq. (5.7). Since no restriction is placed on the length of the plastic zone :
dimension s in the "strip-yield" model, it has bean suggested on the basis of some

experimental results and numerical elastic-plastic solutions of notched bar configura-

tions, that the "strip-yield" modcl gives a good estimate of the relationship batween !
COD, crack length and applied stress in the presence of extensive plasticity, under a i
wide range of conditions including plane strain [79, 80, 81},

The initial apparatus for meaauring the COD consisted of a paddle gage whigh was
inserted into the crack tip, with the magnitude of the crack oiening indicated by a rota-
tion of the paddle. Measurements with the paddle gage were initially rather successful,
but subsequent attempts at duplicating the results at other laboratories led to the con-
clusion that the technique was too tedious to give satisfactory results. 1In current
applivcation, the COD is not measured directly; instead, a standard c¢lip gage is smployed
to measure center-crack displacements or edge displacements in edge-~notched specimens.
The clip gage results are then correlated with COD values by use of experimental calibra-

tion curves.

5.2 Crack Growth Resistance Curves (R-Curves)

Consjiderable slow, stable crack growth prior to unstable fracture is often ob-
served in fracture toughness testing, especially as tiie ductility of the material increases
or the thickness decreases. It is also known that X, (or Gg) values demonstrate sizable
variations with gspecimen width and initial crack size. The Yack of a unigue Ks value for
a given material, together with stable crack growth which is characteristic o? K, testing,
has led to the development of the crack growth resistance curve (R-curve) [82, 83, 50].

A}
The basic concept of the R-curve and be stated as follows: As the rate of enargy
avallable for crack extension, G, is increased during specimen loading, it is opposed B
by an increasing resistance to crack extension, R, such that G and R remain in equili- :wf
brium up to the point of crack instability. The R-curve represents the rate of energy {
absorption in the creation of new surfaces and in plastic deformation throughout the t
border region of the crack. {

For illustrative purposes consider the center-cracked sheet with an initial
crack length 2a,, for which Eqs. (4.11) and (4.22) give '

2
G = UE"a seQ (%9‘) . (5.10) .

Although the values of G and R are equal up to the point of instability, they represent N
distinctly different physical quantities. The rate of energy absorption required by the

stable, continuous growth of a crack into plastically deformed regions increases with

crack extension, so that the R-curve has the form shown in Fig. 5.4. The G-curves in

Fig. 5.4 are plotted as a function of the crack length using Eq. (5.10), with each curve ‘
representing a particular value of the applied stress as a parameter. As the crack

extends slowly, equality of G with R requires increasing value of the applied stress o, .
thus raising the G(a,0) curve. Points of intersection of the G and R curves represent

stable crack lengths for a given value of applied stress. When the G(a,o) curve is raised

sufficiently to become tangent to R, unstable crack extension occurs at the critical

applied stress Oge Analytically the condition for crack instability requires that |

3G 3R
Glaog) = Rlaag) and (50 = (53) (5.11) ~ ]
o o |
1
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which determines the fracture toughness G, (or K5) and the critical crack length, ag.

The degree of dependonce of Gy on both initial crack length and specimen width
depends on the shape of theR-curve for the material, thickness and temperature under )
investigation. The R-curve is generally considered to be a material property, inde-
pendent of specimen size, configuration and initial crack size. This proposition, however,
has not been definitively established since results which both agree and disagree with
this hygothelis have been reported (84, 85, 54). Nevertheless, acceptance of this
assunption allows the G, depandsncy on specimen width and initial crack size to be
illustrated qualitative&y as shown in Figures 5.5 and 5.6 [50]. 1In Fig. 5.5 the initial
crack size is held constant while the specimen width is varied, and in Fig. 5.6 the

width is fixed while the initial crack size is changed.

An R-curve can be constructed, for ekample for the canter-cracked sheet specimen,
by substituting into Eq. (5.10) observerd taest values for load and asscciated crack size.
This gives a corresponding value of elastic energy rate which is equal to R at the ob-
served crack length. The locus of all suchk values (points of the R vs. & plot) con-~
stitutes the R-curve. A discussion of various testing techniques which have been
developed for R-curve determinations can be found in Reference [86). Attempts have been
made to construct R-curves through use of uhserved shear-lip dimensions [83], and by
plastic enclave strain measurements (19), in order to estimate the plastic deformation

rate contribution to R.

5.3 J_Integral

The nonelastic behavior of semibrittle materials which encouraged the develop-
ment of the COD and R-curve concepts, has also led to the definition of the J integral
by Rice {87] and its subsequent development as a fracture criterion in fracture mechanics
testing. The J integral is a two-dimensional, energy line integral defined by the

ralation

: 3
g=s, May-F . & ag) (5.12)
where W is the strain energy density, F is the traction vector determined by fagen
over the contour I, and § is the displacement vector, Fig. 5.7. The line integral of
Eq. 5.12 can be shown to be path independent when taken about any closed path, [87].
Therefore, the value of J obtained from a closed contour close to the tip of a crack,
as in Fig. 5.7, involving the near-tip stress and displacement fields can be equivalently
evaluated by a closed contour which comprises the outer specimen boundary. Under normal
conditions this procedure allows a much more simplified evaluation process. The J
integral is thought to be applicable to elastic materials or elastic-plastic materials
which can be treated by a deformation theory of plasticity, provided that there is no
unloading of stresses in the plastically deformed regions.

Because of the path independent nature of the J integral, it is possible to show

that
14 (5.13)

Jﬂ'ﬁ

which represents the rate of change of potential energy with respect to crack size.
Thus in the linear elastic case and, also for small scale crack~tip yielding the J
integral represents the same quantity as G. For a nonlinear elastic body, J may be inter-
preted as the energy available for crack extension but, for the general elastic-plastic

behavior, this intarpretation is no longer valid.

The J integral has also been examined as to its validity as a fracture criterion
under plane strain conditions by evaluating the integral at the critical conditions
of impending crack growth. The fracture parameter in plane strain, JI ., has been
evaluated by several researchers [88, 89, 90] using an involved exper‘ﬁental technique
requiring a number of identical specimens with a specified variation in original crack
size. It is significant that a relatively constant value for Jj. was obtained for
the various specimens from these tests which would tend to conffrm its usefulness as a

plane strain fracture criterion. However, other researchers using different experimen-
values. Thus it seems that,

tal techniques have found considerable variations in J c
apart from questions of itswlidity for general elastié-plastic behavior, further
research efforts are essential if the significancecdf Jyc a8 a fracture criterion is to be

satisfactorily understood.
Nonlinear Energy Characterization of Fracture Toughness

5.4

For many situations in fracture toughness testing, the strain energy stored
under the linear portion of the load-displacement curve is a small portion of the total
strain energy absorbed up to the onset of unstable fracture. This is especially true
for thin specimens of low~to-medium yield strength materials. 1In such circumstances,
sizable crack tip plastic deformation makes application of the li.ear elastic K
characterization of fracture toughness invalid when conventional sized specimens are
used. Consequently, an empirical method which characterizes fracture toughness in
terms of the total strain energy rate at crack instability has recently been propoused by

Liebowitz and Eftis (91, 92].

P




56 »

’ %
Ge,3
’
R
R R [ -_— s -
or or - Locus ot G ‘
G // P
G curves / i
for Wy ~y” / / / / W fixed.
Wy / . . ; ]
WW Initial crack size fixed. / Initiat crack size varied, :
& Wy W W, A ot :
) >
% - 9 %ock lemgth o
crock length o }
Figure 5.5 Figure 5.6 f
i
/
' / ~onsat of crack
— £ i : instobility
/ i
. / k5"
L
8 y/
© .
K
g ton 8(c)= Mlc) {
3
8(e) |
displocement V°
Figure 5.7 Figure 5.8
1

LI I T

_-n
|
|
-
~
—

N\
/ M=tan 6 !
/ «,M=tan §,
F / «,Mstané, . A

Y

Pigure 5.9

e R A S ande A




v

Although this method can be applied to any specimen geometry, it will be dis-
cussed for the center-cracked sheet, where for convenience the thickness dimension is
taken as unity. Let v designate 'the displacement of a gage point located at the point
of application of a slowly applied load, F, which incr:ases monotonically until fracture
instability occurs. A load-displacement record for a fracture toughness test in which
there is significant crack-tip plastic yield, andpossibly slow, stable crack growth
prior to crack instability, appears typically as shown in Fig. 5.8. The actual load-
displacement record can be represented quite adequately by the simple three-parameter

relation

) F. 0
v = ﬁ + k(ﬁ) ’ (5.14)

where M(c) is the crack size dependent elastic compliance {per unit thickness) of the
cracked specimen. The nonlinear part of the load-displacement curve is characterized
by the parameters k > 0 and n > 1, and is a measure of the degree of crack front plastic

yield and stable crack growth present in the test situation.

The total strain energy in the specimen for any displacement v in the nonlinear
- range consists of a linear elastic part, U., and a nonlinear part, UNL; and is repre-
' sented by the total area under the load-digplacement curve. It can be calculated

from Eq. 5.14 as

The rate of change of U with slow crack extension, under fixed-grip conditions, can be
shown to be

. F

U = UL + UNL = F.v ~ é vdf

: n

; =P exGin g Pt (5.15)
'

U U
33U 9 L 9 HL
5, = e+ 15
- [1 ¢+ DK (E)n-ll 12 () (5.16)
n+y ‘M b3 dc'M v ' .

Since the firat term on the right side of (5.16) is the elastic strain energy rate
contribution, i.e.,

ou
21 = (5.17)

{ c=- () «co (5.18)

- n=1
where C = (1 + 2R ) > 1, (5.19)

i , } When G is evaluated at the load corresponding to thg onset of orack instability, it
. reprusents a nonlinear fracture toughnuss measure, G.. The quantity ¢ represents the

degree of nonlinearity which exists primarily as u~08ntoquunco of crack-tip plastic \

yield and stable crack growth., When the value of C is very close to unity, the load-
displacement record is essentially linear. This situation corresponds to a fracture
toughness test under plane strain conditions in which there is no significant crack-
tip plastic yield angd no signjficant stable crack growth prior to crack instability
{25), so that, when C + 1.0, G, ~ G, _. On the other hand, C can have values considera-
bly greater than unity for mor§ duotfle materials in thin sheet specimens. This moethod
is therefore a generalization of the linear elastic characterization of fracture tough-
ness which is based only on the linear portionof the load-displacement curve.

The three parameters M, n and k are determined directly from the test record.
M represents the slope of the linear portion of the curve. In order to evaluate n and k,
two secant lines are drawn to the load-displacement curve as shown in Fig. 5.9, The
secant moduli are obtained as o.M and a,M, where 0 < a, < a, < 1. The valuss of a, and
u, are somewhat arbitrary oxcepl that tﬁo secant line ieproicntod by a,M should inécruoct
; curve near the point of crack instability. 1In this case Fa= 7, aﬁd Eq, (5.19)
raduces to
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which is independent of the elastic compliance M as expected, and where
uz(l-al)

s, ey
n=1+ W (5.21)

Since G, as given by (5.17), can be evaluated by the usual elastig compliance methods
and C can be calculated by means of Equations (5.20) and (5.21), G is completely known
for any given test situation.

6. APPLICATIONS OF FRACTURE MECHANICS CONCEPTS

6.1 Damage Tolerant Structures

The application of fracture mechanics concepts introduced in the previous sec-
tions of this chapter has led to the evolution of a general class of structures known
as damage tolerant structures. These structures are developed with the knowledge that
it is possible to maintain structural integrity even though certain flaws are known to
exist in the material. Prover use of fracture mechanics allows the prediction of maxi-
mum flaw sizes allowable for the safe use of these structures. The procedure of employ-
ing damage tolerant structures has also been referred to as a fail safe or fracture safe
phiiosophy as discussed, for example in Ref. [42]}.

The fail safe philosophy assumes that during the service life of a structural
component, fatigue cracks or other damage will not progress to a catastrophic condition
between specified inspaection intervals. This concept covers all of the primary structure
in aircraft so that the loss of one component does not permit catastrophic failure
of the entire structure, The deployment of redundant components or materials which
exhibit slower fatigue crack growth rates canbe used to implement such a fail safe con-
cept. In.pddition, stringers are often used as crack arrest elements which are then
incorporated into the evaluation of critical stresses for the structural design procedurs.

Proceeding from a metallurgical orientation, Pellini [93] developed the concept
of fracture safe design (FSD). This work was initiated around 1950 and has evolved
through several phases of development in the succeeding years. The first phase involved
the identification of a Nil Ductility Transition (NDT) temperature for steel below which
there is effectively no permanent deformation prior to frasture. The method is designed
to protect against fracture initiation due to the presence of small flaws in low or
intermediate strength steels when usedinthe transition temperature range. Protection
is obtained by restricting the lowest sarvice temperature to a specified increment above
the NDT. The second phase of FS8D restricts the lowest service temperatura to a small
increment above the Crack Arrest Temperature (CAT) which assures that brittle crack
propagation cannot occur, regardless of flaw size, and is therefore called a nonpro-
visional design.

The third phase of fracture safe design ii.volves the development of a Fracture
Analysis Diagram (FAD) which identifies limiting values of ap' Lied stress as a function
of service tempaerature The curves that comprise the FAD are a function of the initia.
flaw sizes and define the conditions of stross and temperature at which brittle frao-
turc would be expected to ogour, Dopondin? on the choice of initial flaw size, the
FAD can rogreuont rovisional or nonprovisional FSD methods. A simplified FAD for a
steel exhibiting the typical brittle-to~ductile transition is shown in Fig. 6.1, PFor
design considerations, refersnce is made to two oritical design points. Designs which
are based on a smail temperature increment above the NDT temgernturo are provisional,
since grotocticn against fracture i{s a function of initial flaw aize. Designs based on
a small temperature increment above the CAT are nonprovisional because brittle fracture will
not occur, regardless of initial flaw size,

The fourth phase introduces fracture mechanics concepts into FSD and leads to the
development of the Ratio Analysis Diagram (RAD)., The principal difference between the
FAD and RAD developments is that the brittle-to-ductile transition is analyzed in the
RAD as a function of yield ltrongth " “ther than temperature. A Ratio Analysis Diagram
as developed by Go and Judy {94) & r aluminum alloys is seen in Fig. 6.2 where lines
of constant ratio, "y . have been determined from the elliptical surface orack gecme-
t:{. The princi- T pal value of the RAD is in destermining the expected type of
failure. For Y example, the 1 in, thick specimens, the elastio=plastic region
lies between the 1.0 and 0.63 ratio lines, the plastic region lies above the 1.0 line and
the brit:lo region below the 0.6) line (where fracture mechanics concepts must be
employed) .

8.2 ritical Crack 8ise

An important application of fracture mechanics to the nondestructive inspection
process is the identification of a oritical crack size for a particular struotural
application whore it is assumed that tho material properties and applied stresses are
known, Problems of brittle franture resulting from embedded flaws and part-through
surface cracks are partlcularlz important to asrospace applications. Hence, the
discussion of oritical crack sizes in this section will emphasise flaws of this type.
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Consider first the penny-shaped (circular disk) crack of radius, a, in an in-
finite solid subjected to uniform tensile stress, o, normal to the crack plane. The
stress intensity factor for this geometry was previously given in Section 4 as

T
K = 20/ T (6.1)

For given service load and fracture toughness values, it is then possible to solve

Eq. (6.1) for the critical crack size, ags in the form

K 2
T Ic
a, =7 (—-0 ) . (6.2)

A structure is determined to be safe only when flaws of this type having diameters
smaller than 2ac exist in this configuration.

J7

A more general treatment of the problem of embedded flaws involves consideration

of an embedded flat elliptical crack. A crack of this type in an infinite solid sub-
jected to uniform normal tensile stress has been obtained in the form [26]

5 b 172 1/4

K = 5438 (;) laz cosze) (6.3)

2 2

8in“6 + b

where E(k) is the complete elliptic integral of the second kind, 2a is the major axis,
2t is the minor axis and 6 is the angle from a major axis measured in the plane of the
crackh. Equation (6.3) gives the stress intensity factor at all points around the
periphery of the crack as a function of the angle 8. The moat critical point occurs
at the minor axis, i.e., at 0 = 5, at which

_ obl/2

ETX) (6.4)

K

where E(k) i3 now a function only of the ratioc a/b. It should be mentioned that Egs.
(6.2-4) apply only for the case c¢f completely brittle fracture. A considerable amount
of effort has been directed toward inclusion of the effects of small-scale plastic
deformation into these expressionsg but the results have not obtained wide acceptance
and so are not included here.

As with the case of the embedded elliptical flaw, considerable effort has been
directed toward obtaining stress intensity functions for the elliptical surface crack,
Fig., 6.3a, For an elliptical surface crack of depth, a, and length, 2c, subjected to
tension normal to the plane of the crack, the elastic stress intensity has been given
in the form {[95)

1/4

K= %{E} (1-x? cos?o) (6.5)

wheyre kz - (1-(g)2), and the other terms have the same meaning as in Eq. (6,3)., The
streas intensity factor assumes its maximum value at 0 = g and has the form proposed by
Irwin (951

1.1 o/%a (6.6)

{E (k) '0.212(0/0v) }

when ¢ rrgcted for amall scale crack-front plastic yield by the addition of the texrm
o.?12( Y€, An additional modification of Eq. (6.5¥
96 y

1.1 M o/va

K - (6'7)

172
(u(u)z-o.m(g-;ﬂ)

where M_ is called the backface correction factor, values of which are given in Pig.
6.3, The use of M
depth~-to-thickness rafio and the limited amount of allowable plastic dasformation. Shaw

and Kobayashi [97) also have prosented stress intensity faotors for embedded and surface

flaw geometries,

All of the results for elliptic embedded and surtace flaws can be solved for
eritical crack size in the same manner as was demonstrated for Eq. (6.1). However,
because of the nature of Eqs. (6.3-7) it is necessury to solve for a_ by an iterative
process rather than obtaining a direct solution simila: to Eq. (6.2). HNevertheless,
the same basioc procedure applies so that once the crack dimsnsions are identified it
will be a straightforward matter to verit{ whether unstable propagation would be pre-
dicted. Purther, for situations approachin

has permitted soms lessening of the initial restrictions on craock

¢ the geomstry of the standard test specimens,

!
)
[

has been developed in the form (42,
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Eqm. (4.11-19) can aleo be omployed for tha determination of eritlieal vrauk aisen.  1two
example applications of thin technique will be dimewised next,

6.3 Practical Applications

In order to obtain a reascnhable ineight into the methad of apglyinq fracture
mechanics technigques, two examplea will be dlsousfud, The geametry of the firat axample
will be that of a atandaxd fracture mechanics test whila the aweand will deal morve
directly with an aarocspace application.

Exa?g;c 1. Connilder a center-cracked ?lncl ot 7078=T6 aluminum alloy which haa the
ToTlowing charactaeristics (see Fig., 4,3

2a = 10,0 om

W = 50 om

B = 0,3 om 2
ay ® 518 MN/m

0, = §73 MN/m?

v 3/2
Kc n 60.2 MN/m

whers tha K. value is selected to be compatible with the actu,l aerviaee aonditiuna,
Determine whether the sheet will muatain a atress of 138 MN/m® if a orack of length a =
10,0 om has been discovered during periodic inspection. Almo determine the eritical
crack size for this applied stress and the factor of safety if the atresa is sustained.

Solution. The governing stress intensity factor for this geomatry has heen given in
§er:. 1 as

/2

!
K= af{ra sac (32} .

for the given geumetry and loading, the atress intensity factor becomes

1/2
K = 138 (3,14 x 0,05 sec 3J4gR03)

« 56,1 MN/mY/?

Since this value is less than the fracture toughness, the panel will sustain the applied
stress with a factor of safety of

S.F. = §%¢§

= 1,07,
The critical crack sigze is determined from the same aquation by substituting tha values

Kc w 60,2 MN/m:’/2 and g = 138 MN/m2
and solving for a, from

na 2
c 60.2
ﬂac sec(—-;—-—) = (m-) = (0,1903 .

when this equation is solved by iteration, it is found that the coritical crack size is
a = 5,67 cm., so that flaws less than this size can be permitted without unstable fracture,

The second example is a modification of an example developed by Wilhem [42]).

Example 2.

A feed-through arm has developed through the thickness cracks, due to fatigue
loading, as shown in Fig..6.4., The arm materis} ig 2219-787 aluminum alloy, 1.88 om
thick, with o, = 386 MN/m2 and Kio = 29.7 MN/m3/2, rThe hole is 2,5 om in diameter,
as shown, and it is desired to dé¥ermine whether the arm will sustain a stress of 103
MN/m¢ with a safety factor of 25% when the orack has been determined to be, a = 0.63 om.

Solution. The center cracked plate formula can also be used for this problem when a

modification factor £{(#), as shown in Fig. 6.5, and a finite width correction factor are
ineluded. The equation for this geometry thus has the form

a
KI=oﬁr—a-Af(?) .

For use in the equation above, it is seen that a, 0.3, 0.5 + £(2) = 1.8, It is also
necessary to determine whether plane strain conaitighi apply to thls problem which
are considered to apply when the thickness,
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wheder eandi tioha of v!an« stvadn,  The finiees width gerﬁxu!tun faotar I Jdatormined
from Fig, 6,6 Lo he U os 1,04 far a uravk aspeet ¥akloy B8« 0.08, 1% (8 then pussible
ta 8ajve For vthe ovivival atress by solving
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Therafors, L (4 saan t tha strass of 101 MN}ma will be wupportaed buk the faceer of
aafety (W nnl¥ T A 2 1,10 ar 10 peresut rather than 2% paveeny, a® reguivred, and
the part aheuwld bhe rapldded.

T FATTUIE CRACK OROWTH

When a atruetural elaement, whieh vepntaina irveayulayv geometry suah as shagp
internal oornera, welding flawa, ov holea, (s loaded in 3 eyelie manner, the appearancs
of fatigue oracka in a aommon oacurvenve, The fatigue life |s vonsiderad to be com-
prisad of three distinet portions: (a) ovaek nuaeleation, (b) arauvk grvawth apd (a)
unatable final tailuve, rack nucleation under eyelie laading i8 chavaoteviged by
lovalined plaatioity, uswally on well-identified 8lip ?lanes. reauiting from disloeation
matlon in certain preforred vegiena and direetions, The percaentage of total speuvimen
life expended in ovaek nualeatien iw a funetien of the irvegularities of componeut
deaign (atramn concantyation fantorj altheuyh other fagtors may alae be aignifigant.

Tt ia qenara)1¥ accepted that the portion of apecimen life expended in oraek nueoleation
{8 propertional te the atreas vengentration faatoly wheveaa the time expended in orael
growth ia relatively copatant. &inge guantitative relationahips between atvud’ concep-
tration faotora and oragk nueleation pesiods have net bean widely presented in the
literature, Yrimary emphaain in thia seation will be diveated toward the eraak grawth
phasge of fatigue failurea,

Crack ygrowth lawa for conatant amplitude fatiygue teats have evolved from both
thaeoretical and semi-empirical caonajderationa, Crack growth lawe whioh ave based an
thearetical conaliderationa uaually invelve oonatanta which ave related to basic material
propertiea auch aa yield atvength, work hqrdeninY voefficiert, etec. Howaever, these
lawa are usually more complex than the semiempirical lawa and usually do not fit
experimental data as well, 8ince the aemlempiriocal laws provide aimpliclity and a betier
fit to experimental data, only aemlempirical lawa will be diacusased in this section,

Semiompirical lawa_arve based mostly on the ebaervation that many theoretical
lawa contain the factor «va which {a the proper functional faorm of the variablea v
and a for the uaomatr{ upon which the theorutical modela ave hased (98}, The various
?odela were examined by Paris and Kvdogan (99} who then racommended a growth law af the
orm

d et
aﬁ - CoK (7.1)

where C, ia an empiriocal constant and K ja the atreaa intenaity factor at maximum load.
A mudif?catiun of By, (7.1} given by

B o=c ™, (7.2)
where AK = Kuax ™ Kmin‘ ¢ and n are material conatants, has hean developed which fits

axparimental data for a wide range of mater.als and loading conditiona. For example,
Fig, 7.1 demonstrates the good vorrelation represented by Eq. (7.2) for 7073-T6 and 2024-
T3 aluminum alloys (100),

Although the inatanves of successaful correlation of Eq. (7.2) with experiments
are quite numerous, there esxist many situations in which it does not accurately predict
craok growth rates., For example, it has baaen found that a two slope reﬁroaentat on of
Eq. (7.2) can often improve the accuracy of the model, as ia sean for three aluminum
alloys in Fig. 7.4, ([101). The two slopes are n = 13 for vary slow growth ratea and
n = 3 for growth rates greater than approximately 10°5 inches/cycle. Furthermore, a
threshold value of AK exists below which the orack ?rowth rate ls zero., Near this
threshold valua, the growth rates apgear to be signlificantly dependent upon the load

ratio R = K ., /K . [102). Further 1t has been sesn that, at h gh growth rates, the
rate ~ppear® to be sensitive to material properties, load ratio and streas
state.,

Several improvements to Bq. (7.2) have been advanced which can ramedy some of
the problems discussed above. A proposed modification of Eq. (7.2) to include the
effects of stress ratio and very high and low growth rates has the following form (103)

n

di2a) .
TI=RTR AR

(7.3)
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where the value of K_ should be determined for the particu;a: specimen geometry. This
result provides consfderably better correlation with experimental data and, conse-
quently, has gained rather widespread usage. Still another propesed growth law asserts
that the mean stress can be expected to contvibute significantly to crack growth rates

and therefore takes the form [104]

=-C4R 3 2
d{2a 4 3 2a
a8 L c, e Spax VI8 (1410 (R ) (7.4)
where R = ‘min (o] =g -0 4] = g + 0
o ' min mean amp’ “max mean amp

max
and c3, c4 are cmpirical constants.

In relation to NDI applications, it is usually less important to know the crack
growth rate at any point tHan it is to know the total number of cycles until unstable
failure occurs. Thus any of the crack growth equations can be integrated numerically oves
any desired crack size increment to obtain the expected remaining life. For example,

Eq. (7.3) can be integrated directly under the conditions of uniform sinusoidal loading
on an infinite plate, for n = 3, which gives

K K
“c'No’—‘g‘—Tz‘[i’g‘l'“RE] (7.5)
ncz(l-R) a () 0

where N is the critical number of cycles at instability, N, is the initial value, and Ry
is the “initial value of the stress intensity factor. An eﬂample of the application of
these growth laws will be discussed in Sec. 7.3. )

7.2 Variable ggglitude Fatique Loading

Because the loads applied to aerospace structures are not represented well by
constant arplitude fatigue tests, many researchers utilize more complex loading programs
for the purposc¢ of determining relative rates of growth. The most common types of
variable amplitude programs are block or programmed loading, [105), which includes flight
simulation programs, [106, 107), and random loading programs. Programmed loading is
usually obtained by varying certain parameters such as maximum or minimum loads in the
conventional fatigue test. Random loading programs are usually categorized into two
types: (a) narrow band spectra in which a random amplitude is imposed on a constant
frequency fatigue test, and (b) wide band spectra in which both the amplitude and
frequency are varied in a random manner. A thorough treatment of the random loading
problem has been given by Hillberry [108].

Contrary to the situation for constant amplitude fatigue loading, current proce-
dures for analyzing variable amplitude fatigue tests do not usually lead to laws
describing the increment of crack growth per cycle. Instead these theories, usually
referred to as fatigue damage accumulation theories, often employ graphical procedures
in their solution. The Palmoren-Miner rule iy the most widely known of the fatigue damage
accumulation or incremental damage theories, [109, 110]. Palmgren first assumed that
n, load cycles having the same mean load and load amplitude will consume a portion of
fétigue life equal to n./N. where N, is the failure life in a constant amplitude fatigue
test having the same medn %alue and amplitude. Secondly, he assumed that failure will
occur when the sum of the consumed life portions equals 100 percent or

E ni/Ni = 1. : (7.6)

Equation (7.6) was subsequently refined by dividing the life into a crack nucleation
period and a crack propagation period [1l1l1],

i ni/Ni =1 and f n;/N; = } ' (7.7)

where ni and n} are numbers of cycles spent in the crack nucleation and crack propagation
periods respectively, while Ni and N; represent the corresponding crack nucleation and
crack propagation lives. The values of N., Ni and N; are obtained from S-N diagrams of
standard constant-amplitude fatigue tests.

The Palmgren-Miner rule is also referred to as the linear cumulative damage rule
since it is assumed that the damage in a constant amplitude test iz a linear function
of the number of cycles. However, it has zince been shown that linearity was not
required for I n/N = 1 to hold, although it is necessary that the material be insensitive
to load cycle sequences which means that interaction effects must be insignificant. . In
general, interaction effects are:significant as will be discussed below.

The Palmgren-Miner rule has been extended to random loading by assuming that the
damage caused by each stress peak is equal to the damage caused by one cycle in a standard
fatigue test with the same stress amplitude.. If N_ is the total number of peaks to
fallure, the expected probability value of the damBge is
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; MY a0 (7.8)

L)

E(D) = NP

whera w(f) iR tha peak-probabllity density funetion. Approximating the constant ampli=-
tude 8=N curve an a straight line on a log~log plot gives

Nlg) = bsa® (7.9)

where b {a the inverae of the slope and B is a constant, Subatituting this distribution
inte Bg, (7.8) yields

N ®
RiD) = gB / aPwiviay o (7.10)

Yf a Gauanian distribution function is used for w in terms of a normalized variable »
(saro maean and unit varianee), Bgq. (7.30) can be rewritten as

b
N o "
R(D) w -RpEL Wy ()ae . (7.11)

If no damage {8 caused by atraas peaks ocaurring below zmero (in compression) and the new
positive peak prebability depaity function ia renormalised, the expected value of the
damage becoman

b
N a -

B(D) ~ ~BgEIR ™ fPyia)de | (7.12)
0

Aceoxrding to the Palmgren=Minar rule, fallure should occur whea BE(D) = 1,

S8evaral ohjections have been raised to the Palmgren-Miner rule based on inter-
action effects, sagquence effects, damagn due to cycles below the fatigue limit, favorable
effects of posltive peak loads, eto,, all of which can lead to L n/N ¥ L. The favor-
ahle effects of poaitive peak loada result from the oreation of a wona of resldual com-
presajve stresa at the crack tip. Several theories have been advanced which presarve
the concept of inaremental damage accumulation while characterising stress interaction
effectr by some kind of adjusted §-N curvea. Freudenthal and Heller {ll2) started from
the concept that damage increments in a random load test are altered by stress inter-
action effeota, This leads to a failure oriterion

n
X N"é‘“ “ 1 (7.13)
1 Y1y

called a "quasi-linear rule of cumulative damage" where w, i8 either constant or a simple
functicn of atreas amplitude as determined from atandard iatigue tests, This criterion
{mplies the application of the Palmgren-Miner rule to adjusted S-N curves and, since it
wati asaumed that w ® 1, the curves are reducad life curves.

Corten and Dolan {113) include interaction effects by postulating that the
maximum load cycle in a programmed test will be decisive for the initial damage, since
it will determ! 9 the number of points at which crack growth will start. After this
nunber has been establiashed, crack yrowth ia again assumed te be a cumulative process
without interaction. For a program test they obtain the relation

N
N = T_n__L__~“_1i {7.14)
oy (034 /o))

where N_ is the program fatigue life, O is the maximum stress amplitude with corres-
ponding®caonatant amplitude fatigue life R by is the porcentage of cycles applied at
9. and d las an experimental constant. stnce Gy Nq = ng, Bq. ?7.14) can be rewritten
a

n N ¢} d
s N S 1 (7.18)
{ N? Ny %ay '
which is similar in form to Bq. (7.13). Expanding this to random loading in the same
manner as before gives

N ; «©

(D) = g2 od i 2% (2) az (7.16)

where again it is assumed that no damage is caused by the peaks below zero.
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7.3 Practical Applications

As in Sec. 6, two examples will be discussed, the first of which will be a stan-
dard fracture mechanics specimen and the second will represent a more typical aesrospace
component.

Example 3. Suppose that the sheet in Example 1 is aub;ected to a constant amplitude
Fatigue stress with ¢ ax ™ 138 MN/m“, o = 27.6 MN/m¢ and a through-the-thickness crack
of length 2a = 2.25 cM®Has been discoveP#R. Predict what will be the remaining life

of the sheet by use of the laws

d(2a 4
(@) 4f2al o ¢ (k)

2
o) 4i2a) o _S2(®)
zi-Rjic-AK

at three different intermediate crack lengths for ahe ev Lo .on of growth rates. The
constants for these equations are c] = 2,40 x 1077, = " 31 x107%, 'n = 3,2 for
7075-T76 with R = 0.2, Then use the integrated form of“Eqg. (b)

K K
2 I¢ Ic
N =N = T (2= « 1 - &n K__)
¢ ° "C2(1~R) g KIo Io

to determine tha remaining life. Assume that each crack tip is growing at the same rate
and recall from Example 1 that the critical crack sise for this problem is 2ac = 11,35
cm.

Solution. Select for the three crack growth intervals 2.25-5.28, 5.28-8,32, and 8.32-

. cm, Por Egs. (a) and (b) it is necessary .o determine the number of cycles
expanded in growing the crack for each of the three intervals, and then sum to obtain
the estimated total life.

Equation (a). 2.25 < 2a £ 5.28, a = 0.0188m
- 3 1/2
oK = Ao{rma sec gﬂ 1/2 2 110{0.01887 sec 94%%521)
= 26.8 MN/m>/2
dza)  Lcoand e 2.40 x 10710 (26,004
= 1.238 x 1074 m/cyc
Ny = 0.0303 —1 = 245 cycles.
1.238 x 10
5.28 < 2a < 8.32 a = 0.034m '
1/2 -
oK = 11000.0347 sec L2031} " = 36.4 My/mP/2 L g
42a) =i = 2.40 x 207%36.40% = 421 x 1079 m/eye
H
N, . 0.0304 . .
4.21 x 1073 )
8.32 < 2a < 11.35 a = 0.0492m S
1/2
8K = 110(0.0492r sec 124221777 o 44,2 un/n/2
a2a) . (a0t = 2.40 x 10720(44.2)% = 9.26 x 1074 m/cyc
N . —0.0303 4
9.16 x 10
———— Ty, - e — A - et
s « =

.
g,
2 . 4 a P . S ey . s it




Neora, 24% % 72 + 33 = 350 oycles,
Equation (b). 2,28 < 2a < 85.20, @a = 0.0l88m
AK ~ 26,8 MN/m/2
n -

d(2a JGUAR 5.6y 826.8)3 2

zI"E’Rc"R ‘6. X . - )

- 6.27 x 10”° m/cye

Nl - __g_._o___m_:!_ = 483 cycles

6.27 x 10

5.28 < 2a < 8.32, a = 0.034m \
AK = 36.4 MN/m3/2
T TVRR N 10-8§36.4i3‘2 - 3.03 x 104 m/oye

’ X . - . * y

N, - 00304 140

3.03 x 10

8.32 < 2a < 11,35, a = 0.0492
AK . 44.2 M/m/?

-8 3.2 .

a(2a) - 3'f1 x 10 541.25 ~ 1.66 x 10~ m/eyo
Ny . —0:0303 g

1.66 x 10
NTOTAL = 483 + 100 + 18 = 601 cycles.

Now the integrated form of the equation will be used where

N, =0, a_ = 0.0113m
1/2
Kyo = 138 {0.01131 sec LGN o 96,9 MN/m37/2
2 60,2 _ 60.2
N = p ( -1 - 4n )
¢ X3, 61%10° 8 (1-0.2)2(138) 2 2640 6.0
Nc = 690 cycles.

It is quite apparent that a wide range of estimates for remaining cycles to failure are
obtained from these equations. However, since hoth Eqs. (a) and (b) have been shown

to fit experimental results quite well, it is necessary that the constants C,, C, and n
be selected very carefully for the specific material and component geometry &f iﬁtereat.
However, Eq., (a) should not be used for crack sizes near the region of final instability
since the assumptions made in its derivation do not hold there. The integrated form

of Eq. (b) is expected to predict a different number of cylces to failure since it is
based on the infinite sheet model and uses n = 3 for the exponent of the AK term. In
addition, the constant C) and the value selected for X, also affect the predicted

numbeyr of tyocles to failure and should be carefully seiected for the particular applica-
tion of interest.

Example 4. This example is a modification of an example problem given by Wilhelm [42]
and analyzes a corner crack which has developed at the top surface of a bolt hole as
shows. in Fig._7.3. The plate thickness is 2.5 om and the material is an alloy steel with
oy = 689 MN/m? and Kyo = 143 MN/m3/2, There exists a oyclic tensile stress as shown with
Omax = 483 MN/mé and Opin ® 9.6 MN/m“., A semicircular crack has developed to a depth of
0.9§ cm and it is desirga to know how many cycles will be required for the crack to grow
through the back thickness. Also determine how many cycles will be expended before the
critical crack size is reached, assuming that the crack changes from a semicircular to

a straight through~the-thickness crack after it reaches the back surface.

Solution. The first part of the problem is solved by determining the stress intensity
factor when the crack has just penetrated through the plate. The orack length for this
condition is a = 2.5 cm, and the stress intensity factor is given by




Ky = My a/ma

where M. has the value 0.70% for y%r w 1 from Filg. 7.4, The stress intensity factoer
then lak

Ky = 0,705 x 483 /O 045w ~

- 95.4 MN/mY/2

Eq, (7.3) is used to estimate the number of cycles whero it 3111 be assumed that the
crack grows under plane strain conditions and c2 22 2,1 x 1077, The initial value of
stress intensity factor ¥1o is

Ko ™ 0,705 x 483 /3,.0078w

3/2 o

w 52,3 MN/m ‘
g so that !
i 2 K Xy
: e it T L e )

2
nx2.1x10" ) (1-0.02) % (483

95.4 35,4
)ﬂm‘l"nim*l

= 302 cycles.
The stress intensity factor for the sacond part of the problem can be obtained

from Fig. 6.4 for a through crack at a hole where a = 2.5 om and r = 0.63 ¢cm. The
stress Intensity factor X  is, for f(g) = 0.75,

oA
LI a/ma £(3)

= 483 x 0.75 v0.025n

- 102 MN/m3/?

so that
1431

2 143
N = . (343 .1 - on
© " hx2.1x20°0 (1-0.02)2 (483)2 102 1oz

= 87 cycles.

Thus the total expected life would be about 3%0 cycles with only 87 cycles remaining
after the crack progressed through to the back side of the component. Note also that
no finite width correction was utilized in the second part of the problem so this
result assumes a very large cross gsection for the component.

8. SUMMARY

The linear elastic fracture mechanics approach to design against fracture of
structural components is basically a stress intensity approach which establishes
criteria for fracture instability in the presence of a orack. A basic assumption of

5 this approach is the assumed presence of a crack or crack-like defect in the structure.
: The method essentially relates the stress field in the viciniiy of the crack tip to
the applied stress on the structure, the material properties, and the defect size
necessary to cause unstable fracture.

The elastic stress fiecld near a crack tip can be adequately described by a

¢ single parameter, the stress intensity factor K. The analytical form of the stress

i intensity factor depends upon the geometrycof the structure and the location of the

; crack, while the magnitude of K, determined from this form, depends on the size

r of the flaw and the external loads on the body. Once the stress intensity factor for

H a given structural geometry is known, the stress conditions in the region of the ocrack

i tip can be established from knowledge of the applied stress and the crack size. Frac-

ture failure in the presence of a crack-like defect is normally defined as rapid defect

growth (crack propagation) which ocourswhenever the crack tip stresses exceed some

critical value. BSince the crack-tip stress field can be desoribed in terms of the

stress intensity factor, a oritical value of K can be used to define the critical con-

i gitions for failure, that is, either Ky, or K,, depending on the existing stress con-
tions.
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Bacause o. the limited applicability of plane isothermal linesr elastic stress
analyuls to any real rracked-body situation, fracture mechunics has relied heavily on
experimental results in developing information about the effertsz of geometiry (size),
temperature, in¢ strain-rate on fracture toughness values. As a consequence of these
efforts, it is recognized that fracture toughness under conditions of plane scrain,
i.e., Ky., remains independent of size considerations and can accordingly be inter-
pret:d as a fracture resistance material property.

When the critical stress intensity factor or fracture toughness value appro-
priate to a given set of service conditions (which include material type and yield
strength, section thickness, temperature and possibly load rate) has been established,
it is then possible to compute either the maximum allowable stress or flaw size which
can be sustained by the structure. Crack growth rates under cyclic loading conditions
can also be expressed in terms of the stress intensity factor, and are now used to des-
cribe the growth of defects from sub-critical to critical sizes. Information of this
kind then can be used to establish realistic maximum operating conditions, quantitative
material requirements and meaningful inspection and acceptance criteria.

Since the time of Griffith's research into the fracture properties of glass,
fracture has been the subject of considerable investigation, both microscopic as well
as macroscopic. However it was not until the post World War 11 period that a mechanics
of fracture evolved, providing with the help of experiment, a basis for its application
as an enyineering methodology. Although currently limited in its range of applications,
fracture mechanics offers materials engineers and designers, and especially those
involved with NDI techniques, a useful and effective tool for the prevention of brittle
fracture in structures utilizing high strength materials. While methods for effective
assessment of fracture resistance of the more ductile structural materials are not
firmly established, there appears to be no significant reason why this area of fracture
mechanics cannot also be developed into a successful engineering methcdology.
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APPENDICES TO CHAPTER IV

The following appendices are included to provide additional information on several
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Appendix IV-1
RESISTANCE METHOD
J. I. Bluhm

If a moderately thin plate with a through fatigue induced crack, either edgg cracked or center cra?ked,
is loaded so to extend the crack, the fracture surface wil) in general develop with a continuously varying ;
appearance starting as a macroscopically flat fracture and gradually.shifting to a gross shear mgde. For
thicker plates, the ultimate fracture will in general consist of a mixed flat 'Val%ey" or sbelf sand-
wiched between two shear surfaces. This fracture pattern depends also on the specific material and : §
temperature of the test. . i
) Figure 1 schematically displays the range of typical fracture growth patterns one might obtaiq for a :
given material over a range of temperatures. Characteristically, the onset of propagation starts in the
mid-thickness region and is generally a flat fracture mode; as propagation progresses this may or may not,
depending upon the test temperature, gradually shift either partially or wholly to shear fracture. If the
fracture path is long enough (wide plate) a steady state pattern is eventually achieved and the crack
progresses with no further changes in proportions of flat to shear fracture. The flat mode of fracture
absorbs less energy per unit area than the shear mode so there is a gradual increase in the resistance to
fracture as the crack progresses, eventually achieving a steady state distribution.

The variation of this resistance with crack length is now generally called the "Resistance Curve,"

and fracture prediction techniques based upon this resistance curve have been characterized as Resistance
Methods,

Attempts to determine the shape of the resistance curves frequently result, at sowe critical load for
a given crack size, in premature unstable or catastrophic fracture and data beyond this point cannot there- ;
fore be obtained. Tn the historical development of fracture mechanics, however, it was precisely these ‘
instability points which were identified as characterizing the material, see e.g., Irwin and Kies (1), In
one instance, common to thick plates, the plane strain fracture toughness was closely identified with the
acoustic emission known as "pop-in' which occurred when the init?zi siarter crack advanced spontaneously.
It is not so certain today that pop-in assures a valid plain strain.fracture toughness value. However, it
is generally appreciated that a valid plane strain fracture toughness value is in fact a material constant, .
In another instance, more commonly noted in thin sheet, the instability was identified with the plane stress s
fracture toughness. This value, labeled G., is a function of thickness and, in fact, of plate width as »
well and cannot be construed as a material characteristic.

In any event, these "critical' values Gy, and G¢ are merely specific instability po@nts on.the more
general R curve and could be noted as Ry and R.. Again note that the instability associated with Gy is
generally uniquely located on the G - a plane, whereas that associated with G. is not.

In the early years of fracture mechanics, emphasis was principally directed toward low toughness, high
strength, bulky materials and the interest lay principally in determining and understanding plane strain
fracture criteria. Continued growth of interest has developed with respect to the plane stress situation
corresponding to the phenomenon generally encountered in thin sheet such as aircraft skins, etc, Addition-
ally, the advent of large thick wall vessels of intermediate and high toughness for reactor components nas
led to a thrust toward a more in-depth understanding of fracture mechanics, no longer limited by the
analytical method of linear elastic fracture mechanics.

The resistance method provides some of the basic material characterization necessary for this vital
task. The role of strain-rate on the resistance curve still remains a gap to be filled as does the prob-
lem of translation from plate type specimens (from which all R curves are obtained) to other configurations.
Nevertheless, in conjunction with appropriate strnctural analysis it promises to provide a universal tool
for assuring structural integrity of critical elements and for implementing adequate fail-safe design
criteria. :

Curve R of Fig. 2, originating at the initial dimensionless crack length a,/w, schematic:liy portrays

e et e emvimin e

. this changing unit resistance to fracture (i.e., in terms of energy per unit fracture area) as a function

of crack extension normalized with respect to plate width W. This R curve characterizes the material for
the given thickness and temperature of test. However, the behavior of a cracked specimen under load
depends not only on this resistance curve hut also upon the rate, with respect to crack length, at which
stored eJastic strain energy is released during crack propagation. These are the "G'" (elastic strain
energy release rate) curves in Fig, 2 which characterize the structures as distinct from the material.

The problem of the designer is to intcgraie these material characteristics and the structural characteris-
tics as reflected by these R and G curves and assure a fail-safe structure.

These G curves can be determined either experimentally or analytically. Stable or catastrophic
fracture depends, as we will see, upon the relative shapes of these R and G curves. The level of the
energy relcase rate is a function of the load. When the load is raised to a level such that the release
rate (cnergy available for propagation) just excends, for the given crack size, the resistance rate (energy
required for propagation), then, according to linear elastfc fracture mechanics criteria, propagation can
proceed spontaneously; the various G curves (Fig. 2) are particular members of a family of G curves for -
specific values of applied load. it is apparent that propagation does not take place until the load in
the specimen reaches a value, such that the corresponding G curve goes through the point 0, corresponding
to the initial crack length ay. As this load is exceeded, the available energy, {, hucomes greater than
that required for propagation, R, and the crack extends, In the particular case iilnstrated in Fig, 2
the growth which occurs at point 0 will be spontaneous and rapid and often even accompanied by an audible
nop’*: subsequently the crack will come to rest at the point A. This pop or pop-in behavior is attribut-
abiz to the peculiar shape of the P curve shown, particularly its low slepe at the onset of fracture,
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corresponding to the "thumbnail" flat fracture visible in Fig, 1. This pop-in phenomens, in conjunction
with the appropriate relations between load, crack length and energy release rate functions, has been used
as a means of determining the minimum possible value of propagation resistance toughness, even in a thin
specimen where the shear fracture mode predominates and tends to ohscure this minimum value. This minimum
toughness has been called the plane strain fracture toughness, Gy, and, as stated earlier, is considered
to be characterlstic of the material (and towperature) ond independent of specimen geometry.

The extent of pop-in instability srd fts significance is dependent on the relative shapes of the
resistance, R, and energy release rate, G, curves. The pop-in may, in fact, be completely suppressed -
intentionally - by control of (a) the nature of the loading after the critical load is reached aud/or (b)
the specimen configuration.

Two extremes of loading conditions are frequently considered; one corresponding to a very “soft"”
system equivalent to constant loading; the other, corresponding to a "hard" system equivalent to constant
deflection "loading.” The existence of unstable growth, such as pop-in phenomena or, contrariwise, the
slow steady growth of a crack, is highly dependent on which of these types of loading condition pruovails.
Weiss, Grewal, Rosenberg, and Lin (2) have discussed this in some detail. This effect will be discussed
further in this section.

Figures 3 and 4 tllustrate an important difference in behavior for the single edge notch and the three
point notch bend specimens. In both cases the constant load curve behaves in the same fashion as the
tension sheet, i.e., with a monotonically rising C vs s curve, but the constant deflection curves shown
display negative slopes in all instances except for the shorter critical cracks of the single edge notch
specimens. This negative slope facilitates controlled stable growth even in those materials which would
otherwise tend to fracture spontaneously (Bluhm 3) and permits multiple fracture toughness measurements
to be made on a single specimen even in rate sensitive materials. Such procedures have indeed been
exploited by Bluhm, Gordon, and Morrissey (4) {n double cantilevered specimens which can be designed to
exaggerate this negative slope.

Clausing (5) has analyzed, in detail, the criteria for stable crack growth for s variety of specimens
for hoth load controlled and/or displscement controlled systems, He relates the stabiiity in a displace-
ment controlled spccimen to the relation

1/2
ds 'l M'GA)
42 &,
IO (£, - 1535,
where
f, = leéé!llii dimensionless parameter)
X y {(dimensionless par er ]
£, = 3 _dv - (dimensionuless parameter)
2 Y I *
2
f’ - iﬂzzéil!l {dimensionless parameter)
and
GA = the elastic energy release rate (svailable energy)
Y v s dimensionless geometrical parameter after e¢.g. Srawley and Gross (6)
E = Young's aolulus
B = the thickness of the specimen
W = the width of the specimen
A < the compliance

th: crack length

3

4 = the displacement
M = the factor I, (1 - vz) er (1 ¢+ -z) depending upon the fracture mode and stress state.

Clausing sttributes the stability of the crrck growth to negative values of (f; - f3). Figure 5 shows
the relative shapes of the (fy - f3) vs a/w curves for various types o high compliance specimens. The
effect of low compliance is also shown for the strsight double cantilever beam specimen,

A% B W UV (IVATY LIEL VASUSALIE Wme FAVOWSTY & L8.T INITRILLIVE UEINIVIVI 101 LHE PUIPUITS VL LS
snalysis. Rate seusitivity would require more severe constraints to assure stable growth. Bluhm et al (4)
:Ev;d.ttempted to account for this by providing specimen configurations with a relatively high negative

A a .



70

Depending upon the material and thickness, etc., the initial flat "thumbnail’ fracture may be
sufficiently suppressed so that & well defined pop-in is not observed even in otherwise well behaved
tensile sheet specimens, Nevertheless, considering again the type of resistancc, R, and energy release
rate, G, curves shown in Fig., 2, note that the spontancous "Pop-in'' extends the crack from 0" to A",
Note further that as the load is continuously increased beyond this so-called pop-in load, the crack con-
tinues to grow, now more slowly, along the path “AB" until finally, st 8 load corresponding to the upper-
rost curve where the G, and Gp curves are tangent to each other, the crack again propagates spontancously
without further arrest.

With this specimen, load configuration and material resistance (R) curve illustrated, one obviously,
could not actually determine the resistance curve; since the system does exhibit the instability points at
0 and B. Such a test could, however, provide the unique and characteristic plane-strain fracture tough-
ness, Gy¢, corresponding to th point 0 and a non-unique, non-characteristic "mixed mode' toughress, G,
corresponding to the point B.

This mixed mode fractu ness, G, determined by the instability condition in contrast to the
plane strain value, Gy, & verial characteristic. It is recognized as being dependent upon both
the width an! the thicfne- cimen. This width dependence is readily rationalized as follows:
though tne R curve is ins 4th (for rate insensi.ive materials) the G curve is not and the
tangent point common to *he instability point corresponding to the apparent fracture
toughness, G¢*, should ysected to vary with width. Figure 6, after Bluhm (7), shows the
predicted effect of wi arent Gc based upon a simple approximate but reasonable analytical
relationship for the .urve defined as follows:

o)

shere a, and a are the initial and instantaneous half crack lengths and k is a constant dictating the
crack extension required for the steady state fracture mode to become essentially established.

It is noted that we have defined R in terms of energy absorption rate, as has been the custom
generally. More rece.ily some investigators, Clausing (5) and lleyer and McCabe (8), have chosen to define
R in terms of paralleling stress intensity, i.e., ksi./in. Conversion is achieved via reclations of the
fora

GE e Kz (plane stress)

GE o (1-v)K? (plane strain)

In this form K exhibits some ambiguity becsuse of its dependence on the stress state whereas if conventional
energy/unit area is used, as for R, this value is independent (analytically) of which stress state is pre-
sumed to exist, MHeyer and McCabe (8) have reported Irwin's suggestion of an integrated set of nomenclature
to distinguish regions of the “R" curve as follows:

°1¢ (or ch) - Plane Strain Fracture Toughness - Associated with an instability point, i.e.,
point O in Fig. 2.

Gc (or le) - Plane Stress (Mixed Mode)} Fracture Toughness - Associated with an instability
peint, i.e., point B in Fig. 2.

G. (or KR) ~ General Resistance - Associated with any point cn the resistance curve - not
necessarily sn instability point.

Since the resistance curves for s plate do in gencral tend to approach s stable level, independent of

crack growth, provided the plate is adequately wide, it is suggested that the symbol G. (or K.} should be
reserved for this steady state level which is in Jact characteristic cf the u.terial (%or a given thickness)
and that the instability point should be associated with G.* (or K.*). These various regions (points)

are shown in Fig. 2. This notation is that used in Fig. 6.

The significance of the distinction of these teras will be espanded upon in the reraining text.

Clausing (S) has used the notation Gy for the applied (or cvailable) Elastic Energy Release Rate.
Thus, adding this to the list we have

GA (or X.) - General Elastic Energy Reiease Rate associated with any point of the curve formerly
“  jdentified as the G curve.

FWe have here ascribed to the symbol Go the actual value of the fracture toughness correspending to steady
state shear lip development consistent with the thickress.
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Tt in sugperted that the following conntatent notation be adopted:

Avatlable tueigy tagye

ﬁA {o¥ xA\ Elantie Enevgy Neleaxe Rate - FPormepl)y the 1 ourve

Requiped fnergy Curve

iy (o N“) Ganoval Roatntahee Axsaciated with any paint on R ourve

G, (or X)) Realatanee Assouiated with Kteady State level of Shear Developmant

ﬂe'(or Na'\ Reniatance Associated with Miaed ov Plane Styess Practuve Made and Instability Point
ﬂ‘e(nr Nle) Rexintanve Aasociaved with Plune $train Fracture and Inatability FPeint,

Recall how we describe the resiatance curve by £4, 'y The general shape of that curve waa deaerihed
by lewin and Kies (8) and Kvaft, Sullivan and Royle (10) and is ahown in Fig, ¥ with several Gy curves %o
fllustrate the teansition form alow to vapid ovack growth,

A more general vepresentation of the resistance curve, taking Into account, at Jeast quallzatively,
?o:? the initial flat fractuve and tho ultimate ahear or mixed fracture (per Fig, 1) Is suggested aa
ollows;

a-a
9

(5 e (52)
WG = G e‘<‘T—> eot(%) 0(‘-c ) L t‘ovaaao

Tt can veadily he verified that this permita the smooth transition from Gy, (flat fracture) to the steady
state (mixed) mode G, and qualitatively wuggesta the R curve shown in Fig, 2.

*)

Tt is further noted that this form for the reaisztance curve leada to prediction of the obsevved pop-
in phenomena and of tho width effect in unatable crack growth covrvesponding to G.*,

Glausing (5) has proposed a simple alternate form given by

A-Ao
Gn a GRCI 10 - 9 [pr A 3

where t is the thickness and Gpe s tho volume of Gy at which the crack starts to propagate. Tho shape of
the curve ia also shown in Fig, 7. Note the nonzero intercept at A = Ay, It ia now clear that thia
latter form can reasonably predict the occurrence of pop-in.

Goode and Judy (11) have suggested that "unstable €racture in the brittle mode is not poasible for
rising G, curves," However, it should be evident from the present discussion that stability or instability
iv the résult of the interplay between the R curve and the G curve. Figure 2, for example, shows
schematically such an intorplay which does indeed suggest a potential instability - wven for rising Gy
curves,

The interplay between the curves of energy rate required for propagation, Gy and the enorgy rate
available for propagation, G, leads to a variety of possible responses ranging from slow crack exteusion
to unstuble catastrophic propagation, Intermediate pienonena include combinations of slow growth, pop-in,
and catastrophic growth. The particular behavior which actually takes place is highly dependent upon
the overall system flexibllity which dictates propagation under constant load on one extreme, and propa-
gation under constant deflection on the other extreme. The discussion immediately following is taken from
Bluhm (12).

Consider the curves initially proposed by Irwin and Kies (9) and Kraft, et al (10) and shown in
Fig. 7. Two points are worth noting. First, as the load is gradually increased, thus increasing the
elevation of the G, curve, propagation of the crack takes place under slow equilibrium conditions,
This propagation begins upon the application of an infinitesimal load, as long as the resistance curve,
Gp» originates at a zero level and is not vertical at the initial crack length, a,, since, evon for
infinitesimal load under these conditions, the energy release rate, Gy, is greater than the resistance,
Gp. This prediction of crack extension under infinitesimal load is contrary to observation. Pursuing
tﬁe Irwin-Kraft model of Fig. 7 further, note that as the load is increased, the crack continues to
spread under equilibrium conditions until the load is such that the Gp curve corresponding to the
increased load is just tangent to the Gp curve, at point F. At this point, the crack becomes unstable
and grows rapidly. This "typical" Gy curve does not reflect the frcquent observation where the initial
cracking is the plane strain 'thumbnail pop-in,' mentioned earlier.

Taking these discrepancies into account, Bluhm (13) has suggested the Gp curve as shown in Fig. 8.
(See alsv BEq. 2.) Here the horizontal (or near horizontal) segment of the Gy curve, at small values
of crack length or tension, i3 associated with the thumbnail plane strain fracture and (except for possible
rate effects) is insensitive to crack lenyth. When the load is raised to the point where the corresponding
Gp curve (identified as Gy (pop-in)] Intercepts the origin of the Gp curve as P, then the crack
advances under constant load in a burst and comes to rest at point A. Subsequently, on continued loading,
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slow growth takes place from point A to point F where rapid rupturc finally occurs at a load corresponding
to the Gy (pop-thru} curve. This instability Is usually associated with the G, value. At larger values
of crack extension, onc would expect the Gg curve to level off at a G, value representative of the material
(and the thickness) tested. The transition from the Gy, level to the G tevel is thought to be associated
with the transient growth of the shear lips in accordance with the sketch of Fig. 9.

A pre-machined but inadequately sharp "crack" may first extend through a minute region of restricted
local plastic flow before it forms into a crack sharp enough to initiate the flat plane strain fracture
normally observed and customarily identified as the "thumbnail" fracture.* This eventual plane strain
fracture front progresses most rapidly in the planc of the machined crack and in a direction normal to the
initially straight front at the thickness centerline and tends to lag behind near the free lateral surfaces,
As the flat fracture approaches these stress-free lateral surfaces, the failure transforms to a shear mode
of failure forming the normal shear lips. As the crack extends, the incremental growth pracess stabilizes
to a steady state situation where the relative shear lip and flat fracture proportions of the fracture
surfaces remain essentjally constant. This latter process is the onc illustrated in Fig. 9. 1In the special
case ol a minute plastic zone at the crack tip the corresponding resistance curve might be visudlized v a general manner as
shown in Figure 10. Here the sort ductile initiation region is followed by the wual flat fracture (thumbnaib), the transition
range where the shear lips start to form, and, finally. the steady state propagation region.

It is worth noting that though the shape of the Gy curve of Fig. 10 could readily lead, in conjunction
with & G, curve shown, to a well defined "pop-in", the resulting toughness value calculated using the
pop-in load would be & fictitiously high one corresponding to the level "O" rather than the level "L”,
Figure 11 shows an alternate Gp curve which would, in principle, also lead to erroneous values of Gy if
based upon the usual instability criterias,

For the situation sketched in Fig. 10, a valid determination of Gj., particularly jif the material
being tested is not rate sensitive, can, nevertheless, be obtained by use of modified specimens having a
highly negative G, vs a slope. Such a configured specimen leads to a highly stable crack growth condition,
at least after the initial pop-in. The subsequent propagation energy ratc can then be identified as G
corresponding to the level L (in Fig. 10 or 11}).

One additional comment on the G, curve is in order. It has been presumed that the Gp curve is in-
dependent of fracture modes, i.e lat frarture vs shear fracture. This is probably not so - on an exact
basis. We have noted that the .opagation mode actually changes as shown in Fig. 9; the G, curve might be
modified to reflect this change, though tle correction is not expected to be significant. Figure 12 shows
schematically two such curves, one for flat fracture (corresponding to Gyc) and one for mixed fracture,
i.e., flat center region plus shear lip corresponding to G.**. The transitional behavior associated with
the change from flat to mixed fracture is suggested by the dotted line.

In the foregoing discussion it has been assumed that in the course of crack propagation, the gross
stress or load remained constant. For very long specimens, or "soft” testing machines, such a condition
may be approached. However, in most instances it is highly unlikely that such an extreme degree of
“*softness”’ will be encountered; furthermore, with the economic motivation to cut specimen size to a minimunm,
specimens are not apt to be very long or "soft". In the following analysis [see also Weiss et al 2] there-
fore, we have considercd, as the alternative extreme condition, the situation in which crack propagation
occurs under a constant deflection boundary conditlon. In any real test, the load conditions will probably
be intermediate between the constant load and the constant deflection condition.

Definiag the compliance, c, in terms of the dsflection, &, load, p, and thickness, t, as follows

T .oy )

one can write immediately, for the elastic energy release rate G, the relation

G = %(p/t)z 3—: “ (5)

* & =stzacd aboenvetion hes haan ssmavtad by Rivhm (14) in Slumiom SARA NI oheet. Tha toughness surve
ATEBIBLBINTG LULTES JUVED BH SMACIBLL] HIfit AWIwa ®iu +HYI TBpvar YA W e Semwy Sshse Wl Swawee
normal for this material. 1In this case the failure is by plane stress rather than plane strain fracture.
** Gc is commonly jidentified with fractures which are not 100% flat, i.e., they contain contributions of
both flat and shear fracture.
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where a is the crack length. From this relation one can express the critical load, py, 8t wnitn, svi =
given fracture toughness, Gy, the crack starts to propagate*; thus we obtain

Py * zcotf/(dE/d.)._‘o (6)

where 2, Is the crack length at initiatjon,

If now, after propagation has started, one assumes a quasi-static quasi-equilibrium condition with
fixed end deflection, one can obtain the foliowing relation between the instantaneous load, p, and the
compliance )

PE o BC, &)

which merely imposes the initial sssumption that the deflection, 6, is a constant during the fracturing
process (and hence equal to the deflection at the onset of fracturing). Substituting this and Eq. 6 into
Eq. 5, we obtain

dEZdl %)
(dEYda)‘_ao

G s G

A(const defl) e

Ol}oﬂl

Figures 3 and 4 show the relative shapes of the Energy Release Rate curve G for both constant load deflection
conditions.

It is obvious that, if instabilities occur in a test aimed at determining the Gp curve, the tes: effort
is frustrated. The Gg curve would be determinable only to crack lengths up to the instability point.
Negative slopes of the G, vs a curve tend to suppress this instability. Bluhm (3,4) has suggested that, by
special specimen design, G, curves of the type shown in Fig. 13, tending to exaggerate this negative slope,
can be achieved,

Both the specimen contour and the loading configuration (const load - vs. const deflection) can be
controlled to achieve this goal. Clausing (S5} has analyzed crack line Joaded specimens and showed conditions
under which they are stable. He concludes that, for a "hard test' system, stability of crack growth in
such specimens s insured over the entire range of crack extension.

Systems used successfully in this and/or similar ways, even for brittle materials, have been described
by Bluhm et al (4}, and Heyer and ‘icCabe (8,15).

Heyer and McCabe have championed the use of R curve determinations for characterization of materials,
and pointing out that such a representation would be applicable across the spectrum of brittle and tough
materials.

From the prior discussion it is apparent that, since the resistance curve reflects 1o a great extent
the transition from flat to shear mode of fracture (and the relative properties of these modes), the thick-
ness may have an important role in shaping this resistance curve.

There is considerable evidence {n the literature which shows that the tendency toward brittle behavior in
plates is exaggerated as the thickness increases. Thin specimens tend to fail in a ductile mode and at net
stresses generally above the yield strength, whereas thick specimens show marked tendencies toward brittie-
ness and low stress failure. In terms of crack propagation resistance or fracture toughness, typical
results are given in Fig. 14. Note that in the thin section the fracture is exclusively shear, and has
been identified with "plane stress" fracture, Beyond a critical value of thickness, the fracture takes on
a dual appearance - part shear and part flat. For very thick plates, the fracture toughness approaches a
value dictated by s plane strain state near the crack tip. This value is the plane strain fracture tough-
ness, Gy, frequently associated with “pop-in" and is the controlling toughness parameter in low stress
failure.

It appears that the shear lips which constitute final shear failure tend toward a maximum size in-

dependent of the specimen size and depend only on material and temperature. This concept of a constant
shear lip size is consistent with a plastic zone size governed by yield strength and fracture toughness.

—

* Here G, is the fracture toughness corresponding to the Lnitial mode of crack propagation; generally,
it nil? be equivalent to the plane strain toughness, G;..
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From fracture mechanics velationahipa (24), the dimcnsionless plastic tone size ™/t is given hy the equation,

Trwin (16),
2
3
u ll‘! "L“‘
we T <"ys>
where
. R
kc . ch

Now, letting

this dimensionless plastic zone size can be expressed in the form

r "

p/t I”Z!

There is a considerable body of data which supports the contention that the transition from flat to
full shear fracture is cloaely rolated to this plastic zone size, Figure 15 shows a collection of data
based upon a varlety of hoat troutmonts and thicknesses of high strength ateels and titanium alloys.
Based upon those data, it is reasonabhle to conclude that fracturo is predominantly of & shear mode, pro-
vided i ~ 27, {.e,, if the plastic zono iy at least as great as the thicknars of the plate. On the other
hard, in a thicker plate ismaller ratio of plastic zone size to thickness) flat fructure error starts to

appear.

The concept of a characteristic shear lip thickness dependent, for a given material, essentially only
upon temporature of test, loads to a simple modol which predicts, at least qualitatively, thickness effects
and observed transitional behavior, Figure 16, after Bluhm (17) shows schematically the consequonce of the
critical thickness concept on u serios of notched specimens of difforont thicknesses tested at various
tomporatures, Keeping in mind the fact that the shear lip mode of fracture is volume controlled and
reflocts n higher toughness lovel than the flat fracture mode, it is evident that the variation in tough-
ness shown in Fig. 16, at a given temperature, is consistent with Fig. 14. Furthermore, for a given
thickness, this model anticipates the transitional behavior normally observed with changes in temperature
and skotched in Fig. 17,

The general critical shear lip concept, in conjunction with characteristic toughness values identified
with each mode of fracture, permits a simple correlation of different size spocimens, such as the Churpy
V-notch (Cy) and Drop Weight Tear Test (DWIT) test specimens, for example. In particular, in Fig. 18, a
comparison is shown of the total energy absorbed in these two specimens when tested at temperatures such
that fracture in both was by full development of the shear lip. In the Resistance curve concept this
would correspond to the upper shelf value of the GR value is Go. The predicted result in the case of
100% shear fracture is based on the relatjon,

2
ECv LCvt Cv

DWIT L

E t2
DWTT™ LWTT

where E, L, and t correspond to the total energy, length of the fracture path, and thickness of the speci-
men, The excellent correlation between practice and theory is evident in Fig. 18 where the data of
Pellini (18) is plotted against the prediction provided by the above relation.

More generally, one can - at least semi-quantitatively - correolate the energy absorbed between any two
specimens tested at the same temperature, by using the simple hypothesis that the shear lip thickness tends
toward a constant value determined by the temperature, and by weighing the various modes of fracture in
proportion to their relative toughness and areas. A more exacting correlation can be effected by recogniz-
ing the characteristic variations of the Gg curve with crack extension. It is this potential for providing
predictive failure criterion, even in the plane strain region, that makes the resistance method of such
interest to the engineering community.
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Appendix IV-2
THE KUHN-HARDRATH METHOD
J. I. Bluhm

The exploitation of the Griffith approach to the fracture problem has been direcced, for the most
part, to the prediction of fracture - particularly brittle fracture in relatively large parts, i.e., where
plane strain fracture was the mode of failure usually noted. It was and is recognized, of course, that
regimes of structural configurations exist and are in common usage where such a constraint is noi. applic-
able. Thin sheet construction, as utilized in modern aircraft and missile technology, represents glaring
examples of such applications. Concurrent with the early Irwinian development of linear elastic fracture
mechanics, of the NACA group (1-7) approached the failure problem for a somewhat more pragmatic point of
view, which encompassed the regime of thin sheet failure, i.e., the plane stress mode. An excellent
resume of this apprc.-h, which we identify as the Kuhn-Hardrath (K-H) approach, is provided by Kuhn (1);
the immediately fullowing discussion highlights details of that paper.

As in the Irwin approach, but more explicitly, the posed problem is to determine the residual
strength of a structural element which contains a "damaged" region. The "damage” in the K-H approach
covers the spectrum from a notch (or fillet, etc.) to its degenerate and generally most severe
configuration - a crack. In essence, then, the K-H approach is aimed at providing a practical technique

for predicting the residual strength of structural elements, particularly in sheet form, containing
notches and/or cracks.

As pointed out by Kuhn (1), the most severe defect is the crack; one might therefore start by discus-
sing cracks directly without reference to notches. It is desirable however to introduce notch discussions
first for twoe reasons: '"{a)....the crack strength analysis method is dervived by considering the crachk as
the limiting case of a notch,...as the notch radius approaches zero, i.e., p 0, and hence all the basic
assumptions and considerations involved in the notch strength analysis are pertinent; and (b)...the
literature contains test results on notched specimens representing an investment of millions of dollars;

{f this investment is to bear full fruit, it is necessary to establish and maintain contact between
'notch strengch' and ‘'crack strength'."

There is, however, an additional reason why notches should be considered first. Fatigue cracks most
generally initiate at sites of local stress concentrations such as holes or notches, and though it is
conservative to presume the eventual presence of a crack and design around its presence, in many applica-
tions one may be paying an exorbitant penalty weightwise and/or performancewise. The early stages of
crack development, if they are to be reliably predicted, must be based upon a rational analysis of the
behavior of the notched rather than the cracked bcdy; secondly, there are many critical applications
where cyclic damage (and subsequent crack initiation) are not significant design considerations - rather,
failure occurs under essentially monotoric loading. Under these conditions the desired information is
the strength of a notched body - not one which is necessarily cracked.

Basically the K-H approach starts with an expression for the elastic stress concentration factor, Ky,
(determined either theoretically or experimentally). It recognizes, however, that the maximum effective
stress from a fracture point of view is not merely the nominal stress, Sn» multiplied by this stress

concentration factor. Instead, the Neuber concept ir introduced to attempt to account for the microscopic
heterogeneity of the material.

Neuber (8) recognized that with sharp notches even brittle materials did not fracture when the
maximum stress, o,.., at the notch tip (determined as K. x 5.) reached a fixed critical value independent
of notch configuration. He recognized that one could not use the ordinary theory of elasticity with its
ioplied permissive use of infinitesimal elements. Grain size inhibits this approach; hence new concepts
had to be introduced if one wished to use classical elasticity results fur sharp notches and particularly
cracks. Neuber visualized, therefore, that the material was composed of numerous small but finite
particles and that an effective (or Neuber) stress concentration factor, Ky» should be defined on the
basis of the average stress over one such particle of depth, ¢, at the tip of the notch, i.e., Fig. 1.
Neuber letting p' be the effective radius of that particle (i.e., p' = ¢/2) considered it a new material
constant and observed that its value was approximatcly 0.5mm for the steel he was examining. He concluded
that in the limiting process of going from s gentle notch to a sharp or pointed notch, the effective
stress concentration factor is, in fact, a function of the material.

For gentle notches the effective stress concentration factor, Ky, is indeed the same as the theo-
retical stress concentration factor, KT. Furthermore, for the hypothetical case of an idealized material
having Neuber particles of zero size (equivalent to a homogeneous material) Ky should also reduce to Kr.
The transition from a gentle notch to the sharp notch should conform with these conditions.

Neuber proposed the following relation in attempting to meet these conditions:

K -1
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where p is the notch tip radius (see Fig. 2) and KTO is the theoretical stress concentration factor for
zero flank angle; the other gnantities have already been defined. As implied, this relation is valid
over the entire range of notch radii including, of course, the limiting value of ¢ = 0 in the pointed or
sharp notch or crack. However, if the sides of the notch are not parallel a further correction was
recognized as necessary since the resulting angle, for sharp notches at least, could seriously influence
the theoretical stress concontration factor or defined by Neuber for a parallel sided notch. Accordingly,
Neuber modified Eq. (1) to include this flank angle, w, {(Fi,. 2) correction as follows:

Kool

KN - IQ_W )

1+ 5= (0'/p)

Whereas Neuber's results for KTo were developed for infinite sheets, in the X-H approach the Ky
determination implies corrections for finite width sheets., Such corrections are exploited for examp?e in
McEvily and Illg (6), and Kuhn (1,3). These corrections stem bnth from theoretical work as well as
experimental investigations. Specifically, Kuhn (1), using Dixon's results (9) for a crack, used the
relation:

KTo = 1« Zk' @y/o)llz 3

with

i- 20 11/2
w
k' - ;—:_%E (for central cracks)

2o
ku = 1 - = (for edge cracks)

Here w is the plate width and 2a and a are the crack length for the center cracked ard edge cracked
specimen respectively.

More recently Bowie (10) has provided detailed and accurate analytical solutions for cracks in finite
width plates and has suggested a rather general and simple method for determining the stress state in such
bodies; these results can appropriately be utilized in the K-H approach.

An additional consideration introduced in the K-H approach is the stress alleviating influence

associated with the plastic deformation which takes place at the tip of the notch. The plasticity cor-
rection is of the form:

E
1
ot lety-Dp )

where E; and E; are secant modu’il corresponding to o,,, and to the average stress remote from the notch
respectlvely.

Letting the maximum stress o,,. be redefined as the ultimate strength, oy, then E; can be identified
as E,. [If attention is further con?ined to cases where the net section stress at failure, Sy, is less

than the yield strength, ¢, i.e., Sy < o,, then the average stress remote from the notch is in the
elastic region and E; = E.Y Eq. (4) then !an be written as an ultimate strength factor, K;:

E
K, = 1o (K -1 g (s)

Subject to the corstraint Sy < oy On the other hand if Sy > ’ the K-H approach implies Eq.(5)should be
written as follows:

B
ot 1Oy Ty ()
(EE)
when Ey, is the secant modulus corresponding to the net stress, Sy.
Summarizing then for the notch specimen, the ultimate strength, o, is given by:

“ " K, xSy (78)
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and
Koe ol (a/0)1/2 (7d)

These relations represent the K-H approach and provide the predictive tools for determining the
residual strength of a notched body starting from its original geometry and related theoretical stress
concentration factor. The latter can be determined using either analytical or cxperinental approaches,

feeding s size factor consideration into the consideration via the Neuber particle concept and finally
incorporating a plasticity correction.

When these relationships are combined for a finite width plate and are interpreted in terms of a
crack instead of a notch, i.e., p -+ 0, then the final ultimate strength factor, K,, appears in the form:

[ 2, (l/p')llzl :# (8

and the strength in the form
e, = K S 9)

Note that ¢* , presumably a material constant, must be experimentally determined and k,, defined by Equation
3 accounts for the width effects and must be determined either experimentally or nnalytically

Hudson (11) spplizd this approach to s specific stainless steel and by taking care to minimize the
buckling influence found it had satisfactory predictive capability. For the material investigated he
found that the Neuber particle paramecter was approximately 0.18 inch. This is undoubtedly large relative
to microstructural elesents and confirms the feeling (as hss been suggested by others including Kuln) that
the quantity p' should indeed be considered only as a parameter in Equation 1 and not necessarily a material
related constant. Hudson showed quite effectively that the results of residual strength tests were signifi-

cantly influenced by buckling and that the K-H method applied in the present form only il buckling were
inhibited.

Broek (12) observed that cracked sheets frequently exhibited slow crack growth under increasing

loading prior to final rapid fracture. He noted that the initiation of this slow crack growth sppeared
to be governed by the relation:

W2 oL

o (8 1c a0
when ¢; is the nominal (gross) stress at the instant of initistion of slow crack extension, a, is the
initiai crack length, and K is plane strain fracture toughness. Broek, however, had some reservations
as to the physical ac:eptab1§ity of this criteria since it had also been observed that sheet specimens
with cracks initially induced at 452 to tae surface continued to extend slowly under static loading in

s shear mode. This appeared to be incompatible with the Kic quantity in Fq. 10. He noted, nevertheless,
that initiation of slow crack growth appeared to occur at a value of ¢; (a )% which was relatively
independent of the thickness, thus tending to confirm Eq. 10 (since Xjc is generally presumed to be s
saterial property and hence independent of thickness).

Broek attempted to predict residual strength of sheet panels by incorporating this slow growth
consideration. Using as a starting point resistance curves of Chapter I as shown in Fig. 3 (see als>
Section E-8) he notes the crack is stable and does not extend if ¢ < o4, but at ¢ = o; the cre¢:k slowly
extends under the influence of increasing stress following the curved path shown, At 2 vslue of gross
stress where o = s, (point F in Fig. 3}, the crack becomes unstable and extends catastrophically. It is
clear from Fig. 3 that analytically this instability governing unstable growth, hence residual strength of
the panel, is given by the simultaneous condition that the two curves (i.e., the resistance rate R curve
and thc energy release rate G curve corresnonding to the initisl stress T ) muct hava & snmman amnii:ote
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when V and N ave related to the R and G curves as follows:

and

This latter condition way fivat developed bz Orowan (13). 1t should he noted that wherean Hqs, 11 are
agpltelhlo to crack instability whether it be ductile or brittle crack extension, Kq, 11b s superfluous
if only the brittle mode of extenaion ia involved; thus reducing to the single commonly recognized
Griffith velation, Bq. 1ia,

When Bgs. 11 were applied to a sevieos of large panels, the followiny relationship was developed as a
rearonable criteria for vesidual strength:

% ag ® gonstant (12)

where Y dopends upon material. Broek suggests on the basis of sdmittedly limited data that the eritical
cvack length, a,, is proportional to the initial crack length, a5, in the farm:

[
.0 ﬂdo

80 that Bq. 12 can be rewritten in the move useful form for design:

% ag = conatant (13}

Thus, for a given material, two tests should be adequate to determine the constants. Eq. 13 is in effect,
then, a relation for pradiction of residual strangth in terms of gross stress, ¢ , and initial crack
length, a5. Limited data in support of this type of relation arv provided in Bréek's papar; this data
relates to thin cylindrical pressure vessels and stiffened panels as well as unstiffened flat panels.
Extensions to incorporate finite width effects were not entirely satisfactory,

An attempt to provide a finite width correction for flat panels is discussed by Droek (14). He
essentially used the scheme similar to that suggested by Biuhm (15)., Broek assumes an “R" curve which is
independent of width but introduces for the "G'* curve a relation which takes into account the finite
width of the panel. ‘These are then introduced into Eq. 1l leading to the relation between a, and
8; as follows:

ra

wa-l
* - e Ctm— ————
s, LA sin "

For the special case when a,/w is kept constant, Broek shows that this approach leads to the prediction:

vcwl/Zd « constant (14)

Pigure 4 tuken from Broek (14) tends to support the reasonableness of this spproach, Buckling of cracked
thin skin specimens introduces further difficulties into the interpretation of the results which Broek
(14) also discusses briefly,

In a later paper, Broek (16) suggests that, at least for the two materials investigated: 2024-T3 and
7075-T6, the criteria (Eq. 13) appeared to be .pgropriately independent of the sharpness of the crack.
This conclusion was based upon & comparison of the behavior of specimens containing a saw cut in
contrasted to ones with a fatigus crack generated at two levels of altermating stress. Broek (17) also
investigated rate of loading effects and showed that over a range of loading rates such that the test
duration varied from approximately 0.4 sec. to 30 minutes, tests on 2024-T3 exhibited no influence on the
sbove criteria for residual strength,
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Appendix 1v-3
CRACK PROPAGATION LAWS

J. I. Bluhm

a. Introduction

Fatigue has generally been characterized by several stages; nucleation (at "defects") of cracks, micro-
crack propagation and coalescence, macrocrack propagation and, finally, catastrophic fracture. Nucleation
appears to occur very early in the fatigue life of a body and is considered to be the consequence of
repeated cyclic slip. It is also clear that nucleation of microcrucks is net restricted to a single site
in a given body; generally a number of such microcracks will develop at various sites. These microcracks
will then grow at different and not necessarily continuous rates; eventually one such microcrack wiil
dominate in the growth process and become the macrocrack which leads ultimately to final failure.

Since the gross stresses at a point are amplified by the presence of a geometric notch, it is not sur-
prising that nucleation, initial microcrack growth and even early macrocrack growth is usually associated
with such regions. In the vicinity of a notch, microscopic regions containing defects are subjected to
stresses representing the product of the stress concentration factors of the notch and the microdefect.

If we consider for illustration a simple case of a plate with a relatively blunt notch per Fig. 1,
then one may identify certain of these regions of fatigue more readily. 1In Fig. la we observe the grossly
expanded region of the base of & notch showing ranresentative grains, each having its own anisotropic
characterization, its own subgrain boundaries and otherwise generally loazded with other defects such as
dislocations, inclusions, voids, etc. As a result of the.external cyclic loading, damage occurs at some
of these sites and eventually at a number of these sites microcracks as shown are formed. These are dis-
creet disconnected cracks with random orientation depending upon both the stress state and the given orienta-
tion. With repeated cyclic loading more sites may contribute to microcrack formation and some of the
existing ones will grow and coalesce with others; eventually the growth will be restricted to one or two
such cracks and a single ''dominant'' crack will prevail. Figure 1b suggests the appearance of such a
dominant crack. It has been observed that generally the initial dominant crack tends to be of st an
inclined angle to the tensile loading whereas at later growth stages it tends to follow a path perpendicular
to the load direction; these have been identified in the literature on Stage I and Stage II crack propaga-
tion. It is noted that since the 'length" of this dominant crack is of the order of the radius of the
notch that the stress state at its crack tip is a function of both the applied load and the initial notch
geometry; at this stugc of growth the notch geometry cannot be ignored in determining the levels of stresses
at the crack tip. The crack is undergoing a transient stage of growth "feeling' initially predominately
the effect of the initial notch. When the crack has extended further as in Fig. lc, such tha% the crack
is relatively long compared to the notch tip radius, then the effects of initial notch configuration may
be ignored; only the crack configuration becomes significant, we identify this regime as the "steady state"
regime. "Steady state" growth continues to take place until the crack ceaches a critical size at which
time catastrophic fracture or ductile collapse as in Fig. 1d takes rlace. This presumes that the plate
is large enough so that critical crack size is achieved before the . uence of the free edge of the plate
starts to affect the crack tip stresses.

In the present, we shall confine ou> attention to this ''steady state' regime of macrocrack propagation.
For the reader who is interested in details relative to the ear!icr stages of fracture including pertinent
design approach and/or discussion relating to the breakout of fatigue regimes, one may see typically
creferences 1-18.

b. Representative Crack Propagation Laws

A brief glance at Table 1 taken from reference 19 would suggest that, at least as of that writing (1967),
there appeared to be no generally accepted predictive relation for crack growth. More recent surveys by
Barrois (20) or Pelloux (21) tend to confirm that status even as late as 1970. In view of the transient
and developing state of knowledge in this specific area, we will not attempt to identify the appropriate
propagation law but rather we will describe several laws of current and/or historic interest and describe
where possible some of their limitations. Christensen and Harmon (19) has noted that most of the various
relationships proposed in the literature are reascnably valid for the restricted ranges of applicability
for which they were developed, but that generally they did not provide sufficient generality to account,
explicitly, for many of the loading parameters known to be significant. Only a limited number of available
“laws" explicitly take into account even the more obviously pertinent material properties as such; they
are iustead generally incorporated in experimentally determine '"constants',

(1) One load parameter laws
Most early crack propagation studies attempted to correlate the cyclic crack growth rates, da/dn,

to various functions of the instantaneous crack length, a, and the alternating stress, ¢ . Many of those
relationships can be expressed approximately in the following functional form* a

da

o " f(cn,l.Ci) )

The following discussion is largely borrowed from the paper by Paris and Erdogen (23).
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where the C;'s are (hopefully) constants selected to fit the experimented data. Note that in this form
only one load defining parameter, ¢, enters explicitly into the relations. In this form, then, generaliza-
tion to cover load variables is limited. NeVertheless, it is useful to examine a number of such relations

which have been proposed. Head (22) suggested a model exploiting rigid plastic work hardening elements and
developed the form:

s ¢, o8 §3/2
a
In - v S . (2)

Where C, reflects a combination of material properties slightly dependent however on mean stress, C, is the
yield s%rength and v, the size of the plastic zone at the crack tip. As pointed out by Paris and Erdogen
(23), Head (22) assumed w_ to be a constant where as Frost and Dugdale (24) observed it to increase with
crack length; Irwin (25) Rad shown that w, * ¢2 a. When this was introduced into Eq 2 Paris and Erdogen
obtained Head's 'corrected" law 4:

2
da G @
dn 62 -0 (3a)

This may be reduced assuming K2=G 2 3 (for an infinite plate) to the form:

C. X 2 1/2

da 3 ‘max 3

o - C aI‘z | (30
2 " “max

Note that whereas Eqs. 3 do in fact reflect the situation where the plastic zone may indeed increase
with crack length as observed by Frost and Dugdale (24) and as might be expected in constant load tests, this
is not necessarily a valid generalization, For tests in which ¢2 a is maintained constant then according to

Irwin (25) the plastic zone would be constant, Frost and Dugdale proposed another such one parameter
relatic::

52 (4a)

where C; is a constant depending both on material and mean stress. In normalized form* this can be expressed
as:

3
da € Xnax
" T (4v)
Paris and Erdogen (23) suggested the relation:
£ - can ®

where AK is the stress intensity factor range of K. They plotted limited crack propagation data for hoth
2024-T3 and 7075-T6é aluminum alloys; this data from several sources and covering some six docades of S8 are
shown reproduced in Figs, la and 1b. It is suggested by the authors that this data appears to substaiitiate
the exponent 4 in Eq. 5§ as a good engineering approximation,

Barsom (26), examining the crack propagation rates at the higher range of energy release rates
(or K's), quotes work of others to suggest that observed accelerated growth rates st & higher AK's are
associated with & superposition of ductile fracture on the fatigue striation mechanisms. This ductile
fracture mode intuitively would be expected to increase the nggurout fracture toughness; hence a fatigue
dilemma crops up; the toughness increases, but nevertheless the crack propsgation also increases. The
transition behavior discussion by Wilhem (27) is more consistent with the overriding influence of increascd
toughness. Barsom basically suggests a relation equivalent to:

g%- cax® (6)

but points out that & trangition occurs (see Fig, 3) when the range of the crack opening displacuont,g.o.
is approximately 1.6 x 10°3 inches. The crack opening displacement,5, is defined by the relation s = G ,
where G is the elastic energy release rate and o yis the 0.2% offset yjield strength, oy

“For purposes of this reviow we shall express all crack growth rate, not only in the original form (with
minor editorial changes) but also in a form expressed in stress intensity notation; i.e., Ky,., or AX and
R, the max stress intensity factor and the stress or load ratio RW e . /o ep . /p... . We shall further
attempt to reduce all results to the infinite plate case to provide a cmo'ﬂxbds“fo 'fvaluation. Such
forms will be called the "mominalized’ or ‘reduced' forw.
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Youngs modulus, and Poisson’s Ratio in a constant C. This constant, furthermore, tales on distinct
values for plane strain aad plane stress. Beeuwkes provides impressive evidence that the large bulk of
valid dats (excluding only data for which buckling was not inhibited in thin shecet specimens) fits this
predictive relation closely:

Prost and Dixon (29) suggested the relation:

d
a% - Cc3 a {78)
or in reduced form:
3
ds cl Kmax
dn I (7b)

which is identical to that of Frost and Dugdale (Eq. 4).

Pelloux (21) has suggested a direct relation between crack growth rates and the Crack Tip Opening
Displacement (CTOD) in the form:

2

o, ®

b 4
where gys E are the yleld strength and clastic wodulus respectively.

g-;- « 1/2CTOD =

o -
]

Most of the crack propagation studies reported in the literature relate to unidirectional loading.
Using quasi elliptical flat plates with thru thickness cracks, Joshi and Shewchuk (30) were able to study
the effects of biaxial loading on crack propagation rates in 2024-T351 aluminum alloy. Their limited results
are shown in Fig. 4a and 4b. They were able to account for biaxial stresses by using an effective stress
intensity factor based upon the maximum straia energy theory for failure. They defined the equivalent stress

intensity factor as Ke = ¢, a't where T 12 -vﬁ_ ¢, and as shown in Fig. 4b obtained excellent
nominalization.

{2) Two load parameter laws

In order to include effects of mean stress, a number of 'two load parameter” equations have been
proposed. Paris and Gomez (31) suggested the functional form:

48 . ¢k Faax ] 9
, Tn
dan max* X
but provided no explicit suggestion for the functional form.
Broek and Schijve (32) recognized the need for unambiguously defining the load parameter (at
least for simple loading) and suggested the form:
-CR
$.ce? @ nerowny (100)
or in reduced form
-CR
ﬂ% = G 2 Kuxs (10b)

where: C C are constants
R ii the stress ratio ¢
a is the half crack leng%
b is the half plate width

This form leads to & linesr relation when log is plotted against log K with slope equal to 1/3. Data
from Broek and Schijve (32) shown in Fig. 5, sgg;s marked deviation from such linearity thus casting some
doubts on the global validity of this form of relation. It is worth noting that this “raw" data does
however highlight several features: (a) curv:s for different R's are distinct, (b) a tendency for a
“threshold" level of exists below which approaches zero, and (c) at high value of Kgyx there is
evidence of exaggerated crack growth. Broek i—gchijve did not attempt to build these latter behavioral
characteristics into crack growth laws.

Forman, Kearney, and Engle (33) suzzested the fol]ouin; alternative form which cxplic!tly predicts
the exasgersted growth st high AX: )

R [
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c
or recognizing &K = (1-R) Ky,
n-1
gg- . C1 (1-R) Kmax (110)
n Ke ~ Knax

Here C and n are material and numerical constants respectively, and K, is the critical stress intersity
factor for fracture. Representative results taken from Forman, et., al. (33) are shown in Fig. 6.

Tomkins (34) starting from a simple shear flow model derived the following relation:

da
& - cado_a (12a)
or
da 3 4 1
n " Cl (1-R)” (14R) K x ry (12b)

Figure 7 shows some of his results.

Hudson and Scardina (35) evaluated wide sheet crack propagation rates with R values from 0 to
-0.8 and compared the results with the prediction relations of Paris and Erdogen, Eq. 5, Broek and Schijve,
Eq. 10 and Forman, et. al., Eq. 11. They concluded that the Forman relation represented the best fit.
Figure 8 shows those three relations superposed on data for different R values. Agreement with the Broek
and Schijve data, though fairly good at low AK's, is poor at the higher level. . Comparing the Paris and
Forman relations, the latter appears to be in better agreement with this data; additionally it incorporates
the load ratio parameter R in explicit form whereas the Paris relation requires experimental determination
of a constant for each value of R.

It is noted also that the Forman relation, Eq. 11, predicts the "5'" shaped response curve; i.e.,
"accelerated" growth rates at the higher K's and decelerated growth rates at the lower K's. It predicts,
in fact, a catastrophic rate as K approaches K. which is intuitively satisfying though the infinite rate
actually predicted is not compatible with observed behavior of relatively tough materials. This relation,
furthermore, does not predict threshold behavior (value of AK below which crack propagation does not occur),
except for the limiting case of AK = 0. Recent papers by Bucci, et al (38,39) discuss this threshold
phenomena. Bluhm, et al (40} and Johnson (41) have proposed semi-empirical relations which, not only show
a form which can account for the high AK acceleration, but which also address the threc“old behavior at
other than zero stress states. The Bluhm relation follows:

g-,‘-‘; -« ¢4t = (13a)
[1 ] Km.x]
W
Kc
or in reduced fom,
K n
max
. o]
i c A (12b)

Kaax

]
[

] -
where:
akK, is the threshold level of AK

K.* is the effective fracture toughness at the fatigue stress level and includes terms oxplicitly
to account for thickness and stress level

C, m, n are constants

Johnson (41) proposed a similar relation essentislly as follows:

1/n
K, - A
da t ] (148)

as'“"[r?-rzr

<
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or in reduced form
1/n
K,~ - AK
da 1C
AT B s (14
IC max

Where AK, represents the threshold level of the range of K.

These relations predict the trends observed at the extreme of applied AK's. Pearson (42,43) has used
the fellowing modified Forman relation to correlate data on several aluminum alloys using half-inch thick
specimens:

da . yp _ CAK
dn [0 Ko - AKT

(15)

This yields fair correlation over much of the intermediate range of test conditions, but crack rates are
underestimated at low rates and at high mean stresses.

Mukherjee and Burns (44), recently investigated effects of loading frequency, mean stress, and the
range of stress intensity factors on crack growth rates in polymethylmethacrylate and suggested the form:

g% = yf£2 Kbmean (oM (16a)
or (in reduced form)
b
R [IE—R ]“'R)c (16b)

where y, a, b, and ¢ are material constants determined by a multiple regression analysis and f is the
frequency of loading.

Correlation with experimental results is shown in Figs. 9a and 9b frow their paper. They claim a
discrepancy of less than 15 percent between the experimental and predicted number of cycles over the
limited range of frequencies and crack lengths investigated.

c¢c. Programmed and Random Loading

In many structural applications, particularly for aircraft, the loading is neither simple harmonic nor
is it maintained at a fixed amplitude. It is therefore of major interest to designers to have design formula
for treating such cases. One may consider two major classes of such complex loading histories: programmed
or block loading as shown in Fig. 10 and random loading which is defined generally in terms of the spectral
power distribution.

Consider first the load history such as shown in Fig, 10. Here a simple cyclic load is maintained at
constant peak and constant mean stress for a large number of cycles and than these two load parameters are
changed to a new set of arbitrary values and again maintained constant for o significant number of cycles.
These changes may be effected a number of times in the life of the component in question.

An obvious and simple approach to dosign is merely to use a sclected one or two load parameter equations
for crack growth rates and apply it repeatedly for each block of uniform loading. A number of investigators
have examined the behavior of cracks growing under such conditions. McMillan, et al (45) concentrated on
measurement of fatigue striations noting the changes in striation appearance and spacing at different load
levels. He reported computed rates which are unconservative though not in ervor by more than a factor of
two, Studies by McMillan and Pelloux (45) of single overloads show, furthermore, that such overloads
generally tend to cause crack growth retardation. Matthews, et al (46) have observed (for cyclic loading)
that step increases in the stress intensity factor led to a significant transient exaggeration of the crack
propagation rate before it settled down to the anticipated "steady state' rate. [n neither of these
last studies, however, were crack propagation laws suggested to account for this phenomenon. Though a
number of investigative and/or exploratory studies are underway covering various aspects of programmed
loading and even random loading, little has been crystailized with respe:t to practical design laws.

In the area of random load fatigue testing, an excellent review of the state-of-the-art is provided
by Swanson (47); that review also provides an extensive bibliography pertaining to crack propagation under
random loading. Although a number of the investigators referenced thorein have experimontally determined
crack propagation rates under various random input, no explicit ''laws" were proposed, Examinati.on of
papers v sented at the recent Symposium of the International Committee on Aeronauticel Fatigie (48,4v)
tends to reinforce the thought that emphasis in fatigue is being directed more and more toward thy random
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load approach. A number of models for behavior under random load were presented; o definite laws have bheen
generally acceptable. The papers by Diamond, et al (48) and Wood (4¢) reflect current direction toward
developing rational laws for “life" in lieu of crack propagation rates. Bussa, et al (50) proposel o
detalled and sophisticated "life prediction model” for random loading bascd upen the relatioa:

Life = cx? @’ o 1)

where:
C, a, b, ¢, and d are miterial constants
K¢ Is the stress concentration factor
>is the maximum nominal stress
P is the probability of maximum load occurrence .
E is a low load eliminntidn fuctor.

Example applicaticn to tle simpla constant amplitude condition led to prediction of 10 x 105 cycle whereas
actual life was 3.5 x 105 cycle, somewhat on the unconservative direcrion.

Another rather general approach to the life prediction approzch to the random loading process is
suggested by Erisman (51) in wkich he basically adopts Miner's rule but assumes

n
T, el

i "i

is permissible. Then defining four parameters which form the basis of his "M.1.S.8." method he proposes
the relation:

R f(Pm'pj'pp'Dq) (18)

whcre:‘
P, is the parameter defining the Mean stress effect
Pj is the parameter Jdefining the Interaction effect (between mean and oscillating stress)
Pp is the parameter defining the Spectral effect and
glis the parameter defining the Sequence effect
No results are discussed in the paper.

d. Geometry and/or Structural Considerations

Most of the discussion thus far has related to homogeneous monolithic, isotropic materials, and,
in fact, wost of the fundamental understanding of fatigue to date his stemmed from studies on such materials.
However, it is important practically from the arronautical or structural enginecr's point of view to be
sware of the effects of other considerations such as thickness effects, or structural stiffening effects,
etc, on propdgation Isws. In fact therc is a major critical yap in our knowledge of crack propagation as
related to whole ¢’ .s<2s of advancel materials such as composites.

It would appea— straight forward to presume that inasmuch as geometry, thickness effectsangd stiffener
effects cause periurbation of cither the stress state at the crack tip or of the effective fracture
toughness (hence the pertinent material constants) that many of the formulaticm already expressed ecarlier
would be appropriate as long as one takes the perturbationm into account.

Thickness, for example, is well xnown to influence fracture toughness (52-56) and as such would certainly
be a significant factor to be routinely incorporated into such crack propagation laws as Forman Eqs. lla,
11b, etc. where the toughness pa~ameter is explicitly visible or in other relations such as that of
Mukherjee Eqs. 16 for eaample in which the toughness is undoubtedly expressed implicitly in some of the
material constanss.

Geometry effects which influence the stress distribution (or the stress intensity) would similarly
he evpectsd to hava sienificant effects. they can be routinely taken care of, provided the stress perturba-

.
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upon width effects in pl1te= in order to cnmpensate for the practxual recognition that structures are not
infinite in breadth but rather finite. There are appreciable results of stress distribution and/er stress
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intensity factor studies in the literature for isotropic, monolithic structure. The recent review by Pzris

and Sih (57) is a good source of such data. Bowie (58), more recently, summarized development of a
modified wapping-collocation technique which hcs been applied to finite orthotropic as well as isotropic
media and has wide applicability. Structurally significart detail such as stiffened panels, rivet effect
cylinders, etc. have also been studied, (59-63) and stress intensity factors, or their equivalent,
determined for such varied configuration. These various analytical and/or experimental results of stress
distribution near crack tips will undoubtedly be a principal input to the crack propagation relationships,
independent of which form(s) is eventuaily proven to be most useful for design.

TABLE 1 - Fatigue-crack growth equations

Date Investigators Equation
1935 to 1936 DeForest and No equation, but one of earliest experi-
Magnuson ments designed to measure fatigue-crack
growth,
1938 iLanger and No equation, but first suggestions con-
Peterson cerning the irclusion of crack propagatior

data into cumulative damage rules.
1953 Head azan = 32
1956 McClintock {d(1/h)]/{d(eh}] = l/AYf[ln h/2p -
1/2(1 - 4p2/h%)] -+ in torsion

1957 to 1958 Frost and Dugdale dl/dn = constant ... constant stress

d1/dn = Ac’l ... constant load

1958 McEvily and I1lg oi/dn = 200¥%) where o = 1/:01)732
-1
1961 Hardrath and log) o (0.0051 Kyopop - 5.472 -
McEvily R
38/K e . - 34))
1960 Schijve dlfin = u‘%”
1954
1956 Weibull d}/dn = xw.ia ... constant cyclic o
1960
[damlar = k@ Pyia - Py ...
constant cyclic load
4
1961 Valluri di/dn = KI/[Q1 - U/W) e
2 2
(1 - ci/ccrk) (1 «R)
1961 Denke and aan = TAN/O - 110"
Caristensen
1961 Paris, Gomez, d1/dn = K. . o J1/20
and Anderson
1963 Liv di/dn = el
1965 Manson dl/dn = cu;-,¢ﬁ)°
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Appendix 1V-4
EgYIRONMENTAL EFFECTS IN FRACTURE

H. H. Jchason

" a. Introduction
Failures in aircraft structures and components are often adversely influenced by environmental factors.
Since environmental cracking is more frequently encountered with the higher strength materials used in
advanced structural systems, the arez has received much attention in recent years.

Some important characteristics of environmental cracking are:

environment-influenced cracks in service structures often emancte from prior flaws or

.
metallurgical heterogeneities.

. it often commences at stress levels well below the normal non-environmentally influenced net 3
section yield strength or fracture stress, ;

. the crack grows slowly'in the opening mode under the combined influence of the stress state %
and the environment. :

. rapid fracture will occur if the crack grows to a length such that the remaining section is ;

overloaded.

] environmental cracking is more prominent with higher strength materials; the stress to initiate
the crack growth process may be much lower due to the adverse effect of increasing strength level.

the environment chemistry to cause cracking is much less specific or unique for higher strength
materials, with aqueous media of most interest,

) the environment may catalyze crack initiation and growth under both static and dynamic loading.
The inclusion of environmental effects in fracture phenomena necessarily leads to a complex situation,

in which the description of fracture must be largely phenomenological., This is evident from a schematic

representation of the essential components of the environmental cracking event, Fig. 1. Metallurgy,

chemistry, and mechanics are involved and are not easily separated,

The locus of the environmental cracking event is the crack tip region, where the essential interaction
occurs between the environment and the stressed and plastically deforming material. Since characterization
of the plastic zone is as yet primitive and the chemical interactions in the crack tip region are not
easily studied, it is not surprising that quantitative understanding of environmental cracking remains

largely at the macroscopic level,

b. Testing Methodology

The classical method for evaluating susceptibility to environmental cracking is to immerse a stressed
specimen, usually with a smooth test section, in the suspect environment and record the time to failure,

The environmental cracking characteristics are then concisely summarized by a plot of nominal stress vs
This allows a good characterization of the metallurgical and bulk environment factors,

time to failure.
but the mechanics are poorly described by the nominsl stress, especially since multiple cracking is often
Quantitative correlation of laboratory test data and service performance is therefore not

observed,
foasible.

A further characteristic of this procedure is that it is largely a test for crack initiation., An
identifiable crack ususlly sppesrs rather late in the test life, often well after 50%, and the crack |r
then propagates rather rapidly. Failure times are controlled mainly by the material-environment inter-

p o ' action at the smooth surface.

As with other fracture phenomena, it is useful to consider environmenta. cracking as composed of two
’ : phases, crack initiation and crack propagation. Initiation refers primsrily to the formation of & crack
at a smooth surface, and propagation to the growth of a crack, either subsequent to the initiation phase

or from s preexistent crack-like flaw,

The classical procedure is primarily sn initiation test; it is ofton useful as a screening device,
particularly for lower strength materials. Howsver, it has on occasion been dangerously mislesding in the .
senso that it has indicated immunity in environments where service experience has Jemonstrated otherwise.

For example, examination of service failures in high strength steels shows that environment-influenced
fracture cracks almost invariably grow from prior flaws, and this circumstance is just not evaluated by
the classical testing procedure, snd a testing procedure which focuses upon crack propsgation character-

istics is essencial,

Titanium alloys in aqueous media offer s second example of the separate importance of the initiation
and propagation phases, Few service failures have been experienced with titsnium alloys in squeous media,
yet laboratory tests with pre-cracked specimens suggest that these alloys have a substantial susceptibility
to such media, The key factor is apparently the tenacious and rapidly forming film which is characteristic
of titanium. In smooth section tests this film is Yrotocttvo; in pre-cracked tests where the stress is

film is apparently unsble to reform and be protective.

applied subsequent to the environment, the broken
The former case is in better accord with service experience, where it appears that film reformation often
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occurs at the tips of flaws or crevices prior to exposure to the environment, and this limits the
susceptibility to environmental cracking, As a result, titanium alloys have a bettur record in servicu
than in the iaboratory, with respect to ¢racking in squeous media,

e¢. Feoacture Mechanics Approach

It has now been demonstrated that test procedures based upon linear elastic fracture mechanics are
sdequate to predict and interpret environmental cracking phenomena when crack propagation is the control-
ling feature (1, 2). This approach is at present most useful for materials of intermediate and high
strength, where coaditions are such that tne size of the plastic zone avound the crack tip is a small
fraction of the specimen or structure dimensions, 1.e., the material is in plane strain.

within the fracture mechanics framework, the stress intensity factor (a quantitative measure of the
locally elevated stress field surrounding the flaw and the associated plastic zone) is taken as the driving
force for crack extension. It is appropriate, then, to consider on an experimental basis whether or not
the stress intensity factor can correlate data from different specimen geometries and from structural
failures.

The available experimental evidence does, in fect, strongly indicate that the stress intensity does
correlate such data (1, 2) and is more suitable for that purpose than any other measu.e of the stress
state. The evidence (1, 2) may be summarized in the following categories:

(1) Threshold stress intensities (Kiscc) are identical when measured by both crack initiation and
crack arrest techniques (1-3). With end loading and crack-line wedge loading of center-cracked specimens
of Ti-8Af~1Mo-1V alloys in 3-1/2% aquecus solutions of NaC{, good sgreement between crack initiation and
crack arrest stress intensities was obtained with}? the stress intensity range of 20-25 ksi-inl/2 for
initiation in end loading and within 20-22 ksi-in for arrest in wedge loading. The net section stress
incceases with crack length with both loading configurations; however, concomitantly, the stress intensity
decreases with wedge loading and increases with end loading. The existence of crack arrest with wedge
loading, therefore, illustrates the importance of che stress intensity factor, as opposed to the net
section stress.

(2) The invariance of the threshold stress intensity with specimen®geometry has also been demon-
strited with high strength steels (4), Fig. 2. Identical threshold stress intensities are observed for
the three geometries, but systematic differences in failure time, and therefore crack growth rate, are
noted. These distinctions reflect the different functional dependeces of stress intensity on crack
length for the three specimens and suggest that envirommental cracks grow faster at higher stress
intensities.

(3) Turning to crack propagation experiments, several lines of evidunce suggest a unique relation
exists between crack growth rate and stress intensity for a given material-environment system. Fig. 3
presents results of a constant stress intensity propagation experiment for high strength steel in water (1).
These results show that constant stress incensity is clearly associated with a constant growth rate; over
the same interval of crack extension the net section stress varies,

(4) For the Ti-8Af-1Mo-1V slloy in 3-1/2% aqueous solutions of NaCl, crack growth rates (3) from
both end loaded and crack-line loaded specimens fall on a single curve, Fig. 4, when correlated in terms
of the stress intensity factor.

Although more experimental data would be desirable, that available strongly suggests that the stress
intensity factor is the appropriate parameter for characterizing the stress state in envirommental
cracking phenomena. Tiffany and Masters (S) tested wet and dry surface-flawed specimens to 1llustrate the
cetrimentsl effect of moisture and to compare the wet specimen results with a hydraulic actuator which had
failed in the presence of moisture. Fig. 5 shows their results and the good correlation which they
obtained on s stress intensity basis.

The threshold stress intensity is perhaps the single most important parameter descriptive of environ-
mental cracking. Although occasionally there is some question as to whether or not it is an absolute limit,
it always indicates s very sharp change in environmental cracking characteristics, with virtual immmity
at the lower stress intensity levels and dangerous susceptibility at the higher levels. Therefore, it is
the single most important design parameter to characterize the cracking phe.omenon.

Crack growth rate measurements in many systems have shown a general correlation of these rates with
stress intensities, as shown in Fig. 6. V-k curves of this characteristic shape have been observed for a
wide variety of material-environment systems, including steels, titanium and alumimm alloys, and glass,
Not all material-enviromment systems necessarily show sll three regimes.

Environmental parsmeters, e.g., temperature snd solution chemistry, are often observed to have
different effects on the three regimes, suggesting that different mechanisms may operate in different
regimes. In scame instances regime II is associated with crack branching; this may represent s quasi steady
state in which the environmental reaction occurs at s rate just sufficient to keep up with the propagating
ecrazk.

For some systems, notably steels and titanium alloys, regime I becomes vertical at a sufficiently low
stress intensity, demonstrating the existence of a true threshold for environmental crack extension.
Furthot. fot both systems it is gunotllly not possible to manipulate crack growth rates over orders of
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ror siuminum alloys the existing data do not indicate a true threshold strass intensicy; rather,
regime I becomes steeper at low stress intensities but does not appear to approach a true vertical
asysptote. However, growth rates may be varied over many orders of magnitude for aluminwa alloys by
appropriate varistions in composition, processing, anc heat treatment schedules. Safe performance in
quite long, but finite, life applications may be assured by this approach, even though stresses may
exceed the threshold stress intensity.

It is generally observed for stecels and titanium alloys that crack growth rates are short, ranging
from & few minutes to a few hours, for a wide variety of processing and thermal treatments. Threshold
stress intensities are usually unaffected by procedures which do effect changes in the crack growth rate,
There has been very limited success in improving the threshold stress intens.ty by methods which do not
simultaneously lower the yield strength. This is eviden® from studies (7, 8) of the environmental crack-
ing behavior of maraging steels in aqueous media after a substantial variety of thermsl treatments, and of
4340 steel with different prior austenite grain sizes.

For high strength quenched and tempered steels the threshold stress intensity is quite sensitive to
strength level (6), Fig. 7. The rapid drop in Kjgoe at strength levels in the range of 180,(00-200,000 psi
is fairly general, and consistent with the much gfgﬁer incidence of service failures with high strength
steels, .

A major limitation of the critical threshold stress intensity concept tor environmental cracking is
that it is essentially a static loading concept. Available evidence suggests that the static Kiscc is of
little relevance in situations involving dynamic or cyclic loading., Environment-accelerated fatigue crack
growth has been observed at stress intensities well below Kygec. Environmental crack growth under cyclic
loading is strongly load-frequency sensitive, as would be expected from a process involving interaction
with the environment. At sufficiently high frequencies the crack growth rate is unaffected by environ-
mental factors; the effect becomes more proncunced as the frequency is decreased.

It appears that in some structures, particularly in aerospace and military applications, environment-
accelerated fatigue crack growth may well be the life-limiting process for the structure. More experi-
mental attention to this area might be desirable.

In many experimental and practical situations, the crack grows at a controlled rate under stress
state circumstances that require an increase in stress intensity. It has been observed (1) that when
the stress intensity increases to the level corresponding to the fracture toughness of the material, e.g.,
Kic, an abrupt transition to rapid and unstable crack growth occurs. In other words, the basic fracture
toughness is unaffected by the environmental interaction, which apparently can be described in mechanical
terms as a local instability at the crack tip. There is no bulk degradation of material properties, and
the effect of the environment is localized to the surface or near surface regions.

d. Mechanistic Considerations

It is evident that the micro-mechanism of environmental cracking involves aspects of chemistry,
mechanics, and metallurgy in a complicated fashion. Not surprisingly, there is little agreement among
investigstors on the mechanisms operating in different material-environment systems, Most suggested
mechanisms are built sround one or more of the following concepts:

(1) Anodic dissolution - the crack tip area is considered anodic with respect to more remote
regions, usually for metallurgical reasons, and therefore metal dissolution into aquecus media is concen-
trated at the crack tip.

(2) Weakening by adsorption - it is suggested that adsorption of specific species in the crack tip
region results in a loss of cohesion of the matrix atoms. The exact physical mechanism to accomplish this
is obscure, but presumably results from an alteration in the Jocal electronic structure. The question as
to whether the adsorption process is strain activated is open.

(3) Films - surface films play an important part in several mechanistic concepts. Rupture of pro-
tective films by plastic strain may be invoked to explain concentration of dissolution or embrittling
mechanisms at crack tips. Also, the continual formation, rupture, and re-formation of brittle films has
been suggested as a complete mechanism. Finally, passive films are protective and may explain immunity,
ss suggested earlier in the discussion of titanium alloys.

(4) Hydrogen - it is well known that hydrogen can embrittle many, but nct all, of the alloys that
sre susceptible to environmental cracking. It has been suggested, and currently it is a very live issue,
that hydrogen generated by corrosion reactions between the material and environment may be the actual
embrittling agent in many environmental cracking phenomena.

Some aspects of these complicated questions have been clarified by recent investigstions of crack tip
chemistry. These investigations demonstrate that the electro-chemical nature of the media at the crack
tip during steady state propagation may differ greatly from the bulk chemistry. These results suggest the
svailability of hydrogen at crack tips even when the buik electrochemistry would suggest that this was not
thermodynamically possible.

Barth, Steigerwald, and Troiano (9) used a permeation technique to ascertain the conditions under
which hydrogen is discharged into steel from an aqueous environment. Even under bulk anodic potentisls,
they found hydrogen permeation through the steel when pitting was evident on the input surface. Hydrogen
was not observed in the absence of pitting, except under cathodic potentials. For amnidis novened-v. %1
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electrochemistry of aqueous solution in tracks. From measurements Of 1OCAL PH 4NC POTERLLBL 4H LT Liaca

tir region he concludes, Fig. 8, that the crack tip solution chemistry may differ greatly from that of the
bulk sclution. ’

The solution chemistry in the crack tip always becomes sufficiently acid so that the breakdown of
water and the reduction of hydrogen ions is thermodynamically favored. This is observed for a variety of
materials, even for solutions of highly alkaline bulk chemistry, or when the specimen was anodically
polarized (2). This scidification of the crack tip solution presumably results from hydrolysis of
dissolving metal lons. Therefore environmental cracks frequently occur under conditions where the crack
tip chemistry is thermodynamically favorable to the discharge of hydrogen upon the crack tip surface.

This is good circumstantial evidence for the involvement of hydrogen in the mechanism of tne cracking
process.
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Appendix IV-5
SUMMARY OF LIMITATIONS
Preliminary Comments: J. I. Bluhm

In a broad sense, limitations to the applicability of mechanics to the fracture process entail diffi-
culties associated with several areas as follows:

a. Loading history, particularly when considered as a stochastic problem

b. Material variability

c¢. Environmental influences

d. Nondestructive testing inspection techniques for flaw detection and characterization
e. Stress snalysis covering both the two and three-dimensional static and dynamic regimes
f. Quantitative description of an adequate failure criteria

It is principally with respect to the latter two, i.e., analysis and description of a valid failure criter-
ia, that this brief enumeration of limitations is addressed.

The J Integral*

(a) The Rice energy line integral (Eq. 1 of Section E-6) applies only to two-dimensional problems;
therefore, the J approach, as currently developed, is limited to problems of plane strain or generalized
plane stress.

{b) Since the deformation theory of plasticity was used to substantiate the constancy of the J
integral, it would appear that unloading is not permissible (i.e., fracture would have to proceed under
constant or increasing loading). This would rule out applicability to materials which exhibit significant
sub-critical crack growth prior to fracture since such extension implies local unloading near the crack
tip. Additionally, as a consequence of the inadmissibility of the unloading and/or slow crack growth,
the J_ criteria appears to refer to crack initiation rather than propagation (this, however, is no more a
restriction than the ch criteria).

(c) Since material failing in plane stress generally exhibits slow crack growth, the J integral
spproach appears to be applicable only to plane strain (implied by the notation ch).

(d) The ch aspproach appears to be limited to configurations of contained plasticity

(e) Suitable J integral calibration must be developed for materials possessing plastic flow prop-
erties similar to those of the material one expects to test and for the particular specimen configurations
which are to be used (1). This should include a study of the effect of root radius.

Crack Opening Displacement

(a) Considerable controversy persists in the scientific/engineering community as to the funda-
mental nature of the crack opening displacement (COD) measurement. This controversy stems from, among
other factions, ambiguity as to what is being measured, where "it" should be measured, and how "it" should
be measured. These uncertainties are gradually being displaced, however, with further developments of the
concept.

(b) Currently the comaonly recommended position for measurement of the COD is the elastic-plastic
boundary. Pragmatically speaking, there are few existing acceptable general solutions appropriate for this
purpose. Furthermore, this elastic-plastic boundary will be dependent upon the strain hardening character-
istics of the material. (It has been suggested, however, by Wells (2) that this effect can be incorporated
into the interpretation of results in the form of a small negative crack length correction.)

{c) The COD is dependent upon stress state and this, in turn, upon specimen configuraticn

(d) The COD does not appear to be a very sensitive measure for use in connection with high strength
materials

(e} The COD, as normally determined, contains components of displacement which are not directly
relevant to the fracturing process (3)

(f) No direct connection between the COD and an actual fracture mechanism has yet been established
Resistance Method

(a) Does not directly provide a charscteristic which is unique to the material; geometry, particu-
larly thickness, is known to be critical (This is also true of other measurements, i.e., K. or COD).

*This discussion follows that in the paper by J. A. Begley and J. D. Landes: 'The J Integral as a
Failure Criterion," Nestinghouse Scientific Paper 71-1E7-MFPWR-P3, June 8, 1971; also presented at the 5th
National Symposium on Fracture Mechanics held at the University of Illinois, Aug. 31 - Sept. 2, 1971.
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{b) In the application of the vesistance method, it is presumed thut the elastic energy relcase
rate is indepundent of the fraoture mode; this still romains to be subatantiated. Ambiguity of commonly
modsured parameters arise from distinguishable fracture modes which are specimen configuration sensitive,:
steady state teariny, transient unstable crack growth, i,e., pop-in, and catastrophic unstable crack
growth provide potential measure of crack initiation resistance, crack propagation resistance and crack

arrost roesistance.

(¢) The results of the R method are sensitive to the test system flexibility (or stiffness) as
well, of course, as to the fracture mode.

The_Kuhn-Hardrath Method

As oviginally developed, the particle size, #, carried ovor from the Neuber formulation to the Kuhn-
Hardrath (K-H) technique, represented a physically acceptable concept of a critically stressed region near
tho noteh tip., However, in subsequent studies, it appeared that in order to have the data match the pre-
dictions, the "particle size" was occasionally of the same order of size as the specimen itself, thus
nogating a §hy| cal significance to the particle size interpretation of ¢. It is noted also that this
"marticle site," which was hoped to be a material characteristic, is also geometry dependent, particularly
thicknesswise, 'The general conclusion is that the particle size is merely a parameter in Eq. 1 of Section

-9 and should not be considered a material property.

The predictive capability of this approich is markedly effected by the presence of buckling. Since,
in effect, the K-H apparoach was aimed at fracture prediction in thin sheet applications, this sensitivity

to buckling is a serious consideration,

Crack Propagation laws

No universally acceptable 'law" exists even for simple tension-tension loading; few, if any, take in-
to account the distinctions betweon various failure modes, i.e., plane stress or plane strain. History
effects, though shown to be significant, have not generally been accounted for. Behavior of crack growth
rate at low (threshold) levels is only recently receiving increased interest; factors governing this
threshold level are yet to be specified. At the other end of the crack growth rate spectrum, i.e., at
high stress intensity levels (greater than ch), the behavior is essentially unstudied,

Other areas relating to crack growth in which more information is needed and which limit confident
use of existing propagation laws include: .

(a) Effects of environment

(b) Applicability te composite materials

(c) Effects of combined stress

(d) Transient behavior asscciated with changing crack front

(e) Tractable treatment of random loading

(f) Stochastic treatment of data and incorporation of reliability/brobabilistic considerations
(g) Structural arrestors

(h) Role of joints in crack propagation
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V. FAIL-SAFE OESIGN PROCEDURES

V. BASIC INFORMATION
D. Broek
V..l THE FAIL-SAFE DESICN CONCEPTS

Operations economy demands a light aircraft structure. Such a light structure will have a
limited life, not much longer than the economical service life of the aircraft. As a result of uncertain-
ties in design loads and stress analysia and the possible occurrence of minor damage to the structure it
has to be expected that cracks or partial failures occur long before the aircraft life is expendesd. Safety
then requires a structu.al design, that can still withstand an appreciable load under the presence of
cracks or failed parts. It also requires that the damage can be detected before it hag extended to a
dangerous size. The stru.ture that meets these requirements is considered fail safe [1,2,3,4] .

The damage that can occur to an aircraft structure can consist of fatigue cracks or fatigue
failures, stress corrosion cracks or failures, and of foreign object damage (bird impact, sabotage bombs,
bBattle damage of military aircraft). Fail-safety can be achieved in various ways. Four methods for fail-
safe design are depicted in figure IIA 1. Two of these (a and c) are relatively well known; the other two
(d and e) find very limited application, since they will only be used if the other two cannot be applied.

Figure VA la shows the case where the structure is made fail-safe by selecting materia's with
low growth rate and high residual strength and by adopting a design with inherent crack stopping
capabilities. This method is particularly suitable in case of built-up sheet structures. (This method is
sometimes referred to as the damage tolerance method). After some service period a crack may be initiated
(point A' in top diagram). This crack is still so small that it would not be revealed by any of the exist-
ing inspection techniques. After A hours {lower diagram) it has grown to a size that allows detection.
While the orack further increases in length the remaining strength of the structure will gradually
deteriorate until after B hours it will drop below the acceptable fail-safe strength.

The period from A to B is available for crack detection. For a safe operation there should be
at least two or three inspections in this period, since a crack of the minimum detectadle length may just
escape attention during a given inspection. Although the crack may have an appreciable length at the end
of the safe period, it will be much smaller during the greater part of the time, since the migh growth
rates occur at a longer crack. This implies that relatively small cracks will have to be detected even if
the maxisum tolerable crack is relatively large . It also implies that a amall increase of the tolerable
orack length is not significant,since the last crack propagation will take the least time.

It should be noted that it is not atrictly necessary to select a material with a low crack
propagation rate. In principle the structure can be made fail-safe also if cracks propagate fast, if only
the inspection interval is made short enough. Short inspsction periods are not economical and therefore
the aircraft may sell better if designed in crack resistant materialws. Some remarks on the length of the
inspection interval will follow later in this section.

\ special case of this fail-safe concept is the occurrence of impact or sabotage damage
depioted in figure VA 1b. This damege is so obvious that the rest of the flight in which it occurred will
be short and the pilot will be carefully maneuvring and terminate the flight at the nearest airport. It is
unlikely tha: a high load will occur in this period and therefors the acceptable residual strength level
w1y be lower than in other cases. Since the damage is obvious it will be repaired immediately.

A structure can slso be fail-safe if the design allows for a multiple load path (Fig. VA le),
i.0. if the lcad is transmitted by a number of parallel elementis. When one of these elements has failed,
peighbouring elements can take over its task, the penalty being a higher load in the remaining slements.
The top graph shows how one member fajils after C hours of service and the bottom graph indicaies how this
failure affects the residual strength., All other members of the group have experienced more or less the
same load history and therefore more of them may be close to failure. Besides tleir load is increased due
%o failure of the first element. This implies that a second element may soon fail at D and then the
strength will drop below the required safety level.

The *ime from C to D will be available for detection of the failure. If the failure of the
first element was a premature failure induced by a minor damage the period CD can be fairly long. If the
failure was not caused by special ciroumstances the period CD will fully depend upon the scatter in
fatigue lives, since all elements experienced the same load history.

The two methods discussed in the previous paragraphs are the normal concepts for fail-safe
design. It appears that orack detection is vitally important for f-il-safety. Therefore chapter VII of this
marual will be completely devoted to inspection techniques. A structure that is never inspected ceanot
normally be fail-safe. This implies that ths structure cannot be fail-safe if the oritical ~vack is so
small that it cannot be detected. Howsver, such structures can yet be made fail-gafe by means of periodic
proof testing or by means of pericdioc stripping, the two other fail-safe oconcepts depicted in figure
VA 1d,e.

In case of periodic proof tut{nc the structure is periodically lnbjootodrto a hizh vroof

[PRPUT R S T o

al flaw size is at ¥ (Fig. VA 1d). If fallure does not ocour during proof loading, flaws of this size
wers not present, At the required fail-safe lcad the critical crack size is at F. An incidental crack of
size E is not allowed to grow to F in the period between two proof loads. The time required from orack
propagation from E to F is the proof load period.
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During proof loading residual compressive siresses will be built up at the crack tip. This
will slow down subsequent orack propagation. Parts of tle structure may be under compression during proof
loading. If oracks are present thera, residual tensile stresses may ocoocur at their tips, which may
accelerate subsequent growth of the oracks in these regions.

Periodic proof testing has only found 1ittle epplication so far, The proof loading has to
occur under controlled conditions. Clearly, this is complicated and very expensive. The method may work
for structural parts that can be diemounted and tested in a simple rig, but proof teating of a complete
airframe oannot essily de accomplished.

In case of periodic stripping the surface layer of the structure is machined away periodio-
ally at locations liable to develop cracks. Of courge, this needs to be done only at places where cracks
ary likely to appear. If a flaw i-, almost of the oritical size L (Fig. IIA ls) it will be reduced to size
K if a surface layer LX is removed. The time rs juired for orack propagation from K to L (through a stripp-
ing layer thickness) will be the atripping interval. The stripping oan be followed by shot peening to
introduce favouravle compressive stresses. Periodic stripping can be a solution for expensive thick-
section struotures, if the oritical flaw is extramely amall as is often the case for landing gears. It
requires a good knowledge of the locations liable to cracking to seleot the areas to be stripped.

It follows from the foregoing that the essential part of the fail-safe analysis is the
establishment of the inspection interval or in rare cases the proof test interval or the stripping
interval., The procsdure has to start out with the establishment of the required fail-aafe load. Thie will
usually be tuken between B0 ©/o and 100 ®/o of the limit load. Than the critical flaw size at this fail-
safe load is determined and the residual strength of the structure is determined for a range of crack
sizes or flaw sizes. This provides the residual strengih diagram. Finally, it has to be determined how
long it will take the crack to grow from the minimum detectable sisze to the oritioal size. This informat-
ion will allow establishment of the inspection period.

A structure might be made fail-safe irrespective of the material properties, if the
inspection period is sufficiently short. This may prove possible for a few items where inspection is ex-
tremely easy, but economically, there will be a demand for a fixed and long inspection period. The
ingpection period is usually not determined by the fail-safe requirements but by operational requirements.
For airliners large inspections are considered acceptable once every {wo years. In this period of time the
aircraft may accumulate up to 10,000 hrs and up to 15,000 landings. It ig obvious that a proof test inter-
val or a stripping interval should not be auch shorter.

Arguments will ofton be raised beiween the airworthiness authorities and the aireraft
sanufacturers regarding the critical crack length and the inspection period. It should be pointed out that
improvement of the inspection technique is a much better guarantee for safetiy then an inoreaas of the
oritical o;ack length. Proa figure VA la it appears that doubling the critical orack length does not even
give & 50 /o gain in detection period. But, reducing the minimuam detectabtle crack length by SO °/o almost
doubles the detection period. Similarly, a lower crack propagation rate is of more importance than a
higher residual strength or fracture toughness.

Of course, a long crack has a better chance to be dstected than a small crack, but a orsck
is small during the greater part of its existence giving more than one chance for detection. It has to be
pointed out that an sircraft cannot be argued fail-safe on the basis that large cracks will be found
during a daily superficial inspeotion. Such a datection would prevent a ocatastrophe, but it has nothing
t0 do with the rational fail-mafe concept. High probability for crack detection exists when the inspector
looks for oracks and knows where to look. So, even for the so-called obvious cracks the airoraft
manufaoturer should presoribe an inspection interval, which can then be much shorter than the two years
interval for a major overhaul.

The question now arises of what use fraoture mechanios can be in the solution of fail-safe
prodlems. In order to prescribe a safe inspsction interval, or to check whether safety is ensured through-
cut & given inspection interval, cmne needs informatiom about residual strength and crack propagation. This
information can be obtained from tests, but predictions can also be made by means of fracture mechanios.
The latter is especislly useful in the design stage.

Fracture mechanics cannot te of much use in case of the multiple-load-path structurs. The
time to failure of ths second member has to be predicted by statistical means. This problem is beyond the
scope of a fracture mechanice survey. The experimental work of Heller and Donat [5) and the theoretioal
vork of Heller, Heller and Freudentbal (6] gives some ideas on this subject. Some of their results are
presented here in figure VA.2, It may be axpected that the method reasonably works for a redundant
struoture with many parallel membars and an establishment of a safe inspection period seems possidle.
Sometimes however, it is thought that dual members oan provide fail-safety. In that case it is virtually
impossible to predict the time to failure of the second member, nor oan this pericd be derived satisfact-
orily from tests; it depends completely on scatter in fatiyue lives. This also means that inspeotion
periods csmnot be predicted, which implies that it is wore or leas a matter of luck if failure of the
first member is timely deteoted. Therefore fail-safety can only be obtained with a simple dusl-load path
structure, if a failed elemsnt would be revealed at any routine inspection.

I T T N NS, S A — LS

fully used under application of a soatter factor. (In the case of a multiple load path fail-safety is
based on the mcatter). Our increasing knowledge will make these methods more and more rational, A
multiple load path may then be applied to provide additional safety to a strusture which is made fail-
safe by mors predictable means. The fail-safe analysis will probably have to be supported bty tests. The
necessity of test and the requirements for useful tests will be given attantion tooc in this volume.

For thick seotion aircraft parts, the oritical orack length is often 80 small that fail-
safety cannot be obtainad on tns basis of inspection. For these asssbers it may be necessary to provide
fail-safety by means of periodic siripping or periodic proof testing. In order to establish the re-



quired proof load or the required stripping depth,.nformation ‘s required about the residual strength
disgram and the amount of orack propsgation during the interval. In this case one has to completely rely
on frasture mechanics, since useful tests ars not fessibdle.

The major par: of most siroraft struotures oonsists of stiffened sheet struotures. In these
struotures the oritical orack length and the orack propagation rate are usuaslly of a magnitude that allows
timely detection of cracks. This means that the greater part of the sircraft structure can be made fail-
safe on the basis of the easiest concept. It will be shown that calculation methods are presently avail-
able for s reliadle oaloulation of the residual stirength and a reasonable estiuate of crack propagation.
These methods have been recently developed and have seen only limited spplication so far, but they are
promising for spplications im future dsiigns. The basic requirements for the fsil-safe analysis (residual
strength and crack propagation) will be discussed in this chapter ( VA), the analysis methods for real
structures will de dealt with in chapter VB (orack growih) and chapter VC (residual strength).

Pinally some attention has to be given to the case of impact damage. This kind of damage
will have &n irregular shape and can occur at a variety of places. Fracture mechanics do not yet provide
sophisticated means for ths caloulation of the residual strength. Howevar, knowledge of the maxioum
sllowable damage could be of scue use for the saboteur or the snemy, but it is of less use for the air-
oraft operator. An exception could be made for bird impact and for parts where likelihood of (predictable)
impact damage sxists. The solution of the latter problea has to de provided by sound engineering judge~
ment. Some unformation on this problem can be obtained from chapter VA.3,

V.A.2 PLANE STRAIN PROBLEMS IN HEAVY MEMEERS WITH SURFACE F._AWS, CORNER-CRACKS AT HOLES AND OTHER
NATURAL CRACKS

V.ho2.1 m

Application of any fail-safe congept requires the dstermination of the residual strength
under the presence of oracks. The residual sirength of heavy members, where a condition of plane-strain
prevails at the orack tip, can be caloulated from the plane-strain fracture-toughness. The various
aspects of fracture toughness have been outlined in chapterVI, whereas chapterViIpresents detailed in-
formation on fracture toughness testing and data generation., In this chapter the application of fracture
toughness data in fail-eafe problems will be considered: Seotion V.C.3 will ireat the residual strength
of heavy sections and this section will be concernsd with the technical applicability of fracture tough-
ness data, It will be tried to answer the following questions:

a) How useful iw a single xlo value and to what asccuracy should it be known?
b} Should valid Kk, data be employed or are invalid data as useful?

¢) Nay the plane~strain fraoture toughness be the basis for material selection?
d) What are the limitations to the use of K, ?

@) How does KI apply for natural cracks, cuch as surface flaws, corner oracks at holes and
how should Ratural cracks be treated?

The latter question will be deait with separately; the other questicns are related and they will receive
attention in connection with each other.

V.A.2.2 Bagic fracture toushnesg data

As ocutlined in chapter VIthere exist striot requirements for the execution of fracture
toughness tests and for the generation of valid K, data. Severe screening criteria set requirements to
orsck length and specimen dimensions. Specimens siiZller than the required site show toughness values which
depend upon the size of the specimen. Specimens of the required size or larger will yield valid toughness
values which do not uspend upon specimen size. This toughness value is called K, and it is considered a
material property at a given temperature in the same way as the tensile ltrcngtgf Invalid toughness data
are ususlly higher than Klo'

It is important to have an invariant material parameter to rank materials according to their
toughness or as a basis for the control of material production. It can alsobe important if one wants to
seleot a material for a structure, the dimensions of whichare not limited by other oriteria,tmt will depend
only upon the strength of the material.

When dealing with s particular material in s particular application it is queationable
whether a valid should de used. What is needed then is a toughness value (K _ or ) for the
particular thickn 8s of the structure under consideration and it is immaterial wHether Thim value is
formally valid or not. (The notation K__ ims used here to indicate a toughnees value for the opening mods,
where plane strain requirsments are notoﬁalfilhd). In fact the designer needs toughness velues for a
range of thicknesses of the materials he conasiders for application. Invalid toughnees values K _ are
generally larger than & Therefors is usually a safe and conservative value if pertinent °toughmn
data are not available;” bowever, this i&y not Le s0 in the case of elliptical cracks.

For the high strength steels and most of the titanium alloys that find application in air-
oraft struotures s valid K o value will generally be required. These materials exhibit such a low tough-
ness that plane strain wilf occur alresdy st reiatively low thickness. In aluminium alloys this will only
= imormwl B35TT suctises of thiak nlata. forsingm or castings. Some of the aluminium alloys are so
ductile, THAT & T&: &; Swwws wve v weeooo Lo L ) T T T e = . BT
oourse, soms materials fre so ductile that the use of any toughnesa valle is meaningless as in the case or
mild steel, dut this is not yet the case for the toughness of the aircraft structural materials. Consequent~
1y, in general an applicable K__ value is required for all heavy members in aircraft structures and in
many oases this has to be a wifa Xh. -—
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Heavy section airoraft parts are not designed on the damis ¢f a crack oriterion. These
members often carry such high loads that super high strength materials are needed to keep the parts to a
reasonable size and weight: the criterion is stirength. A disadvantage of these high strength materials is
their low toughness. This means that only very amall oracks can be tolerated. Auuming that the fail-safe
load is taken at Limit load and that the undamaged part has a reserve strength of 10 /o with regard to
the ultimate load condition it follows that

Trail safe - -‘1’-:95- UTS . 0.6 UTS

and since 1 /2

Kle " Ttail mafe (ma)

it twns out that
2 2
(2a), - & (x; f0.6 urs)

where (2a) is the oritical orack length. This critical crack length is given for a number of aircraft
materiais ¥n the table below.

TABLE V.A.l1 Tolerable flaw sisze

uTs TYS A (2a)o
3/ ]

Material kg/m? kei | kg/m kei | xg/ma2 keiVin m inoh

[7075=-T6 aluminium 56 80 50 T2 104 30 6.1 0.24

2014~T6 aluminium 47 67 59 41 105 30 8.8 0.35

D6 AC steel 203 290 175 250 157 45 1.05 0.04

4340 gteel 182 260 147 210 150 42 1.02 0.05

sging (300) ateel 185 264 173 248 290 82 4.4 0.17

Al-4V titanium 122 175 112 160 122 35 1.8 0.07
4 A1-4M0-250-0.5 Si

e tantus 107 153 98 140 250 n 9.6 0.38

For several materials the critical orack length is extremely smail, If the failwsafe design
is to be basud on crack detection then cracks much smaller than the oritical size wust be revealed by the
inspection procedure. In most materials quoted in the table the critical orack is not likely to be detect-
ed, let slone a sub-critical crack. Therefore, fail-safety can only be obtained by means of periodic
stripping or periodic proof testing (see sec. V.A.1). Again, it appears that improvement of fatigue—crack
propagation properties and eiress—corrosion crack-propagation properties is more likely to be beneficial
than an improvement of the fracture toughness. Also the rate of crack propagation will generally be a more
important oriterion for materials selection than touginess.

¥hen the oritiocal orack length is so small that fail-safety on the basis of crack detection
cannot be realired, there is a good chance that the part will not be built fail-safe because pariodic
stripping or proof ‘esting will be too expensive. In thai case extreme precautions will be taken to ensure
an extremely long crack-free services life, such that the likelihood of oracks occurring during the economioc
1ife is extremely remote. This can be achieved by shot peening or coining areas of stress concentration and
the plastic expansion of holes, measures to introduce residual compressive stresses. Additional safety (not
fail-safety in the real sense) can then be obtained by means of dual elemsnis combined with frequent
inspeotions.

If an aircraft part is being designed fail-safe in the resl sense according to one of the
conoepts discussed in section V,A.}l, information on fracture toughness ia required to establish the
residual strength propertiss. Then attention has to be paid to the limitations of a XK. value and to the
limitations of the use of xIe and the vsual large socatter in toughness values should ot be disregarded.

The fracture toughness of a certain material depends strongly upon the yiald strength. This
is 1llustrated in figure VA 3 by data for titanium alloys as compiled by Wanhill f’l] « Apparently, it is
of importance to "ise KIo data for the material with the relevant heat treatment.

Still larger variations in toughness occur as a result of anisotropy. In thiok sections there
are usually apprecisble differences in crack propagation properties and toughness in the three dirsotior,; of
the metal. The properties in the short transverse (thickness) direotion are often by far inferior to the
properties in the longitudinal and long transverse (widih) direction. For aluminium alloy forgings of DTL
5024, Pesl and Forsyth (8] found fracture toughness values of 35.9 ksi Vin, 19.3 ksi Vin and 14.8 71\{5
for the lengitudinal, transverse anl short transverse direction respectively (125,67 and 52 kg/m3 2}. For
& maraging steel Payne {9] quotes values in the short transverse direoticn of only 50 ®/o of those in
longitudinal direction (see also ter VL), These toughness variations arise from chemical banding and
s Tz roYlins e Somstea biam smd samabices funm tha ehena and

Tl B anianzzzlon of 1T Si14fan B £

orientation -f the grains as osused by the mecaanicai processings

The inconsistency of frasture toughness due to heat treatment and anisotropy seis limitations
t0 the usefulness of a single K.{ value. The location of the expected crack has to b known and mlgo the
direction of the principal tens Te stress to determine in which direction the erack will grow, But even then
there will be limitations, since oracks occurring in service are often of a complicated geometry and cccur
at looatious with a complicated eiress distribution due to the presence of holes and joints. The applicability
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of on data to natural cra:ks in areas of stress concentration will be dimcussed in the next smection,

V.A.2.) Nagtural eracks, surfage flaws, corper cracks at holes

In & real heavy-section-structure cracks will often be initiated in areas of stress
concentration at fillets, holes etc. Besides, cracks in heavy members will not be through cracks but semi-
elliptical surface flaws or quarter-elliptical corner cracks. Yet, the KI fracture toughness values to be
used were determined from an edge oracked specimen with a through-the~th18knes- orack. The applicability of
these standard XI dats to natural cracks is often limited. In this section consideration will be given to
surface flaws, cofner cracks, and to corner cracks at iocaded and unloaded holes.

There exiats a fairly-well-established method to treat surface flaws as semi-elliptical
oracks (10,11,12] . This cethod hes been developed by Irwin [3] and it is based on the Green-Sneddon (14)
solution for an eliiptical crack with a sharp front embedded in an infinite body. The stress intensity
varies along the crack fronty it is given by:

2 1
X -%Vrn (& cos 2 0 + sin? @) /s (1)
Q
v, 1/ 2
with g - / (1-1:2 sin® #) af with K- l-az/cz (2)

In these equations 3 is the semi minor axis of the ellipse, ¢ is the semi-major axis of the ellipse and
@ is the angular coordinate.

The stress intensity will be a maxizum at the end of the minor axis where & - 7/2. This

x-%\/rﬁ' (3)

In case of a semi-elliptical surface flaw the major axis will usually be along the surface and the minor
axis will be pointing inward. Hence the maximum stress intensity will occur in the deepest point of the
flaw, The orack is open at tne surfsce which makes a correction to K necessary. This front free asurface
ocvrection factor is taken [15] at 1,12. If the rrack protudes deeply inward, the proximity of the back
fres spurface will aleo reguire s gorrection factor. This back free surfece correction fastor has been
detarmined by Kobayashi et al [16] « The factor depends upon the ratio between crack depth and thickness.
Consequentiy the maximum siress intensity for a surface flaw will be:

X - 1.2 Ik%m (0

maximum is:

Finally, & plastic zone correction ie often applied. This means that a is replaced by a
fictitious crack depth a + r where r_ is the plastic zone size. The plastioc zone sire can always be
given as the ratio 1(2/02 Rultiplica by some constant, where 0"’. is the yield stress. This leads to

ye

K . 1.12 lkV”“/o

with Q-#°- 0.212G2/G§' ! ()

8/, is called the flaw parameter; it is & measure for orack depth and geometry. Values for lk and Q can de
obsuncd froe figures VA 4a and b.

For rare cases that thu minor axis of the surface flaw is along the surface and the major

axis (c) points inwards
erw. 1,12 ¢ \‘a/Q
Kpogy = 112 lkU'W . Ve/a

"body (the atress intensity at the end of the major axis) will be the larger if Kk >a/° .

Analysis of a surface flaw requires an imporiant assumption. This assumption is that fracture
will occur when somevhere along the periphery of the crack the stress intensity fector exceeds the critical
value, i.e. when the maximum stress intensity is equal to K, . In general the maximum stress intensity will
be at the deepest point of the orack and K will then be g}Sen by v18 (5). It should be noted that the
stress intensity along the rest of the orack front is still below Klo'

In s test on & surfsce flaw specimen the fracture toughness would follow from egqs (5). As in
the case of standard fracture tests screening oriteria may be set to check the validity of the results
T e wRARMm wii. Guards 2100 IZ0SF28 sevessies anidawia far aurfana flaws do not exist. but they would
protably amount to the CONALVION TOSY UroGA Basw wmew =y - LIl St
times the plastic rone oize. However, there is no strong deusnd for soreening oriteria for surface flaw
specimens, since K. values have to be determined by means of standard tests and not on
surface flaw specinens. Surface flaw specimens will be tested for their relevance in a ocertain application;
then the specimen wiil also be given a relevant thickness and the toughness valus obtained is the piece of
data needed, whether valiid or not.

Reversely, the residual strength of s surface flaw specimen can be determined from a given
K e value determined from a standard test. The flaw shape has to be estimated and the flaw parameter a/¢
i% determined for the case O'/o'" - 0. A first estimate of the residual strength is then obtained from
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egs (5). This allows calculation of G/G_ and a more accurate determination of a/G, etc. The iteration
need nct be carried through if the pla“m zone correction is neglected (i.e. only the case 0’/0" -0 is
consider ', which is usually eatisfactory because of the inaccuracies in the estimated flaw sha¥8.

The question arises whether standard K. values can indeed be used to calculate the residual
strength in the case of surface flaws and other cracX geometries. The problem was studied by Broek et al
[17 1n an experizental investigation. The results for surface flaw specimens are shown in figure IIA 5.
Analysis of the data of Randalil [10] and Smith et al ﬁ8] reveals similar trenda, although thege data are
too limited for an appraisal of this particular problem. The solid line drawn in 11 ure IIA 5 represents
the predicted residual strength for various vaiues of a/Q on the basis of K, - 1c4 kg/mm3/2 (30 ksi \an)
determined in a standard test. The dashed cu=ves are based on two other valués of K, . Actual test results
of surface flaw specimens are also shown and it is indicated whether these results wduld have complied
with an arbitrary screening criterion for validity. It appears that the residual strength data of the
surface flaw specimens fall on four separate lines. These curves intersect the three constant-K.  curves.
This indicates that surface fiaw specimens, even if all are of the same thickness, do not show i®conatant

X. , since oonstant curves do not intersect {see fig. VA 5)., It means that K. of a surface flaw
-sicu‘n depends upon flaw shape and it is not a universal residual strength puamiter for this kind of
cracks

Yet, the residua. strength values of the surface flaw specimens are not excessively far off
the standard K, value. Therefore a prediction on the basis of a standard xxo will be satisfactory for
engineering pu;s“u, particuliarly in view of:

1 The fact that the flaw shape parameter for a certain thickness is usually limited to a fairly small
range (cf. fig. VA 5).

2 The scatter in standard KIe values.
) The inaccurate knowledge of the fiaw geometry.

In the following it will appear that K, ocan bde used also for more complicated natural-crack geometriss.
In order to present some insight into igc limitations it will first be explained why a constant l(I for
surface flaws does ~~* exist basically. ¢

The stress intensity varies slong the contour of an elliptical crack. It is assumed that
fracture will occur when the stress intensity at the end of the minor axis equals K, , while the stress
intensity at other locations is still below Kl « The larger the differences in X aloﬁg the crack front
{small a/c) the more fracture will be delayed Sntil K;, iw exceeded over some distance along the crack
front. Then the maximum K will be already larger than °xIc to an amount depending upon crack shape.

As discussed esrlier there is a strong anisotropy in fracture toughness. At the end of the
ainor axis the crack usually grows in thickness direction. At the end of the major axis the crack has to
grow in width direction where K, is substantially larger (and the stress intensity lower). Consequently,
when crack extencion is prone n{°th. end of thes minor axis it is still remote at the end of the major
axis. This effect will be small when a/c is small since crack growthk will then be mainly in thickness
direction. Consequently the fracture toughness in case of surface flaws will depend upon flaw shape and
it will be higher than K, in thickness direction and lower than X, in width direction. The more
elongated the ellipse, thé clomer the toughness w'll be to K. in §ﬁiclmon direction. This effect has o
Ye accounted for in leak before break criteria for pressure “uel-.

A quarter elliptioal coruer crack bea-s great resemblance to a semi-elliptical crack and it
oan be treated in exactiy the same way [17] « In practice cracks often ooccur as a result of stress
concentrations in fillets or at holes. When the cracks are extremely small, the best procedure is to use
the sctual stress (nominsl stiress times stress concentration factor) in the expressions for the stress
intensity factor [17] . When the cracks have grown out of the ares of stress concentration nominal
stresses can be used again in case of very mild notches (e.g. at fillets).

In case of sharper notches the notch can become part of the crack, i.e. the part will act as
if containing a fictitious orack of a length equal to the sum of the physical orack and the size of a
notch. For the epecial nase of cracks at holes it has been demonstrated by Bowis [19] that the hole acts
as part of the crack when the crack length is in the order of magnitude of the hole radius. In case of a
tarough the thickness crack of length a growing at one side of s hole of diameter d, thers will be an
effective total length of crack of 2:.“ = 8 + d. This case will receive ample attention in section VA 3.

Cracks at holes in heavy seoctions will usually be corner cracks. When small, these cracks can
be treated as oorner oracks under stresses magnified by a stress concentration. When the oracks are larger
the hole can be satisfactorily oonsidersd as part of the crack in the way [17] as shown in figure VA 6.
The maxiwum stiress intensity factor at the physical part of this fictitious orack will be at point A. The
stress intensity factor follows from:

X - 1.2 aq¥Vrp/Q

Y,
with _ 4 (6}
0% (ava)? (a-0)? (20 & 4% (a00)? |

l 44q [4p™ + (4-q)7) J

d, p and q are defined in figure IIA § and Q follows from figure IIA 4 with s/20 - p/2Vdg. The front fres
surface oorrsction has been taken at 1.2 in order tc sccount for the greater compliance of the hole in
coaparison with a real craok.

Broek et al fl?] tested specimens with cormer oracks at loaded and unloaded holes. Figurs
VA 7 shows how these results compars with thove of the surface flaws, which were presented earlier in
figure VA 5, It turns out that the procedure descrided above is a good enginesring method to predict the
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static strength of corner cracks at holes on the bacis of standard fracture toughness data.

The variation of fraoture toughness as observed in the tests on specimens with natural
oracks, referenced in the Preceding paragraphs, can ba appreciated from figure IIA 8, It should be
emphasined that the variation depends upon the matsarial, since it is olosely related to the anisotropy

in fracture toughness.

In very ductile materials some slow crack growih may ccour before fracture. This means that i
nn real plane l'tscu fracture toughness is applicable. In that oase one can determine a fraoture tough-
nees from the 5 /o seoant off-get of the orack opening displacement curve (see chapter V). Application
of this fraocture toughnoss valus MaY bhe very conmervative, since the specimens oan bear more load .
before fracture ooours. In that ocase one may use a K _ value based on the real fracture stress, instead :
of X, . Figure VA 9 shows that application of suchf on value for thick seotions may work very well !

for Ratural oracks in & ductile aluminium alloy.
V.A.24 Suamary

A ochoioe of a material in a certain application requires knowledge of valid K. data, whioh
allows a fair comparison of materials. Use of valid data of parts of sub-critical thickless will
generally give o safe estimate of the residual stren £ or the oritioal orack length, For parts of sub-
oritioal thiokness designed in high toughness materials, the use of KI nay be too oconservative and an
invalid Ko or K, may be more adequate to the situstion. °

‘leavy-gections of forgingw or plate usually show a very large anisotropy in fracture tough-
ness. Only ti . se KI o data should be used which are relevant for the axpected direction of orack growth.

Surface flaws, corner oracke and othor natural cracks at holes or notohes can be treated
reasonably well with K. data obtained trom standard tests. From an engineering point of view the in-
agouracies of this prohdur. are not large, partioularly because the inoonsistency of KI due to material
variations and anisotiropy introducesmuch larger uncertainties. °

V.A.3 PLANE STRESS AND TRANSITIONAL MODES; SHEETS
D, Broek. u

V.A.3.1 Introduction i

A generally accepted method for plane stress toughness testing and presentation of results
does not exist. This is due to our diffioulties in understanding the obssrved phenomena. By far the
greatest part of airoraft structures oonsist of sheet and sheet structures and consequently the plane
stress problem is of paramount importance for aircraft fail-safeiy. Fortunately, a useful engineering
solution for the plane siress problem is readily availables the residual strength of a btuilt-up sheet
strusture with a orack can be acourately predicted (c.f. chapter V, C.1) on the basis of the residual

i atrength of the comparable unstiffened panel. There remain some problems in the ovresentation of un~
' stiffened panel data, but as pointed out in this chapter, these can be treated satisfactorily in an
engineering way, although further developments are necessary.

EOSTANC T SN

P, IS

: The various possible approaches to the plane stress problem and the residual strength of

oracked sheets were discussed extensively in chapter V.A. They will not be repsated in detail here. N
Rather, this chapter will deal with the most rational engineering approach, particularly with respect to i
its applicability to the problem of built—up sheet structures. In principle, it is immaterial to the i
technical problem of & built-up structure (chapter V.C.l), by which method the unstiffened panel is
treated, but presentation in terms of K __ appears to have advantages. Therefore, this chapter is concern- )
ed particularly with this approach. Noté? K will be used here for the opening mods (mode 1) plane siress F
fracture toughness in analogy with KIo for #8de 1 plane strain fracture toughness. v

T e, g

Afier a brief phenomenological description of the plane siress fracture process, the K o
approach is evaluated; brief consideration is given to other methods. The final part of the ohuptor‘
deals with techniocal plane stress problems such as cracks emanating from holes, the effectivity of stop

* holes and the impliocations of intermittent slow crack growth.

V.A.3.2 Ap engineering concept of plane siress .

Consider a sheet with a central transverse orack 2a_ loaded in tension at a nominal stiress o .
(Fig. VA 10), The strass can be raised to a value ¢ at which the crack will start to extend slowly N
[20] + This slow orack growth is stable: it stops im*diatoly when the load im kept constant. Although the
orack is longer now, a higher streas is required to maintain its propagation, Finally, at a certain
oritical stress g, 8 oritical e¢rack length 2:° is reached, where orack growth becomes unstable and sudden
total fracture of the sheet results. When the initial orack is longer, orack growth starts at a lower
stress and also the fracture stress (residusl strength) is lower, but there is more slow crack growth

(fig., VA 10),
As & first approximation it oan be assumed that all events in orack propagstion and fracture

in plane stress are dictated by the stiress intensity factor. One may label esach event desoribed with a
pertinent value of the stress intensity faotor bty meuns of one of the following expressions:

Ky = ac'iVW a1 K o = ag Vora, x“ = a o Ve, (n
In these equations a is a factor that depends upon panel geomeiry and size. Instead of using the natural

orack size g the effective orack size a + r_could be used in the equations, »_being the plastio zone
aige, but it will appear in the course of Pihis section that the plastio zonePoorrection is not
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necessary in the engineering approach.

Tests (11,20,21,22] have shown that X ., K _ and K __ are not constants with general validity i
- like KI « To a firet approximation, however, they a.ﬂ cofftant 782 a given thickness, for a limited range :
¢ of oracf lengths and for a given panel size., K __ appears to depend on panel sise as is shown in figure .
) VA 11, It turns out that K, is lower for nar#dw panels and gradually inoreases to a constant value beyond
8 certain panel size. This “nsta.nt value for large panels is considered here to be the real K, _ of the : .
material at a given thickness. The reason why smaller panels exhibit lower 1(‘m values will be eiﬁlained :

later in this chapter.

For the design of a sheet structure of a given size, one needs access to X, data for a
variety of thicknesses. Feddersen [25] has proposed s method for data analysis and prueﬁ?at:l.on, which is
particularly rational and useful for engineers and designers [26 + For panels wide enough to produce the
resl K the relation between the residual strength and the orack length oan be represented by the ourve
shown 1R figure VA 12, Also shown in figure VA 12 is a straight line representing the line for net
section yielding: at all points of this line the net stresses on the unoracked ligament of the specimen
are above yield. The shaded areas indicate the regions of orack sizes at which net gection stresses above
yield would be required to cause fraoture at the given X . Since stresses above yield cannot ocour,
fracture in these regions will ocour at siresses lower tifn those predicted by K 40 i.e. the specimens

will exhibit an apparent toughness lower than K 10°

Many theoretical analyses have been developed to account for this discrspancy, but these
have failed to oonsolidate the data into a meaningful form over the full range of oracks. Thus, there
remains to reduce the data to a simple general form for engineering applications. Feddersen [25_] argues
that the two linear tangents to the idsaliszed K ourve (fig. VA 1:? oan be uged to establish a smooth

’ and continuous ourve for the residual strength, which he supports by extensive test data [27] . One
tangent to the K-curve is drawn from the point 0"=G__ where 0. _ ic the yield strength, the other tangent
is drawn from the point 2a - w, the specimen width. ye

A tangent to the K curve at any point is: '

- oy ) - & ®

For the tangent through (a-y., 0) this yields (msee fig. IIA 12):

PR AN e

o o, -

A WS-l WP (9)
4.1 2-1 1 3 ys M
;
This implies that the left-hand tangency point always is at two thirds of the yield stress, independent "
of K. For the tangent through (O,w) it follows that }
(o) o 5
-—r . H
- T = e oF 2, - w/3 (10) &
2 2 p
7 whioh indicates that the right hand point of tangenoy is always at a total orack length of one third of g
the specimen width, These procedures can be applied to all events in the process of plane stress oracking, ¢
) i.00 to X, am well ap to K., and K__ as amplified in figure VA 13, g
; 10 (34 1o 3
It appears that this method of analysis is very useful as can be appreciated from the test §
!i\

! data in figure VA 14, Bvidently, X ..y X__ or K, have to be determined from those temst rssults for whioh
O < 2/30°_ and 2a<v/3, otherwise t#reld®ant X'¥alues would be obtained. The two tangents to the curve

hive no e¥lnd physical basis, but they are simple and useful in an engineering analysis. lg and appear
}w. to be approximstely constant for a limited range of orasck lengths. However, it is exastly Phis » ge of
: orack lengths that is of practical importance. Cracks for which 02’ > 2/30, are very emall cracks for a

sheet structure and often below the deteotion limit (beoause they are sti{? nidden by other parts of the
built~up structurs). Oracks longer than w/3 will never be allowed in large built-up structures. In the

>

) ! ) useful range of orack lengths the plastio sons correotion t0 the orack length does not really improve the LN
situation of constant X _ [25) and it unnecoessarily complicates the simple enginesring method. Sinocs
) there are no aound u;u“nto in favour of the application of the plastic gons correotion it should rather '
: be omitted,

14

; The versatility of Feddersers method is in the fact that it allows very simple presentation
! of plane stress fraoture toughness dats, which has long seemsd impossible, The mere presentation of

} values for X *. K _and K__ sllows the ussr to establigh the complets residusl strength disgran for any

|
F

P 7

given panel $50.%® ™his 8 outiined in figure VA 15. The residual sirength for various orack sizes cmn
be determined from the K or K_ valus. A tangent to the ourve can be dram from g, to 2/3c,. and for
any given panel width taffeats 8%n be drawn from w to w/3. 4 I

: There exists a ocertain minimum panel sise w where the two points of tangemoy coincide.
: Below that panel sise the residusl strength is dnoni.ml"ay the net section yield oriterion. Panels

i should have a certain minimum sise in order to provide useful X __ and X__ data, The ainimumn sise can be
deternined. From X » O\/7ra it follows that the left point of tdgenoy 8 given bys

X « av/m'yk/'v_rT1 or 28, = 5%{:-5 (11)

For the two points of tangenay to coincides 1/3 Vain ~ 28, or with (11)
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The soreening requirements for valid plane stress fracture toughness testing follow from these consilarat-
ions. In fact, the only soreening requirements are on crack length and stress, namely: -

g, < 2/30;, and 2a <w/3 (13;

The latter of the two ocan be satisfied fairly easily by an appropriate choice of a./w. If the iest yields

a fracture atress below 2/307_  the test is valid and a useful K_ value can be caloulated. If for oracks

as large as 2a = %/3 ati11GY" = 2/3C_ the panel was too smal1s When a K value for such a test is .
oaloulated this spparent K, Swill be Kfialler than the real K, (dashed line through point A in fig.IIA 15).
whioch explains the trend iﬁ°apparont K _=data as given by fi&ﬂro VA 11, (WARNING; If this too low X

value were substituted in eq (12) a t03°|u11 o would be found and the test result might errone‘ou%?y be
oconsidered valid. The gize requiremsnt is inpliﬁnin eq (13) and therefore eq (13) is a sufficient screen—
ing oriterion.

With ey (12) minimum panel sises can be caloulated from valid K, valuss for the three zlloys
dealt with in figure IIA 11. These minimum sizes are approximately 520 mm fo#°the 2024 alloy and 135 mm and
110 mm respectively for the two 7075 alloys. The curves in figure VA 11 indiocate that a panel size of
110 mm for the TO75 material is still too small. This is due to the fact that there is a probdlem in
aoourately determining X _, since measurement of the oritiocal length is diffiocult. As the oritioal fracture
condition is upprowhnd.‘Srwk growth gradually accelerates from a low rate to a high rate. Consequently,
s unique designation of the oritical orack length is difficult and measurements of the ocritical crack
length are subjeotive and liable to have very low accuracy. Therefore K o is usually a lesc reliable
quantity than l{1 .’

This mey seem somevhat alarming, but it is not really of great importance in practice. For
an yngtiffened panel the residual stirength should be ocalculated on the basis of K _, because it is the
initial orack lergth that is given by the fatigue orack and that is detectable at*8n inspection. It is
immaterial that this orack grows slowly to 2a_ before fracture. The only thing that matters is which load
or stress causes the panel to fail under the Presence of the given fatigue nracks, For the calculation of
the residual strength of a stiffened panel, use has to be made also of K, and K as will appear in
ohapter V.0.l. It turns out, however, that in case of stiffened panels ﬁm unol?tainty in X usually
does not affeot the result too much, since stringer failure appears often to be the critical tPont
(chapter V.C.l).

An important observation to be made from this analysis is that high toughness material can
appear more orack sengitive than low toughness materials, in case the panels are smaller than w_. . Thig
is depioted in the ingert of figure VA 15. The material with yield strength at B has a higher %Eghneu
thun the material with yield stirength C and hence it will have superior orack resistance in oase of
large panels., However, for panel sizes w, and smaller this material is inferior, since the residual
strength is determined by net section yleld (dashed line B-w, is below molid line C-w.). This is a well-
inown effect [28] and it is also reflected by the intermeotiofi of the apparent K ourv§| for the 2024 and
7075 alloys in figure VA 11, Henoe, for the appliocation in small panels or shedt structures (e.g.
stringers) a low toughness, high yield strength material may exhibit a higher residual strsngth then a
high toughness, low yield strength material. The latter, however, will probably show lowsr fatigus crack
propagatior rates and may still be preferable in a fail-gafe design.

In oonclusion it oan be stated that the availability of valid K. and K values allows the
user to establish the residual strength for any panel sise including panels #8ailer #fan w win since the
latter will fail at net seotion yield.

V.A.3.3 Tha effsgt of sbest hicinsss

It turns out that the values of X o end K, _ depend upon thickness. This has been amply
disoussed in ohapter IV.It will be insutficieni®to proant a single set of K K _, and K. values for
a partioular sheet material, Rather s graph should be given on how these ¢ ui'pu-mt“l vary with
thiokness in the way shown in figure VA 16. Thicker plates lead to lower values of K. and K. and the
two ourves merge st large thicknesses to the plane sirain fracturs toughness KI . Ku’h ofteh®coneidered
independent of thicknsss. ©

It is generally assumed that there is an optimum sheet thickness, giving a maximum toughness.
Suoh » maximum is depioted in figure VA 16a at the optimum thickness of 0,08 in, but not in figure
VA 16b, Nost results reported in the literature [20.23,29,30,3 show 2 maxizum or suggest there is cne
(23,32) . The coourrence of & maximum oan be made plausible in the following way.

First note that the stresses in the plastic zone at the very orack tip are always in the
order of 1.15 ¢-_ in plane stress and in ths ordar of 3 in plane streain, where g _ is the uni-axial
yield stress. Y% Thege streswes at the oraok tip are & Paot independent of the exilrnal stress and the
orack length., Then the oriterion for fraoture is the exoesdancs of a oritiosl strain at the orack tip.
Consider four pansls of thicknesses Bl, 32, B, 34. All panels have the same length of crack and are

loaded to the same stiress U s all panels are at the same stress intensity. Conssquently, the size of the
plastio sone is the same in all panels. This im depiocted in the lower line of figure VA 17, which shows
through the thiokness sectiong of the four specimens; the height of the plastic sones at the stress a'l is
indioated by the dashed area.

In panels B2, B3, B4 the height of the plastic zone is still smaller than the thiockness. This
implies that yielding in thickness direction oannot take place freely, but is restrained by the surrounding
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elastic material; i.e. there exists a state of plane strain. In panel Bl the plastic zone is e ual to the
thickness and yielding in thiockness direction experiences no restriction. That means that a state of
plane stress can fully develop in panel Bl and the plastic zone in Bl will from now on be larger than in

the other panels.

Inorease of the stress to G, will cause failure in panel B4, because strains and stresses
are large enough. Panel B3 ism in the ll.lg situation as panel B4 and it is likely that some crack
propagation will ocour in the interior of panel B3. Yei this panel does not fail due to the effect of the
regions of plane stress which exist near the specimen surface {sinoe a stress perpendicular to tke
surface cannot exist) and which are relatively influential in this thinner panel. Also panel B2 is in the
same situation, but this panel has a thickness just equal to the sise of the presently existing plastic
gone, which implies that plane stress will now develop in panel B2.

Further inocrease of the stress will cause failure in panel B3 at a stress G,. At 7, the
strains at the orack tip in panel Bl will be so lsrge that failure ocours. The strains 13 pmol“’m have
been larger than those in panel B2 from the stress (J'1 onvwards. Therefors the strains in panel B2 will
still be insufficient for fracture although the stresses will be approximately the same as in Bl, Failure
of B2 requires a further inorease of the siress to 0‘5.

Panels of a thickness larger then B4 will behave similarly as B4 and fail at the stress o .
This is the domain of plane sirain fractures where valid X, data can be obtained. The maximum resid
strength will be reached by the panel that develops full phno stress just at the siress at which plane
strain panals fail, i.ev B = r_. . Thinner panels will always have higher strains and will fail at lower
stress. The maximum may not al“&- show up in practice, since very thin shests may have somewhat different
properties than thicker sheet due to processing or oold work, whereas it has been assumed in the
discussion that the microstructural properties would be identical for all thiocknesses.

As shown in figure VA 17 the shape of the residual strength ourve is associated with a
transition of fraoture mode. This fracture mode transition can be explained ['30.33] on the basis of a
ohange of planes of maximum shear stress.

V.A.3.4 Qiher pethods of analysis )
Various other methods for the anaslysis of plane stress data vere discussed alresdy in charter :
IV Some of these methods were designed as enginsering concepts, such as ths notoh-strength analysis of
Kubn and Figge [36] s the orack strength analyse developed by Kuhn [37] ,and the effeotive width oconcepts :
proposed by Crichlow [335 and Christensen(39) snd Christensen snd Denke ‘(23] . The engineering method of .
Fedderson is preferable, because g the use of X gives it a direct relation to well~established fraoture :
mechanios concepts of plane strain frasture and fatigue orsck propagation, b the use of X gives the
method a great versatility since the results oan easily be transferred to other panel geometries, even to
such compliocated things as built-up stiffened structures and sandwich panels, g nons of the other methods
gives consistently better results (40,41) .

8till two other analyses methods are the energy balanoce ooncept and the oritioal-oraok—
opening-displacement conoept. These iwo methods will be outliped very briefly here, becauss of their
latev.t possibilities to be applied to stiffened panels [26. and beoause the energy oconoept oan explain
s0Ls typioal phenomena to be disoussed in the last two seotions of this chapter V.A,). Por a detailed
dissussion of all plane stress analysis methods the reader is referred to chapiter VIiand to reviewing i

papers [40,41) .

Aooording to theenergy oconcept there is a continuous balanos betwesn relessed and oonsumed
energy during slow stable orack growth: if there were no balanos, then aither orack growth would stop or
become unstable. Consequently, the ensrgy releass rate G (« ~2P/Aa) equals the energy consumption rate

R (+2W/2a), tee. GeReo (24)

where O is released slastic energy and R is plastic energy oonsumed in tshe plastic sone ahead of the

advancing orsok. 0 oan be measured during orack growth and an inoreasing 0 appears t0 be required $¢

anintain slov growth, Apparently, ihe energy consumption R imoreases as the oreck proceeds. Aocording to

oq (14) the instantanecus values of G during oreck growth will indicate how R depends upon orack sise. ,
R appears $0 inoresss during slow oraock growth as depioted diagremmatieally in figure VA 18, Aleo showm it
in figure VA 18 are lines indioating how O depends upon creck sise and applied siress. |

During slow arack growih both O and R follow the line ADC, according %0 eq (14). After »
orack extension An&.) the oreck has reached a length 2a_ ., This point of freoture ingtability is given by
G, beoauss. from this point 0 follows the 1ine OD and remlins larger than R (CB). Apparestly the fresture g

condition is the point of tangenay:
a0/ds ~ An/ds (1%)

o 4 i dolon ks <

"

—~—y—— ..

Eq (15) would e a useful fracture oriterion if apart from the relation 0 -yg‘r aloo an
analytic relation for R were svailabla, othervies the equation camnot be evaluated. Raju has tried
%0 derive such an expression on the basie of plasticity theory iy caloulating the rete of plastio energy
consumption in the plagtio sone ahead of the orack.

Krafft o al (44) have propossdR tobs & fumciion of da only and independsnt of &, i.e. the
Recurve is invapiant and is the same for any initial oreck leagth. This suggestion Xas beea uled Wy
Broek [20,21,45) %o derive an enginesring solution 40 eq (15). e obeerved that the eritisal creck leagih

vas spproximately proportional to the initial greck leagih in many tests, i.e.

.' L] “° (1‘)

Thie Lmplies & certain relation between XN and LM in figure VA 18, uhich is the sane for all tangents;
it requires & distinot function for R given W
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Eq (17) together with G - nozu/‘E allow evaluation of eq (15) to give

1/ 2a
o.a - oonstant
c o (18)
1/ 2a
a;ao = constant

which reduce to K . " constant and Kt 6" oonstant (Feddersen} if a equals unity.

An evaluation of eq (15) im not essential for the use that will be made of the energy
conoept in the two following seotions, nor for a qualitstive outline of its use for complicated sheet
struotures and sandwich panels,

In the oritical orack opening displacement concept it is hypothesized that fracture ococurs
when the orack tip opening b exceeds & oritical value. It has been shown [46.47_] that for
small sonle yielding b « 40/7¢°_, but this is not essential, because the conoept should be applioable also
at large soale yielding. The er!tioul orack opening displacement can be measured in a test and be uesd to
prediot the residusl strength for other orack siszes. The latter is possible only if an analytiocal relat-
ion between b and the applied stress is available. For application of the concept to stiffened panels
such a relation is not striotly necessary (o.f. ohspter V,.C.l).

V.A3.5 Datarminaticn of the residual sirengih for praciicsl fail-safe problems in oase of unstiffensd
RADRLE.

This seotion will be converned with the following practical problems:

a) The residual strength of unreinforced pansls.

b) Interrupted slow orack growth,

o) Crasks emanating from cut outs and holes.

d) Stop holes and other orack stoppers.

#) Residual etrength under oombined tension and shear.

£) Impaot damage.
These subjeots will be sreated in the given order.

») The residual strength of vareinforced panels.

For the prediction of the residual strength of a oracked pansl an applicable plane stress
fraoture toughness value should be available; the toughness value should apply for the thickness of the
pansl under consideration., The residusl strength has to be predioted for the case a fatigus orask of a
oertain length will develop in the struoture. Henoe, the residual strength has to be based on the size of
the fatigue orack per s¢ and it is not of interest thatthe orack will show soms slow growth before the
oatantrophe, Thig means that residiosl etrength of oresked unreinforoed panels should be based on X ,
rather than K " {(Mote shat she problem is a different one for reinforced pansls, chapter V,.0.1), 3*

When & useful figure for K _ ip available, obtained from a sufficiently large panel, the
residual atrength can be determined for m sise of panel and any length of orack with Feddersenh method
discussed in section V.A.).2, In case of small pansle it is permigsible to work with an apparent K
value for the pertinent sise of panel, bt it is preferable %0 use real X e values and net section?’
yield oriterion for very small panele. 1

The residual streagth can be oaloulasted from ¢ - Vwa_, provided 2s < w/3 and
< 2/3%, othervise use has 40 be made of the tangente. Yok a odFtain Sresoribed fail-safe stress o,
Sne Seternine the permissible length of the fasigue orack from 2a° « 2K “ﬁwi.. Note that i¢ wc&!d
be listio to deterwmine the peruiassible orask length fros 2l° .
w}.. sinoe it is the failesafs load iteslf that makes the “orack growing to 2n Agein if 2.°< w/y

the tangent has to be used and sleo if 07 D 2/30;.. In the latter onse it aight be considered $oo

conpervative 10 use the tangent, but sinoe it will oconcern very smsll orecks whioch are diffiouls o
deteot it ig adviaible 40 perform confiveatory teste if higher stresses are ulloved than the tangent
would suggent permisaibie, When dealing with edge oracks K__ values from central oracks oan be used, but
the nm uma:m faotor should be caloulated from the #f1event sxpiession for edge oracks given else~
vhere s volume,

»)

axigting A M‘l:u in sorvios just iasufficient so un::,rn{m, "y w slow '“:\:' growsh of
an . oresak, rousing, having possi o lower vesi strength, Tosts on large
2024~7) and 707506 .-.-3: m.&z have h‘iam that this nesds Wt t0 be feared. In these 4eptn the
specimens vere loaded until the had shown a cortain amount of slow crack growth. Crack growth was
then interrupted Wy fully unloading, after vhiaoh the specimens were fractured at reloading. Some tests
vere interrupted tvwiow.

Rogults of the tasts on 2024-T) panele are presented in figure VA 19 in comparieon vith
oontinuous teste. The figure shows that after aa interruption, re~initiation of creck growih is not in
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accordance with the curve for the onset of slow crack growth, but it takes place at stresses only slight-
ly below those at which the teats were interrupted. Soon after re-initiation of crack growth, the originai
slow growth curve ias fol!lowed again, The specimen apparently remembers its load history and ignores the
unloading.

When a crack of the largest nermissible size is actually present in service, it may show
some si w gmiovin if a high load, lower than the fail-safe load is met. Though the ultinate crack iength
is exceeded then, the structure can stiil bear the fail-safe load. The flight in which the high load
ocourred,most likely encountered ex:remely rough weather and therefore it is not inconceivable that mure
high loads, if not the faii-safe load, will br experienced eoon after. lt is reassuring that the residual
strength is not impaired by the first high load and by the slow crack growth it caused.

The high load that induced the crack growth has introduced residual compressive siresses at
the crack tip, which are known to aslow down the rate of crack propagation under subseguent fatigue loading.
Therefore it may be expected that the structure can safely reach the next inapection.

o) ¢racks emanating from cutouts and holes

In practice crocks often occur in areas of stress concentrations at holes or at the edge of
a cutout. EBowie (19) has anriysed the case of cracks at the edge of a circular hoie and he showed that the
stress intengity factor can be expressed as:

K -af/mi £(L/0) (19)

where K is the radius of the hole and L is the length of a radial crack, measured from the edge of the
hole. Valnes for £(L/R) are presented in the twc upper lines of table IJA 2, for the crae of a crack at
one edy. of the hole only and for the symmetiric case of two cracks of equal size at either side of the
hoie,

As a first engineering approach one might assume that the combination of a hole and a
erack would behave as a crack of length esua! to the total defect size, For a crack at one side of the
hole this would mean that the effective crack lengih 2a would be considered equal o 2a -

- eff effl
2K + L {- D+ L),
Hence:

1
2
K =GyTa, e ~0’\/;1: (% + %) (2v)

For the symmetric case: 2a .. = 2R + 2L (- D 4+ 2L) and hence
1/2
y R
K -Gyma o - o:/m, (L + 1) (21)

Values of the approximate functions f(L/R) of eas (20) and (21) are compared with the actual functions
£(L/R) as derived by Bowie in table Va 2.

g ————

g ——

~..._______

Table VA 2, Cracks at the edge of a hole. Values for f(L/R) in egs (19), (20}, (21},

L/R — 0.1 0.2 0.3 0.5 0.8 1 15 2 3 5
Bowie, 1 orack 2,73 2.30 2.04 1.7} 1.47  1.37 1,18 1.06 0.94 0,80
Bowie, 2 oracks 2,73 241 2,15 1,83 1,58 1.45 1.29 1.21 1.4 1.07
1 crack ea (20) 3.21 2.35 1.95 1.58 1,32 1,22 1.08 1 0.94 0.8
2 cracks eg (21) 3.32 2.45 2,08 1,73 1.50 1.41 1,29 122 1,15 1.09

This table showa that the differences between the approximate method and Bowie's analysis are small for
cracks larger than O.!R.Bowie's method would predict a slightly lower residual strength than the
approximate mevhod over practically the whole range of crack sizes considered.

Broek and Viieger [SCﬂ carried out tests to check the validity of the two methods. The
results for cracks at one side of the hole are presented in figures VA 20 and VA 2i; the symmetric cose
of two cracks is given in figure VA 22, The K, value for the material was determined first from normal
residual strength tests with the same size of bgnola. On the basie of thig K (- 204 kg/nm3 2) the
residual strength of the cracks at hoies were predicted by using Bowie's analysis (dashed lines in ail
figures) and aleo by using the approximate method of eis (20) and (2i) (solid lines in all figures). The
curves show that indsed Bowie's analysis predict. a somewhat lower residual sirength. The test resuits do
confirm the predicted iinee very well,

1t can be concluded that bowie's anaiysis will give a safe conservative estimate of the
residua;. strength of cracks emanating from holes and that the engineering method that considers the hole

Swed B tua samel inlTL Llp pma®Ul mr el e San waish swtimatea.

In ocase of a2 reinforced hole ~ where msasures have been taken to reduce or to elimirate the
stress concentration ~ it is conceivable that a single crack has to be considered as an edge crack, such
that the presence of the ho:e can be ignored as long as the reinforcement is intact. No information is
available on this subject.

d) Stop holes snd other crack stoppers

Sometimes small fatigue cracks in sheets may have to be temporariiy prevented from growing
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in a provisional way, pending a more elaborate repair at the earliest convenience. Juch provisional
measures can consist of driiling stop holes at the crack tips. The edges of the holes can be siightly cold
worked in order to introduce residual gompressive strenses. These meassures can be quite gatimfactory to
stop fatigue crack growth for a while, but it should be emphasized that they do not improve the residual
strength in ygeneral.

The problem of a blunt crack tip with tip radius p has been treated by several investigators
&1,52.5ﬂ « It turns out that the stress intensity factor of a blunt crack tip is eomewhat higher than
that of a comparitive sharp crack. The expressions derived take their simplest form when the center of
the hole is located at the tip of the natural crack as in figure VA 23. According to Bowie and leal [5ﬂ
the stress intensity factor can than be approximated by

K \/7a + 1.16p (22)

and the miresses c& at the crack tip according to Paris and Creager [Sﬂ ast

Ve 2 . Scrack e
a, - o (1~2r)-\/2_”.;(l+2r) (23)

The stress distribution according to eq (23) is depicted diagrammatically in figure VA 23,
This shows that the atresses at the blunt orack tip are lower than at the sharp crack tip, whereas the
stress intensity ie higher. Apparently, this is a case where the condition for fracture cannot be
determined by the stress intensily factor {in general, it is confusing to use stirees intensity faotors
for other than natural oracks when dealing with fracture problems).

Consequently, the residual strength of the crack with stop holes cannot be determined on the
bagis of a stress intensity factor as in eq (22). From eq (23) and figure VA 23} 1t may appear that the
initiation of slow stabie crack growth from the stop holes will be poetponed to a higher nominal stress.
This has been demonstrated in tests reported by Broek L54] + However, cnce slow crack growth has started,
the crack tip is a real sharp crack tip again and will lehave as asuch: the residual stirength is the same as
in case of a orack without stop holes.

This behaviour can be explained on the basis of the energy balance cuucept as in figure
VA 24. A sharp crack startuslow growth at (X and gives failure at the stress J_. When there are small
stop holes the siress for crack initiation can be raised to G,. The enirgy balafices will now be reached
at B and fracture will occur at ¢ all the same, Stop holes ci&n be made so large that crack initiation
does not occur unti! at a stress larger than ¢ . In that case no erergy balance can be reached and
immediate fracture instability occ&rs, not preceegod by siow growth, The latter will cccur when the stop
holes have a certain minimum size, which will depend upcen the material properties, There i1a scme evidence
from tests [94] that this minimum size is in the order of 2 mm for 7075~T6 aluminium alloy sheet, [t is
certainly greater for 2024-T3 gheet, but it may be much smaller for materials cof icw toughriess: for H-il
steel an increase of reasidua. strength was obeerved already [55] at root radii in the order of 20 amicrons,
Its size has to be determined from experiments and cannot be calculated on the basis of a stress intensity
factor, as explained above.

When dealing with crack stoppers one has to consider not only prevention of crack initiat-
ion, but also arrest of crack propagation. The latier may occur when a propaga*ing crack runs into a
hole. In general, arresi of & running crack will occur when the crack runs into a region with a higher
fracture toughness or in a region with lower stress intensity. 1The gtress intensity may decreaze when the
crack enters a region affected by the presence of reinforcements, a problem which will receive ample
avtention in the chapter on stiffened panels ( V.C.1). In an unatiffened panel cracks may run into rivet
holes. It im very much a matter of available énergy whether the crack will be arrested in such a case.
Calculations of Kobayashi and Harden [56) indicate that there is iittle chance that cracks in unstiffened
sheets may be arrested in rivet holes. Therefore the probiem of crack arrest will not be discusaed any
further here; it will be deait with in sections on stiffened panels. For a thorough treatment of the
basic crack arres: ‘heory the reader is referred to the work of Bluhm [57] .

o) Regidual ptrength under comoined tension and shear

As pointed out elmewhere in this volume three modes of cracking can be distinguished: the
opening mode, the sliding mode and the tear mode, denoted as modes I, II and IIl respectively. Wing box
veams and aircraft fuselages are subjected mainly to normal loading, tut they also experience torsional
loading. Cracks that develop in these siructures may therefore be exposed to tension and shear, which
ieads to mixed mode cracking. The combination of tension and shear gives a mixture of modes I and 1I.
Several investigators h-ve considered the mixed mcde fracture problem BB,R9,60,61,6Q , but a generally
accepted analysis has not yet been developed. The referencestreat mixed modes of both I, II a 4 I, III,
For the problem considered here, the discussion can be limited to the I,II mixed mods,

Xode I1 iloading under an in-plane shear siress T can be characterized by a siress intensity
factor K -tJﬂa analogous to mode I icading [b.g. 4@ . (Consistent with the previously used notations
cxpres-ignn l(1 and K. will be used here to emphasize plane eiress). Under these conditions fracture will
occur when KZ roncheg a critical value ch.

e e -vwmassg Ve wemo vV UUa: W1LD Ry ANd K, and fracture must be assumed to ocour
when a certain combination of the two reaches a1 critical vaiue. Ig is not easy to develop this fracture
criterion. When using an energy balance criterion it can be stated that the total energy release rate G‘
is g1ven by:

Gt - Gl + 02 + 63 (24)
Fracture occurs when G, is larger than the energy consumption rate and hence the fracture condition is
given by Gt> h‘ (- assumed a constant here for simplicity). For I,II mixed mode loading G3 = 0,
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Gl - Kf/E and 02 - Kzz/!:, hence the fracture condition would be
xz‘ . lg - oonstant - k2° (25)

For mode 1 oracking Kz -0 or I(f Kfc and for mode II cracking l(1 -0 or Kg . I(;e. Consequently eq (25)
predicts that the locus for combined mode cracking is a cirole with radius X . This 1s depicted in fimire

VA 25. ln reaiity t“ f ch and the fracture condition is more likeiy to t

2 2
X X
G G (26)
18 20

The locus of fracture being °n eilipse (Iig. VA 25). Fracture occurs when K1 and K

reach values
sufficient to satisfy eq (26).

2

An alternative fracture criterion has been proposed dy Erdogan and Sih [58] « They make use
of tre observation that under combined loading crack extension takes place in the plane perpendicular to
the direction of greatest tension. Under conditions of combined loading the stresses (res figure VA 26)
are given by:

1 e 20 3
O, - = co--E( cos® T - 2K -mo]
[} 2 1 2 2 2
verr (27)
T - a—t— eocg'Elnn0¢K2(3conO-l]

27 r

The greatest tension will occur at © where 7 - O, Then Erdogan and Sih assume fracture to
take place when is equal to that stress that leads to mode I fraoture, which 18 O - K, A/arr

G, v
(since O is the ﬁrmn tensile stress at the crack tip in mode 1 loading). Then theyfracéﬁre condition
is:

K

K 0”29_3‘ oin ¢ . —i
b3 2 272 )
cory
(28)
with
K‘lincolz (3 cos @ -1) vO(troal'w-O)
Results of tests on plexigizss specimens [58] appeared to siow reascnable agreement with eq (28), however,

they show a better agreement with eq (26) as is shown in figure VA 27.

Combined mode 1 and 11 tests are usually carried out on tengion panels with gbli e cracks
{(59,60,61] . For that case (figure VA 28) it follows that K4 -Qsind pfiTa and X - G cos \ﬁlT&E. hesults
of such tests on aluminium ailoy sheet specimens generally c’hov good agresment with eq (26?, as can be
seen from figure VA 29, Therefore e 26) is preferable for practical problems, since it allows more
easily the reverse calculation from a given toughness value to oritical crack length or residual strength.

It can be observed from figures VA 27 and 29 that usually l(z 2 0,75 K e With this knowledge e~ {26) can
be reduced to the useful snginesring criterion of °

Kio 1.78)(: - sz
1

Ky «\7a, X, -1f7a

Es (29) implies that fracture can be predicted from mode I plane stress fracture toughness vaiues. For a
material with known ¥ the criticai crack leagth for a certain required fail-safe loading case or the

fracture strength undt the presence of a critical crack can easily be calculated for conditions of
combined tension and shear.

) lzeact damege.

It ie unlikely that frscture me hanics will ever be able to treat immact damsge and
ballastic damage in a relisble way, since this kind of danage is so irregular in nature. 1t can only be
tried to derive rules of thusb from extensive and systematic investig.iions.

The work carried out by Jensen (63] and Campbell et al [64) has shown that the damage and
residual sirength of 7075-Té aluminium panels expoeed to gunfire varies with impact angle, projectile
velocity and panel thickness. The damage of thick panels usually consisted of fairly smooth round holes

with ~A» withant o swrrmmdine anslle 2ha sanidnel aboomabb 2w —ob _..-- - A

P iy vemme e VLW WL @ Raen vuw GUr  BUUYAUN $LIUSE $XCESAs INe Uilimate tensl.e stress of the
material. Thin panels were more likely to develop crack-like damage and therefore ihe residual! strength
couid very roughly be based on a fracture mechanics concept, by using an apparent fracture toughness vaiue
based on an effective crack lengtu or defect size equai to the iateral dimension of the damage. it meems
that the introduction of structural crack stoppers, such as reinforcements and spiices are the best means
to provide some degree of safety against impact damage.

V.A.3.6 neceszity of confirmatory itestin

- i eipaie b WA
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If applioable plane stress fracture toughresa data are not available, tests will have %0 be
performed. Tewts on material of the relevant thiokness will have to be performed in confirmation with the

oriteria presentsd in this ohapier: 2a « w/3) and O‘o < 2/3 0‘”.

Unlike plane strain specimens, the plane siress spesoimens need not always be fatigue oracked:
when the toughness iw high enouph for the oracks to show signifioant smounts of slow growth, the crack can
be simulated by & sharp saw out A saw out will slightly inoreass the stress for onset of nraok growth, but
onos oradk growih has stnrted ihe saw out has ohanged into a real orsock and the residusl strength will be
the wame as for & fatigus orack of the same initial length. This has been demonstrated by tests (54] .

When fraoture of sheets with saw outs is not preceded by alow orack growth, the simlation
of the orack bty weans of & saw cut is not permissibles In that oause the bluntness of the tip of the saw out
say be gufficient 10 raime the stress ¢; for crack initiation above the fracture stress ¢, similarly as in
the oase of stop holes disoussed in the previous section (Fig. VA 24). °

The siress field equations for a oraocked plate indicate that the atress 0 along the edges of
‘the oraok is compressive and of the order of the applied longitudinal tensile stress. © Especially in thin
shesta this compressive siress can cause buokling of the plate segment adjacent to the craok. One can
eapily demonastrate this buokling by manually pulling a shest of paper with a central transverse tear. Since
buokling mey affeot splow orack growth and residual strength, it has been the subject of several investigat-
ions @2.65'“'67'68f .

GCarlmon et al [67 have treated buckling formally as a plate atability problem. Usumlly

hovever, » simple column buskling formula is used (22,65,66] . Since the tranaverse compressive wiress along
the orack edge is equal t0 the nominal uniform stross O, buckling will commence when O',O‘b defined by

72 pp?
g, - 1553; (30)

Eq (30) is the Euler formula for buckling of a oolumn of thickness B, modulus E and effective length ¢
with hinged ¢:ds. The length of the column J' will be related to the orack length a by °

(. «aa (31)
There is difference of opinion as %0 the most runlt]io value of o, which is in the order of 0.5 (65) ,
bus mogt probably depends upon sheet thickness (22,67 .

For oracke of some length Wuokling occours long befors the specimen is ready to fail and
therefore it may affeot the residual strength. For this reason buckling is usually prevented in a residual
strength tests by the appliocation of rigid bars (Fig, VA 30), known as anti-buckling guides. Photo-
elastio studies of Dixon and Strannigen (65] have shown that the maximum stress at the tip of a glit in an
unrestrained model was about 3O percent greater than under the application of anti-buckling guides. This
will of courge affeqt \he residual stirength. Reductions in residual strength of about 10 percent were
reported hy Walker Eza] and Trotman (68] and up $0 40 percent by Forman [66] + Of ocourse, the reduction
must depend upon orack length. Some of the many date of Walker [22_] are presented hers in figure VA 31 to
illustrete the effect of buokling on slow stable orack growth and residusl strength.

Although buokling guides are usually considered a pre-requisite for a useful residual strength
test, it is quagtionable whether they are always necessary. In practioal shest struotures, buokling will
often not be fully restrained. Even in stiffened structures buckling oan sometimes be restrained only by
the in-plane bending stiffness of the stringers; only when thers is a stringer aorous the orack,buckling
is fully prevented by the out-ofwplane bending stiffness of the stringer. A caloulation of the residual
strength of a sheet siructure in whioh buokling is not restrained should, of course, be based on tests

without buokling guides, sinoe X 10 is lower for that case.

Alzvorthiness requirements [69] umed 0 allow fail-sufe testing by severing single elements
such as atringers or spar oaps while the structure is under load. The question sometimes arises whether it
i similarly permimsible to demonstrate fail-safety by ocutting a slit while the struoture is under load.
Tests have shuwn O] that this would provide false information. The specimens containing an initial
osniral slit were loaded to the point that slow growth initiation was about to osour. From then on the load
way kapt conastant and the two ends of the orsok vere propagated simultaneously by means of iwo jeweller
fret saws witil fraoture coourred. Soms test results are presented in figure VA 32,

At first glance one would expeot failure during sawing to occour when the oritioal orack
lengih, associsted with the applied stress, is reached: i.s. at the passage of the upper curve in
figure VA 32, Yet, sawing oould be continued far beyond this point. It aight be argued that the dis-—
orepancy oould be due 10 the bluntness of the saw out as compered to a fatigue orsck, since the upper
ourve in figure VA 32 is velid for s slowly-growing actual orsck. Vertiocally however, the dats points are
80 far off the curve that the bluntness of the saw out osnnot be the sole oause of the discrepanocy.

When il resulis are considered in liaison with the Rourve concept, they appear to be mors
rational, This is ocutlined in figure VA 33). The lower part of this figure shows the residual strength
diegram. A orack of initial length A, oan be loaded to a stress 0, (point A, ) where slow orack growth
oommences. When the stress is raised t0 0 the orsck will have pr%pmtod t% a_whers fracture inmstability
ooours. The uppsr part of figure VA 33 sBows the corrésponding omru—b.lmo"dupu in terms of the
energy release r!to (U and the oraak growth resistance R. 8low growth beging when the stress is raised to
G, . Then O «70,“a_/B, represented Yy point A. During further inoreass of the stress the R~ourve is
f81loved. Final .°whnn the stress has reached g and the orack has grown to a_ (point G), the orack ocan
propagate under gouglant stressy 0 will uorouo".long C-U% and remain larger Othan R and fracture

instability ooours.
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Consider now a orack of initial length 2, loaded to Gys The orack is extended artificislly bty 3
sawing, while the -tng- is kept oonstant at Gy. The energy roluio rate 0 will inorease proportionally to
& acoording to G -# < a/E and it will follow the straight line A-D, Finally at D, the oondition G > R is
fulfilled and frwturi iastability ocours (point D. in the lowsr part of figure IIA 33). If fracture were to
oocur at E. as assumed in the firat paragraph of th- chapter, the R curve should shift during sawing to

the pouiti%n of tha dashed curve in figure IIA 33, where fracture would occour at E., A shift of the R~ourve
during the tect is unlikely [70) . :

When in the test desoribed, sawing is stopped at H, followad by continuous loading, failure
nhoul;}l oi:our at K. Equivalent points in the lower diagram are Hl and Kl‘ The latier was oonfirmed by tests
also [70] .

i e e
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In conclusion it can be siated that the execution of a fail-gafe teat bWy means of extending
the orack by sawing under load leads to an overestimation of the eritioal orack length.

V.A.4 FATIGUE CRACK PROFAGATION

V.A.4.1  Introduction

The determination of the fatigue orack propagation ocurve is an essential part of the fail-
safs design procedure. It is the basis for the establishment of the inspeotion interval or the interval
for stripping or proof testing (c.f. chapter V.A.1). Although residual strength caloulation procedures
have obvious shortcomings, the prediotion of the fatigue orack propagation charauteristio is still the
least acourate part of the fail-safe design procedurs, despite the vast amount of research that has been
done on this subject. Yet, the developments achieved during the last decads justify s moderate optimism

about the possibilities of prediction techniques.

This chapter deals with the technical problems of fatigue orack propagation. The use of
fracture mechanics in fatigue as expressed by the relation between the oraock propagation rate and the
stress intensity faotor, is briefly oonsidered. This relation is espeoially useful when dealing with
struotures. However, the discussion is based on a very practical gtandpoint and ie limited to an
evaluation of the shortoomings of the relation and its appliocability to techniocal problems. A detailed
analysis of its physical aspects is beyond the scope of this chapter and the reader is referred to the

pertinent literature (71,72,73,74) .

If fatigue oracks would never develop in airoraft structures, the fail-safe problea would
probably hardly exist. Fatigue orack propagation is therefore omly part of the fatigue probdlem in air—
oraft structures. Yet, the question of fatigue enduranoce, safe-life prediction and orack-free life will
not be considered here. They have received ample attention elsewhere [40,75] and the present volume deals
with fail-gafety alone. It is very troublesome to an airoraft operator if premature fatigue oracks ocour,
but it is immaterial to the fail-gafe problem per se whether cracks oocour late or early.

The interaction effeots of ocycles of different amplitudes and ths retardation effect of
overloads on orack growth during subsequent oyoling, is conaidered, bui that discussion is also
limited to its practical enginsering impliocations.

The discussion may seem to devote relatively much space to sheets. This is a conssquence of
the fact that the majority of fatigue orack propagation research has been performed on sheets.

V.A.4.2 Cragk growth rate snd siress intensity facior (constant aaplitude loading)

The disoussion of this seoction will cover the following itemss
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a) Crack growth and AK at zero osyols ratio.
b) Effect of oycle ratio.

o) Versatility of the oconoept, oracks emanating from holes. : h
d) Shortoomings, practical standpoint.

a) Cpaock gro gero .

In the slastic case the stress intengity faotor is & sufficient parameter to desoribe the Y,
vwhole stress field at the tip of a orack, When the size of the plastic zone at the orack tip is small L ‘
compared to the orack length the stress intensity faotor may still give a good indioation of the stress
environment of the orack tip. If two different oracks have the same stress environment, i.e. the same
stress intensity factor, they may be expeoted tc behave in the same manner and show the same rate of
propagation. Henoce, it may be expeoted that the rate of fatigue orack propagation per oyole da/dn is a

funotion of the stress intensity factor range 4K:

g r(ax) - r[(s_,-sun)/i?:] . t[zs‘\/ﬁ] (32)

vwhore 8 ax and 8 win &0 the maximum and minioun stress in a oyole, and s. is the stress amplitude. Paris

{
(76) and Paris, Gomes and Anderson (77) were firat to recognize this and check it with test dsts. Of -
course, eq (30) will always be satimfied bty data of specimens tested at the same stress levels. Data ~
obtained from specimens tested at various stress levels should all fall on a single curve if eq (32) were

applicable, Figure VA 34 ghows a plot of data [78) obtained at thres different siress levels, but the

minimun stress in a oycle was always virtually sero (the oycle ratio R « anin/sux = 0.05). The data in

this figure, indeed, obey eq (32).
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In a double-logarithmic plot the da/dn versus AK duta often fall on a straight line. There-
fore it has been suggested many times that the relatlon of eq {32) should read

& o) (33)

in whioh C and n are oconstants. There have baen a lot of arguments as to the value of n. Values usually
vary batween 2 and 4. It turns out, however. that eq (33) does not.saily represent the test data. In
reality the plot of da/d.n versus AK is an S-ghaped curve, or at least consists of parts with different
slopes [79,60,81] (figurea VA 34 and VA 35). Only if the tests concern a limited range of AK values the
expcnential relationship of eq (33) is found and then, of course, the value found for n depends upon the
position of the AK range §h1 h, low or intermediate AK values). When the AK-values cover a sufficiently
wide range, they show eq (33) to be incorrect. A deviation at the upper end of the AK range may be ex-
pected when assuming that the ornck is reaching a orifical size at which da./dn must become infinite.
Several other explanations for the deviations from linearity have been given; analysis of these is beyond
the scope of the present discussion.

Reoently, it has been tried to correlate the crack propagation rate with the crack opening
displacement [82,83] « This usually leads to relations of the form;

2 2
eithor 42 _ ¢ g%: or 48 _ ¢ (8K (34)

in which E is Young's modulus and ¢ is the oyclioc yield stresa. These equations are interesting, because
orack propagation can be considered’ l°goomtrio consequence of orack tip opening [84,85,86] « It has been
shown [e.g. 87] that data of a largs varieiy of materials fall within one large socatterband when plotted
ou the bagis of AK/E versus da/dn as suggested by the second eg (34). However, a mere glance at tigures

VA 34 and VA 35 shows how materials with virtually the save Young'h modulus can have widely different
orack propagaiion properties. It is felt that this is due to the faot that many more parametera are
involved then accounted for in eq (34).

Many other equations that have been proposed are analysed in a concise paper by Pelloux
[88] . Further work to derive an equation with a sound physioal basis is certainly needed; it can be
predioted that this final equation will be a complicated one, if it has a general validity. For the
teshnical problem of fatigue orack propagation the aimple knowledge that da/dn is a function of the stress
intensity faotor will often be sufficient as will appear in this ohapter.

b) Effeot of oyole ratio

A fatigue oycle is determined by (a frequency und) two siress parameters. These can be the
mean stress S_ and the stress amplitude S , the minimum stress in a oycle sni = 8 - SA and the maximum
strees S =8 + Sa or other combinatioRs of two of these four parameters. Bs loﬂg as the cyocle ratio
R=8 nin () max equals Zero ones ocan speak unambiguously about the siress intensity factor of the fatigue
oycle, since S - O and Sm - S . The hypothesis that the rate of crack propagation is a function of the
stress intensity factor, pruintl no diffioulties. When R / O the range of the stress intensity 4K -
25\/#; is an ingufficient description of the siress environment of the orack tip. The question arises
whither da/dn will now be a funotion of AK or of the maximum strese intensity in a oycle; Km' -
Sm\/ﬂ'a or of AK and l(m.

It appears [89,90,91] that the rate of crack propagation is a funotion of both AK and K __ .
This can be appreciated from figure VA 36, which shows two plots of the same load of data (89,90) ™%
one as a function of Km and one as a function of AK. From figures VA 36 it can be concluded that

DB .o (aKR) - 1K R) - £y (KK ) (35)
Several investigators have tried to establish empirical relations which atiempt to incorporate the effeot
of the oycle ratio, susch that all date could be condensed to a single ourve. Broek and Schi jve (89)
proposed a complioated relation, but also the following more simple ones

4 . ol (36)
A aimilar equation was given by Erdogan (9] . Walker (92,93) used the more general equation
& g K3, o (371)

whioh he modified by introducing an effective 2K, yielding
n
g: -0 with 3 .5, (-R)"\/7e (38)

Forman ot al [94,95 proposed that da/dn should beoome infinite when the orack reaches a oritical size,
iees when K resches K1 (see chapter VA 3), They arrived at

@ e (39)
dn ~ (1-R Ko - 0K (1-R)(K ~K_

c

which oen be rearranged to gives
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The differences among these expressions are not large, and none of them has a feneral
applicability, but saoh one may be found reasonably applicable in a limited region or for limited sets of
data.

The question arises whether eq (35} mtill holds for R <O, i.s. when the stresses go into
compression. A crack is not much of a stress raiser in compression and the expressions for K lose their
seaning. This suggests that

gk ) for R<O (a1)

There have been many arguments about the validity of eq (41), The data ['96] plotted in
figure IIA 37 ween to support the equations. Of course, a crack will not always close exactly at the
moment the stress reverses from tension into compression. The moment of olosure will depend upon the
magnitude of the crack tip opening attained in the tension part of the cycle and upon the plastic
deformation properties of the matsrial {97) . Therefors, eg (41} should probably be modified into:

4 (K, k) f, (K WR) for R D0

4 ty (k) for 2 <o (42)

6 -1, (material properties)=:0

o) Versatility of the congepty cracks emanating from holeg

A relation of the fatigue crack propagation rate with the stress intensity factor is ver
useful, becsuse the stress intensity factor can be calculated for many different design configurations.
Once a plot of the type of figures IIA 34 through 37 ie obtained for a particular configuration it is
principally possidble to predict fatigue crack propagation in any other configuration for which the Jtress
intensity factor is known. This can be proved by showing that orack propagation data obtained from
specimens of different configurations fall on a single curve.

Figure VA 38 ghows data presented by Figge and Newman [98] for two practical cases: the
first is the uniformly loaded panel, ths other the wedge force loaded panel. The latter has a certain
similarity to a bolt or rivet force. The stress intenaity factor for the wedge force loading decreasss
with orack length, for the uniformly loaded panel it increases with crack length (see figure VA 38b). This
implies that the rate of crack growth in the weige force loaded panel is high at the atart of the test, but
it gradually decreases as the crack proceeds, whereas the reverse occurs in the uniformly loaded panei. In
the plot of da/dn versus AK the data of one teat run from lower left to upper right, the data of the other
test run froa upper right to lower left. Yet, a single curve ocan be drawn through the data points.

Another practical case is & crack epanating from a hole or cut out., Some data for this
configuration were presented by Figge and Newman {98) . Data obtained recently by Broek [99] are given in
figure VA 33, The stress intensity for a through crack emanating from a circular hole wus determined by
Bowie [19] and was presented here in chapter V.A.3), eq (19). Imida’s flOO] correction for crack eccentric-
ity can be applied.

Acoording to figure VA 39 there seems to be a large discrepancy between normal crack
growth data and those for oracks at holes. This is partly due to the fact that cracks at holes experience
only & very limited range of AK values. In this range relatively many crack growth records are mads and the
relative error is large in measurements of small da, which may have led to a larger scatter. Bowles
solution implies (chapter VA 3) that the hole may be considered part of the crack as soon as the ratio
between orack length and hole radius is in the order of 0.2. Then the crack plus the hole ocar be considered
as a crack of effective length L + D (see figure VA 40), When this is done, it sesms that the orack
propagation curves for the cracks at holes agree very well with the curve obtained from a normal test
(fig. VA 40). It should be noted, however, that figure VA 40 gives the propagation ourve of a orasck with
2 tips, which grows at a rate 2 da/dn (da/dn at each tip). The cracks at holes, having only one tip, appear
to increase in total length (L + D) as if they had two tips.

An extrapolation of crack growth data to other configurations is principally possible,
but it appears that it has to be done with care. Extrapolation to complicated structural geometries such as
built-up sheet structures and sandwich panels will be discussed in ohapter V,.B.1.

d) Shortcominge, practical standpoint

Fatigue crack propagation is affected by many factors. The conspicuous influence of the
environment on the rate of crack growth has been the subject of many investigations on a variety of
materials [101 thr 105] o Aircraft structures will be fatigued in an environment of engine fuel
(integral wing tanks) or air, which may nontain varying effects of water vapour. Only little is known
2bout the influence of engine fuel. It has been shown that the rate of fatigue corack propagation in normal
wet air can be an order of magnitude higher than in vacuum {102,106) , According to Hartman [101] the
LT - s ¢ e mane e UTInIR %04 A 4ks webem wawew . pathar than the oxygen. He observed the same
rate of growth in wet argon and wet OXYgen AaNna sgaoin vue weme wwe maee . . 77 % e =
and dry oxygen. This concerns an aluminium alloy. In a review of the effect of environment Achter {107}
concluded that for other materials the reverss may be true.

There is no concurrence of opinion [e.g. 102.108.109] as to the explanation of the influence
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of the environment on the rate of propagation of fatigue cracke. It is likely that different explanations
will apply to d.fi “rent materials. The effect is certainly a result of corrosive action and as such it is
time-dependent, Thirefore it is usually sssumed that the environmentsl effect is sascciated with the small,
but aysteaatio eff ¢t of oyoling frequency (102,109.\10,!1!] .

It is dlear that slight variations in environmental circumstances may be the cause of
considerable differences in the observed orack propagstion properties of & given alloy. As reported by
Sohijve and Ds Rijx (112] an alloy of pominaily the same composition but made by different manufacturers
may have largely different creck propagation propert.es, which 1e 1llustrated in figure VA 41, Simi
varistions may occur for different batcies of material as j.cduced by one and the same manufacturer mz .

Apparentiy the rate of fatigue crack propagation is not such a consistent material properly
as the tensile strength and the yield stress. Fatigue crack growth is irfluenced by so many uncontrollabie
faotora that it seens an even less consistent property than the fracture toughness. This 1mplies that a
large scatter has to be expected in practice, which is reflected a!ready in the wide scatterbands in the
data plote of da/dn versus AL,

Then it sust de concluded that there ie little basis for argusents sbout the usefulnese of
the various expressions for the relation dddn-dl digcursed in this chapter. The development of such an
expression based on sound physical argusents should be encourazed: 1t say show which basic varamaters are
involvad. The development of new espirical expressions to ocondense the dats should not be discouraged, but
their publication certainly should. The large scatier in actual data isplies that any empirical sxpression
may have certain werite (particularly when applied to limted amounts of dsta and alloys).

¥hen predictions of orack growth have to made, it will slways be necessary to apply a large
safety factor, in view of the effects discussed above. Therefore nc particular expressicn for da/dn will
have large advantages above another that gives a reasonable data fit. The use of a particulsr expression
will be very such a matter of taste and therefore s best polynomial fit may be the most suitable in viaw
of computer spplioation., This conclueion is the more true becauss of the oomplicating factor of variablse
amplitude losding as will De discussed in the following section.

V.i4.3 Yarietle-amplitude service-loading

So far the discussion has besn limited to conatant ampl.tude oyoling. Since the service-~
load experience of an aircraft is by no means of constant amplitude, the ultimate goal of this chapter
is t0 summarise the available means to predict fatigue crack propagation under randoam loading. Although
o vast samount of publications exist on variable asplitude fatigue tests, the literature on crack
propagation under variable amplitude loading is not abundant.

The intaraction effects of cycles of different amplitudes is large in cese of orack propagat-
fon. Thie can be demonstrated (Schijve and Brosk {113,114] , Hudson and Hardrath (115) ) by spplying over—
loads in & constant amplitude test. If an overioad is applied in a constant-amplitude erack-propagation
test, crack growth during subsequent constant-amplitude cycling will be extremely slow. Figure VA 42
[113,114] illustrates the retardation effect of overloads on uvrack propagation. The peak load has
introduced & large plastic zone at the orack tip. This zone is stretched, but after unloading it still
has t0 fit in the surrcunding elastic material. Consequently, the surrounding material will exert
compressive stresses ('.1.3.114] ou the plastically deformed material at the crack tip. As soon as the crack
has grown through the ares of residual stresses, the original crank propagation curve will be resumed
again.

Short rangs intsraction ¢ffects oan be studiad fractographically [116.117,118] s but the
interaction effeot can extend over thousands of cycles. The delay in orack propugation depends upon the
sagnitude of :ihe overload (119] as is demonstrated by figure VA 43. The figure shous that small over—
loads cause a:ready a emall delay and that moderate overloads may cause Jelays expressed in many thousands
of cyoles. A very high overlced may prevent any orack propagation at subsequent low amplitude cycling.

Kegative loads are not 1isble to build up residual stresses, because a crack is not such of
& stress raiser in dompreesion. Prequently applied periodic negative loads in & constant amplitude crack
propagation test caused practiocally mo intersotion effects [120 and the orsck propagation wes in good
agreement with predictions based cn s linear damage rule. Conssquently, the so oalled ground-air-ground
cycle will not be very damaging by itself (spart from contributing one large fatigue oycls), but is is
detrimentsl in an indireot way, becsuse it annihilates partly the residual stress=s built up by positive
overloads (113,114] and it therefors reduces the latterh beneficial effect (see figure VA 42).

Similar interacticn effects cocur during variable smplitude oyeling f113,114,l15,121} and
randoa loading (122] « Therefore fatigue orack propagation during actusl service loading is an important
subjeat of researoh. In this respect the advanced work of Sohi jve [111.121,123.124,125] on flight
simlation loading deserves ample attention. Figures VA 44 and VA 45 present a survey of his recults.
Truncation of the applied gust spectrum gives the best impression of the interaction effects. Truncation
means that the magnitude of the hir~hest gust oycles (only a smsll number of aycles of the total spectrum)
is reduced to the next highest level (i.e. no loads are omitted). Further truncation reducea all largest
oycles aad sll ayolea of the seoond highest level to the magnitude of the third highest level, stc.

.. Apcording to figure VA 44, truncation of the two highest levels already reduced the crack propagation
RSt P et 3 mee 2ll? TRE SS227272 of dhemmende of the lowest amplitude oyoles had only a sasll
sffect. It appears TRt OTAOK PrOPEZRILUE 1B Suiveses wovmmconan oy o 7T ST Al degma o sk
siroraft snocounters less severe ssrvice loading than was foressen.

The large retardation effeoct of & single overload in a constant amplitude test cannot yet be
scoounted for in the relsticn between da/dn and AK. This shows that thers must be an effect of stress
history on this relation, although such an effect did not appear in constant amplitude tests (c.f.
figure VA 38 for largely different 4K histories). In case of random load tests and flight simulation
teats some effective AK could be defined, e.g.



RATIOS §,2.2 39

.1 'y
f 4 X
CRACK A I N g
) PROPAGATION LIFE v T v |
0 A
» T . ) T
© - e |
| | .
" { -
i ' B - o ?
10 - "‘Jj' t - - y — .- “ e man (hg. mm %) "v‘—:T
: AR . Ze-— TRUNCATION LEVEL .
- : i : e e (SEE "KL viOUS FUGURE) -
a2 . g — g ]
o L : l [ .
2 24 P ) %
kl y } NUMBER OF FLIGHTS (1000 FLIGHTS) -
I.T CRACK NUCLEATION l
o RATIO'S ) . 1.1 LS Y MOLE DIAMETER 20 mm .

SPECIMEN WIDTH 160 mm

FIG. VA 45 CRACK PROPAGATION CURVES IN FLIGHT SIMULATION TESTS OF SCHIIVE [123, 124, 125). SEE ALSO PREVIOUS

FIGURE.
10}
ie | 22-13
o o '“—f ;
{ p/FLIGHT
Ox
P
[ ) A {HIGH AMPLITUDE)
or _— B (LOW AMPLITUDE)
ns }, * l
SRy » '
J /11 |
70
— T ! |
4.0 - ,‘: Bes _!
I L1l |
L » 40 " " » CRACK LENGTH o
KaCS, Ve(kp/and?)
FIG. VA 46 CRACK PROPAGATION AND STRESS FIG. VA 47 DIFFERENT X HISTORY IN CONSTANT
INTENSITY FACTOR IN FLIGHT Si- AMPLITUDE TESTING.
MULATION TESTS OF SCHIJVE ["lJ.
TENSILE MODE
st
SINGLE SHEAR DOUBLE SHEAR

FIG. VA 48 THE TRANSITION OF A FATIGUE CRACK IN SHEET.



A'-K’lr-\ﬁ'-:orﬁ-i:wr_n (43)

In these expressions 8 is the root-mean-equare value of the randos losd and ‘8-: is sone peagure of the
amplitude in flight 01Eation tests under the condition that differences betwesen"test will consist of
proportional increass or reduction of all stz in the seq « ‘Paris (76] has suggested already that

aafdn - £(aK) 7y

Eq (44) wae checked by Schijve f111) with data from flight simulation tests. Some results are ehown in
figure VA 46, which shows data of five flight simulation testswith exactly the same cycling sequence, bdut
all stresses in one test were reduced proportionally with respect to those in snother test (same R). The
data certainly do not fit a single curve. This has t0 be attributed to interaction effsects.

Aotually, the relation between da/in and K has to bs supplemented by the paraseter dX/da [II!J .
Conaider the varistion of AK in two constant amplitude testsin figure VA 47, At a orack length a, in
speoimen A and a orack length in speoimen B the same AK-valuss spply and the orack propagation rates may
®» sxpected to be equal, Hance. both oracks extend the same amount Aa 1o a, + 4a and + Ou and then have
o different 2K and s different propagation rate. At a orsck length .+ Aa, and + the X values are
alen the same. However, since 4a, # the oyolio strain histo~ies of the orack tips will be different.
Larger differences in oyclio strain histories coour in the case of figure VA 38 and of course, in s
flight simulation test.

Acoording to Sobijve (111) equal erack rates may be expeoted if both K and dKX/da are equal:
ds/dn - £(8X, X, dX/as) (45)

Apparently, the effeoct of the X-history is negligible if the load amplitude is not abruptly
varied, but if there are significant amplituds changes the K-history is important (111] .

Veh.4.4 Engtors affeoting oreck propagatjon

Vhen predioctions of orack propagstion have %0 made, data should be available relevant to the
conditions prevailing in service. These data may be hard to get, eince fatigue orack propagation is
affected by an endless number of parameters. The influence of the environment and of the cyoling frequency
in relation to the environment have been discuseed already in essotion V.A.4.2: Tests are usually not
performed under controlled environmental conditions and part of the scatter in fatigue data may bde
attridbuted to this fact. For this reason the effect of savironment was already considered in s
previous section. Besides, the environmental oonditions in servioe usually are not well known either.

Among the many factors that affeot orack propsgation, the following should be taken into
consideration for orack growth predictions:

a) Thickness

b) Type of product

o) Heat treatment

d) Combined loading

e) Cold deformation

1) Temperature

{g) (Manufacturer)

(h) (Batoh-to~batoh variation)
() (Bwironment)

For the faotors lower in this list it is less likely that they can be properly accounted for. No attempt
will be made to illustrate the effeots of all these factors with data, partiocularly because some faotors
will have largely different effects on different materiale. Nor, will it be tried to give a list of all
the existing literature on these subjects. Rather, socoe general trends will be briefly mentioned, merely
to indicate the exisience of the effect of a particular paramster; s few entries to ths literature may
faoilitate the search for more data.

The sffect of material thicimess can rather well be accounted for, because the thickness of
the ocomponent under consideration will be readily known. In sheets thare is a small, but systematio
effect of thickness on crack propagation (126,127.128,129] + The effect appears to exist primarily befors
the fracture mode transition (126,127] , Fatigue oracks in shests always start as s tensile-mode crack
perpendicular to the sheet surface. When the orack grows in length the size of the plastic tone inoresses
and plane stress oan finally develop. This causes the fatigue crack to change to single or doudble shear
(79,130] as depioted in figure VA 48, Plane stresa develops when the size of the plastio zone is in the
order of the sheei thickness. Therefors it is conoeivable that the thickmess effect is related with the
fracture mode transition. Some data [126,127] are pressnted in figure VA 49, showing that growth rates
are slightly higher in thicker sheets. In the latter the transition will require a larger plastic sone and

s @ & ATetter length of avaak.

Crack propagation in very thick sections enocomspasses some more problems. The oracks will
develop ss cquarter elliptical cormer cracks or semi—elliptical surface flaws. The siress intensity varies
along the front of the flaw and its maximum value depends upcn flaw shaps. This has been outlined in
chapter V.A.2. Assuming that the rate of crack propagation ia a unique funotion of the orack growth rate,
it folliows that the arack growth rate will vary along the front of the flaw. The latter implies that the
flaw shape will gradually change to semi~ciroular where K and da/dn are constant along the periphery.

EVR PR
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The anisotropy of thick seotions (ohapter V.A.2) may cause & different behaviour.

The propagation of surface flaws has been investigsted by Francis [131) and Hall (132,133,134).
It was noted that the cyolic life is primarily a funotion of the ratio X /X. in which K, is the maximum
initial stress intensity in the first cyole and is the fracture t o88. In ohspto‘ V.A.2 it vas

‘ghown that an elliptical flaw can be desoribed by i/q in which & is the semi-minor axis of the eliipse and

Q is & flaw shape parameter. The experiments of Hall [132,133,134] indicate that there is s relation
tetween d(s/Q)Kn and the stress intensity factor in analogy with the case of sheets:

s/
28 (ex ) (46)

Pigure VA 50 ghows the validity of eq (46).

By mentioning anisotropy, the foregoing discussion has slready touched the effect of iype of
product. The orack propagation characteristios for a particular alloy will differ for plste, extrusions
and forgings, while especially the latter may exhibit a rather large anisotropy. Fatigue crack propagation
in forged material has been studied by Van Leeuwen [135,136] . Closely related to this are the other
processing variables and particularly the heat treatment. The heat treatment can have a large influence
on fatigue crack growth and the effect may bs different for different alloys [18,129.135.136.137] o A
heat treatment designed to improve e.g. stress corrosion resistance may not always be beneficial for
fatigue (135.136] and therefore it is worthwhile 1o cheok also fatigue orack growth rste when changing the
heat treatwent to suit other purposes.

The paramsters discussed so far are fairly well defined and their effeots could be acoounted
for in orsck growth predioctions if pertinent data are available. The conditions of combined loading, coid
deformation and temperature areuwsuslly less well defined. In csss of combined tension and shesr loading,
it is the position of the orack that ig not known exaotly. The probdlem of mixed mode loading has been dis-
cussed in chapter V.A.3. It is determined by the stress intensity factors K, ,K  and X for the different
fraoture modes. In case of aircraft wings and fuselages which are subdjected to ban(u.ng 3lnd torsion there
exists a oombination of X; and Kz.

Crack propagation under conditions of combined loading have been studied by Walker [93] who
oonsidered the oase of biaxial tension and by Iidi and Kobayashi [138] who considered X, , K  combined
loading. Some data of the latter investigation are presented here in figure VA S1, It f‘mai out that the
oraok tries to persist to the direction of saxisum K; value, with the K, value reducing to its minimunm
(insert in figure VA 51). Iida and Kobayashi concluded that the sxistefice of even s small K ,insreases
the orack propagation rate significantly. (It should be noted that da/dn in figure VA 51 is“based on
projected craok length in K. direction. Since the crack has initially a steep inclination the actual growth
rate is much larger than thé one based on projected length). This is further illustrated by the following
resul te: :

da/dN at X . 11.5 kst

Crack orientaticn ‘2/“ da/ dn (a4 in/cycle

a= 0deg [} 3.8
a - 45 deg 0,217 8.0
& - 60 deg 0,110 6.6

In general alusinium alloys are stretohed between quenching and sgeing. Also many material
applications in siroraft structures require deformation by bending or bending and stretching (ocurvature of
skin penels, joggling, flanging). This deformation affscts the ductility due to work hardening and due %o
ite influence on subsequent ageing. Consequentiy, it may be sxpected to affeot also the rate of fatigue
orsck propagation. Fatigue crack propagation of 2024 sheets are deneficially influsnced by strains of
1 to 3} par oent [139.140 s but larger strains introduce too much work hardening and the properties de-
orease ageain. This is illustrated in figure VA 52, It iy self-evident that the effects can de different
for other alloys.

Almoat ull material properties depend upon temperature and one of these is the rate of
fatigue orsok propagation (141,142,143,144.145] « Nodern aircraft fly at high altitudes, where low
temperatures prevail, Dus to the large heat capacity of the fusl the structure may still be cold during
desosnt when gusts are encountered snd mansuvering loads oocur. Low temperatures tend to have a beneficial
offeat on craok propagation propertiss (144] as depioted in figure VA 53,This is & result of the low
moigture content of oold air.

The most difficult factors to scoount for in the prediction of orsck gruwth are ihe
samufsoturer-to-sanufacturer variation, the batch-to-batch varistion and the effect of eanvircnment. Schijve
[112] has proposed to keep close record of orack propagation properties of all material in stock, by
parforning s standard orsck propagation test om sach new dslivery. If this is not feasible the variation
of oreck propagstion properties ocan only be sccounted for in a safety factor. The same will usually be the
case for the environmental effect and alsc for the effect of many factors discussed adove. To determine s
rational safeiy faotor, it is a prerequisite for the designer to have a fair knowledge of faotors that
aifeot orack growih and to have some insight into the nature of these effects.
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From the foregoing discuseions it may mppear that it is virtually inpossible to arrive at an
asocurate prediction of the rate of fatigue orack propagation in an astual airoraft structure. For the case
of oonstant amplitude thare are slready so many ocaplicating factors that rcliable estimates of a crask
propagation curve does not seem feasidle. In case of su aireraft struoture there is the additional
difficulty of a oomplex geometry. Then there is the tremendous probdlea to predict the orack propagation



-
under random loading in this complex aircraft structure. In chapter V.B this problem will be snalysed and
1t will be tried to develop the means to predic’ the crack rropagation as accurately as is possible in the
present stage of development. .

A prediction of orack propagation will have to be based on test data which are applicable to
the case under consideraticn, as for the type of aaterial, environmentai conditicns, etc. Such data may be
available in a plot of da/dn versus the stress intensity factor. When the locading conditions are known,
predictions oan be made by an integration procedure:

[ )
(-]
n :/ W (46)
%4

in which a, is the minimum detectable crack size and a_ is the critical crack length. Such an integration
will probaily be carried out by an electronic computer and thersfore it need mnot necessarily be based
on an analytica)l relation between da/dn and the stress intensity factor. As discussed in section V.A.4.2
a best fit polynomial may be more suitable.

The integration for real siroraft service loading will receive ample attention in chapter
V.B, together with other means to predict crack propagation under such circumstances. The problems
involved in the treatment of complex structures will also be discussed in that chapter.
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V.B FAIL SAFE DESIGN CONCEPTS AND FATIGUE CRACK PROPAGATION IN REAL STRUCTURES

V.B.1 THE PREDICTION OF CRACK PROPAGATION
D. Broek

V.B.1.1 Introduction

In order to apply the fail-safe concept, it is necessary to make a reliable estimate of the
number of flight hours it takes to propagate fatigue oracks from the minimum detectable gize to the
ocritical size. Ingpection intervals will have to be based on this estimate, or rather fatigue crack
propagation should take go much time that it covers two or three inspection periods. The prediction of
fatigue orack propagation rates and crack propagation time for the real stiruoture ghould ococur on the basis
of relevant data as for fatigue loads, orack propagation data and structural geometry.

Fatigue orack propagation is affected by a large number of parameters, which were described
in the previous chapter. It will often be difficult to obtain the raw orack propagation data, direotly
appliocable as a basis for prediction of fatigue orack propagation in service. The available data may be
valid for slightly different ciroumstances, material thickness or heat treatment. In that came safety
margines will have to be taken. The information given in the previous chapter may be of help in making this

Judgement.,

Information about the fatigue loading may be available in the form of a load spectrum. The
use of this information for the prediction of orack propagation involves some specifio problems. This
chapter starts with a disocussion of these problems. Thereafter an analysis is made of the pomsible means
for a prediotion of orack propagation. Finally, particular problems are disoussed, regarding built-up
sheet atructures, heavy sections and pressure vessels.

V.B.1.2 Load-time history

Load-time histories are described by statistiocal means. The various aspeots of the load time
history of an airoraft are dealt with in chapter V.B.l. Usually, the load data will be available in the
form of a load speotrum or a power speotral density funotion. The latter can be translated into a load
spectrum if the load is a Gaussian phenomenon. Load spectra are different for different types of airoraft.,
Large oivil airoraft usually have a load spectirum that is determined primarily by gust loads, whereas the
load spectrum of a fighter airoraft will be determined by maneuver loads. These iwo basic types of speotra
are depioted in figure VB 1. It is usually assumed that the spe-‘ra for positive and uegative gusts are
symmetric, which allows presentation by a single curve. Maneuver . )otra are agymmetric, since heavy
positive maneuvers are more frequent than their negative counterperts.

It ip worthwhile to be aware of the fast that load speotra are the result of counting
procedures applied to actual load-time histories such as shown in figure VB 2, All counting methods have
the tendenocy to negleot certain small load reversals, For an appraisal of the different counting techniques
reference is made to a recent review by Sohijve (1,2) and to the work of De Jonge (2] and Van Dijk (4] .
The usefulness of the various oounting methods may depend upon the purpose of the data. When the data have
to be used for future airoraft design the usefulness may be judged on hbw well the counting method has
desoribed the actual load data, For fatigue caloulations the usefuiness depends on how well the methed
desoribes those loadswhioh are the most relevant to the fatigus process.

It sho.ld be rointed out that resulting load speotra do not give any information about load
sequence. This brings about one of the major problems, namely the definition of & load oycle. The counting
procedure algo has to cope with this problem in order to analyws the load time history. The question
arisestwhat is important the load maxima and minima, or the load ranges. As is illustrated in figure VB 3
a certain load sequence oan be described in various ways. The analysis of the various sounting methode
(1,4,5] pays ample attention to this problem. When the speotrum has to be applied for fatigue evaluation
a similar problem arises.

The usual prooedure for the fatijue oalculation is to combine upward peak loads with downward
peak loads of the same frequsnoy of ococurrence in order to generate a complete load cycle. This is illustrat-
ed for a single oycle in figure VB 1, Actual load records (fig., VB 2) do not justify this procedure, but
it oonsidered conservative since it generates the largest possible coyocles.

By using the load spectrum a flight-load profile has 1Q bs estabiished. This requires an
anelysis of the various missions to be performed by the airoratt [6) . Two eimplified flight profiles [l]
oconoerning the wing bending moment are shown in figure VB 4. lhe following oomments apply:

a) Gust, maneuvers and taxiing loads were assumed to oocour ag one oycle.
b) The sequence of loads wos assumed random, without any correlation,
o) Flight profiles may differ from flight to flight. especially with respsct to the large
cyoles and the number of oycles.
Flight~load profiles of other airoraft parts can bs largely different from those shown in
figure VB 4 [7] « The flight profile of & fuselage structure will basically consist of one or two
pressurization oyoles and mome bending and torsion due to tail loads during masneuvering, whersas asro-

dynamic loauds can rather be neglected. The flight profiles of soms aircraft members may be relatively easy
to determine, because the loading is more deterministio than probabilistic.
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V.B.1l.3 Prediotion methods

Estimates of fatigue oraock propagation in service can be arrived at along three different
ways. The three approaches are:
a) Integration of constant amplitude data and making use of a linear oumilative damage rule.

b) Integration of congtent amplitude data and using a semi~empirical oumulative damage
oonoept.

o) Interpolation between flight simulation data, direotly or via integration.

The merits of these methods are disocussed in this chapter. It turns out that method g gives
oconservative results, method b requires further development and method g may become very reliable, once
suffioient flight-simulation test data will have been generated.

In order to predict orack propagation under variable amplitude loading by using constant
amplitude data, it is necessary to make use of a ocwmlative-damage rule. Several cuwimlative-damage rules
for fatigus have been put forward in the literature. An excellent analysis of these rules has recently been
given by Sohi jve [2 « He ooncluded that with respect to life estimates a theory distinotly superior to
the Palmgren—Miner ,9] is not available., Of course, o life prediction made with the Palmgren-Miner rule
is a rough estimate only. The Palmgren-Miner rule has the inherent shortooming that it does not account for
interaoction effeots of high and low load oycles. However, the procedure oontains many more uncertainties,

which may be just &8 detrimental to the final results, as are the shortcomings of the Palmgren-Miner rule.
These unoertainties ooncern:

(1) The magnitude of the local stresses.

(2) The moatter in oonstant amplitude fatigue data.

(3) Applicability of the constant amplitude data to the pertinent ciroumstances.
(4) Insuffioient kmowleage of expscted load-time history.

In case of gragk propsgation the shortcomings(l) through (4) apply equally, However, the
intrinsic shortooming of the Palgren~Niner rule will generally yield results, which are on the safe side.
As pointed out in chapter V.A.4 the interaction effect of overloads during fatigue orack growth is always
a retardation. Negative peak loads appeared to have no effect in itself, but could reduce the retardation
in growth oaused by high positive loads, the remainder still being a slight retardation. Apparently, the
net interaction effects tend to be a deceleration of orack growth. Consequently, the neglection of inter-
sotion effects by the Palmgren-Miner rule will generally be on the safe side. Some attemptis [10,11,12,13,
14,19,43,44] have besn made to soccouni for the effeot of overloads and the residuwl stresses introduced
by them, but a quantitative evaluation for complex load histories is etill difficult and contains many
uncertainties, It must be oconoluded that the Pulmgren~Miner rule at this moment is still a reasonsble
engineering damage rule, especially for orack propagation where interaction effeots will exolude uncafe
estimates. Shortocomingw in the prediction will be largely due to other unoertainties not related tu the

damage ruls.

For a prediotion of orack propagation with the Palmgren-Miner rule the orack length is
oconsidered a measure for the amount of damage. In itself, Niner's rule can be fairly acourate for orack
propagation, if orack length is taken ay a measure for the damuge. Miner's rule states that

:‘l :3 h cos ﬂ-l 1
nl’uz‘us* *ui (1)

for failure, It is a linesar sumsation of the damage that ocowrs at various stress levels 51' 82 oo si.

irrespective of their individual values. Now if the damage oriterion were a given length of orack, Niner's
hypothesis would hold if, regardless of orack length and test stress, the seme fraotion of total lifetime,
n/N was necessary to propagate the orack over a given interval, Figurs VB 5 derived from [15] y shows for
a given orsck length (<& 0.1, 0.2, 0.5, or 1.0 sm), and for all test stresmes somewhat greater than the
fatigue llwiv, that the fraoction of total lifetims, u/‘N. to reach that crack length is essentially
constant., Thus, Miner's rule appears to be a reasansble approximation for fatigue-orack propagation,
exoept in acoounting for iutersction effects as discussed before.

Various ways oan be followed for the prediotion of the orack propagation life. The most
simple approach is to uss some sort of SN curve for orack propagation. This ourve gives the number of
oyoles required for the considered amount of orsok propagation for various values of the oonstant oyolio
stress (fig. VB 6). The FalmgrenMiner rule osn be directly appliei to the given load spectrum. It can be
used to prediot the results of the flight simulation tests presented in figure VA 44 of ohapter V.A.4.
The result ig shown in table VB,1l: the taxiing loads have besn ignored sinoe they appeared to have little
elieot) the orack propagation iife in constant amplitude tests of purely ground air ground oycles has been
estimated at 26000 aycles and 60000 oyoles for the 7075 and the 2024 material respectively.
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The orack propakation life of 2024 o o with the flight sisulation dasa (fig, VA 44) for
the oase of a truncated wpectrum ‘o § - 6 kg/ma®, This meana that prediotion would be valid for an aire
oraft not meeting excemsively high qult¥, The prediction for 707% ie st the low mide, If Vhe coatridution
of the ground-air-ground oyoles would be omitied in the ealoulatior (in arder Vo compenaate & little for

the ignored retardation effeots) the resuits would he 9700 flighte and \ ‘%0 flighte for the iwe sateriale
respootively.

An alternative method would be to consider each flight as one luad oycle, with the aaxima
given by the highest guat load in that flight and the minimum by the lowest (mn\tvos st load in the
flight or the ground cundition, whichever is the lower (wee figure VA 44 flight typs E), This caleulat=
ion leads to orack propagntion lives of 640 flighte and 2700 Flighte respsotively for the two materviale,
Again the astimute iw at the safe side. This prooedure ignores \he noourrence of many load oyoles and it
must be expeotad that it can easily lead to unsafe entimates.

In general it will be more umssful to prediot the orack propagation bshaviour by integretion
from a plot of da/dn versus AKX (figure YA }4). The advaniage of thim procedure is that i% allows
oredictic. of orack propagation for any geometry for which the sireas intensity factor is known. As showm
in chapter V.3.2 the stress intensity factor ocan be determined for built-up shest struotures and sand-
wich panels., Conso~uently, it is principally possible $o prediot the oraok propugation of a panel of
complicated pecizotry on the basie of a da/dh versus 4K plot obtained from simple laboratory specimenas,

Agsumin, that the load spectrum is known, the integration prooedure oan be carried out in

many different ways, most of which are current procedures in airoraft design [17) .
a. Integrate, oycle by oycle, in random order starting with the minimum deteotable grack langih a ,

subjected to a streas range, ‘:‘sl‘ The siress-intensity range will be Kl " ¢81\/In‘. Find (dl/&n)‘

from a plot such as figure VA 34. The orack will extend over a length 8a « (dafdn), x ! and the new
orack length will be a + bda, which will meet the next stress range, 32. oto.

This is an extremely laborious procadure, since it requiros an integration osver thousands of
cycies. The aalculation will have to be performed by computer. A problem is the sequence of loads) the
choice will be a partioular rarndom order. A high load applied at a short length of craock will give s
relatively lov 4X and consequently a low da/dn. If the same load were applied at a large orsok ite &K
would have been much higher and its oontribution to crack growth much lurger. Henoo ike result of the o
caiculation must be expected to depend upon load sequence.

...,_,.T

o

Integrate biocks of oycles of the same amplitude. For simpliocity, the growih rate may be considsred
constant during growth of a small increment of orack length. Application of this procedure to ithe

fiight simulation tests on 2024 material of figure VA 44, yields orack propagation livas varying from
9000 to 20.000 flights, depending voon integrution step aize.

o b
-
. *

]

Integrate f'lights of one peak-to-peak (minimum to maximum) load nycle per light. This procedure assumes
that in one fiight, ocrack growth is reasonably well approximated for the flight by considering the
flight as one stress cycle repregenting the maximum and miniwum stresses observed in each flight.
According to ‘he test data presented in figure VA 44 4 test of this kind yields 36000 flights and

14500 flights for 2024 and 7C(5 respective.y. Since interaction effects are sasll in such a test, the
integration procedure wiil fairly well prediot thes~ est results. This means that the prediction will
be dangerously un~on~srvative. Apparently, th. con:rib.tion of all the disregarded load excursions is

still appreciable, despite interaction effects. Neclisrtion of tlese load excursions in the integration
procedure will therefore not be permitted.

i e e O L e ia i

2

d. Smear out the total life spectrum in a number of ococurrences per flight. (This implies that high loads
masy ocour at the rate of only a fractional number per flight). (Acoording to table V3.1, the maximum
excursion Sa ocours 0.0002 times per fiight). Then sum this onoe per flight spectrum to obtain a
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for a small increment of crack extension.

Obtviously, all these methods will have wericus shortcomings, which can be listed as followss

a) The outcome of tha irtegration will depend upon the secuence used; a high load occurring
only oocasionally, will induce a higher AK and, consequently, a higher da/dn when
oceurring at & large crack than at a short craok.

b) The effects of loading frequency and environment can be acoounted for only with an
arbitrary safety factor.

o) There is a large scatter in the raw data as a result of manufacturing procedures, batch-
to-batoh variations, metallurgica! effects, and testing techniques.

4) There is & lack of raw data, Usually, data for the right thickness, panel width, and
sachining conditions are not availabie.

o) The average flight experience is used. Some aircraft of the fleet may meet more severs
loading spectra (short flighte, few benericia! high loads).

f) The procedure asaumes fair knowledge of the load rpectrum.

The integration procedure assumes Kiner's rule valii for crack propagation and ignores inter—
action effects. The resuits of the ca.culation may be better in case of a maneuver gpectrum, The
occurrerce of high lcads in a maneuver spectrum is relatively high. This means that the crack propagation
resulting from the high iocads themselves may be much larger than the contribution to crack propagation by
low smplitudes. Retardation in crack propagation at low loades therefore become relative.y less important
with respect to the overa.l growth rate. The same reasoning applies to many aircraft members with more
simple load spectra than the aireraft wing. Fuselages, undercarriages and many other parts have more
deterministic load spectra and interaction effects may be less important. This has to be judged for al}
cases separataly. The case of the aircraft wing receives relatively much attention, because it encounters
the moet complex probiems.

It is emphasirzed once more that the use of a particular analytical relation for the da/dn
vergus K plot is neither much helpful for the integration prccedure, nor will it yield predictidbly better
results. The d;/dn veraus AK data input oan be based on a best fit plot and specific demands of the
computer.

Y. atio i~ irical lativ t

The obvious shortcoming of the prediction procedures diacugssed so far is the neglection of
intaraction effects, although it turned out that this usuaily leads to conservative resulte for crack growth.
Interaction effects have been almost exclusively attriduted to the introduction of favourabie residuai
compressive siresses At the crack tip [2.17,18] « This was discussed in chapter V,A,4, A theory predict-
ing sequencs effacts should include the evaluation of the residual stresses and crack ciocsure. A few
attempts have been made to achieve this for life calculations [13.14] « This work stiil needs further
development and it cannot as yet be applied to orack propagation.

Seni~empirical integration methods trying to account for interaction effects in crask
propagation were proposed recently by Habibie (19] s Wheeler [43] and Willenborg, Engle and Wood [M" .
Habibie carries out an integration based on the relation of Forman, Kearnsy and Engle (20) y which was
discussed in chapter V.,A.4, but the uss of this relation is not egsential. Habibie introduces a retard-
aticn factor ¢. In the abssnce of any overloads: ¢ = 1. In cass of periodic overloads the value of ¢ is
determined by the ratio between the orack extension in the interval between two overloads and the crack
extenaion in the sase nuaber of cycles in the absence of overloads. This is depicted in figure VB 7

.- 2:-1- <1 (2)
The notation Aal is used here to indicate crack extension withoui retardation effects for which ¢ - 1,

Habibie recognizes that ¢ will depend upon the magnitude of the overlcald (see figure VA 43)
4 and upon the ductility of the material and he postulates:

-v
- e !i (3)

in which i— is the normalized (dimens’ ilegs) wtress intensity factor at the overload and a and vy arse
mterial constants. Then he artives at the following basioc formula for his integration procedure:

[ § «8 ¢+ 4

iel i S
(4)
1 a
o(1-2)™" K
An, ~» ¢
i 1 l' K-“
- o . - e e e
T were ui 18 SHE Crask GXIeNsLOR 13 W8 18 Uyoie.
Habidie used the flight simlation tests of Schijve [16) to evaluate and check eq (4). (a
summary of Schijve's data were presented in chapter V.A.4). He calculated orack extension for the flight
sisulation tests with ¢ « 1 (ignoring intarsction effects) and compared the result with the actua' tost




e Amrraae

B T

e

et ORI 7 s

e

e lmin)

O FRPEMIMENTLOF WiV

O Pu) PREMETION DY
CONNRERATION OF INTERAL HON
PEFECHY

O P, PREMICHION 9F HARINE
BH=
T hit iy -

109 10t PLINTA

O RXPERMINTS OF SCHIIVE O TXPERIMENTY OF ACHIIYE
O Pu ! (RO INTERACTION CONMORRED) © Pyt (NOINTERACTION CONSIDERED )

O P, nasinE) O P, (MRIHOD OF HABIBIK)
olmm) 08 ve, O, 0l hgimmd o (mm) W Te, T wbdhylmn?

ror ¢

wf (r

b . < ) .

0? 0 103 04
PLIGHTS FLIGHTS

FIG. VB9 COMPARISON OF SCHIJVE'S DATA (16] AND PREDICTIONS BY HABIBIE [19].

b Bt b W S T b



178

data to determine 9. The procedure starts at the ccourrence of msaximum load and continues until the next
ocourrence. This yields one value of 7. The interval to the subsequent occurrence of the overload yields
another value, etc. The maximum load in the flight simulation tests was not always the same, due to the
truncation (see fig. VA 44) and hence the procedure could be repested for other magnitudes of the high-
est load in the setuence. Each caloulation ever yields one value for ¢ and these can be plotted versus the
magnitude of l(1 at which the procedure was started. The reault is shown in figure VA 8.

The straight line in figure VB 8 supports the usefulness of eq (3) and it allows determinat-
ijon of a and y. Then it is possible to use eq (4) as an integration procedure for the purpose of predict-
ing craok propagation, but there is one additional difficulty. In case of small oracks it may be expected
f19] that the retardation effect of the highest oycle will be dominant and remain sc until its next
occurrence. ¥hen the crack is longer, also cycles of a somewhat lower magnitude will have an sffect, unti)
at large crack sizes every cycle cuuses a retardation which is effective only during one subwequent cycle.
A continuous transition where g accounts only for the highest overioad in the first stage of erack growth
and later gradually takes into acocount also cyciea of lower mag-itude is not yat feasible [19] . Habibie
solved this problem by using three stages. In the first state 7 relates to the highest overload only, in
the second stage the next three highesti cycles are taken into account and in the third stage all cyclus
are considered. Habibie determined the extent of the three stages more or less by trial and error. He
predicted the crack propagation curve for one of Schijve's flight simulation tests by using eqs (4) and
the result of figure VB 8, and he started out with stage 1, accounting for the retardation of the highest
cycle only. He compared this result with the actual test result and when the discrepancy became too large,
he changed to the next stage. It appeared necessary to change to stage II at 2a/w s (,25 and to stage 111
at 2a/v ms 0,38 where w is the sheet width.

On this bagis Habibie made a prediction of crack propagation for a large series of flight
simatation tests as performed by Schijve.Computertines for the integration varied from 12 to 150
minutes per test. Some of the predicted orack propagation curves are presented here in figure VB 9 in
comparison with the actual test results. Also shown are predictions for ¢ - 1 (retardation effects dis-
regarded). The latter curves result from the direct Miner integration as digcussed in the previous section
and they are at the safe side as might be expected.

The acouracy of Habibie's predictions is not too surpriming, since they were made for the
same test data that yielded the values for ¢. More checks would have to be made by predicting corack
propagation for other test series with the presently available ¢~data.

The procedure proposed by Wheeler fA}] is very similar to the method of Habibie, but it is
better formulated in terms of the crack tip plastic zone. Wheeier algo introduces a retardation para-
meter 3. It is based on the ratio of the current plastic zone size to the size of the plastic enclave
formed at an overload (figure VB 10a), An overload occurring at a crack size a_ will cause crack tip
plastio zone of a gize °

R e el (s)
cyl Gyl

where d; is the overioad stress and O’y. the yield stress. When the crack has propagated further to a
length li the current plastic rone size will be

i . &2 2 ‘
' ' S G (6)
pi 1 0,2 0,2
s ys

This current plastic zone is still embedded in the plastic enclave of the overload; the latter still
proceeds over a distance A in front of the current crack a . Jheeler (43) assumes that the retardation
factor ¢ will be a power function of rp‘/A . Since A a; v r - & the assumption amounts tos

pf‘

.
Y U -} WY . .
¢ (ao”pc'ai) as long as & rpi< 3,00 (n

Its « r”) 8 * oo the retardation factor becomes ¢ | by definition. The power m in equation (7) hza

te be determined empiricaily and Wheeier t'nds m (.4} for I'éac stee! snd m - 3.4 for Ti-6A:-4V. In
order to show the similarity with the method . Habibie equations () and (6) must be substituted into
souation (7), which ieads to:
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With v 2m equation (3) is almost identical to etuation (3. According to figure VB 8 Habibie Tinde
vy = 5 for the a.uminium a. ioys and herze m 2.5 which is in the game order of magnitude as the v: .ues
gnoted abce from the paper by Whee'er for n stee and titanium ai oy,
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With the node) of ¥Whesler the OPrack Propagation CUrve OBN 08 Preaiosea :1Ffum & OYCiW Uy UYULI®
integration, In caso of a single o srluad in a constant amplitude test the retardation factor gradually
deoreases to unity while the orack progresses through the piastic enclave. If a second high load occurs
which produces & plastic rzone extending deyond the border of the plastic enclave the border of this new
plastio zone will have to be used in the equations (Fig. VB 1Cb) and the momentaneous crack length will
thes be the new 8,

Predtotions made by Wheeler by using his integration method led to fairly good predictions
of bdlock-progremme crack propagation teste. Some of his regults are shown ia figure VB 11, The advantage
of Whesler's model above the one of Hebibie is that it yields & new value for ¢ in every cycle without any
further assuaptions. This maies Wheeler's model more versatile in its application, Its validity for random
load sequenves and for different materials bas still to be demonstrated.

Still another method was proposed by Willenborg, Engle and wood (44). They also make use of
the plastio enclave formed at the overload (Fig., VB 12). The plastic enclave extends to

'p"o”po"o’cJ- (10)

where a_ is the distance from the contre of the orack to the boundary of the plastioc snclave and the other
sysbols"have the same meaning as in equation (5). Willenborg et al then consider the stress intensity that
would be required to produce a plastio zone at the tip of the ourrent orack a, that would extend to the
border of tne plastic enolave (Fig. VB 12). This means they want to detarnind the K oy TOqUiTed to gives

'y e&_ ¢ _oOr ~8 =8 (1)

1 * rhl'.q ° po ’p.m | 4 i

where r is the required plastic zone to give the wanted result. The X

p,Teq wax,Teq for this is given Yty

c-:?m"p"t"o”po"i (12)
¥

In the first oycle subsequent to the overload s is still equal to a hence X

would be equal to X
the stress intensity of the overload. sax,req o

Now Willensdorf et al make the rather queer assumption that the actual X S—_— occurring at
the ournnt orack length 8, will be effectively reduced by an amcunt: |axy

m . x-u'm xm" (13)

Thie implies that they expeot the action of residual compressive stresses of a magnitude:

X X
G . DML | _maKd (14)
res Vr.‘ Vfl‘

It- asans that both X and X in cyole i are reduced by an amount K"d. This gives:

aax,i win,i
ln:,otf.t - '-3.1 ~Keed " e xn.x.:-oq } (s)
Katn,ofr,1 * Fain,i = %rea " Fain,t * Taax,i = ¥maz,req
If either t-iu ot °F both lm off and !-u off would be smaller than zevo they are set at zerc. If the

latter ocours &K will be smaller than “1' if not AK.“ £ " AK as oan be sgeen from figure VB 12, The
aycle ratio R “&8“! '

Ryer = :J :: Z e = A-x..x (r6)
max,} red max,i max,rej
Both &K ., and R .. can e calculated and then da/dn can be calculated from
c Ax"
TR rr"‘ - “.ff )
Consider the special oase that beth X and X remain larger than zero (Fig. VB 12),

nin,eff max,eff
Then A!‘“. » 8K. The reduction in orack propapttou rate wiil oniy be caused by a reduction in R. Hences,
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(18)

Equation (18) givew wome idea how thiw model compares with those of Habibie (Eq.3) and Wheeler (Eqs 8,9).

Alwo Willensdorf et al show integration results of blook-programme arack propagstion in good
agreement with test results. An objeotion againat their model is that the asswsption regurding the residusl
oonpressive stregses [Eqm 13,14) is at leaat doubsful,

The mavhods considered are interesting attempis %o acocount for load interaction effects in
orack propagation estimates and further development should certainly be encouraged. For the time being
neither method oan be generalised. It is conceivable that flight simulation tests with gust and maneuver
specira would yield largely different values for ¢: the mansuver speotrum containm relatively many high
loudn!.“vluoh BayY be of influence for the retardation effecia. The same oan be said about other types of
load hiatories.

o. Elight aimilation feat basin.

In 1965 Hardrath [21] presented a review on cumulative damage in which he ooncluded that new
brealothvoughs of our comprehension of the problem should not be expeoted in the near future. In 1972
Schijve (2] was only slightly more optimistie, Our phenomenclogioal knowladge will ateadily inoreass and
sspecially for the oase of orack propagation (rather than for fatigue life prediotions) new prediction
methods may be developed. These methods should socoount for interaction effescis in a proper way and there-
fore they will have 10 be based on the orack tip residual stress field oy ocrack tip olosure or on both.
Recaloulations of ‘he oraok-tip atress-field will probably be required for each load reversal in a random-
load sequence. This aay invelve cuvnsiderable cvmputer time. Therefore it deserves consideration to perform
the orask growth prediction on an analog computer. The best analog computer available, one that has know-
ledge of the universal fatigue law, is & specimen in o olosed lvop eleotro~hydraulic fatigue machine. This
analog nomputer can oaloulate about 20 oycles of orack propagation per second, which is probably much
faster then an advanced digital computsr can perform if it hus to recaloulats the strecs field each oyocle.

Partioularly for the complioated load history of an airoraft wing it haa considerable
sdvantages to predict orack propagation on the basis of flight simulation test data as proposed by
Sohi jve [al and Broek (17) . Schijve {2] haa advooated the compilation of flight simulation data. A hand-
book with this type of data would be useful for emtimating fatigue properties. It would allow applioation
of the flight-simulation interpolation methed as proposed by Sohijve.

In order to avoid extrapolation, extensive data obtained in flight simuiation tests should be
compiled. The data should cover the wain variables of the load spectrum. For a certain structural material
it should inolude the following variables

a) Some typical shapes of gust and maneuver spectra.

b) Deswign stress level. A chunge in design stress level would reduce or inorease the icad
speoirum proportionally aw depicted in figure VB 13,

6) The magnitude of the ground-air-ground oycle and its fregquenoy of ogourrence,

It these data were available oraok propagation for a particulsar flight profile, flight
length (frequency of the ground-air-ground oyclog and design stress level could be predicted by inter-

polation. The requirements for adequate flight simulation testing are rather complex. It is beyond the scope

of this fui-voy to give a thorough discussion of these requirements, but they are given ample attention by
Sohijve (2]

Of gourse, the flight simulation interpolation method has also its shortoomings. The main
problenm involved, is in the fact that oraock growih data cannot simply be given am a funotion of the stress
intensity factor as has been outlined in chapter V.A.4. This implies that application of the data to
stiffensd sheet structures may be hardly possible. (It is shown in chapter V .B.2 that the predioction of

oravk propagation in built-up sheet structures has to be based on the stress intensity factor). Other short-

oomings are that the flight simulation test does not properly account for frequenoy effects, environmental
offeots and many of the other parumeters affeoting orack growih,as disoussed in chapter V.A.3. Therefore
safety factors will still have to be appiied. .

V.B.1.4 Confirmatory testing

It will always be necessary to obtain a fair judgement on the reliability of orack growth
estimates. The predictions may be ocompared with service experience from previous designs. A new design
may have similarity to 2 previous design or it may be a further development of a previous one. This inform—
ation can be used in & general way {2] by the ohoice of a stress level that yielded satisfactory results in
previous structures. Of course, revonsidersation of ull relevant parameters will be necessary. The advantage
of using service experience is, that the data were obtained under realistic oircumstances from a large
nusber of airoraft.

The orsok propagation prediction may still have a low sccuracy. The prediction’may be useful
in the early design stage when ohoices have to made regarding the type of material and the type of struct-
ure, but when the airoraft resches completion and all details have become definitive, a realistic test will
often be necessary, Both the spscimen and the load sequence should be repreasentative for service oconditions.
Thig means that the test should be carried out on the actual component or a complete part of the struoture.

-“‘“&' A—r‘m

\
H
'{
1
'
i
M
3
b
]
%
%




T Nma e e e
T i, St e e

B . T it e it I S
_.1:77%4.;'7-"—- et o -

-
—

With respect to ke fatigue load, & flight simulation test representative for service loading ic required.
An exaot simulation of the load=time history in servioe would be the preferable solution. In generai, a
load=time history will have tu be designed on the basis of mismion analysis and load statistios obtained
with other airoraft. A good knowledge of the empirioal irends is essential for the purpose. A major
problem is the ussesament of the highest lomd level 0 be applied in the flight-simulation test. As dis-
oussed before, this level may have a predominant aft'ect on the life and the orack propagstion., If the load
level that will be resched (or exaeeded) cnom in the target life of the airoraft is applied in & test, it
may have a favourable offect on the fatigue life aad orack growths It should he realised that this load
level im subjeot to statistiosl variation and that some airoraft will meet this load more than cnoe, where-
as other airoraft will never be subjeuted to it. In view of this Sohijve (2] proposed that the load speotrum
should be truncated at the load level exceeded ten times in the target life, in order to prevent that the
teat give too optimistic results,

Sometimes fail~safe loads are applied st reguisr intervals during a fulle=scale fatigue test
to demonstrate that the airoraft is still oapable of oarrying the fail-gafe load. The result may cause a
orack growth delay. In other words, this procedure oould give false informatiun. The orack growth delay
in a full-goale structure was recently sxiown (22,28] in tests on the P28 wing. The cortification test
vas sompleted after mimulating 150000 flights. Then fail-safe ioads (limit load) wure applied. In a sub-
lvogucnt researoch program it turned out'iaat savera: oracks did not grov any furthor as showa {r figure
‘B 14, .

The significance ¢f low-azplituis oyoles has been dimsoussed in chapter V.A.4. Omipsion of
these oycles from a flight~sisulation test will considerably reduoe the testing time. However, since wuch
oyoles may contribute to orack nualeation (frtjhtins) and orack growth, the oyoles can harily be opilie?
during the certificatior tests. Taxiing losd wyoles oan be cmitted under oertain contitions. In fuob it
appears admiswable only if the oycles coour in comprewwiun for tha somponents being temted [2] o Uare
should be taken that the ground-air-ground aycle resvher the most extreme minimum 1gad cvcurring on the
ground, inocluding dynamic loads. :

A full-mosle towt tu a new airoraft design iw an expensive tesi. In view of this there ix
every roason to require that ihe test gives realistic end relevant informstior. As caid hfors, a full-
scale fatigue test should be camied out wish a carefully planned realistic representation of the service
load-time history. . .

Several aspscis can be mentioned that make full-scale testing of a new airereft structure
desirable:

1) Indioation of fatigue oritical elements and design defioiencies.
2) Detsrmination of fatigue lives until visible oracking ocours.
3) Study of orack propagation, inspeotion and vepair methoda.

4) Meaguremsnts on residusl strength (fail-safe tests, not to be oarried out until end of
fatigue test).

5) Economic aipects.
6) Determination of inspection methods.

(A1l these aspesots have hesn amply disoussed by Sohijve (2] ).

With respsot to the latter aspect some remarks seom appropriate here,sinoe it is sc¢ important for fail-
safety. The full-moals test is also & truining experiment for inspeotion techniques. It can be used to
evalunte the most suitable inspection techniques for the various looations and the oonditions under which
the inspections should he carried out. It is the rurnose of the fail-safe analysis tc wstablish safe
inspeotion intervels. The airoruf't vperator should also be providel with all the necsssary iaformation to
make such an inspeotion suocessfull., He should be informad abcat the must suitable inspeotion techriques,
and the wmost effectful settings of inspection apperatus, all this information oan be obiained durirg a
fatigue test on full soale componenis or structures-

The unoertainties in the prediotion of orack growith provide both economic and mcral reasons
to supply ithe airoraft user wiih every possible informstion that may be of aid to make siroraft fail-
safety & reality. .
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V.B.2 BUILY-UP SHEET STRUCTURES
D. Brosk

V.B.2.1 Intredugtion

The major part of the airoraft structure oonsisis of buili~up panels of sheet and stringers.
Therefore it im & little surprising that the literature on fail-safety pays relatively little attention
to the propagation of fatigue oracks in built-up sheet siructures as compared to unreinforced laboratory
apecimens. Fortunately some very useful work has become available during recent years. It appears that
the complication of stiffening slements in a oracked structure can be solved in a rationa) way. In faoct
the additional problem of the stiffening elements is far less difficult than the other problems involved
in fatigue oraock propagation.

For built-up sheet siructures containing oracks it is usually possible to establish a fairly
acourate value for the stress intensity factor. If it is assumed that the rate of fatigue orack propagat-
ion is fully determined by the stress intensity factor, the orask proragation rate of the built-up
structure will be equal to the growth rate in an unstiffened panel with the same stress intensity. This
implies that the presence of stiffening elements would only add a problem uf stress analysis to the com-
plex procedure of predicting fatigue orack propagation. Since fatigue orack rates appear to be a funotion
also of stress history there are additional difficultiem involved, for which there does not yet exist a
rational solution. However, these additional difficulties are pertinent to the fatigue problem, rather
than to the effect of stiffening.

. The determination of the stress initensity factor is also a requirement for the predioction of
the residual strength of a built-up structure with oracks. The problem of residual strength of sheet
structures is disoussed in chapter V.C.l. Procedures to arrive at the stress intensity of such struoctures
are amply disoussed in chapier V.C.l and are not repeated herse. Only a brief outline of the basio
assumptions will be given in the following sections on fatigue orack growth.

V.B.2.2 TIhe gtiffened panel

The stress intensity of a flat stiffened pane' is affected by the presence of the stringers.
For the caae of simple flat stiffeners (figure VB 15) the effect of egcentricity can be negleocted; the
stress intensity factor can then be readily caloulated [24,25,26,27,28] both analytically and by finite
3 element methods.

" The procedure o calculate the stress—intensity factor of a reinforced panel is illustrated
in figure VB 16 (The uniformly loaded stiffened panel with cruck 2a is a summation of four components,
namely, (1) a uniformly loaded unstiffened panel with cvack 2a, (2) a panel of the same dimensions with
crack 2a loaded by s number of point loads exertsd by the fasteners, (3) a uniformly loaded stringer, and
(4) a stringer with the point loads. Compatibility requirea the deformations of the siringers and under—
lying skin material to be the same, which gives squations tr determine ithe fasiener loads, P.. The
presence of the stiff reiaforcement does not ullow the skin to undergo the same large doformations as the
unstiffened panel. The atringers will take over gome load from the skin, such that the mtress-intensity
factor in the stiffened panel is lower than in the unstiffened panel with the mame length of orack. On the
other hand, the presence of ihe crack will locally enforce a higher load in ihe stringers and in the
fasteners. The higiner load in the giringers is determined by the so-called load concentration factor L,

R

}- which follows from the caloulations,

i The stress-intensity fator in the stiffened panel will be !

? K = aCpol/Ma with Cp <y (19)

§ where C, is the skin stress reduction fastor. :
ok The looal stress in the stringer will be {Qt
Tytringer » LT ¥ith L > (20) ? .

: te

¥ The fastener loads are given by i

. i
) v

P, + P, ...ija(L-l).O’.A.t {21)

where A.t is the stringer oross-geotional area.

Both L and C_ are functions of the ratio s/a (s - stringer pitoh), ths stringer oromss section, the N
modulug of tge ertringer material, and the rivet pitch. The variations of L and C, are given schematiocally i L
in figuwre VR '6; as a funotion of orack length for the partiocular panel eoni‘iguﬁation of figure VB 15,

A heavy stringer can take more load from the skin and give a larger reduction of the siress %
intensity faotur. Since the stringer is heavy, the load it takes irom the sheet will be relatively umall o
in comparison with the load it already oarries and therefors tae load conceniration factor will ve lower 3
than for u light siringer. g

As long as the orack tip is far from the stiffener, the reduocsion of the siress intensity is 3
low. Whea the crack tip appcoachss the siringer the reduction becomes larger and it is at a maximum when
the orack has just passad the stringer center line. The effect of the stringer decreases aguin when the :
crack grows longsr. There remains a reduction, because the stringer teiids to closs the orsok; this
reduction is larger if the stringer has a higher stiffness and if the rivet pitoh is smaller. When the
crack tip approaches the next stringer there is again a larger reduction in ntress intensity. This is
illustrated by figure VB 