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FOREWORD

This book is a rare achievement , summarizing coherently more than 25 years of
groundbreaking research on real problems. During those years the author , by virtue of his
ability to see past the immediate symptoms of eng ineering problems to their root causes,
originated radically new principles for structural reliabili ty assurance in engineering design
and made possible practical app lication of the many new materials and engineering techniques.

These advanced materials and methods enormously impro ved the performance of naval
vehicles and other structures, but they often at the same time presented engineers and desi gners
with serious difficulties that blocked their practical use. Fortunately, Mr . Pellini was in a
uni que position to be aware of and deal with many of the most crucial engineering and design
problems. In his work at the Naval Research Laboratory he was able to solve the most trouble-
some of these problems and to advance basic technological capabilities.

His status was not accidental. Mr. Pel lini earl y gained the respect of both engineers and
desi gners by his desire to deal with real problems and to direct research at meaningful goals.
Beginning with the widely known brittle f a i lures  of ships and tankers , in which entire shi ps
sometimes fractured in calm water at dockside , and continuing to the present age of high-
performance shi ps, aircraft , and missiles , he has shown a remarkable ability to resolve the basic
engineering issues. For example , in the ship failures the problem was metallurgical in nature.
New laboratory test methods were needed , to demonstrate the true nature ofthe problem , before
any realistic solution could be undertaken.

Mr . Pellini’s involvement in this effort led to invention of the Drop-Wei ght NDT test ,
which was the first new Standard Method for characterizing fracture resistance of metals
adopted by the ASTM in 30 years. At the same time , his broad-scope research in brittle fracture
of steels culminated in the Fracture Analysis Diagram , which became the criteria-setting
standard for design of steel structures. After this , the introduction of new hi gh-strength metals
and the maturity of general fracture mechanics led to Ratio Analysis Diagram concept , which
has proved invaluable in selecting material systems.

A major contribution of Mr. Pellini has been his synthesis of the many variables affecting
material performance into rational and coherent eng ineering approaches that can be under-
stood and applied by designers. A large part of this book concerns translation of the ph ysical
phenomena of fracture and crack growth to a format that facilitates engineering analysis.
Particularl y important is the integration of material , fracture , design , fabrication , and en-
vironmental loading concepts into the total Stract ura l Integr ity approach to design. The princi-
ples developed by Mr. Pellini are now being invoked in contracts for desi gn and construction of
the future high-performance ship fleet and form the foundation for app lication of Structural
Integrity Technology in other areas. All  the answers are not yet available; developmental
programs continue to identify new problems. However , the basic technology laid down here wil l
be as valid in the future as in the past and will be the cornerstone of materials structures and
engineering de velopments for many years.
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The accolades and awards bestowed on Mr. Pellini hi ghlig ht the value of his efforts to the
entire scientific and eng ineering community of the nation. The highest Department of Defense
and the Navy awards for scientific and eng ineering achievement are matched by the hi ghest
honors of the Washington Academy of Science , the American Society of Naval Eng ineers , the
American Foundrymen ’s Society, the American Welding Society, and the American Society for
Metals. During his active Navy career he published more than 150 papers on many top ics and
lectured extensively in the United States, Western Europe , and Asia. In 1974 he crowned an
illustrious career by being elected to the Nationa l Academy of Engineering.

PETE R M. PALERMO
Assistant Chief Naval Architect

(Structures)

Hull Division
Naval Ship Engineering Center
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PREFACE

BACKGROUND

The last decade ’s dramatic advances in structural eng ineering are the synerg istic result
of many technological efforts. The driving forces for the efforts have been structural perform-
ance objectives beyond the bounds of exist ing technology.

The structural performance and reliability objectives were established according to the
needs of the many radically new engineering systems developed in the last 10 years. The
efforts have resulted in traumatic failures as well as notable successes. The failures were
particularly significant; they made gaps in engineering knowled ge glaring ly evident.

In general , the failures were in the anal ysis of fracture and crack growth in metal.
Clearly, the procedures for design , metal selection , and fabrication were inadequate for analyz-
ing or assuring structural reliability. Engineers were forced to revise technolog ical principles
in the light of a new base of information for characterization of fracture and crack growth .

The adoption of new, rational characterization methods was the key to subsequent ra-
tional development and selection of alloys. These developments , based on formal analytical
methods, were profoundly significant to structural technology. Previous alloy development and
selection practices had been guided mainly by strength level objectives.

Similarly, the bases for rational , advanced fabrication methods were clarified. The impor-
tant milestone was the departure from the primary use of strength level as a guide in de-
velopment and selection of weld metals.

The role of systems analysis in the coherent application of new rational principles cannot
be overemp hasized. It was most important that  the research efforts in design , materials , and
fabrication were combined into an integrated whole.

Objectives

The subject matter of this textbook precludes abstract presentation of the separate roles
of the engineering fields that contribute to structural integrity (SI) technology. Specialized
engineering fields must be examined in the context of rational certification of structural
reliability, as related to fracture and crack growth.

The main objective is a realistic and informative exposition of the primary eng ineering
areas that must be integrated in the design process.

All discussions are in the context of a total systems approach to the integration of the
specialized fields. Scientific princi ples that must be described in specialized terms are dis-
cussed in appendixes.

viii
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The presentations are intended to provide a tutorial introduction for engineering stu-
dents and practicing eng ineers. The subject is exp lained by sequential exposition of scientific
fundamentals , eng ineering criteria , analytical procedures, case examples, generalized princi-
ples , and certification requirements.

The interactions of design , materials characterization , fabrication , and inspection are
examined for various types of structures. The consistent connection of the sections into a
cohesive treatment of the subject rests almost entirely on the use of fracture mechanics ratio
analy sis and fracture-state criteria. There is no other way to effectively cross-reference the full
span of mechanical and metallurg ical considerations.

Selective reading can provide a reasonable introduction for those who have a general
interest in the subject. For example , the sections on engineering fracture mechanics are useful
for those who need such clarification for general reasons. The sections on welding and welding
metallurgy are a compact introduction to this field , which generally is not understood by those
who have a back ground in a mechanical discipline.

For proficiency in the subject , it is expected that the material would be the basis for a
full one-year engineering course. Careful reading of the text , plus an intensive , one- to three-
day series of lectures , should provide a reasonable familiarity to general engineering audiences.

Combined Use of English and Metric Units

The material of this text is expected to be of immediate and long-range interest to
diversified groups of practicing engineers and students. In deference to all interests , a ba-
lanced system of reference to Eng lish , metric , and metric (SI) units was adopted .

The nomograph on page ix presents approximate conversions for stress and stress
iiitensity (K , ) values fro m Eng lish to metric or vice versa. Strength values are cited in the
fi gures in terms of ksi and kg/mm 2 units , while the text uses ksi and MPa units. Values of
stress intensity (K ,) are cited only in ksiV1i~T units, with the exception of specialized tables.

Conversions of temperatures and dimensions are made to the same degree of approxima-
tion that is imp lied by the measurement.

These various decisions were made for purposes of simp lification of the text , with reten-
tion of familiar systems of units for most readers.

Acknowledgments

The origins of the technology that is the subject of this textbook may be assigned to
research activities at the Naval Research Laboratory (NRL) , under sponsorship of the Office of
Naval Research (ONR ) . For 25 years , from 1950 to 1975, the two organizations provided the
necessary resources and research freedom for the development of these new technologica l
principles of fracture mechanics and mechanical metallurgy.

The development of the scientific princi ples into a mature engineering technology was
marked by direct applications to a great variety of structures of naval interest. The interest of
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a succession of chief engineers in nava l  organizations was of paramount importance. In effect ,
the entire Navy hardware system was used to test the new principles.

From this basis of engineering applications , there was an ever-broadening expansion of
applications w i th in  the Federal Government and in industry. The importance of these users
cannot be overstated. Their experience is the basis for the present confidence in technological
applications .

The direct costs of develop ing this  system exceed $100 mil l ion.  Laboratory research ac-
counted for about one-fourth of the cost , and three-fourths involved experimental applications
and trials .

The cost of initial applications to serial production of structures designed according to the
new pi-inci p les of reliability assurance (such as submarines and aircraft) is beyond measure.
However , these app lications provided convincing proof , in service , of the reliability of the new
technology. The contributions of those who made these pioneering decisions is acknowledged
with fond remembrance and gratitude.

From beginning to end of the activity, the initiative was provided by the superb combined
research and eng ineering teams of the Metallurgy and Mechanics Divisions of NRL. It was my
good fortune to be associated with the members of these two notable organizations , the finest
in this field ever assembled . With their combination , NRL was recognized as the leading inter-
national center for the development of structural integrity technology. This leading position
was held f r  more than 20 years.

The sponsu ’-shi p ,ii this textbook by the Material Sciences Division (Code 470) of ONR
is acknowledged with sincere gratitude. The object was to make the textbook available , at the
lowest possible cost , to practicing engineers and students who may exploit the technology in the
future.

I wish to record my appreciation for leadershi p in developing analysis diagrams by my
princi pal associates , R. J. Goode , R. W. Judy, E. A. Lange , P. P. Puzak , T. W. Crooker , F. J. Loss.
and C. T. Fujii . These diagrams hold the essence of an enormous amount of scientific and en-
gineering information. Their lectures , also , have contributed greatly to the structure of the
book as a practical guide for engineers.

Nove,nber 1976 WILLIAM S. PELL INI
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NOMENCLATURE

FRACTURE MECHANICS TERMS

a Depth , half length , or half diameter of crack
B Thickness of plate or specimen
COD Crack opening displacement

Range of K values in fatigue-crack extension
E Young’s modulus

Thnsile strain
Critical value of e for instability
Strain energy release rate with crack extension
Critical value of ~ for elastic fracture

K , K , Stress intensity factor (The subscript I denotes the opening mode ofcrack extension.)
Plane stress condition at crack ti p for initiation; also crack conditions in propagation

K ,.- Slow load (static) plane-strain fracture toughness
K 1,, Dynamic plane-strain fracture toughness
K ,,. Lowest value of K for slow extension of cracks in stress corrosion environments
J .- J-integral fracture toughness index
L Plane-strain limit by this fracture mode
PZS Plastic-zone size
r Plastic-zone radius

Numerical expression of R-curve slope for plastic fracture
o , r.~ Applied stress

Yield strength for dynamic loading
r ,. Yield strength for slow loading
R Characteristic resistance to extension of plastic fracture
Ratio Signifies K , /o~. . K ,,,/cr 1,, or
YC Yield criterion
2c Crack width

ENGINEERING TERMS

N DT Nil ductility transition ECST Explosion crack starter test
temperature obtained by drop ETT Exp losion tear test
weight test FAD Fracture analysis diagram

FTE Fracture transition elastic RAD Ratio analysis diagram
FTP Fracture transition plastic lAD Instability analysis diagram
DWT Drop weight test PWE Plastic work energy for fracture
DT Dynamic tear test TL-F Thchnological limit for fracture
CAT Robertson crack arrest properties (RAD)

temperature NDI Nondestructive inspection
C , Charpy-V test
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CHAPTER 1

Introduction

BACK GROUND

In the past, engineers did not have an objective method for quantifying the fracture and
crack-growth behavior of proposed structures. Instead, they had to rely on qualitative assess-
ments by specialists. As a result , expensive retrofitt ing has often been necessary to correct
failures that occurred in testing or in service.

Sti-uctural integrity (SI) technology—a new system of engineering methods—ofTers prac-
tical solutions to these problems. SI methods enable designers to certif y before construction
that a structure meets numerically expressed standards for structural integrity. The demand
for such cet-tification is growing, and, in many cases, SI certification is now a contractual
requirement.

Structural integrity technology focuses on the effects of sharp cracks and metallurg ical
defects to which failures of massive structures can usually be traced. It is based on accurate
measurement of fracture and crack-growth properties, using test methods adapted from frac-
ture mechanics. By testing small specimens that have sharp notches and cracks , the cracking

• behavior of metals is quantified and used to predict conditions under which the metals will fail.
The object is to compile standard system of numerical data that can be analyzed objectively.
Such analysis can replace the traditional appeal to expert opinion and thus provide the basis
for formal certification of structural integrity. Certification must be based on rational, numeri-
cal descri ption of properties; qual i ta t ive  assessments by specialists cannot be standardized.

Where the public interest and safety are affected , certification based on the use of SI
princi ples may be required by statute. The princip les provide the commonly understood refer-
ences essential for the dialogue between those who impose standards and those who must meet
them.

DEVELOPMENT OF SI METHODS

SI analysis has developed along a remarkably direct path. In the past two decades, one
cycle of intense activity has followed another. Investigations of in-service failures established
the importance of fracture properties, on the one hand, and of design and fabrication proce-
dures, on the other. Studies of the mechanics of materials produced the science of fracture
mechanics. Metallurgists developed rc :erence systems for metal properties. Systems analysis
integrated all these aspects of structural integrity, opening the way for formal. systemati”
codes, rules, and standards.

The early studies of in-service failures pointed clearly to the need for more exact detei--
mination of the crack sensitivities of metals. However, the success of fracture mechanics
analytical procedures in quantifying fracture and crack growth raised objections a~ well as
interest. It was objected that (a) the analyses are limited to brittle metals and therefore
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exclude many useful metals , and (b ) they require the assumption that  all structures are
defective.

Failure analyses and improved nondestructive inspection made it obvious that  the crack
states in a structure must be analyzed. They also encouraged acceptance of such analysis as
part of design. After this general acceptance , the birth of formal SI procedures required only
realistic criteria for f ixing the statistical upper bound of crack size for design purposes. This
depended on practical engineering experience with various types of structures and fabrication
methods , plus the abilit y to quant i f y the capacity of inspection techniques to detect cracks.

DESIGN PHILOSOPHY

The fact that a critical stress intensity for crack extension is an inherent property of
crack-sensitive metals does not restrict engineers to the use of crack-insensitive metals alone.
SI technology establishes rel iable procedures for using metals of intermediate crack sensit ivi ty.
In addition , the technology must establish the hi ghest acceptable degree of crack sensitivity
for specific structural design objectives, It provides the only eng ineering analysis and criteria
base for most metals developed for high-performance structures.

The necessity of using metals with definable (that is, controlled) crack states and crack
sensitivity leads to cross-reference analysis of limits. As the limit of crack-state stress inten-
sity in a structure is permitted to increase , the crack sensitivity of the metal must decrease ,
and vice versa.

The engineering tradeoffs of cross-reference analyses must take into account design
details and fabrication quality. These are of critical first-order importance. If structural de-
tails are poorly designed or fabricated , crack stress intensities will be hi gh , and metals of
low sensitivity to cracking must be used. Conversely, if connections are faired to provide
smooth tran sfer of stress by detail s, forgings are normally used. This places the welds, which
have intrinsically higher crack states , outside the reg ions of maximum stress. In this case , the
int rinsic crack sensitivit y of the metal may be permitted to be higher than if design and
fabrication impose high crack stress intensities. For example, stronger (and more crack-
sensitive) metals may be used safely.

SI technology requires iterative analysis of alternatives. Candidate metal systems,
crack-state control , structural design details , and fabrication must all be considered. By
tradeoffs among these factors , within limits of other functional and economic factors , a ra-
tional and accurate solution can be reached in the course of design. The procedure s for making
these tradeoffs must be formalized to meet the certification needs of structural engineering.

GENERAL PROCEDURES

Fracture and crack-growth control plans generally develop in steps closely linked to the
stages of preliminary and detailed design. The complexity of the analysis depends on the given
design problem. For novel structure s and metals or complex design details , many analyses are
required; alternate designs and fabrication methods must be considered , new data collected .
and models tested. For conventional structures and materials , the problem is simp ly to select
from among candidate metals according to existing data on their properties.

2
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Metallurg ical considerations are decisive in determining the complexity of the analysis.
The most decisive metallurgical consideration is the transitional nature of all metal systems.
Sharp transitions from low to hi gh sensitivity to fracture andlor crack growth appear in all
structural metals as their strength increases and , in steels, as temperature decreases.

Microstructural quali ty and section-size effects dictate the intrinsic crack sensitivity of a
given metal at given temperatures and strength levels. To be usefu l in first-order analyses,
these data must be systematized to present the range of crack sensitivities that apply at
specific temperatures or strength levels.

Analysis diagrams of the type used in this text are essential for examining the range of
properties in a given metal system (steels , aluminum , titanium) at specified strength levels.
The consequences of raising or lowering y ield strength are disp layed by sharp transitions , and
the benefits of shifting from low- to high-quality metals are indicated clearly.

The initial metallurgical analysis dictates the degree to which the SI plan must be
applied in design and fabrication. This analysis indicates that the metal falls into one of three
categories of crack sensitivity:

Insensitive—Structural reliability is inherent in the metal; the metal certifies the SI
plan.

Hi ghly sensitive—No reliable SI plan can be evolved except by designing for structural
redundancy.

Moderately sensitive—Design and fabrication require exacting control , as indicated by
the sensitivity level.

First-order metallurgical analyses are critical; they can lead to early adjustments in
specified y ield strength or metal quality. Many disasters with missiles , aircraft , and ships
resulted from selecting metals mainly on the basis of strength level or cost. These criteria
tended to result in selection of metals of excessive crack sensitivity. As a result , reliable SI
plans could not be developed as retrofit solutions.

However , this unfortunate experience provides a major source of information for SI
technology . The progress of SI technology would have been delayed without research effort and
funds made available by crises due to structural failures.

The generalization of metallurgical analysis procedures is a major advance for SI
technology. It is the most directl y teachable part of the technology, which is fortunate , because
it is the most fundamental.

The formalizat ion of SI procedures for design and fabrication is more difficult to ex-
p lain . because the procedures deal with specific certification objectives, which vary with the
nature of the design problem. However , the general princi ples are exp lainable in terms of
certification objectives for codes , rules , and standards.

3
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CERTIFICATION OBJECTIVES

• There are legal and contractual requirements for certification of the structural integrity
of many structures. But even when not require d , SI plans should be carried through as a

• matter of prudent engineering.

The aircraft and aerospace field has invoked increasingly ri gorous certification require-
ments because of failures , mostly of structures and materials outside prior experience. Nuclear
reactor design has long been subject to ri gorous and conservative certification requirements.
The Navy has an equally long history of using conservative SI principles in certifying ships.
The requirements are kept up to date with developments in materials and design methods.

Structures that require very high strength metals (with correspondingly hi gh crack
sensitivity) generally need the most rigorous and thorough certification. The limits of crack
sensitivity and inspection reliability must be fixed with great accuracy, and design and fabri-
cation must be strictly controlled. Less crack-sensitive metals generally require a more modest
degree of certification. These general requirements are modified , of course , by such factors as
the possible consequences of a structure’s failure or considerations of metal cost. Certification
requirements are usually decided case by case, but a move toward more generalized practices
is developing.

EDUCATIONAL REQUIREMENTS

The literature , textbooks , and university courses on structural reliability are generally
narrow in scope and highly selective in content. The emphasis is on theoretical fracture
mechanics , presented as an abstract engineering subject.

This background is useful , but it is not enough. In fact, overemphasis on fracture
mechanics theory may be counterproductive, because the theory concentrates on linear-elastic
(highly brittle) metals and ignores the more ductile elastic-plastic and plastic metals. SI
technology permits selection from the entire range of eng ineering metals—linear-elastic,
elastic-plastic, and plastic .

Test ,methods and interpretive procedures that appl y to the full range of metal properties,
from brittle to ductile , are necessary. These methods must be standardized by ASTM proce-
dures to be acceptable for certification purposes. Moreover, a statistical data base of metal
properties for analysis and selection is needed. It can be developed only by widespread use of
standard test methods. Accordingly, standard engineering tests are essential.

Other examples of isolated and inadequate treatment of subject matter critical to SI
engineering include

Metal-quality effects
Weldability
Statistical considerations of metal properties , stress distributions , and crack states.

These limitations present serious problems. In general , engineers cannot be expected to
be conversant enough with various specialized fields to integrate the necessary mechanica l ,
materials , and fabrication princi ples. However , each element that contributes to SI technology
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can be reduced to eng ineering essentials and stripped of confusing details that  are of onl y
special interest.

There is no substitute for learning while doing, and proficiency requires an intern period
with an SI technology team. However , a general introductory textbook is a prerequisite to an
intern period.

Proof that the required educational background is not overwhelming is given by existing
groups that specialize in SI technology. The memberships of these groups change , and new
groupings emerge . This must require self-education. The groups generally include specialists
in materials, design , fabrication , nondestructive inspection , and quality control. It is impor-
tant that SI principles be understood by the team as a whole.

The separate disci plines of materials and structural engineering are no longer ap-
propriate. A degree combining the two , plus minors in other important fields (such as weldabil-
ity, design for welding, and nondestructive inspection) is an appropriate background for SI
analysis. While the need for specialists will continue , there is an absolute necessity for
generalists who can cover the whole field with various degrees of sophistication.
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CHAPTER 2

Micromechanical Crack-Extension Processes

CHAIN OF EVENTS

Catastrophic structural failures can be traced to micromechanical events involving mi-
nute volumes of metal. Cracks of millimeter dimensions have caused the fracture of ships,
bridges, and other large structures. These fractures are due to inadequate ductility of small
aggregates of metal grains at crack tips. This inadequacy is determined by events within the
grains, close to the atomic level.

Figure 1 illustrates a typical failure that resulted from a design based solely on tensile
test properties. A collar was welded to the mast to decrease the elastic stress at a site of
corrosion pitting. The mast was ostensibly strengthened, but a weld crack caused plastic
deformation at the crack tip, and as a consequence the metal grains developed microcracking.
This mast, and others similarly “strengthened:’ fractured in a brittle manner because of the
inadequate ductility of a few metal grains.

The point is that elastic strength is never a substitute for ductility in ensuring structural
reliabi lity. This knowledge is vita l to designers and others concerned with the strength of
materials and structural integrity.

Figure 2 introduces the chain of strength-ductility relationships that extends through the
structural , macromechanical , micromechanical , and atomistic scales. Each scale range is per-
tinent to a different discipline, as indicated by the bracketed sections. The common interest of
all the disciplines is in developing procedures for deducing conditions that determine strength.

I - .  ~~~~~~~~~~~~~~~

i i  
_DOUBLER . MAST ~~~~~~~~~~~~ ..

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

WE t . 3 1 PA: K

-. 

J 

~~~DECK

Fig. I—Ship mast failure by brittle frac tun
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Fig. 2 —Scale of metal separation events , from angatroms to structural
dimensions .

Except for purely brittle solids (so defined by smooth-body tension or torsion tests ) ,
microscale ductility controls cracked-body strength. All metals that y ield in tension tests
develop plasticity at crack tips. Figure 3 illustrates typical deformation patterns in the region
of a crack subjected to load. At initial stages of loading, such patterns are developed by metals
that would be classed as highly brittle in a fracture mechanics K 1~ test , and also by metals that
would ultimately fail in a ductile mode. The difference between the two is the degree of local
plastic deformation that precedes unstable crack extension or fully ductile rupture. The
crack-tip deformation patterns are reproduced at all scale levels. The resistance to crack-
opening forces is provided by plastic flow, to the limits of brittle or ductile behavior.

~~ -~~~~~~~~ •

,~~~~~
.- ~~~~~~~~~~~~~~~~ 

.

~

Fig. 3.— Moire pattern of intense plasticity at crac k tip.
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Figure 2 illustrates the fol lowing sequence of events:

Micro fracture begins at the lat t ice level , as metal-atom bonds split. The process may be
“easy” or “difficult ,’ i.e ., near-elastic or highly plastic , according to the nature of the grains
and phases.

Microcracking of indiv idual  grains does not result in fracture of the grain-aggregate
structure as a whole unless the microcracks join together. Depending on phase types and
distributions , the joining process at this larger scale may be easy or difficult ( near-elastic or
hi ghl y plastic ) on a larger scale.

The plastic zone at the crack tip of a structural defect may be large or small at the t ime of
fracture . The larger the p lastic zone , the hi gher the resistance to fracture , and vice versa.

A small crack may be fracture-critical , and a large crack may be noncritical. This de-
pends on the metal ’s potential for plastic flow at the crack ti p. This potential ductility of
crack-ti p plastic zones is decided by microfracture processes.

Thus , the fundamental chain that determines the fracture reliability of a structure is
always based on the behavior of minute volumes of metal. The scales of events cover more than
10 orders of magnitude , from angstroms to meters .

Figure 4 presents a generalized view of crack-front events for a small crack in a large
structure. The crack-ti p plastic-zone size is about 0.1 to 1 cm. The more ductile the metal, the

/
/
/
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r~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fig. 4 — R e l a t i o n s h i p  0) elastic force ~vstom to micr om echanica l  p last ic  beh avior  of metal gra ins  at crack t ip .
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larger the p lastic zone. Within the plastic zone lies the process zone, where a few metal grains
are undergoing the most intensive straining in the system. The atomistic events wi th in  the
grains , which control grain cracking, are not illustrated in this figure because they take place
on too small a scale. We will return to them later. The elastic-stress field K, or K-field ,
represents the rise in local elastic stress near the crack ti p, compared to the nominal elastic
load stress . This force system causes growth of the plastic zone.

Linear-elastic fracture mechanics avoids the comp lexities of analyzing the plastic zone by
referring instead to the force system of the elastic-stress field. However, elastic analyses of the
K-fields app ly only to p lane-strain (bri t t le )  metals , which feature relatively small plastic
zones.

The main features of this analytical treatment are illustrated in Fig. 5. Discussions to
follow will describe it in detail. At this point , it suffices to say that the fracture strength of
plane-strain (brittle ) metals can be defined in terms of critical crack sizes for given elastic-
stress loadings. The K 1 J r ~ ratio defines the characteristic fracture toug hness of a metal.

Figure 6 illustrates the connection between microfracture processes, which are mainl y of
metallurgical interest , and the elastic force fields , which are the main reference of fracture
mechanics. The enlargement of the plastic zones requires increasing the K-field intensity. If

STUBBY FLAW 
_ _ _  

MM

2 0 —-  - - • - - -- --- --- - 

8.—

0 02 04 06 08 0 (I1~ )

RAT IO

Fig. 5—Grap hical analysis of critical crack size and
stress combinat ions for brittle fracture in i t ia t io n.
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Fig. 6—Increase in elast ic  l~ rce field and p lastic-zone size wi th
increase in metal grain duct i l i ty .

microcracking develops early during p lastic-zone growth , the K-field intensity at the time of
fracture will be relatively low. According ly, K 1, ./a ~,, as measured by the fracture test , will  be
low. Conversely, increased resistance to microcracking signifies that larger plastic zones will
form and that the required K-field intensity will be hig her As a result K , hr ,, will be greater,
and the metal will have higher plane-strain fracture toughness.

These general features will be examined in greater detail for the case of cleavage-
cracking processes, which determine the transition-temperature type of plane-strain fracture
toug hness of steels. Figure 6 provides an introduction to cleavage-cracking relationships , as
follows:

Easy (near-elastic ) cracking of grains takes place by stress-induced cleavage ahead of
the plastic zone. It indicates a high degree of micromechanical brittleness and resultant low
plane-strain fracture toughness.

More difficult (p lastic) cracking of metal grains takes place in the p lastic zone. It indi-
cates strain-induced cleavage , i.e., relatively great micromechanical ductility. Nevertheless .
the metal may remain bri t t le  (albeit  less so) in the sense that plane-strain (fast ) fracture
occurs.

Figure 7 illustrates metallurgy ’s essential dedication to ductility. The goal in steel im-
provement is to modify the microstructure so that grains do not cleave , but rather rupture in a
ductile fashion , as individual  tensile specimens. The corresponding effects on crack-ti p plastic
zones are indicated in the sketches. The important  mechanical difference is the substitution of
a large crack-ti p plastic zone for a very small region of local deformation . Fi gure 8 illustrates
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CLEAVAGE

Fig. 7—Change from cleavage to ductile rupture of grains resul ts in large Increases ~fl plastic-zone size, with cor-
rolary effect s on fracture extension.

the resulting change in fracture mode; the fracture-extension process changes from unstable
(brittle) to ductile (plastic).

An understanding of cleavage processes requires examining events in the angstrom-to-
micron range, i.e., within grains. These include events in the lattice bonds. Figure 9 illustrates
cleavage and ductile performance of the grains. We draw a 1-tim circle and inquire as to the
events within that led to cleavage or ductility. In particular , it is necessary to understand the
role of defect structures in microcrack formation in grains.

Figure 10 is a schematic of lattice defects due to missing atoms or chains of atoms. The
literature on this subject is vast. Figure 11. is an electron-microscope view of defect structures.
Ductility at this scale is represented by “tangles” and brittleness by “pile-ups” that lead to - •
microcracking.

The pile-ups are caused by glide along crystal planes. If this movement is blocked by
grain boundaries , hard phases, or other discontinuities, a pile-up results. This results in
intense elastic-stress fields , analogous to the K-fields of macroscopic cracks (Fig. 4) . A plastic
zone and process zone can even be visualized within the lattice of the crystal. This may stagger
the imaginations of engineers familiar with macroscopic K-fields , but it is a normal reference
for materials scientists and physicists concerned with strength at this small scale.
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Fig. 8—Extreme l imits  of fracture modes—brittle and hig hly ductile fracture.

At all scales of reference , effects analogous to the K-field , plastic zone , and process zone
can be found. Most important , at any scale there are limits beyond which elastic-p lastic or
plastic criteria , rather than elasticity theory, are appropriate. This applies to ultramicrocracks
of micron or angstrom size as well as to large structural cracks.

ENGINEERING SIGNIFICANCE OF MICROFRACTURE

Knowledge of microfracture events provides the only rational explanation for very sharp
transitions from brittle to ductile performance ( in steels as a function of decreased tempera-
ture and in all structural metals as a function of increased strength) . As an examp le . we shall
discuss the events of such sharp transitions in temperature-sensitive s t ructural  mild steels.
The failure of shi ps in winter and safe performance in summer will serve as the engineering
examp le.

The only design factor that can exp lain this sharp temperature effect is microfracture
ductility, as evidenced by fracture tests. The typ ical effect of temperature on the brittle-to-duc-
tile transition of steels is illustrated in Fig. 12 by the Dynamic Tear DT) test. The essential
feature is the sharp change from plane-strain (bri t t le )  to elastic-plastic (semiductile ) fracture
properties in a narrow temperature range. In brief , the metal becomes fracture-safe as a result
of the elastic-plastic transition. The stress scale indexes the increase in elastic stress required
to cause the extension of a fracture in the elastic-plastic temperature range.
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CLEAVAGE DUCTILE- RUPTURE

Fi g. 9—Cleavage and dimp le (duct i le )  fracture of individual  grains at hig h magnification. The small circles
represent 1-/A m regions, wi th in  which the most basic processes of fracture—rupture of atom bonds—take
place.

• The NDT (Nil Ductility Transition) temperature signifies a degree of brittleness such
that small cracks are critical for fracture initiation. It is possible to correlate shi p-failure
records with the NDT frequency distribution of the steels, as in Fig. 13. (Details are provided
in Chapter 6.) At summer temperatures, the conditions for initiation and extension could not
develop, and the metals were safe. At winter temperatures, essentially all of the steels could
initiate and propagate fractures. This remarkable change takes place in a very narrow tem-
perature interval.

Figure 14 (rig ht) illustrates the cleavage of pearlite-ferrite grain aggregates that is
characteristic of these steels at near-NDT and failure temperatures. Adjusting the C-Mn ratio
by using lower carbon and higher manganese contents can alter the microstructure to make

0 0 0 0 0 0 0 0  ‘ ‘ ‘ ~ ‘ • ‘ ‘ ‘ ~ ‘ ~ :::::~~‘~-~0 0 0 0 0 0 0 0  t ? 4 + + + + # 4 + 4 4  ~~~~~~~~~~~~~~~~~~~~~~~~

00LQ~~000  + + 4 + ~~~~~~+ + + ’ 4 *
oooo~~ooo ~~~~~ _ + 

~ ‘ft ‘ 4 ~ + ~ ‘~~oooo&- boo 
~~~~~~~~~~~~ ~~~~~~0 0 0 0 0 0 0 0

00000000 6~~~~~~6 6 & 6 ~~~6-1
POINT DEFECTS GRAIN BOUNDARY MICRO CRACK

Fig. 10—Schematics of metal lattice defects , which are deviations fro m perfect period-
icity of the atomic arrangement.  Pile-up of defects, due to elastic stressing o f the  lattice.
may result in inicrocracking.

14

- 
~

1_i

~~~~~~~~~ ~~~~~~~~~~~~~~ ---- ~~~~~~~~~~~~~ ± - ~~~~~~-- -~~~~~~-



- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.— . —.---- - ------
~~~

-— •  . _ --- - - . - •

~4 R I N l l ” I C \ N t : ( I I ”  ~1I ( ’RU I- I , \ L I ( ’

_ _ _ _  

~~‘~~ ‘
‘ 

~~~~~~~~~~~ 
~~~~~~~~~~~~~~

TANGLES PIL E UPS

Fi g. l l—Elc ’ctron .n l icro scop e view of states of aggregat ion of lattice defects. If lattice duct i l i ty  r e s u l t s  in tanglei.. th e
gra in  as a whol e behave s in ducti le  fashion. However , if p ile-ups lc’ad to microcra cking.  th c ’ grain und ~r~i ’
cleavage .

cleavage more difficult , as explained in the next section. As a result , slip deformation is
promoted at the crack ti p, as in Fig. 14 (left L The important point is that cleavage suppression
enhances microstructural ductility and causes a shift in the NDT population to lower tempera-
tures , as noted in Fig. 13 for the improved fracture-resistant steels. This solution has been used
for the ship-fracture problem. The improvement has been metallurgical , that is , at the scale
level of grain size.

Figure 15 compares the scales of events that  lead to brittle performance at winter  tem-
peratures and safe, ductile performance at summer temperatures.

At winter temperatures , the ship-failure steels developed easy incubation and extension
of cleavage microcracking and , therefore , hi gh sen s i t i v i ty  to fracture initiation due to small
cracks. Fracture extension followed for this brit t le state , which was common to the entire
population of shi p steels.

At summer temperatures , the same steels developed only isolated microcracks , which
remained in a microstructurally arrested condition. As the result , the fracture performance of
the steels was ductile , even in the presence of very large structural cracks , so that cracking in
one plate would be arrested in the next.

Fi gure 16 shows a sailor repairing a partial crack; one very poor plate fractured , but the
next arrested the crack. The temperature in this case was approximately 45°F (25 °C) . Temper-
atures only 10°F ( 5 - C )  lower mi ght have resulted in complete fracture of the shi p, which was
then at sea. If the sailor had understood this , it is unlikely that the repair would have been
made without an accurate thermometer nearby.

The doubler that he was adding would not serve the intended purpose at the lower
temperatures. The real protection was the ducti l i ty of the crack-ti p plastic zone. The relatively
few grains in the process zone were behaving wi th  enoug h ductility to hold the shi p together.
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Fig.  12—Features  f t e m p e r a t u re- i n d u c e d  t r a n s i t i o n  from
p l a n e - s t r a i n  to p last ic  fracture prop ert ies .

The reader may f igurat ively  exercise Fi g. 15 h moving the bold arrows laterally, from
the ducti le  to the bri t t le  notations , retaining the slope. It will  be evident that when micro-
cracking develops and propagates easily at atomistic levels , then microcracking at microscale
levels wi l l  extend and join up easil y. The plastic zone wi l l  be small at the time of rupture . and
the structure wi l l  fail catastrophically.

The reverse also holds; if the processes at atomistic levels are ductile (tangles ) due to sli p.
then the entire chain of events will be ductile and the structure will  be safe.

Metallurgists use these principles by adjusting microstructures , such as grain and phase
sizes. They must use low-ductility (pearl i t ic )  phases for strength. However , if these phases are
made smaller and surrounded with ductile ferrite , microcrack incubation and joining-up can
be suppressed. The carbon-manganese adjustment is a low-cost solution to the ship problem.
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This general introduction indicates the importance of the fol lowing more detailed de-
scri ptions of micromechanical processes for temperature- and strength-induced transitions in
fracture properties .

CLEAVAGE FRACTURE

Cleavage fracture in metals competes with sli p processes. The critical cleavage stress for
a single crystal may be attained in the elastic range if sli p is prevented by defect structure
locking mechanisms. In the absence of si gnificant sli p, cleavage may be said to be stress
induced. Increased temperature provides the activation energy for decreasing the degree of
locking of the sli p systems. Accordingly, increased temperature decreases the stress required
for slip.

The stress levels for yielding and subsequent plastic flow are influenced markedly by
temperature; they fall off relatively rapidly with increasing temperature . The critical stress
for cleavage is not strongly affected by temperature. The interrelationships of these effects
determine the development of increased micromechanical ductility with increased tempera-
ture. The interrelationships are specific to single crystals , to aggregates of crystals , and to
different degrees of mechanical constraint to plastic flow .

The exact form and relative slopes of the temperature dependence of the cleavage-stress
and y ield-stress curves , which are sketched in Figs. 17 to 24 , may be debated. This is particu-
larly true of the slope of cleavage-fracture stress. The point of inci p ience of plastic flow is a
question of definition and of the scale level being considered. However , these are minor details.
The important point is the experimentally confirmed concept of a crossover between these
curves , which has major physical significance.

Figure 17 illustrates the effects of temperature in a single crystal. The crossover point of
the cleavage-stress and yield-stress curves occurs at a critical temperature T, .. At tempera-
tures below T,. , cleavage stress is reached before the stress required for y ielding (induced by
sli p) . For these conditions , cleavage fracture in a single crystal is said to be stress induced , i.e..

E L A S T I C 
P A I

_  
_

BR ITTLE DUCTILE
5 5 F S S  STRAIN

Tc INDU CED
C L E A V A O E  T E M P E R A T U R E  C L E A V A G E

Fig. I 7 —Transi  I ion I’r i um VI ru ss-i ml ucu’d t u ,  s) r a i n - u  nduc u ’d cleavage
I ’rac t u r u ’  i n a sing l e  c ry s ta l .
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brittle. At temperatures above T~, yielding of ’ the crystal occurs first , and p lastic strain s ,, is
developed to the extent required for elevating the flow stress (by work hardening ) to the level
of the cleavage stress . The term “strain-induced cleavage” defines ductile behavior ; a critical
level of plastic strain is i-equired for the critical cleavage-stress level to be reached. Tempera-
ture T~ marks a transit ion from brittle to ductile cleavage fracture.

It is important to note that the differences in ductilit y are not involved in the actual
• cleavage of the crystal , but in the slip that occurs before the stress required for cleavage is

reached. While it is not proper to speak of brittle cleavage or ductile cleavage (cleavage
separation is always brittle ) , it is correct to speak of stress-induced and strain-induced cleav-
age. This is important because the appearance of cleavage on a fracture surface is often
mistakenly thought to indicate brittleness. It may, however , reflect appreciable ductility, in-
sofar as the total fracture process is concerned.

The ductilit y transition that takes place at very low temperatures for tensile stress
provides a clear example of this fact. Figure 18 is a simplified replot of typical data of Cohen
and associates , who clearly describe the micromechanisms of fracture in terms of cleavage. The
data indicate a sharp increase in ductility and fracture stress as temperature increases. It is
important to note that high elongation and reduction of area values are associated with
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Fig. 1$—Typical transition features for tensile specimens Cohen l . Thu t h n ’ I ’  r egimes u u f l r a n s l .
t ion . as indicated by the elongation and reduction of area curv es . are th~ t ile region , t he region
of sharp rise , and the region of gradual  completion of the t rans i t ion .
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cleavage fractures at intermediate and hig h temperatures in the tensile transit ion.  Fibrous
fracture takes place only after- completion of the cleavage fracture transition . Indeed , the
appearance of fibrous f’racture in general marks the end of temperature transi t ions.

The development of cleavage for - an aggi-egate of c r y s t a l  grains must he considered in
terms of ’ the cri t ical  stress i-equired for instabil i ty,  i .e ., for the unstable propagation of indi-
vidual  cleavage sites . For instabil i ty to occur , a critical microcrack length a , must be attained ,
as well as a critical stress. Without the required combination of critical stress and critical
nitc i-ocrack length , cleavage wi l l  be stable and restricted to specific grains.

Figure 19 illusti -ates the condit ions required for stress-induced and strain-induced cleav-
age in s t ab i l i t i e s  in crystal aggregates. It should be noted that T,. for ind iv idua l  grains may
vat -v according to the orientat ion of cleavage planes with respect to the stress direction . Some
gi-ains wi l l  be oriented favorably for- stress-induced cleavage , while others may require plastic
strain for- cleavage. As temperature increases , all crystals wil l  require plastic strain . Accord-
ing to c r Y s t a l  orientation , some wi l l  require more strain than others . As the average duct i l i ty
of the grains m ci-eases, fewer individual cleavages will occur, and it will become more difficult
to connect enough stable microcleavages to achieve critical microcrack length a,.

Figure 19 illustrates brittleness at low temperatures; a grain of favorable orientation for
stress-induced cleavage has sp lit at the critical level of stress. Because of the low duct i l i ty  of
most othei grains at the temperature , there is immediate instabi l i t y ,  involving fast cleavage
propagation through the entire grain matrix.  At this temperature the critical microcrack
length a , i-i equal to one grain diameter. At a higher temperature, such that most grains are
undergoing strain-induced cleavage, significant numbers of microcleavages do not appear
unt i l  a higher - cleavage stress level C~ is reached. The higher level represents grains that are
not favorably oriented and therefore require strain hardening before cleavage. At this level
the aggregate contains separated microcleavages , which must be joined by breaking “ plastic
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Fig. 20—Feature s of exponential change in cri t ical  cleavage ins tab i l i ty
stress and plastic s t ra in  for grain  aggregates.

steps.” These plastic steps are at grain boundaries and represent step mismatches of the
cleavages in individual grains. The literature calls this “bridge strain ,” because it represents
an additional increment of strain required for growing the microcracks to critical size.

Instability, then , is determined by the dashed curve noted as “cleavage instability stress:’
which lies above and has a steeper temperature dependence than the cleavage-stress curve for
individual grains. Grain aggregates behave in a more ductile fashion than sing le grains
because of the intergrain cooperation required for cleavage fracture instability.

The bottom of Fig. 20 is similar to Fig. 19, but the temperature scale is enlarged to
illustrate a sharp rise in cleavage instability stress with increased temperature. The slope of
instability stress is gradual at first but rises sharp ly in a critical temperature interval , The top
of Fi g. 20 explains the cause. The number of stable microcleavages first increases and then
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decreases rap idly with increased temperature because of the general increase in ductility for
all grains . Critical microcrack length a , increases continuousl y, at a rate increasing with
increased temperature , also because of increased ductility. Figure 18 provides experimental
proof of the bell-shaped microcleavage number curve.

The illustration represents many low-temperature tensile tests. The counts are made by
cross sectioning and metallographic polishing, followed by microscop ic examination near the
fracture surface. Since microcleavages noted after the fracture represent stable cleavages of
individual crystals , the shape of the curve is important. At the start of the transition , the
critical a , - size is equivalent to one grain diameter. This means that the first cleavage to
develop will  result in instability. This marks the point at which the cleavage count is near zero.
The transition from a gradual to a sharp rise in microfracture ductility is related to the large
increase in stable cleavages , which could not join up to reach the criticala . size of several grain
diameters. Other evidence for the sharp rise in ductility is provided by optical microscope
observations of highly deformed grains between stable cleavages that could not be connected to
a , - size , and also by the blunting of microcracks.

Following the sharp rise , ductility continues to increase as the number of microcleavages
falls to very low levels. The microcleavages can never be joined to critical a ,. size, even as small
patches. Full fibrous microfracture develops.

The increase in plastic strain (microfracture ductility ) is illustrated by the three regimes
of the € , curves of Fig. 20, as follows:

Regime I is characterized by transition from stress-induced to strain-induced cleavage
instability; the strain level rises gradually as critical length a 1. increases.

Regime 2 is the reg ion of transition to large a~ size and bridge-strain control; the strain
level required for cleavage instability rises exponentially. Severe deformation of grains and
blunting of microcracks develop.

Regime 3 is typified by saturation of processes required for development of cleavage
instability and by transition to full fibrous fracture.

The temperature range of transit ion through these three microfracture regimes is
characteristicall y narrow for any stress state (tensile or crack-ti p) . After the temperature of
strain-induced cleavage for individual grains is reached , the interaction of the events de-
scribed above leads to a catacl ysmic rise in ductility at sli ghtly hi gher temperatures. It is this
chain of events that causes all temperature transitions to be sharp and irrepressible once
started.

Microcleavage-n umber curves obtained for tensile tests of pure iron as well as for pear lit-
ic steels show the same sequence of events. However , brit t le carbide phases (pearlitic , etc. )
serve as microcrack incubation sites and also promote joining of microcleavages. The tensile
duct i l i ty  curve is thus shifted to higher temperatures by the increased pearlite content. Fine
grain sizes lower transit ion temperatures , and coarse grain sizes raise it. Fine and coarse
distributions of ferrite-pear lite aggregates have corresponding effects. All  of these effects
influence the transit ion temperature by affecting the stress and strain conditions required for
microfracture instabil i ty.  In general , reduction in the unit-cell size of stable cleavage and
decrease in the number and relative size of sites involving brittle phases lower the transition-
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temperature range. Extensive studies of’ these interrelationshi ps have been reported in the
metal lurgical  l i tera ture  and serve as the basic fund of knowledge of practical microstructural
effects.

Before we discuss the effects of st ress state (notches ) on the transit ion , note that the
efl’ects of’ increased microf ’t -acture duct i l i ty  are amp lified by the presence of a notch. As the
duc t i l i ty  t rans i t ion develops at the t ip  of a notch , it leads to b lunt ing of the notch and thus
reduces constraint.  ln brief ’, unstable macroscop ic fracture cannot develop above the tempera-
ture range of microfractu i-e regime 2 because the large increase in microfracture duct i l i ty
blunts  the notch and thereby stimulates gross yielding of the metal in advance of the notch.
The macroscop ic fracture process then becomes ductile. Macroscop ic instabilities are con-
trolled ov microscopic instabilities involving relatively few grains.

The effects of stress state on the specific temperature range of the microfracture transi -
t ion are illustrated in Fi g. 21. The average cleavage stress for single grains remains a main
point of reference. The yield-stress (flow-stress) temperature-dependence curves are shown
schematically for the tensile stress state and for a very sharp crack loaded statically and
dynamically. Elevation of the flow stress at a crack ti p results from the associated t r iax ia l
stress state. Addi t ional  elevation results from dynamic loading because slip is a t ime-
dependent )viscop lastic ( p:’ocess. Hig her stresses are required to activate slip in short t imes.

The elevations of the flow-stress curves increase the temperatures at which the curves
fall below the cleavage sti-ess curves , as indicated. The three critical temperatures for transi-
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tion t’rom stress-induced to strain-induced cleavage ins tab i l i ty  are indicated in the figure by
the ci-ossover points of ’ the curves. For each stress state cited , sharp microfracture ductility
transit ions develop in a narrow temperature r-ange above the crit ical temperature.

More  exact l y, the transition beg ins at a somewhat lower temperature , due to the rise of
the  cleavage instabil i ty stress curve . (For simp l ic i t y ,  the dashed instabi l i ty  stress curves are
sli I iWn to start at the ci’ossover points . ( Each of ’ the microfracture duct i l i ty  trans itions includes
microfracture regimes 1. 2. and 3 in close sequence. A change from cleavage to fibrous fracture
occurs as each duct i l i ty  transition is completed. The temperature intervals between the transi-
tions are not at proper scale in Fig. 21 because that would complicate tile i l lustration. The
ti -ansitions for notches are relativel y close together and occur at much hig her temperatures
than the tensile transitions.

EFFECTS OF MICROFRACTURE TRANSITIONS

Transition from stress-induced to strain-induced cleavage increases the plane-strain
plastic-zone size , as shown in Fig. 22. The stress and strain fields normal to the crack are
shown schematicall y to illustrate that maximum strain is attained near the crack tip and that
maximum stress develops at the location of maximum triaxial constraint , which must be
ahead of the crack ti p.

STRESS —
INDUCED CLEAVAGE \
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~~~~~~~~~~~~~~~~~
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Fig. 22— Trans i t ion  fro m stress-induced (top )  to

s t ra in- induced I hot tuim I microfr acture.
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The upper - part of Fig. 22 i l lustrates microfr acture by stress-induced cleavage instabi l i ty ,
requiring a small microcrack size a , .  The growth of the plastic zone is terminated early, as the
elastic-stress field a t ta ins  the required stress for cleavage instability. The fracture ini t ia t ion
p o int  is located ahead of the elastic-p lastic interface of ’ the plastic zone. The stress field
intensi t y  K b ,  and thus  K 1 / r 1~, are low, indicating low plane-strain fracture toughness.

The lower- part of the fi gure illustrates microfracture by strain-induced cleavage instabil-
its ’. which r equires a large microcrack size a ,. . The p lastic zone must be larger to develop the
high plastic-stress values required for cleavage instability. The fracture ini t iat ion point is
inside the plastic zone. The values ofK 1, and thus K 1, / ( r ~, are higher for strain-induced cleav-
age , indicating higher - p lane-strain fracture toug hness.

The increase in p lane-strain fracture toughness results from the increased microfracture
duct i l i t y .  Retention of the plane-strain state requires increased mechanical constraint ; in-
crease in section size provides this constraint. However , a l imit  is reached , at which microfrac -
ture duct i l i t y  can no longer be suppressed by mechanical constraint regardless of section size.
Added constraint  then can only expand the temperature interval over which  the conditions of
microfracture regime 1 app ly. It is not possible to prevent the transition from regime 1 to
regime 2.

Once the constraint barrier is breached , the rap id increase in ductil i ty with increased
temperature has a dramatic effect on macroscopic fracture toughness. First the plastic zone is
enlarged because of rapid loss of tr iaxial  stress field constraint. In effect , the elastic fields are
replaced by plastic-strain fields as the crack-tip reg ion becomes p lastic. (This transition cannot
be described quant i ta t ivel y by the elastic-stress analysis basic to fracture mechanics. ( The
subsequent transition involves pronounced y ielding in advance of the crack ti p, accompanied
by b lunt ing  of the crack. This results in through-thickness contraction , similar to the de-
velopment of the neck region in tensile specimens. The neck is evidenced by dimp ling of the
surface in advance of the crack , like that generally associated with ductile tearing fracture.
The volume of metal that  undergoes through-thickness contraction is called a “plastic en-
clave.” Plastic enclave conditions signify fracture processes that involve relatively large vol-
umes of p lastic deformation before rupture.

Figure 23 illustrates the sequence of macrofracture transition events , predicted on the
basis of increased microfracture duct i l i ty  as a function of increasing temperature. Two macro-
fracture transitions are shown , one for static and one for dynamic loading. We shall discuss the
static K 1, transition first. Temperature point L denotes the end of K 1. p lane-strain conditions
and the start of a subsequent transition to a p lastic enclave condition. Temperature l imit  L
corresponds to a specimen thickness large enough to provide maximum constraint. Similar
transitions occur at lower temperatures for th inner  K 1 , specimens.

Dynamic loading involves parallel transit ion events . The dynamic transition starts sharp-
ly at the Nil  Ductili ty Transition (NDT ( temperature. Dynamically loaded K , specimens of
increasing section size are required to follow the course of the K r,, transition. If small speci-
mens are used , the transition to plastic enclave conditions takes place at lower temperatures
(close to NDT) . The L point of the dynamic transit ion marks the highest temperature for the
dynamic  plane-strain condition , as found in large specimens. Above this temperature . plane-
strain relaxation again occurs with the development of plastic enclave conditions and notch
b lun t ing .  The transit ion from plane-strain to plastic enclave conditions develops over a rela-
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tivel y narrow temperature range and requires a change in definitions of fracture toug hness,
from fracture mechanics stress intensity indexing to plastic enclave energy indexing.

The dynamic transition may be referenced to critical temperatures marking the start of
the plane-strain transition , the end of the transition , the early development of a plastic en-
clave , and the completion of plastic enclave growth to full ductility. These macromechanical
transitions are results of entering microfracture regime 2, which features a large increase in
ductility for a small increase in temperature. The ductility features of the three microfracture
reg imes are reproduced as macrofracture ductility events.

The main point of the metallurgical thesis is that if large additions of constraint are
required to define the true K 1. or ~~~ temperature dependence in regime 1, this is a sign that
microfracture ductility is increasing. Once microfracture reg ime 1 is entered , microfracture
regime 2 can be suppressed only for a modest temperature range , at the price of large increases
in mechanical constraint. At some point the additional constraint will be defeated by rap idly
increasing microfracture ductility, and then plastic enclave conditions will develop.

Fi gure 24 serves as an introduction to fracture propagation tests. It is a general view of
the significance of fracture energy transition curves as defined by dynamic fracture tests.

MICROMECHANISMS OF VOID GROWTH

The comp letion of the cleavage-to-ductile transition in low strength steel is ordinarily a
mechanical condition of hi gh shelf energy. The plastic enclave features gross plastic flow.
Pronounced through-thickness y ielding develops as a prerequisite for hi ghly ductile fracture of
slant type.
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Fi g. 24 — Correspondence of microf rac ture  processes to f rac ture-energy  t r ans i t ion  curves.

This mechanical behavior is the consequence of microfracture processes that involve the
rupture of individual  grains as t iny individual  tensile specimens. Ductile rupture requires the
opening of small voids between grains , particularly at the sites of nonmetallic inclusions. This
takes place as microscopic voids develop, enlarge , and coalesce. The fracture appearance is
termed ‘fibrous ’ when viewed by eye and “ductile-dimple ” when observed at hig h magnifica-
tion , as shown in Fig. 9. The dimples represent the sites of microscale grain t-uptures.

The t rans i t ion  to fibrous fracture occurs as voids coalesce , as illustrated at the top of Fig.
24. The high shelf is represented by hig h levels of fracture energy. The gross plastic enclave
and y ielding are represented by the cross section of the fracture specimen .

Increasing the strength level of steels decreases the shelf energy and fracture ductility. A
transi t ion to low shelf level s is representative of temperature effects for relatively hi gh
strength st e e ls .
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The changes in micro f ’r-act ui ’e vo id—growth  l) i ’ IIC ’t ’ssI ’s t h a t  are i ’t ’spon sihle fui r  the se
changes ar’e general 1 (I CIII metals  t h a t  do 01 it u ndu ‘i-go ci eu \-age . related ( i a  nsi l ion d uu - 1( 1
t e m p e r a t u r e  el ’k ’cts . W 111 m ci-eased streng i  Ii l evel  in a l l  m e t a ls , ducti l i t y  is i i ieasured h
tensi l e  te sts  decreases , a nd the range between y i e l d  st r e n g t h  and t e n s i l e  u i t r r n u i l u ’  st ress l e v u - l s
narrows . These ob serv at  ions indicate that  the increased strength is developed liv locking (if
sl ip sy s t e m s  in ind iv idua l  g ra ins  and grain aggregates , at the sacrifice Id d u c t i h t y .

These changes are reflected in the p lastic-zone behavior of the grain  aggregates at the
crack t i p. Void growth  in the pi’ocess zone requires increased p lastic flow stresses ~v t h  in-
creased te n s i l e  yield stress . This means tha t  the K-field stress is elevated , becau se the flu r c u ’
system must increase to enlarge the p lastic zone. However’. decrea4ed d u c t i l i t y  r u ’su l t s  in
ear ’lier t e rmina t ion  of’ void growth , i .e., rupture of the plastic zone. Thus , i ncreased tensile
strengt h decreases the ci itica l terminal  size of the plastic zone to t he point at which  p lane-
sti’ain fracture can occui’.

The conditions of stress-induced void-growth rupture are appr ’oached as K 1 I T  - fa lls to
ver y low values , and i’uptures beg in to occur at grain boundaries and other noncoherent
microstructural  reg ions such as carbi de particles and hard phases. We may describe such
events as rupture by suppressed void grow th , or as a change to a l t e r n a t e  micr’o f ’rac ture
mechanisms. Fractographic examinat ion shows lit t le or no evidence of v l l i d - g r l l w t h  d imp les .

and the featureless appearance of microfractures is termed qu as i - c lea vuI ~ e’ .

Mechanistically, this change from large-strain i’upture tui  near -ela ’-t ic - st  ru ss V1IIII- )..’i ’IIWI h
rup ture i5 analogous to the change illustrated in Fi g. 22 for c leavage. The r u p t u r e  s i l t ’ s s h i f t
from w i t h i n  t he plastic zone to the elastic-plastic border of the p lastic /.I I n u ’ . n e 1 l t  t h e r u ’ g l o n  I f

the elastic N-field.

Time-dependent crack-extension processes such as sti ’ess-cori’osio ii  c r u c k i r t ~ i l - I l  can he
understood b y this model. A K-field that is below critical valu e for fracture ma~ be at c r i t i c a l
value for slow separation. For example , this happens as hydrogen Is d i f fused I n l u u  t h e  p las t ic
zone by corrosion in t he crack-ti p reg ion. Hydrogen can activate mt cr’ uucrack in g  ii  g ra in  bound-
aries in hig h strength steels. Other more comp lex , non-voi d growth types  of m icro crac k r n g
can occur in t i t an ium and a l u m i n u m  al loy s .

.An importa nt general conclusion is that  the nature and sites of microf r acture separation
events  are changed by lowering critical K levels for crack extension.
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CHAPTER 3

Fracture Mechanics Criteria

RELATIONSHIPS TO FR ACTURE STATE

A ll aspects of fracture mechanics are referenced to three fundamental fracture states:

Pl ane strain
Elastic-p lastic
Plastic.

The plane-strain fracture state applies to brittle materials characterized by linear-elastic
fracture mech anics princi p les. The fracture surfaces are characteristically flat. The materials
are frangib le, and the metal separates purel y by release of stored elastic energy.

The elastic-plastic fracture state is typ ical of semiductile materials. The fracture surfaces
are flat , except for “fi ns” of slant fracture at the surfaces. Metal separation requires inter-
mediate to hig h elastic stresses.

The plastic fracture state is typ ica l of ductile materials. Fracture surfaces show consider-
ab le evidence of ductility, including slant fracture and y ielding. Metal separation requires
over-y ield loading.

The fracture state of a metal is disclosed by appropriate test procedures. Fracture tests
have structura l meaning on ly when they place the level of fracture resistance within the range
of a fracture state. For examp le , fracture properties of the elastic-p last ic type automat ica lly
exc lude plane-strain behavior. In general , the designated fracture state excludes lower orders
and therefore places a lower limit on expected fracture performance.

The determination of the lower limits of reliability is the most crucial aspect of fracture-
safe design . It defi nes the minimum guaran tee provided and is therefore a primary relia bi lity
index.

In prac t ice the minimu m guaran tee is given by selection of an appropriate fract ure

criterion. The criterion may be expressed in test specimen or stru ctu ra l design terms. It
represents a frac ture test va lu e that speci fi es a leve l of fractu re resistance wit h in a fracture
state. The level of fracture resistance then can be used in specifications. The criterion designa-
tion always signifies a specific fracture-state level , regardless of its reference to a test value or
structural specification index.

There is growing awareness that the design of engineering structures should include
documentation of fracture-control plans based on specific minimum criteria. Such require-
ments are being im posed as lega ll y bin ding specifications. Thus , what was a professiona l
responsibi lity is becoming a con tractual obli gation.
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Stat is t ical  data on fracture-state criteria must be collected. These data are essential f u r
def in ing  what  is a t t a i nab l e  f’or specific metals and specific design and specif icat ion purpose s.

Engirre et ’s should be provided wi th  unequivocal  informat ion  on the criter ia tha t  can he
met by s tandard-gr -ade metals  f’or specified temper -atures and strength levels. Whether to use a
meta l  of low . inte i -med iate , or’ h igh  fracture-state properties is an engineering question . For
example , engined -s should know how to specify a cr-iterion that  guarantees properties either
low or hi gh in the elastic-pl astic f’i’acture s ta te , if service conditions require such properties.

The fundamentals  of’ li ’acture mechanics are usually explained in terms of linear-elastic
(purely elastic ( stress-field analyses . The very low crack-tip ductil i ty of p lane-strain metals
may be ignored , or corrected mathematical ly ,  in such analyses. An introduction to l inear-
elastic (p lane -s tr -ain (  fracture mechanics is presented in Appendix A.

The fundamenta l  practical features of generalized fracture mechanics can be understood
only in terms of constraint  factors. Consti-a int is basic; if it is not understood there can be no
rational beg inn ing  in understanding criteria. The reader is advised to study the following
sections on constra int  as a fir ’st step. The significance of Appendix A wi l l  be more obvious wi th
this as back ground.

PHYSICAL SIGNIFICANCE OF CONSTRAINT

Plastic flow at crack borders develops following stress-strain relationshi ps that are dis-
tinctly different from those of a smooth section. The difference is best exp lained by plots of true
stress vs true strain , i.e., plastic-flow curves .

Exact definition of the flow curves for specific crack conditions is the subject of cont inuing
research . We shall not attempt to describe the state of knowledge except to indicate that it
suffices for generalizing constraint factors. These generalizations are well known to fracture
research specialists and form the basic rationale for fracture mechanics theory.

Schematics will be used to explain constraint in terms of a physical model. The first step
is to discuss the origins of constraint. Fi gure 25 illustrates that  the introduction of a circular
notch in a tensile bar causes a local elevation of the flow curve. We may describe the plastic
flow of the smooth tensile bar as free , or unimpeded. Lateral contraction occurs wi th  a
min imum of opposition , allowing relatively free extension in the direction of loading.

The reduced section of the notched bar develops plastic deformation while the shoulders
are stressed to elastic levels. Since the elastic contraction is small compared to the plastic
contraction of the reduced section , plastic flow is opposed. The opposition is a reaction-stress
system such that stresses in the r~- and r ,- directions inhibi t  flow in the ir . ( load ( direction.
Thus , in contrast to the smooth bar ’s uniaxial  tension system , the notched bar has a tr iaxial
stress system. This t r iaxia l i ty  is what elevates the flow curve.

Constraint may be described as inhibi t ion of p lastic flow due to tr iaxial  stress. The degree
of inhibi t ion is directly related to the degree of t r iaxial i ty ,  i .e.. the degree to which ur ~ and r ,
stresses approach the value of the ir , stress . Exact equali ty of the three represents absolute
constraint and absolutely prevents p lastic flow . This condition is not attained in notched
specimens because the stress system is always unbalanced . The r~ stress is always greater .
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and thus  flow takes p lace in the load direction. The important  p o in t  is that  flow inh ib i t ion
subjects metal grains to abnormally hi gh stresses compared to free flow in a tensile bar.

The ori gins of tr iaxial  stress constraint may be traced to the elasticall y loaded metal that
surrounds a volume of localized plastic flow . The effect is general , as indicated by the example
of two pieces of hai-d steel bonded by a th in  layer of soft braze metal. If sufficiently th in , the
joint  has a strength equal to that of the steel. This is due to the hi gh level of constraint
imposed on the flow of the soft metal by the elastically loaded hard metal.  Mechanical con-
straint causes metal grains to act “stiffer.” Thus , the flow behavior of metal grains is not
intrinsic:  it is a function of the degree of applied constraint.  For example , if the brazed joint Is

made thicker , flow wil l  be easier , due to decreased constraint.

The constraint-level-vs-stiffness relationshi p is basic to understanding the mechanical
behavior of metal grains in crack-ti p plasti c zones . Increased mechanically induced “stiffness ”
decreases the abi l i ty  of the grain structure to deform without  microcracking.

Three separate stress systems are important  in analyses of fracture conditions:

1. The nomina l  design 51 ‘ess . which is the usual eng ineer ing  reference.

2. The stress that  acts to open the crack . This stress should be examined as a funct ion of
s tructural  geometry. For examp le , stresses at nozzles of pressure vessels may be three or four
times the hoop-stress level. Such hig h stress is the nominal  stress of interest if the crack is in
such a hig h- st  r ’I AS iegion.

3. The localized stress at the crack t ip  that  acts to rupture the  grain s t ructure .  This stress
can in!  be inferred indirect ly ,  by reference to the constraint  level.

Figure 26 i l lustrates  the plastic-flow conditions at a crack ti p in a tensile-loaded p late
wi th  a through-thickness  edge crack. The p lastic rod formed at the crack t ip must increase in
diameter , by ‘~, -dir ection extension , with any increase in stress . Howe ver , th is  can happen
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Fig. 26—Constraint conditions for throug h-thickness cracks. Increasing section size increases constraint ,
because crack-tip p lastic flow is opposed by a greater length of surrounding elastically loaded metal.

only if u,-direction contraction occurs. The elastic material that surrounds the plastic rod
opposes both a~- and us-direction flow , producing a triaxial stress system.

The family of flow curves of Fig. 26 illustrates the effects of increasing the plate thick-
ness, Constraint is increased , as indicated by higher flow curves , because triaxiality is in-
creased by higher reaction stresses in the a’. direction. In simple terms, the length of elastic
material that envelops the crack is increased with crack-front size; therefore , the material’s
capacity for opposing enlargement of the plastic zone increases. It may be generalized that
increasing crack-front size increases constraint, As a result , stress-strain relationships are
changed so that higher a’, stress levels are required to cause a unit increment of plastic flow at
the crack tip. Thus , the metal behaves with increasing “stiffness ” as crack-front size is in-
creased,

A more generalized model of crack-front size effects for through-thickness cracks is pre-
sented in Fig. 27. Cracks of increasing size are represented for two plate thicknesses, There is
an increase in flow-curve constraint with increasing crack size, to a limit level . This limit
represents the maximum constraint capacity of a through-thickness crack. It is attained when
crack dimensions exceed approximately twice the thickness (2 T) . (This is a conservative esti-
mate,) The concept of a maximum-constraint crack for  a given section size is basic to the
discussions that follow.

The reason for attainment of a maximum constraint capacity for a crack of this geometry
can be explained in terms of the distance fro m fre e surfaces. Constraint to plastic flow is
always hi ghest at the center of the crack front. This region (represented by small squares in
the figure ) is farthest from the free surfaces. This means that plastic contraction (a’~,-direction
fiow( has the longest path and therefore experiences the highest resistance to plastic flow .
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Fi g. 27—Significance of maximum attainable constraint capacity for the section size , as related to maxi-
mum constraint cracks . The maximum constraint level developed by through-thickness cracks increases
with section size because of the longer crack front .

Conversely, plastic contraction occurs most readily close to the free surface. In effect , the metal
near the free surfaces experiences little triaxiality.

When a through-thickness crack attains a length of about 2 T, the min imum distance from
the free surface is half the plate thickness (0.5 T i , simp ly because all the other distances are
now greater than 0.5 T. Thus, constraint can be increased onl y by expanding the 0.5- T distance
by increasing the plate thickness, The fracture mechanics literature uses “B” to represent
thickness because it indicates the crack-front breadth for through-thickness cracks and there-
fore indicates the free-surface distance. B is equivalent  to T~

We may now generalize that maximum constraint capacity for a through-thickness crack
is attained when the crack length is such that  0.5 T is the controlling distance from the free
surfaces, This generalization is important to understanding the use of edge-cracked specimens
in fracture testing. Edge-cracked specimens are designed for measuring the fracture resistance
of a metal of specified thickness , under conditions of a maximum-constraint-capacity crack.
The reason is that the lowest degree of ductile behavior that can be forced on the metal
depends on maximized constraint. The metal cannot be forced mechanically to behave in a less
ductile fashion than it exhibits under these conditions, The fracture resistance of the metal for
this maximum imposed constraint is independent of further increases in crack size. Thus ,
maximum constraint is the basic scientific and engineering reference.

The connection between scientific and engineering aspects is illustrated in Fig. 28. The
practical scientifi c interest is in measuring the minimum value of fracture resistance , as a
standardized reference, With an increase in edge-crack depth a to approximate equality with
specimen thickness , the limiting distance from the free surfaces becomes 0.5 T. Thus , con-
straint is maximized , as illustrated in the plot of constraint vs crack depth. Fracture tests
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Fig. 28—Basis for design of fracture test specimens wi th  m a x i m u m  constraint cracks.

conducted with such a specimen measure the lowest level of fracture resistance (fracture state(
for the metal , in the form of a specified section size T (B The test thus identifies the lowest
level of fracture that is allowed to develop by the intrinsic properties of the grain structure.

The edge crack may now be recognized as the equivalent of half the maximum-constraint
crack introduced in a tensile-loaded flat plate. Only half is required , because the two ends of
the crack are full y equivalent and subject to the same constraint. In effect the test specimen is
a model of the maximum-constraint crack that controls the conditions of fracture extension in
a structure, The lowest level of fracture state possible in the structure is the same as that
characterized by the test specimen. The metal cannot be made to behave in a less ductile
fashion.

CONSTRAINT RELAXATION

The object of fracture testing is to fix the constraint conditions and then observe the
metal response as a dependent variable. The specimen is desi gned with a maximum-constraint
crack; thus , the constraint capacity of the specimen is defined by the section size , and the metal
response is the dependent variable.

Metal response is best understood in terms of the constraint definitions of fracture
mechanics. These include (a (  degree of applied constraint and (b )  constraint-relaxation
phenomena. Constraint capacity is defined in terms of plane-strain constraint , i.e., the capaci-
ty of the test for prevention of z-direction plastic flow, The fracture mechanics literature deals
with constraint mainly under plane-strain conditions,

To understand constraint relaxation , we must consider crack acuity. The natural  crack in
a structure and the crack in the test specimen must be equall y sharp; rounding off the crack ti p
decreases constraint. The development of plastic flow at a crack ti p in the course of loading
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causes some rounding off ’. For bri t t le  metal crack b l u n t i n g  is very sli ght , and fracture exten-
sion occurs under conditions of’ continued crack sharpness. This behavior may be referred to as
fracturing under conditions of plane -sti-ain constraint .  However , if the metal grain structure
resists earl y rupture . the increase in plastic deformation results in b lunt ing of the crack tip. As
a result , the l imi t  of plane-strain constraint capacity is exceeded. The effects are cumulat ive;
crack blunt ing causes constr aint relaxation , which causes increased plastic flow , leading to
additional blunting,  and so on , unt i l  a fracture state in excess of plane-strain conditions is
reached.

These effects are illustrated by Fig. 29 in terms of’ decreasing huw-curve resistance ,
compared to the ini t ia l ly  app lied level. The degree of crack blunting determines the course of
the flow curves . In effect , constraint relaxation , resulting from exceeding plane-strain capacity
limits , decreases the effective stiffness of the metal at the crack tip, and contraction takes
place in the through-thickness direction.

The resulting fracture states are illustrated in the figure. Plane-strain , elastic-plastic ,
and plastic fracture states are directly related to flow-curve behavior. Plane-strain states
signify fracture extension without crack blunting (no relaxation of constraint ( ; thus , the flow
curve follows a course dictated by the degree of applied constraint. Elastic-plastic states imp l y
significant decreases in flow-curve t-esistance due to constraint relaxation . Plastic states sig-
nify a major decrease or essential elimination of the app lied constraint due to severe crack-ti p
blunt ing.

The sketch of the grain structure illustrates micromechanical behavior at crack ti ps. The
parallel lines within grains indicate slip along crystal planes , which produces grain elonga-
tion. The deformation of individual grains is necessary for growth of a plastic zone at the crack
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F’ig. 29—Relaxation of plane-s lra in  constraint  by crack-tip blunting.
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FRACTURE MECHANICS CRITERIA

tip. Slip processes compete with the development of cracks andlor voids in the grains or at
grain boundaries.

Brittle metals develop microcracks or voids at early stages of plastic-zone growth. For
these conditions the flow curve is terminated by early rupture . The micromechanical condi-
tions that cause grain rupture are described as stress-induced fracture. The macromechanic al
behavior of the test specimen is called plane-strain fracture.

In ductile metals , grains continue to deform under further loading, causing the plastic
zone to enlarge. If the crack tip is somewhat blunted , the grains sense decreased mechanical
constraint and slip becomes easier. These facts indicate that a specific level of imposed con-
straint may be accepted or opposed by the grain structure. It should be noted that increasing
constraint level signifies increasing constraint capacity. The two terms are related mechanical
expressions of the test severity, for suppression of metal-grain ductility. “Level” and “capacity ”
are equivalent expressions for constraint.

The micromechanical response of metal to applied plane-strain constraint determines the
macroscop ic fracture state of the section size under test. The macroscopic fracture state deter-
mines the reaction of the metal to loading in the presence of a crack.

SIGNIFICANCE OF FRACTURE STATES

A physical model that explains the structural design significance of the fracture-state
nomenclature is illustrated in Fig. 30. The figure indicates the range of metal responses to
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Fig. 30— Engineering significance of fract ure-state nomenclature .
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tensile loading of a flat plate wi th  a maximum-cons t ra in t  crack. The crack is considered to
have a length of ’ at least 2 T and to have a sharp edge. Two kinds of’ measurements are
required: ( a (  a Crack-Opening Displacement iC Ol ) i  gagE ’ measures the elastic or plastic be-
haviorof ’ the crack ti p, and ( b (  a net-section gage measures the rise in nominal  stress. The two
quanti t ies  are plotted simultaneously in the figure. The points at which fracture occurs in
metals of various fracture propei-ties are indicated by the crossed points with the arrow desig-
nations.

If a metal f’ractures while  the COD gage is indicat ing a linear response to inc-i-eased
nominal stress , it is deduced that  the crack opening has been largely elastic. Since the nominal
stress at fai lure , then , must be of the elastic level , the combined conditions could be described
as “elastic-elastic.” However , “plane-strain ” is the conventional term. In effect , p lane-strain
constraint has been mainta ined to the point of fracture instability. K ,,- (or K 1,, may be calcu-
lated to define the level of p lane-strain fracture resistance. The nominal eng ineering stress
level at the point of fracture is generally less than 0.3 ~~ for plane-strain fracture extension
due to a through-thickness crack of a minimum 2- or 3-T length. This generalization is impor-
tant to engineering use of all plane-strain metals (metals for which K 1, and K 11, can be mea-
sured for the section size of interest) .

The elastic-plastic fracture state indicates that significant ductility develops at the crack
ti p, as indicated by p lastic response of the COD gage , but nominal fracture stress remains in
the elastic range. In brief , the nomenclature signifies that plastic flow at the crack ti p, due to
constraint relaxation , is sufficient to raise the nominal fracture stress from 0.3 o’~, to the limit
of (T , --

The plastic fracture state means that the COD gage response is grossly plastic and that
the nominal stress for fracture extension is elevated to the plastic range. In other words ,
plastic behavior is assured regardless of crack size for the section size of interest.

METALLURGICAL ASPECTS OF CONSTRAINT TRAN SITIONS

The foregoing discussions have emphasized that  a speci 1iable condition of constraint to
plastic flow may be accepted or opposed by the in t r ins ic  duc t i l i t y of the metal grain structure.

It is desirable that  the grain s tructure resist microcrac’king under localized , high-
in tens i t y  crack-t i p stresses . In other words , the grain structure must respond to increasing
levels of p lane-strain stress in t ens i t y  K 1 by cont inuing to act ivate  sli p systems within grains
rather than forming microscopic voids between or wi th in  grains.

The macromechanical behavior of aI  a small test specimen with a maximum-constra int
crack . ( h (  a large tensile-loaded plate wi th  a c-i -ac-k of equivalent constraint , and (c ) a structure
w i t h  such a crack are all controlled a ’q u i t ’a len f / v  by the metal grain structure . The critical
factor in each case is the p lastic-flow curve ofa  small volume of metal at the crack tip. Whether
a huge structure such as a shi p may be subject to fracture or is completely safe is decided by
th i s  mi&oscopic volume of metal.

This in f i i rm at  ion indicates that the microstructures of metals may be adjusted to provide
constraint  relaxat ion for specified imposed constraints . In other words , the structural behavior
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of a metal of specified section size (and thus specified m a x i m u m  const ra in t  capacity can be
adjusted w i t h i n  known l imits .

The basic procedure for characterizing the fracture state and interpreting the structural
per fbrniancc of a metal is i l lustrated in Fi g. 31. The figure may be considered to represent a
st ructural  stee l 1.0 in (25 mm (  thick , for examp le. The problem is to define the temperature
i’ange of the constraint t i ansi t ion for the specific metal and thickness.

This can be done by using a large plate with a crack of maximum constraint capacity. The
dynamic-load constraint transition (from plane-strain to elastic-p lastic) controls fracture ex-
tension in rate-sensitive metals. Thus , loading of the plate must be applied by impact. If a
series of such tests were conducted with increasing temperature , the results would be expected
to follow the m,-vs-temperature relationship shown in the fi gure . The temperature scale is , in
fact , a scale of increasing metal-grain microfracture ductility. Over a long range of “low ”
tempei’atures , say -200° to 0°F (-130° to 18CC I , the fracture stress level changes little. This is
the plane-strain (K 1, ( temperature region , in which the imposed plane-strain constraint is
enoug h to cause cracking of grains with very little localized deformation at the crack tip.
Conversely, grain ducti l i ty is insufficient to cause constraint relaxation. The fracture surfaces
are flat (br i t t le ) , wi th  no thickness reduction , i.e., they show evidence of plane-strain fracture.

At a critical temperature specific to the steel and the section size, the effects of increasing
temperature in promoting slip of the metal grains are manifested. At this point , the metal
becomes ductile enoug h to develop some constraint relaxation; at this point the elastic-p lastic
state is entered . Accordingly, fracture stress begins to rise , and visible evidence of lateral
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contract  ion appears on the  f’ractu i’e sur faces . Th e f i r s t  sh&’~a i u ps appear , i nd ica t ing  t h e  st a r t  of
mixt ’d-nio d & ’ f r ac tu re , chai -act er is t ic  of ’ t he e las t ic-p last ic  st a t e .  The constr: n t  t ran si t ion  is
r em a r k a b l y  sharp, and for  the cited th ickn e ss , f racture-extension stress is raised from less
t h a n  0.3 er , ,  to (( .5 E ,, in  a 3( 1 I” ( 17 C I t emp e r a t u r e  span. It is then raised to y ield—stress lev els ,
w i t h  u n  add i t iona l  t emperature increment of’ th i s  order .

o bvious l y , it is not p i-actical to conduct t e s t s  of ’ large plates f u r  metal character izat ion.  A
prope r ly dE’-.igned sma l l  t es t  specimen s€ ’rves the same purpose , provided the const ra in t  condi-
( ion s  arc cqui  - ak ’nt , :a~ described previously.  A f’racture mechanics test specimen of 1.0-in 25
mm I sa ’c t iu f l  Ci te Ct ’rves fur fol lowing the sli ght rise of fracture resistance in the p lan e -s t ra in
t em p er a t u r e  region. The data plot wi l l  show a gradual rise of the K s,, curve wi th  temperature
in ct’ E’a~e When the c r i t i c a l  temperature  for constraint re laxat ion is reached , K u,, can no l on ger
be measured.

To use a smal l  specimen above this  temperature , it is necessary to measure the frac ture
behavior in terms of a d u c t i l i t y  index. This measurement may be in terms of crack-ti p lateral
contraction or fracture energy. Thus , the fracture mechanics K s,, specimen may be fractured
and indexed in terms of duct i l i t y .  However , preparing a K I,I specimen is too expensive. The
low-cost Dynamic Tear (DT) specimen provides the same information by identical d u c t i l i t y
measurements. The most practical measurement is that of fracture energy for a standardized
fracture path length. The main requirement is that the fracture path be long enough to permit
development of the characteristic fracture mode (length approximately 2T or greater ) .

The reason that either K u,, or DT specimens may be used to provide an unequivocal
measure of the constraint transition in terms of fracture energy is illustrated in Fig. 32. It
shows the change in fracture mode associated with transition from plane-strain to plastic
fracture. Both specimens have the same maximum-constraint crack (a slit with a sharpened
edge ) . Thus they have the same constraint capacity, as determined by section size. The metal-
grain ductility-response to identical mechanical constraint is necessarily the same.

The changes in fracture mode are the result of progressivel y increasing plastic deforma-
tiori of the crack tip, consequent to the constraint transition. The increased volume of metal
that undergoes plastic deform ation before fracture results in an increase in the fracture-
energy reading as well as an increase in the degree of lateral contraction. Thus , the fracture-
energy scale of Fig. 31 (ri ght side ( may be used to index a temperature-vs-energy curve , which
has the same flat-plus-sharp-rise features as the temperature-vs- r \ curve. The energy curve
may be established easily by using the DT specimen. The temperature range of constraint
relaxation for the specific steel and section size is thus defined by a test that  is practical for
general eng ineering use.

The fracture mode changes from flat to full-slant over the course of the constraint transi-
tion , and the transition may be indexed by plotting the percentage of slant fracture vs temper-
ature. Such a plot shows a transition from zero ( ful l  f lat (  at plane-strain levels to 100~ ( full
s lant )  at the completion of the transition. This degree of fracture-mode change is characteristic
of metals featuring hi gh-level plastic fracture states. Metals of lower plastic fracture resis-
tance “shelf out ” and retain a partly flat central region in the fracture surfaces.

The l i m i t i n g  degree of constraint relaxation determines whether a metal has high- or
low-shelf features. There is a corresponding difference in lateral contraction or shelf fracture
energy.
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Fi g. 3 2— i l lu s t r a t i o n  of common features for the  cons t ra in t  t r a n s I t i o n s  nI K . or K - and DT
test specimens — section size 1.0 in. 25 mm I .

From an eng ineering point of view , the essential characteris t ic  is the  specifi c tempera-
ture  reg ion of the elastic-p lastic transition. Very l it t l e  is gained by smal l incre ases in K 1., from
very low temperatures to the tempe -ature of constraint  re laxat ion.  Fracture-extension s t ress

ri ses neg ligibl y in the plane-s t ra in  region. The exact equivalence between the sharp rise in
fracture-extension energy and the sharp rise in fracture-extension stress is the important
eng ineering feature in Fig. 31.

The low-cost DT test is used to develop a data bank of metal properties . The various
gra des of eng i neering metals ai’e thus classified by their characteri stic constraint-transit ion
temperatures , wit h due consideration for section size. MI ) st  important , the microstructura l
features required to locate the specific temperatures of cons traint  transit ion are accurately
identi fied. Thus , it is feasible to “desig n ” t he metal for specific structural  requirements . a llow-
ing for the lowest service temperatures .

Increasing strength level , for a ll metals , ca u ses a decrease in meta l -gra in  duct i l i ty .  Thus.
the curve in Fig. 31 may be considered t o  app l y in reverse fashion. With  increasing strength
c~mes a drop from plastic to elastic-p lastic and then to p lane-s t ra in  f racture  sta tes .
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The combined effects fur  steel :.:e best illustrated by a t r i dimensional  presentation l ike
Fig. 33. The vert ical  scale is the energy-scale reference of Fi g. 31; it may also be considered in
terms of’ re la t ive  stress . Accordingly, it is the index of the constraint tran sit ion for a specific
section size , for example , 1.0 in . (25 m m ( . The temperature and yield-strength scales are the
usual reference planes for plo t t ing  constraint  t ransi t ions .  The important p oint  is that  the
stt -ength t ransi t ion f’or steels must be discussed in terms of on-shelf properties , i .e. ,  conditions
at the completion of the t€ ’n ipei -atu i-e-induced transition. Note that  hig h strength steels show
small temperature effects .

T E ’ ,’c ’ I  5 . \ ’ - IC )  
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T P A N ~~ l T ION

Fi g. 33—Three-dimensional plot of temperature .  and strength-induced constraint
transitions for steels. The notations refer to fracture states, as follows: i l l  p lane
strain , LI I  elastic-p lastic , and 4 )  p lastic.  See Fig. 35 for s ignif icance of stage 2.
which represenfs the  special constraint t ransi t ion for p lane s t rain in th ick  sec-

ions. I

Nonferrous metals are relat ively insensitive to temperature effects. Constraint transi-
tions occur only as the result of strength-induced changes in metal-grain ductility.

FRACTURE-EXTENSION PROCESSES

Figure 34 illustrates the physical nature of fracture extension processes for plane-strain
and plastic fracture states. The basic reason for the increase in fracture-extension stress
during constraint transitions is revealed by considering these processes.

Plane-strain fracture indicates bri t t le  behavior because fracture extension is of an unsta-
ble type . That is , as the ini t ia l  small crack-tip plastic zone ii i ruptured , there is a release of
elastic-strain energy, as if a spring were severed under stress. The crack remains sharp. and
the next p lastic zone that  forms is likewise small and ruptures immediately on exposure to the
hig h stress intensit y (K s ) of the advancing crack ti p. In effect , the fracture of the first “spring ”
releases elastic stress, which overloads the next , leading to its rupture. This process continues
to total fracture.

- 
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Fig. 34—Fractuce extension for p l ane - s t r a in  and p last ic  f racture s ta l es ,

The fracture , then , extends by repeated rupture of the crack-tip region . The nominal
elastic-stress fields of the structure are important because they i-epresent the degree of elastic
extension of the long-range “spring ” system and , therefore , the level of elastic-strain energy
available for continued fracture extension. Low-level elastic-stress fields provide for release of
the low elastic-strain energy required for p lane-strain fracture. This is due to the small size of
the p lastic zones , which can absorb only small  amounts of energy. Thus , in the usual nominal
engineering design , elastic-stress fields on the order of 0.3 ~~ are sufficient for continued
unstable extension.

As the elastic-p lastic region of the constraint  transit ion is reached , the plastic zone gets
larger , and more energy is required For rupture. Rup tu r ing  these larger plastic zones , there-
fore , takes a greater release of elastic-strain energy, which can be obtained only by raising the
nominal  stress . The extension process continues to be unstable (controlled by the elastic-
st r a in -energ y  relea se ! to the point tha t  nominal  stresses of y ield magni tude  are required.
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increa sing t’oi is t i ’a i n t  re l1Lxat I I I i I  produces i i  p lui s t i c — z o i i e  size t h a t  Is riot su i)Ject to i ’upture  by

re lease of e I ~st ic—st  i a  in  t i l t’  i g ’~ .-\ t t i l l s  I~’ h i t  - f r u i ct u i-e cx tens  ion c-an not he induced  or n u t  —

t i nued by e l a s t I c — s t r e s s  f i e l d — s r i ’  ~~~~ of \ e r - s  I l - I d  m a g n i t u d e  must  he app lied , and a J I ! u i 5 t l~~
_

sti ’ain f i e ld  mu st  he ru n t  i n u a l l v  i- t ’de~- elup ed n i l i v u i i l c e  of ’ t he crack .

The co nsti’ain t  t r u I l l — i l l o i l  to h i g h  ~d u t s i i c — i ’ e gion levels  I S accompanied h inc i-easingly
large p fa st i c— st i ’a in  f’iefds. ‘l ’he p lulst i c - s t r a in  fie ld , w it  li-l i oust iw evolved  prior  I II  the advance
of ’ ductile fr act u i -e s . is i l l u s t r a t ed  hv the  c o n d i t i o n  termed “ p lastic enclave ” fl Fig. 34. Gross

ii i ’oug h- t h i c kn e s s  y i e l d i n g ,  w h i c h  i- esu l t s  in a d i m p l e la te ra l  cont rac t ion  , mus t  take p lace in
succe ssive u n i t  inc i -em ent s of rupture steps . Translation of a fracture by such hi gh-duct i l i ty
uni t - inci ’ement  pi ’i)cesses requires stress fields of vei ’v hig h p lastic level.

SECTION-SIZE EFFECTS

The very sharp ti’ansition fi-om the p lane-s t ra in  state to relat ivel y high levels of the
elastic-p lastic state , illustt -ated by Fig. 31, is characteristic of all section sizes. The pr imary
efiect of large increases in section size , say from 1.0 to 12 in. 25 to 300 m m ( . is a K 1. or K~.
t ransi t ion . This type  of t rans i t ion  does not represent a change in fracture state , as a constraint
t ransi t ion does , but rathei’ a change in p lane-strain fracture toug hness. A sharp rise in K , . or
K 1., takes p lace over a narrow range of temperature or y ield strength , whi le  the fracture state
remains p lane strain . Thus , this section-size effect represents a “plane-strain transit ion ’

The engineer ing si gnif icance of t h i s  p lane-strain t rans i t ion  in large sections is that  it
shifts the critical temperatures or strength levels of the constraint t ransi t ion . In other words .
plane-strain constraint is lost, and elastic-plastic fracture begins at hig her temperatures and
lower strength levels than with th in  sections. This division between thin and thick sections is
best placed at approximately 1.0 in. I2 5  mm).

Increases in section sizes from 1.0 to 12 in. (25 to 300 mm ) result in vei’y large increases in
the constraint  capacity of maximum-const ra in t  cracks. That is , the size of the 0.5-B dimension
of the crack front is increase d enormously. Thus , metal grain ductility is suppressed to hig her
temperatures for cleavage fracture and to lower y ield strength for void-growth fracture.

This suppression means that  plane-strain condit ions cont inue to app ly in the sense that
K 1, orK ,,, values can be measured. The sharp increase in K 5. or K 11, indicates a large increase in
plane-strain plastic-zone size. In effect , increasing metal-grain duc t i l i t y  in the p lane-strain
transition region is d i f f icu l t  to suppress , which is w hy  large increases in section size are
needed to provide t he requisite constraint.

It should not he inferred that the p lane-strain t rans i t ion signifies an increase in fractui’e
res is tance  equivalent  to that of the constraint  t ransi t ion.  It does not. hecau. Ie plane-strain
measurements  involve  a fine-scale def in i t ion of the degree of brittleness. The p lane-strain
transi t ion s imp ly means tha t  the measurement  capacity is extended by inci’eased section size.
Moreover , a thick-sect ion metal  is not in t r ins ica l l y of hig her plane-strain fracture r e s i s t an c e
than  a t h i n - s e c t i o n  meta l .  K r , . or K ., measurcu ment at equal temperatui ’e s pro vided such
m e a s u r e m e n ts  are ~al id h~’ AN ’l ’M proc - I ices I , g i ve s  I he same vu i  lu e for a t h i n  specimen cut  from
a t h i c k  sect ion is fu r  ihe  t h i ck  section i t s e l f .
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The chai-acteristic four parts of ’ the temperature-transit ion curve for steels of very th ick
section are il lustrated in Fi g. 35. The 6- to 12-in. ( 150 to 300 mm ( DT-test energy curves show a
flat K 111-re lated region (Part 1) , followed by a modest rise in the K 111-re lated plane-strain transi-
ti on region (Part 2 )  and then a very sharp rise in the constraint-relaxation region (Parts 3 and
4) . The lower half  of the constraint-transit ion reg ion represents the elastic-plastic fracture
state (Par t  31, and the upper half represents the p lastic fracture s tate  (Part 4 ) .

The correlation to the K 111 curve includes a designation of the m i n i m u m  section sizes ( in
inches) require d for tracking this curve experimentally. Tracking the K 11, transition required
an increase in section size f’rom 1.0 to 8.0 in. (25 to 200 mm ( in the range of 0 to 120~F I-18’ to
50’C) . At all temperatures below 05F (-18 C ) , K 1,, specimens 1.0 in. (25 mm(  thick or smaller
were adequate for tracking the low-slope portion of the curve. This clearly indicates the very
large increases in constraint capacity that are required to mainta in  plane-strain conditions in
the plane-strain transition-temperature range.

Another feature to note is the almost vertical rise of the K 11, curve as the constraint-
transition temperature for the 12-in. 200 mm) section size is approached. This indicates that
further increases in section size would provide a negligible increase in the temperature ofK 1,,
measurement; a wall-like temperature limit is reached. In effect , the metal grain structure
becomes too ductile for suppression to plane-strain levels by mechanical constraint.

The K 11 . curve for this same metal shows a similar exponential rise , but at temperatures
about 70°F (40°C) lower. This disp lacement is evidence of a viscoplastic effect. At the low
loading rates of K 11. testing, time is allowed for slow (viscous) plastic flow. Accordingly, the
flow-curve leve l is decreased , and thus the effective stiffness is decreased. It should be noted that
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Fig. 35—Characteristics four-part constraint-transition curve for
a 12-in -thick 300 m ml  p late of A533-B steel. The K , ,  and K 1,,

t ransi t ions  are fully develope d in the toe region of the DT-test
curve for the full-section size. Circled numbers indicate in inches I
the increase in sectio n size required to track the K , ,  and K ,,, trans-
itions. K ,. and K , , ,  data from Wessel. See Chapter 6. )
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the K I , I curve is the controlling factor for rate-sensitive metals , as indicated by failure analyses
of such structures as ships , pressure vessels , and bridges.

The characteristic three parts of the temperature transition curves for section sizes on the
order of 0.6 to 1.0 in. (16 to 25 mm)  are illustrated in Fig. 36. In this case , the plane-strain
transition (Part 2) is essentially eliminated , due to the low constraint capacity of the 0.6-in. (16
mm) section size. For this low level of constraint , it is possible to measure only the nearly flat
region of the K 11, curve (Part 1) , The constraint transition (Parts 3 and 4) takes place with
dramatic sharpness.

The experimental data of Figs. 35 and 36 are generalized in Fig. 37 (left side), In this
case , plane-strain K u,, and constraint transitions develop as the result of increasing metal-
grain ductility, which is due to increasing temperature . The right side of Fi g. 37 is a
generalized plot of section-size effects related to increasing metal-grain ductility due to de-
creasing y ield strength. The K ,. scale is used to indici~te that the effects are common to steels
as well as to non-rate-sensitive, nonferrous metals such as aluminum and titanium alloys. The
fi gure illustrates that a family of transition curves, within the range of the two limiting
curves, will develop as section size is increased from small to very large dimension.
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Fig. 36—Characteristic constraint-transitio n curve
for convent ional  mild steels of 0.6-in. ) l 6mm )
section size. The K ,,, and DT-test scales are ad-
justed to provide a common plot in the toe region
of the DT curve. Note the sharp rise of DT fracture
energy above the K ,,,-l i mit temperature. Dashed
line indicates start of plastic crack-opening dis-
placement and lateral contraction for the K 1, . test .
i.e., a ductility transition equivalent to that shown
by the DT energy curve , but disp laced to lower
tempera t ures.
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Fig. 37—Characteris t ic  con s t r a In - t r an s i t i on  curves for small  and vcrv  large SIZe S.
Increasing seCt iIl fl  sIze resul ts  in shifts noted b dashed lines.

PLANE-STRAIN TRANSITION EFFECTS

Discussions of p lane-strain transit ion effects in the scientific l i terature have centered on
plotting the sharp rises in K , - and K 11 , that may be observed in thick-section metals. By using
an expanded K 1 scale and omitt ing data on the rest of the transition to the elastic-plastic state,
the curves give the impression of large increases in fracture resistance. By additional magnifi-
cation of the scale , the curve may be shown to rise as the p lane-strain l imi t s  of 1.0-in. 25 m m )
section sizes are reached.

While these plots are defensible for scientific reasons demonstrating the exact mea-
surement of plane-strain properties ) , they have led to engineering confusion . In brief ,
engineers have misread the true si gnificance of the plots. They do not demonstrate useful
increases in fractui-e resistance; the differences they document are of minor  engineering signifi-
cance.

Fracture mechanics calculations reveal that  the p lane-strain t rans i t ion  for the case of
— th ick  sections has a small effect on the fo i’m of the fracture-extension st ress curve for through-

thickness cracks (Fig.  31) . The following summat ions  are of major engineer ing importance:

The fracture-extension stress level for the plane-strain state does not exceed ( 1 .3 r 1 - ,

regardless of section size.

Increasing K 11 . orK 11, values to the const i ’aint-capacity l imi t  of the section size ) the  hig hest
measurable v a l u e )  increases fracture-extension stresses only in the range from - 0.1 er , , , t o 0.3
iT

The plane-s t ra in  state always provides for catastrop hic f racture extension at usua l . m m -
inal , design stress levels of 0.3 ir , - to 0.5 r ,~.
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Protection from fracture extension (through usual structural stress fields) can be at-
tained only by entering the elastic-p lastic f’racture s tate .  The reason is indicated by the sharp
rise of’ the fracture-extension stress , to over 0.5 r , , in the elastic-plastic region.

The plane-strain state is always unacceptable if design requirements include positive
prevention of’ catastrophic fracture .

By 1950, it was known from ship-fracture studies that small arc strikes -ould cause a
pop-in to a through-thickness crack . Catastrophic fracture extension could then develop
through the entire structure , desp ite the low nominal  stress levels used in accordance wi th
shi p desi gn rules. At the same time , Robertson CAT tests established that the fracture -
extension stress in the plane-strain reg ion could be as low as 5 to 8 ksi (35 to 55 MPa ) , i .e. .
below the normal design level of 0.3 r~ , These tests also indicated the rise in fracture stress for
the elastic-p lastic temperature region (Fi g. 31) .

Since 1950 fracture mechanics has evolved the analytical procedures summarized in the
above list; they are obviously in agreement with  prior knowledge. The 1950 solution to cata-
sti’op hic problems is perfectl y valid today . It involved the app lication of criteria that would
document the use of metal with elastic-plastic properties , i .e., with fracture-extension levels of
at least 0.5 r ,~.

DEFINITION OF CONSTRAINT CAPACITY

Constraint capacity is best referenced to the plane-strain state. In a general sense , it is
the capacity of a crack front to prevent constraint relaxation . In other words , it is the capacity
for enforcing plane-strain conditions , i.e., essentially nil  lateral contraction across the crack
front.

The usual definition for this term , as given in the fracture mechanics literature , is “the
capacity of the crack front for enforcing a plastic-zone size that is very small in re~at ion to the
section size.” This definition is best understood in terms of a plastic zone at the crack front of a
K 11 . specimen. If K 11. (or K 111 ) can be measured , then the plastic zone is very small , beca u se
plane-strain conditions apply. When constraint relaxation takes place , the plastic zone en-
larges rapidly and eventually becomes very large in relation to the section size.

The idealized mathematical  definition of plane-strain plastic-zone size r , is g iven by

1 fK i~\ 
2 

1 / K 1~1 
2

rp = or ~~ =

where r , signifies the static ( slow-loading) y ield strength and r , ,~ represents the dynamic
value. As an approximation , T 11 = r , — 30 ksi (206 MPa( for steels of low or intermediate Ir ,,
levels. The importan t ‘~oint is tha t  K~, u r ,., (or K ,,, r , I , )  defines plastic-zone size and thus ductili-
ty. The l imi t  ratio tha i  can be measured foi’ a specific section size represents the l imi t  p last ic-
zone size and constraint  capacity of the plane-strain state for that section size.

It has been determined experimental ly  that  the l imi t  of plane-strain measurement is
conservatively indicated by the fol lowing relationshi p to section size:
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where B is the ci-ack-fi-ont breadth f’or a K~. specimen , i .e ., the section size T, expressed in
inches.

For example , a constraint  capacity of ’ rat io value l . ( )  is developed by a section size of 2.5
in . 62 mm ) . If the section thickness is less than this , the constraint capacity becomes in-
adequate to measure 1.0 ratio va lues , and const ra in t  relaxation develops.

The plane-strain l imi t , expressed as a ratio , defines the constraint capacity of the section
size. Tables 1 and 2 list  the plane-s t ra in  l imi t  ratios fbi ’ various section sizes.

Table 1—Plane-strain l imi t  ratio , Table 2—Plane-strain l imit  ratio ,
secti on size as entry point ratio as entry point

Section Size Ratio Limit Ratio Limit Section Size
( in . ) (m m )  (ksi \ in . /k si (ksi V in. /ks i )  ( i n . )  (m m )

0.1 2.5 0.20 0.1 0.03 0.6
0.2 5 0,28 0.2 0.1 2.5
0.3 8 0.35 0.3 0.2 6
0.4 10 0.40 0.4 0.4 10
0.5 13 0.45 0.5 0.63 16
1.0 25 0.63 0.63 1.0 25

1.5 40 0.8 1.0 2.5 64
2.0 50 0.9 1.5 6 142
3.0 75 1.1 2.0 10 254

6.0 180 1.5 2.5 16 386

10.0 250 2.0

The relationshi ps between increased metal ductility (due to temperature or strength-
level effects) and the mechanical constraint provided by given section sizes were defined
during the late 1960s. The practical implications for engineering fracture-control plans are of
wide scope.

The ratio limit for the section size has four eng ineering interpretations:

1. It represents the limit of plane-strain measurement for the section size.

2. It indexes the critical temperature or strength level for the transition from the plane-
strain to the elastic-plastic fracture state.

3. It indicates that relatively small  additional increases in temperature or decreases in
y ield strength have potent effects on fracture resistance. The sharp increase in fracture resis-
tance is in the nature of a step function at these reference points.

4. Low-reliability plane-strain criteria for fracture-control plans are convertible to hi gh-
rel iabi l i ty elastic-p lastic criteria wi th in  the span of the critical temperature or strength inter-
va Is .
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The critical temperatures and strength levels of the elastic-plastic transitions for a given
section size can be shifted within broad limits by known adjustments in metal lurgical  quality.

TEST METHODS FEATURING DEFINABLE CONSTRAINT

The various ASTM-standardized fracture mechanics tests are designed to exactly
specified constraint capacities. The constraint limits for a specific specimen size B are defined
by the formula cited in the prior section as

/
B � 2.51—

\O ys

The maximum ratio value that can be measured for a specimen of ’ specified section size is the
index of constraint capacity.

The constraint developed by surface cracks may be defined exactly by reference to K ,, ! r ,,
or K I. , :,r , , I ,  as illustrated in Fig. 38. The section-size scale at the top of the figure indicates the
minimum B dimension for test specimens featuring throug h-thickness cracks.

The equivalent  curves for surface cracks indicate that specimens with surface cracks may
be used to determine K r , . and K 11 , so long as the plane-strain constraint capacity of the crack is

SECTION SIZE , B SECTION SIZE , B

MM 2 5 5 0  lO 25 50 (M4 25 50 lO 25 50
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l” ig :t$ -— R e l a t i l I n s h I p s  of c r i t i ca l  crack depth  to re la t ive  stress and K ,r or K , , , c . , ’ .
Calcu l ,, t  ion.s app ly 1,015 En the  p l a n e - s t ra i n  st a t e  N ile the l i m i t s  of rat io measurement
l~ ,r specifi c c i z ’ s 13.
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not exceeded. That is . the  crack should not exceed 0.6 T in depth , t he noted f r ac tu re  stress
should not exceed ,r ,.,, and the COD-gage response should be elastic. This procedure is used
exper imen ta l ly ,  p ar -t icu lar lv  in the aerospace industry. It has not been included in the A$T.M
standard practices , which ar-c based solel y on the use of maximum-const ra int  edge cracks ,
because the procedure requires expert knowledge in determining that plane-strain constraint
capacities of the surface cracks are not exceeded.

K , -testing (see Appendix A) extends fracture mechanics princi ples into the elastic-plastic
state. The tests , which have not been standardized , are used mainly for specimens of sheet
thickness. The problem is the requirement for defining a sheet width , in relation to the size of a
through-thickness crack , that  results in a valid K , value; the required width increases rapidly
with increase of K ,. . Tests for metal of plate thickness would require the use of very large
specimens , equal in size to commercial plate. Obviously, this would not be practical. Thus ,
other approaches must be used to characterize the elastic-p lastic fracture state. The only
practical approach is to characterize constraint-relaxation conditions in terms of unattainable
plane-strain ratio values for the section size, as described below. This is simply a convenient
means for continued reference to a standardized scale of known si gnificance.

Constraint relaxation sufficient to cause nominal stresses to exceed yield should develop
where

B � LO(K ic/U ys) 2

B < 1.0(K Id /a~d) 2 .

This conservative estimate of the “yield criterion ” indicates that a section size less than 0.4
( 1.2.5) times the minimum size for plane-strain constraint results in exceeding y ield stress for
fracture extension. This is the constraint insufficiency criterion for attaining the plastic frac-
ture state. It is generally considered highly conservative.

To appreciate the meaning of this criterion , the reader should visualize measurement of a
K,,.,’o’,. ratio value using a specimen of the minimum required size. Then the specimen is
reduced in thickness so that the section size is 0.4 , or less, of the original size. The yield-
criterion degree of constraint insufficiency is then attained. In practice , correlations to other
tests of definable constraint are used to determine when the insufficiency level is reached. This
is only one of the many roles that must be assumed by other tests because of fundamental or
practical restrictions on the use of existing plane-strain fracture mechanics tests,

The direct use of fracture mechanics K~,. orK t,, tests for defining the plane-strain l imit  for
given section sizes is prohibitively expensive. The tests cannot be used directly for defining the
y ield criterion because the ratio values involved are not measurable.

We shall dismiss considerations of other tests that are not fully rational in terms of
generalized fracture mechanics theory. At a min imum , any correlation to fracture mechanics
tests should be based on test specimens of definable plane-strain constraint capacity.

Two practical eng ineering tests that meet this requirement are as follows:

•Dvnamic Tear -DT The geometric features of this  test are the same as those of a side-
bend , edge-cracked K ,, or K ,, test specimen. Thus, the constraint capacity is definable by the
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th ick ness d i r i t en s i o n , as for tra ct tir e mechanics test specimens. The NRL-s tandardar iz ed
specimens of 0. 6— and 1. 0- i n .  16 and 25 m m )  t h i c kn e s s  f& ’atui ’e ~~ IT , - (If’ K l,, U , I constratnt
c,. ici tv of r atio (( .5 to U I). i’ t ’~ j I ( ’c t i s , ’ . I low , ’ver , t he 1)1’ test may be conducted for any size of
in ter est, and the  (‘IItl. ’—t t 1 l l f l t  c ;t p a t ’ it v  i .~ d€ ’h na l ) le  in  a l l  cases .

•l) r I J I  l % , ’11,’/ I t - .\ 1) 1’. ‘l ’lie I1XI ’d 51/I ’ II f  t h e  surfii ce crack used for t h i s  test provides an
t’flec t i v ,  A ,. , I T , - E l I f l S t i ’ i I I i t t  c l p I u ’ i t v  of al) l)i ’ I l x i f l l a t e lv  0.5 ra t io .

lh e  o t h e r  t ’n g i n e e i ’ I T l g  t e s t  t h a t  m eets consti’aint —definabi l t t v  r equ i rements  is the
Roh t ’r t ~~l I t 1  t t ’ .t h i t ’  d vi i~i t i i i i ’  t’Xt1’i~~ IlI t 1 ( I f a crack throug h a p late of’ specified thickness pro—

i t l t ~~ fo t ’ l h ’ t i l i i t  I on  ,, t h ~r , ,  l” l l r  l ’ .\ a t t i l ) lV .  a 1 , 0—in .  (25 m m )  p late tested b the Robei’tson
h n i q  Ut ’ rt ’pr e~i - nt  5 .i Is ,., I T , ‘I C I l t i s t  ra i ut  caput ’ tt~’ of 0.6 ratio. The general form of’ the

Robert son (‘ rac k - A t - t e s t  Temperature (‘A’l ’ curve is represented by Fig. 31. The lower toe of
th  (‘ .- \ i  ~‘ur s  e i~ I hi ’ p l a n e - s t i ’ a i t i  ‘K , . . ( reg ion , and the elastic-p last ic  region is the rising part
of th i ’  cu r s  t ’ In  t ac t , t h e  Robe r t s l ln  tes t  is used specifically to determine the temperature range
of & ‘ l~i~ t i c - p l~i s t i c c l , l 1 - l t 1 1 1 1 1 t  transition fbi’ :i specified section size. The CAT curve is defined by
t r ack  r i g  t h e  f r a c t u t - ,’ - e x t e t l . I I , n  st ress curve to the y ield cri terion (YC ) po nt.

ln l I r 1 l ct  It t ’ . Ro he i’tson -tvp e l i s t s  a t e  usual l y conducted at a fixed nominal  stress of ’ 0.5
U,~ . several specimens are te sted ,  l I ver  a range of temperature s . un t i l  fracture arrest is de-
veloped. The temperature of fr ac’tui’e arrest is the 0.5 U,., CAT. This is equivalent  to a 0.5 YC
point .  The main  drawback of the Robertson test is the cost. Low-cost engineering solutions for
defining (‘AT-t’ut’ve criteria are pi -ovided by DWT-NDT and DT tests . The primary criteria
include the p lane-s t ra in  l i m i t  L and the 0.5 YC and YC temperatures.

The Charpy \‘ I ( ’ , ) te st  bs atures an arbitrat’y notch and geometry of unde finable con-
str ~i in t  capacity. A n y  a t tempt  to modif :v th is  test to meet fracture mechanics rat ionali ty re-
quirements results in a configurat ion equivalent  to that  of a small DT test.

Crack-Opening  Disp lacement ( C O D )  tests are basicall y side-bend-type K ,, tests cart’ied
into the elast ic-plast ic  and plastic range. The constraint  capacity of a specimen is defined by
the  section size. The mea surement  index is the plast ic  displacement open ing  of the crack at the
point  I t  f r ac ture  extension . Other  COD procedut’es involve measurements of lateral contrac-
( ion at  the crack t ip .

In effect , a COD curve would follow the course of’ the dashed line that deviates from the
K .  curv e  ‘s h l I w n  a Fig. 36 for temperature  t r a n s i t i o n s ) . The pt’ocedui’e has not been extended
to include practical  measurement for dynamic  loading because of experimental  d i f f icu l t I e s
related to dy namic  measurement  of ’ the COD index.  For’ the case of the strength t r ans i t ion , the
COD rneasui’ements would follow the  course of ’ the curves  in the elastic-p lastic and p last ic
r t ’g I l l n s  ‘ Parts :3 and -I ) in Fig. 37.

( ‘ ut’rent research on development of t e s t s  for index ing  the elastic-plast ic and p l:Ist tc
f r ac tu re  sta tes  is aimed at achieving  an anal y t i c a l  c a p a h t h t t v  for surface cracks of the  type
shown in Fi g. 38. This is a long-range g l i l i l .  and such capah t l i t i e s  are not to be expected for at
east a decade , if ’ indeed thev  are feasible . Var ious  types of J -integr al  tests  a t e  competing for

use in deve lopit ig such an index . The pr inc ipa l  J - inte gt ’al  approach focuses on the use of a
of K 1, - l ike  specimens w i t h  differe nt  crack depths. The test procedures are in the very

earl y stagE’s of development.
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To calculate fracture-init iation conditions for surface cracks in the elastic-p lastic or plas-
tic r inge , it is necessary to use an exactl y specified fracture property. This is s imilar  to the
procedure for plane-strain fracture testing.

The fundamental  problem for any analytical  approach to surface-crack calculations for
elast ic-plast ic or plastic fracture is the dependence on geometry of these fracture states.
Plane-strain fracture toug hness is geometry-independent , i.e., K 1. or K 1,, are not functions of
crack geometm ’y. A cri t ical  K 1 value for fracture ini t ia t ion has the same meaning for through-
thickness cracks as for surface cracks. This is not the case for measurements involving
elastic-plastic or plastic fracture.

For elastic-plastic or plastic fracture , the only singular relationship between a crack in a
test specimen and one in a structure is provided by a through-thickness crack under the same
section-size conditions. The fracture property measured by the test specimen has the same
significance in a structure if the mechanical conditions at the crack tip are the same. This
exact similarity is provided by maximum-constraint  through-thickness cracks.

The fundamental point of J-integral tests is that a measurement can be made by labora-
tory tests and then be converted analytically to surface crack conditions for fracture states
other than plane strain. Approximate calculations could possibly be made for fracture levels
moderately beyond plane-strain limits (low elastic-plastic) . However , it is difficult to conceive
that plastic fracture could be approached by such methods. The fundamental geometry-
dependence problem for plastic fracture conditions is that resistance to fracture extension
increases with extension (as described in Chapter 11) for all conditions of plastic fracture ,

The constraint definitions provided by through-thickness cracks are full y adequate for
anal ytical use in the case of elastic-plastic and plastic fracture. The fact that the elastic-p~astic
transition results in a sharp increase of the fracture-extension stress for throug h-thickness
cracks satisfies normal engineering requirements for analytical use of fracture test data. The
fracture-state level within the range of the elastic-plastic transition must be defined accu-

2 rately by fracture tests. If it is known , engineering concern for surface cracks is eliminated . In
general , the eng ineer should be concerned with surface cracks only for metals of plane-strain
and very low elastic-p lastic fracture properties.
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CHAPT ER 4

Fracture C’J~aracterization and ~tna!ysis for Steels
Exhibiting Temperature Transitions

( 1 - N K I I A I  J’ J -{I N ( ’I P L E S

(‘o t i s t i a i t i t  t r a n s i t i o n s  in 111W ztti d in termedia te  s t rength  steels are associated s~ ith  tem-
p er a t ur & ’ - i t l ( luce(l changes in mici ’of ’i’acture d u c t i l i t y .  Thus , fracture-state t ransi t i on criter ia
must  be i’efem’enci’d to the temperatui’e scale . Fi’acture-state ti’at lsiti on temperatures for

~‘t :1 ndz i t’,l -gt’ade steels cover a wide range.

~ p ec i l i c  t r a n s i t i o n  k? atum ’es of ’ a steel must also be referenced to the section size of interest ,
because of the e f f e c t s  of metahlui’g ical q u a l i ty  and of dif ’fer -ence s in mechanical constraint .

Eng ineer ing use of t r ans i t ion  data depends on exact def in i t ion  of’fi’actut’e-state properties .
F’oi-rn al f’i’ac tut ’e-contt -ol p lans  require sequent ia l  de f in i t i on  of ( a )  s t ruc tu ra l  requirements
(e xpi’essed in te i-ms of a fI ’acture-state cr i ter ion ) ;  ( h (  the metal gt’ade selected to meet struc-
tura l  t equ i rement s  at specified lowest service temperatures for the section size of ’ interest: and
( C )  purchase specifications that  provide a stat is t ica l  guat -antee that  the  requirements are met ,

Such t’m ’act ure -conti ’ol plans depend on stu,idarthzed / r w ’tu r e  tests fo t’ cei’tification that
design cm ’ite i ’ia a te  met fo r  the lowest serv ice tempei’ature. Char ’actet ’iz att on procedures must  be
exact and unambiguous .

The m ’equir ement s for s tandard ized f r ac tu re  t e s t s  have pt’ac ti ca l en gtn eei’ing and contrac-
tual reasons . An add i t iona l  requirement  is t ha t  t es t s  be as inexpensive as possible. In general .
this means that  relat ivel y smal l , economica l  spectm et ss must  he used. The ti-st results  must In ’
interpi’etable to the f’ractur e -state t r ans i t  tons fbi’ an~’ othei’ sect ton size. Such appl i cab i l t ty
depends on the r a t i ona l i t y  of ’ t he  test w i t h  respect to ft’actut’ e mechanics  princi ples .

The standardized test specimen is cut to specif ied dimensions from the sect ion size of ’
interest.  The characterizat ion of metal  q u a l i t y  in tet’ms of the cons t r a in t - t r an s i t ion  tempera-
ture is made in relation to the  standa m ’diz e d section size. Since the c o n s t r a I n t  capacity of the
specimen is known , ad jus tment s  may then  he made to t-epresent the effects of increas ing
constraint  capacity to the l i m i t  imposed by the section size used in the structui’e .

F’or examp l e. if’ the sect i on  s i te  is t h a t  of a 3 .0— i n . (75 m m )  p late , a 0.6- or 1. ) ( - i t i .  ( 16 or 25
m m )  DT specimen s~ e Chapter ’  6)  may  he cut  fi’om the p la te .  The tempei’atur e range of the
con stra int  t r a n s i t  ion for  these si and ar ’dized sect ion sizes serves as the  reference to metal
q u a l i t y .  The ctinsti’aint -transit ion tempei’ature range is t hen  s h i f t e d  by a specif ic ternperat ur ’e
i n c r e m e n t  .~t to i’epi’esent the  t ru e  t r a n s i t  ion t emp er ~It ul’e r a n g e  for ’ the 3.0-in . 175 m m)

thick rii-s s .
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The reason fbi’  general  use of ( b -  : i t id  I . ()~in .  I l i i  a r i d  2.1 [ n u l l  I )‘l ’ spt ’cI l i I t ’ I I s  I —  I I I t t  I — I
fo Il  in to  the  lower r’ a t i g t ’  of ’ ( I i i ’  111,1 51 w i d e l y  used s t r u c t u r a l  t l l i i - k l u’ ssl ’ .— I l l , ’ too — 3’ ’ - , 1Oc t 15

have  been used e x t e n s i v e ly  t l l  h ideS t l i i ’  t i t l e  t i ’ a n s l t i o n - i E ’ t l l p e r ’ a t  u r ’c I 1 I t i ~~ l ’  d I r e c t  Is . ‘ I I  “I ’l l ‘ ‘ t i
sizes l I f  (( Ii to 1.0 in .  I 16 to  25 m i i i ’ . ‘I ’h ei’ e is a SF01111 t l i t  c i i ’  nce , ( I i )  t h e  order ,l I t )  I ’ ’  .~i 

( I ,

het~~ een the  t m ’ an s i t i t l i l  t e t i i p e r ’ : i t u r ’ t ’s ( If  t I n ’~e t O o  s i ’c t i , ,n  s I / I ’s . f t  is d i f f i c u l t  t o  detec t . i l t ’ U i i i — -

t h e  l i st  d a t a  i ’ept’odui ’ i l ( h I l t V Is  I I I  t h e  sat t i e  or ’det’ . Iltid ,, r ’ d i t i a r ’ i l  t h e  C i I I V I ’ s s u pe r h n l p t l s e .

Ad~us t t i t e t i t s  of t h i t ’ k l l e s s  I ’ I ) & ’ (  i s  to  r e p r e s e n t 2. ) ) -  and :3 . 0 - I n .  5)) and 7.5 t n m l  s t ’i ’t i l l l t  s I / I ’ ”

i n v o l v e  i ’ e l a t i v e l  ~t i i : I l l  s h I f t s  of ’ t h e  co n s t r ’ a i n t — t t ’ a n s i t i o t i  c u r v e  i l l  h i ghe r ’  t t ’ t i ip e i ’ a t ur I o . . (In

t h e  or’di’t’ l i i  2 ) )  to 4 1) 1’ I I ) )  0) 22 (‘ ( .

\ li ’t ~i l of s-ei ’~
- t h i c k  section . sa 6 to 12 in. ( 150 t u  o t t )  m m ’ , r ’equ i r i ’ s s h i f t s  of ’ .~ () to 12( 1 F’

‘.1.5 to 65 (.‘ I . ‘I ’h r ’ou gh—t hickne ss gr ad ien t s  of ’ f rac ture  pi’oper’ t ies due to metal  qua l  I t \  d i f f e r -
ences may he pt ’( ’s i ’n l t .

If ’ i t  is determined t h a t  the  th i ’ough-th ickne s s  properties (If the th ick-sec t ion  m e t a l  ; IFE ’
u n i fo m ’m . I t  is p ll s s ih le  01 l lp f i ly siniplt’ adjustment  pt’ocedui’c’s over ’ the lu l l  range of 1. !) to 12 in .

‘25 to :300 mm ) ,

The pt’ocedtir’e is i l lu s tr ’a t ed in Fig. 39. The f igure  is based on data f r o m  l imi ted  samp l ing
of 6- and 12-in. ( 15 0 and 300 m m ’  plates having relativel y uniform throug h-thickne ss proper-
t ies . Ex tet i sive in to i ’mat ion  is a var l a b l e  for 1.0- to :3.0-in. 25 to 75 m m ’  p lates of a wide  v ar i e t
ot ’ convent iona l  s t ruc tura l  steels . The ad jus tment  procedures ar ’e hig hl y r’e l i ah l e ,  and t h ey m ay
be used w i t h  confidence in d e t er m i n i n g  c ons t r ’a in t — t ran s l t i oo  c r i t e r i a  for spe c i f ic  ~ect I l I n  s i / I ’ .”
They a re accuu ,a te  to 10 F’ I 5 (‘ ‘ for the lower  r :In). :( ’  I I f  “ i t t  tofl s I Z E ’ ,— ( I i - ,! ln at ’ i l y ,  t hi ’ t rue

l i m i t i n g  factor in the app l i c a t i o n  ‘f t h i s  i n fb i ’m a t  ion is t he  ~‘~~t m a te  of h o  st si r s  icc’  t e mp e r a —

tut’e for engineering stm’uctures .

F’igui’e 39 also i l lus t ra tes  t he  use of t he  c I I t l s t r l I I n t - c - 113 1a 1 i t ~ l i t i i i t i— 1. f l I t ’  t h e  “ I t t  ( I ’ l l  size  as
the basic reference for  t empera tu r ’ e-scale adj u st t i i c ’ t i t  ( I t  t h e  c o n — I  r a i t i t  I r : I n s l t i o n .  The l i m i t s
a te  i’epresented by the large c i r c l e s , i’efh i’enced 01 “j I l t I , - ‘-i’t I 1, 111 ,-ites in ascending Il!’dt~r I I )

s ize.  These are the c r i t i c a l  t empera tu res  at w h i c h  dy n a m i c  p lane- st r a in  c o n s t r a i n t  Is  1, 1st and
constt’aint r e l axa t ion  begins. The t e m p e r a t  ur ’es at  i n i t i a l  r I — I ’  in t o  t hi’ l ’ ) 1 I s t  II’ ’ p ta ~t it  i’egiu n are
noted 1Cr (( . 6— . 3.0— . 6. 0— , and 12. 0—in .  ( 16 , 75. I- S n , and :300 m m ’  sect i , , t i  — j / t ’~— . ( ’ , , n i s er \  a t iv e

es t imates  of the  y ie ld  c r i t e r i o n  I YC ) tempet’at  c i t e s  for ’  the  , I F I I I U S  “ i t t  ‘ ‘ I I  s i/es  ar c ’ g iven  by the
midpo in t s  of ’ t h e  D’I’ test E ne rgy  cu rves , as noted  in t he  fi gu re .

The f a m i l y  (If cu rves  t’epi ’esent s a .~ t m a t r I x  t h a t  i n I l c ’ x c ’ s t h e  m e c h a n i c a l  effects  (II sect ton
s ize .  l ) i f )h i ’ences in meta l  q u a l i t y  sh i l l  the  en t i r e  m a t r i x  tip ot’ down in t e m p e r a t u r e :  the (Ihj ect
of ’ metal  charac te r iza t ion  is to locate the matt’ ix on the tempet’atut’ e scal e .  It is impoi’ tai ’lt to

r ’ecl)g nize  t h a t  the t emper’atur’e posi t ion of the m a t r i x  is decided by metal  q u a l i t y .

Si ni l ’  t he  ~~t n ’ ehi t i onsh i  j )s between matr’ ix  curves ai~e fixed , the  t rue  t empera tu t ’e locat ton
of the  mati’ix may he de termined f rom data  on any sect ion size. The speci f ’tc fr’acture - state
cr i t e r ion  selected for rek ’t’ence is cal led the ‘c ut  rv point ” f’or the  m a t r i x .

The p rac t i c a l i t y  of ’ t h e  en t r y  point selected is i m p o r t a n t .  \Vi’ nia d ismiss  any e n t r y  P oint
th at uses I urge  si ’r’ t i I I n  s i t E ’ s as imprac t i c a l  fo r  t o u t  inc engi neet’i ng char act et’ iz at  t on pui’poses .

Rou t i n e  t e s t ing  u s ing  sma l l  K g, , specimens is p roh ib i t ive l y ex pensi\ -e. \1 , , u e , ’ve r . t h i s  procedure
c a n n o t  pr l ldtice a d i s t i n c t  en t ry  point ,  beca u se at ternperatui’e below the  p l a n e - s t r a I n  l i m i t  for
suii~t l I  set’) ion sizes the  K ,,, c u r v e  is nea r ly  f la t ,  as shown in Fig. 4(( . K , , , values  are the s l I m E ’  in
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t , , :19 - — S ’ct ion-s i ze  effects I’i’Dresi’nted by a fami l y of t rans i t ion  curves with
tixc ’d .~t re la t ionsh ips .

the flat  region for all conventional structural grades. The curve for one steel is reproduced by
all  others at th is  level , and it is impossible to find a characteristic entry point reference on a
near ly  fla t curve.  At  a m i n i m u m , the K~, curve must be followed to the point where it shows a
d i s t i nc t  p lane-strain transi t ion-temperature rise. K 1,, specimens for this determinat ion must
h ave section sizes lar -get - t h a n  1.0 in . 125 m m ) , as noted in Figs. 39 and 40.

The most practical way of locating the reference matrix is to establish the temperature
range of the elastic-p lastic transition , using a test specimen of small section size. The 0.6- or
1.0-in , ( 16 or’ 25 m m )  DT specimens have elastic-plastic t ransi t ion curves that serve this pur-
pose; from their’ curves , all other elastic-plastic transition curves can be located in the temper-
ature scale by adjust ing ~~~t .

The midpoint  of the DT test energy curve for 0.6-in. (16 mm)  specimens is a reliable index
of ’ the temperature at which YC conditions are a t t a ined  for this section size. Thus , the YC
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(ui ., 1. 11 — i n . 2 ’) m m ’  p late s c,,mi ,ai - c’d to t h a t  ( a  1 ( 1 — i n .  251110111 ’ p hIl ,) . l b  5-el’t l c a )  , - n ’  ~(I t I , , -  h I g h  t a )  I hi—
K , ,  cur s - c Ind,caIc ’s  Il,,,t , , , c o ’ , I , . I I , g  ~~,t  , , , r , — i , ,  wi ll not u ,n,s ,.  fu r lh er  ,-‘,tc ’ns j , ,n  of the  K ,, cu rve .

poit it  for’ the  f i r s t  c u r v e  of the m a t r i x  is the niiost practical  ind ica tor  for locating the en t i re
m a t r i x  in  t he tempe i ’atur’e scale. The midpo in t  can he located wi th  ease because of the  steep-
ness of ’ e l a s t i c -p las t i c  t r ’ ans i t ion  cctrv es for convent iona l  s teels . Selection of a moderately
hi gher or lower’ po in t  results  in neg l igible  differences in the reference temperature.

‘I’he bold arrow of Fi g. 39 i nd ica te s the temper’atut’e interval of vital engineering interest.
It r’epr’esents the c r i t i ca l  tempet’atut’e fbi’ the development of the elast ic-p lastic t r ans i t ton  for
smal l  section sizes and the p lane- s t r a i n  tr ’ ans i t i on  for’ large section sizes. The two types  of
t r a n s i t i o n  ar e related for t’eas, Ins  of m echanical constraint. Both must  occur in t h i s  tempera-
tui’e r eg i l ’n . because here mici’of ’r’actur’ e d u c t i l i t y  inct’e sces sharp ly . M etal  q u a l i t y  d e t e r m i n e s
the  tt’ue t empe ra tu r e s  of the t r a n s i t i o n s . At cr ’i t ica l  temperatures sli p systems in the gra in s
ar c’ a ct i v a t e d ,  m a k i n g  it vet ’s- d i f f i c u l t  to incr’ea se the constraint  capacity of the  mechanica l
sy ste m and t h u s  suppress d u c t i l i t y .

The specific c o n s t r a i n t  cond i t ion  for the NDT temperatur’e depends on the size lI f  t he
s u r f a c e  c r a c k  formed hy the bt’itt le weld bead of the Dt-op Wei gh t Test IDWT I . The constraint
capaci t Y of the  t e s t  is def ined by the standat-dized crack size. The DWT develops a sharp
t r a n s i t i o n  f r o m  “break ” to “ no-br’eak ” w i t h i n  a 10 F ) 5 (‘ ‘ inte t ’val .  The no-bt’eak cond i t ion
prov ides  d e f i n i t e  evidence of const ra in t  re laxa t ion , i.e., evidence tha t  the c o n s t r a i n t - c a p a c i ty
l i m i t  of ’ t he  cr ack has been exceeded. Th i s  is most evident at tempet’a tur es  10 to 2 1) F ‘5 I I I
10 ( ‘  ‘ above t h e  NDT temperatui’e . from the  grossly def ’ot’med appear’anc e of the crack bor’der.

The no-break c o n d t t t o n  is )ir ’st r e ached  at the tempe i ’atur’e at w h i c h  K ,,, specimens have
K , ,  r , ,  nfl os of ’ 1( 3 to 0.6. The e f f e c t i v e  c o n s t r a i n t  c~Ip a c i t v  of the I)WT Is  t h u s  verif ied as
l i m i t e d  to a p p r o x i m l l t l ’ l v  0.5 ra t io . The p lane- s t r a i n  t r a n s i t i o n  takes  p lace rap i d l y  above the
N t)’ f t emperature . Thus . muc h I I I r g I ’ r  sur face  c racks would be r’equired fot’ ft’acture at temper-
atur c ’ s s i g n i f i c a n t l y  hi g her than  the  NI)’ l ’ t emp era tum ’e .

The u n u s u a l  r c -p r ’ o d u c i b i l i t y  of the N I )’ I ’  de te t ’mina t ion  I -
~

- 10 F: ‘ 5 C)  is best unden ’stood
in  t e r m s  ,,f an , ‘ f R ’ c t  i v , ’  cons t t ’ain t  c ap a c i ty . w h i c h  deter’ni  it l es  the s tar t  of t he  p l ane - s t I I O f l
c o n s t r a i n t  t r a n s i t i o n .  In hr’i ef. t h e  N I )T  tc ’tnpet’atut’ e  p i n p o i n t s  t he  rise in the  K ,., curve . It
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provides an e xc e l l en t  r’eference poin t  for loc~it  It i g  t h e  t r u e tempera )  L i r e  j I l  s I t  ions of the m a t r i x
c’ut ’seS  s i m o n  in Fi g. 39.

S’l’ATlS’l’lC~ 1. ASP ECIS  01” META I - QE TAL I TY

E rig r fleer’ i ng c’ har’ uct ci’ I / i l l  iOfl l I t  ‘ t ) i lt ’ t  it  ul at’ g m l  Ide of ’ st r uc’t u ru I steel is not acco m pI ish ‘d
hy testing a sitig le p la te  ~ t at i st i ca f  test  i r i g  r oust lIe d o n e  to de termine  the  t e mp e r a t u r e  range
,,f m e t a l — q u a l i t y  var i an c e . F’l I r  e xa mp le , the N fYI’ t e m p e r a )  ure may var y s ta t  i s t ica l lc  from the
t iiean s- a lue  b~’ ’ 2 U  1” ‘ ‘ 10 (‘ , even in h ig h- q u a l I t y  s ti l l s  tV hIISc ’  pt’opei ’ties are r ’ig id lv con-
trol  led. The variance may he d ou b l e d  for low—cost meta l  I)f open spec i f i ca t ion .

.~t a t  1st ical t e st  og is gene ra l l y  r e q u i r e d  to define the high-end-of-the-population tc’mper-
um tu i ’e lot’ a specified cr i te r ion . The s t a t i s t i c a l  t’ef ’er’ence t empera tu re  should be en te red  in
engit ieei ’ing tables for the s teel  gi’ade 1(11(1 th ick t i ess  involved .

The most desirable c h a r a c t e r i z a t i o n  cr ’ite n ’ia for data bank purposes are those that pro-
vide a dir ’ect basis for eng ineering a n a ly s i s  of metal  qua l i t y .  From a scient i f ic  point  If v iew , it
clues not matter’ whether  the criterion cited is NDT. L, (( .5 YC, or \‘(‘ Each imp lies all of’ the
othe rs, and reference tempera tures  for the others mui y  be defined by fa i r ly  s imp l e analy si ’ + .

However’ , examina tion of data  hank i n f ’or’mation i s s imp l ified if the need for analysus is
e l i m i n a t e d  fbi ’ most cases of reference. The most s ign i f i can t  cr i ter ion f’or general eng i n e e r i n g
problems is the 0.5 YC level of fractur’e p i’oper’ties . wh ich is the mid point of the elastic-plast ic
transition. Expressed statistically . as the temperature  t h a t  guarantees  fracture-extension re-
sistance at the level of0 .5 o’,,, i t  pn’o vides fbi’ direct in te i ’p reta t ion  in steel  selection . as fo l lows :

‘It ensu t -es tha t  br i t t le  fracture cannot develop in a s t ructure , regar dless of any crack
tha t m ay  he pi-esent. Since design stresses a te  generally hulse d on 0.2 to 0.4 a ,, levels ar rest
protection is a l w a y s  present at temperatures  above the  reference temperature for 0.5 \‘(‘.

‘It ensures that  the steel selected Is most economical , by p reven t ing  the use of steels w i t h
lower t rans i t ion  temperatures than needed. For most s t r u c t u r a l  uses , the 0.5 YC level is
suff i c ient  and the YC levels seryes no us efu l  purpose.

It does not fol low tha t  the o r g a n i z a t i o n  of data  bank i n f o r m a t i o n  in terms of 0.5 ‘~‘C
t’equ ir es t e s t i n g invo lv ing  only 0. 5 \‘C n seasur ’ements. For examp le , a very large amount  of
NDT tnfo i ’ rna t ion  is ava i lab le  for stanc lai ’d-grad e s tee ls . due to long and extensive use of the
DWT. The NI)’I ’ data bank can he t r a n s l a t e d  i t i t i l  i1 ( ( .5 YC data bank by using the pi-ocedures
clesc r ih€ ’d in t h i s  t ex t .  Dy n a m i c  Tear test d a t a  eat 1)1’ indexed dii -ec t lv to 0.5 \‘C ternpet’atut’es .
Robertson te st  data are o r d i n a r i l y  reported in te rms of ’ 0.5 \‘C. because th i s  cri terion is
equiva lent to the 0.5 a ,, CAT. A l a r g e  a m o u n t  of 0.5 a,, (‘AT data have been gather ’ed dur ing
the pa st  20 y ears  in t h i s  count ry  u mnd p a r t i c u l a r l y  by i t i v e s t i gators in Europe and .Japan .
U n f o r t u n a t e l y , t he data are scultt et ’ed among many publ ica t ions .

LOADING RATE EFFECTS

The engineer ing impor tance  of dy n a m i c  fract tire pn ’operti es is we l l  establ ished for’ rate-
se t i s i t i v e  metals. Hoss -i ’yer , the reas l lns  are often misunderstood. It is not a matter ’  of loading
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r ’a t t ’  per sc .  but of’ microf ’racture pt ’ocesses. Minute  vol umes of metals that differ f rom the hulk
of ’ the host metal provide i solated b r i t t l e  regions for microfracture in i t ia t ion ,

It is not p rac t ica l  to examine  directly these isolated f’raeture in i t i a t ion  conditions; this
would r ’equire microscop ic search. However , thei r  effect is to change macroscop ic fracture-ini-
t iat io n conditions from static to dynamic , and dynamic fracture tests thus automaticall y re-
veal a ll unfavorable efl’ects of localized b r i t t l e sites .

Dynamic testing is necessary for rate-sensitive steels , because their p lane-strain transi-
tion curves f’or stat ic and dy namic loading are disp laced considerabl y a long t he temperature
scale , as shown in Fi g. 41 . The development of an isolated reg ion of m icrofract ure causes a
“jump ” fro m t he static to th e dyn amic curve. The result is a large decrease in plane-strain
fracture properties. This is not the case for metals that are not rate-sensitive , and there is no
need for dynamic testing of these metals.

A proper interpretation of fracture mechanics princi ples places all points that confuse
tec hnical discussions of rate factors in proper perspective with eng ineering considerations. The
following points are of major engineering importance for structures that are not stress re-
lieved:

‘The K 1, . values of regions such as those that surround simp le arc strikes or welds are not
those of the base metal. The hardened material may have very much lower K ,, va lues—as low
as can be measured, Nonmetallic inclusions have similar effects.

•A metal of , say, 1.5 K b /a’ ,, ratio value can be transformed to 0.2 K 1,,/a ’~,1 ratio value by
loca l ized dyna mic loading.
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Fig. 41—K 1, and K ,,, I r a n ’ , I I I , , n s for a thick s, ’ci ,on size. A series ofK ,. ~type specimens of in-
creasing size w a s  cut fr,,m the thick plate i ,, esta blish the curves. The DT test was conducted
for the full section size . Si-i’ h ,ipt , ’r  6 for ti -SI details . I
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•‘l’h~’ c r u c i a l  I ou id i t i g  r ate ms t l I l t  of t h e  l o c a l I / I ’I l  p l I p - I I I  ‘l iii . u l i l i c r i  —.epu it’ u i t i ( I n  mi f a few
meta l  gr ’ains means t h a t  d y n a r i m i c  III , i d I n , f l  ru r t i ’s  h i I t , , c’,,ii tr ’t ,l l i a t ’ t i i i , ’  ex t en s i o n .  K 1,,
u i lovav s  deter ’mines f r a c t u r e  ex t e t i s i o i l . r i ’ g a i i f l i ’ s s  of i t o  ii on c o r l d l n  1 1115.

•K 1, va lue s should  not be used for’ sl u m  ,o - , i  I s  l t , , oI ’i f ~t ru c ’t c i i i ’ s  l i k , ’  b r i o l ge s . shi ps , and
pressure vessels . There  is c ,Ins iderahle evidence for m I t  l i t  ‘‘fl of ’ cat u i s t i I I l ) h i c  fb i lu r e  in such
sti-uctui’es due to local meta llui’gica l  c’ I l r l d i t i o n i s .

.K , , measurement  for the 1940-19-IS shi p t I I 1 I I I I ’S w ,t i l , l  docume n t sta tic ’ elas tic ’-p las (io ’
prop erties at the fa i lure  temperature. ‘ ‘l’h it is . t i ,’ K n I I ’u I s , I I , ’m e t i t  could not be made. ’ Th is
app lies even to shi ps that  failed at the dock or on the  w ay s  i l e fo r e  l a u n c h i n g ,  due to arc strikes.
M u i n v  s iniilai’  s i t ua t i ons  could be documented for hi’idges . pressure vessels , and other large
structures.

CHARACTERISTIC K ,,, CURVE

The concept of a characteristic K ,,, curve has emerged as a fundamental  reference for
p lane-strain properties that may be anal yzed in defi n ing  L and YC prope rties of specific
section sizes. The fact that  the temperature locatron of the K 1,, curve may be indexed by the
N DT criterion or by DT test criteria leads to practical procedures for metal characterization.

A section of the ASME Code adopted procedures in 1972 for metal characterization and
s t ruc tu ra l  in tegr i ty  analysis based on an eng ineer ing version of the characteristic K 11, curve.
This is a lower bound , conservative de finition of the K s,, curve , and is cited as the K 11, (K 1
re ference) curve. The DWT test is used to define the NDT temperature and to locate the K u,
curve on the absolute temperature scale. The ASME procedu res agree wit h the basic pr incip les
of characterization , discussed in regard to Fig. 39. Most important , the use of dyna m ic fracture
properties represen ts recognition of the points discussed in the preced ing section.

The ASME action suggests the potential for future eng ineering exp loitation of the
characteristic K u,, curve concep t in other practical ways. This potential is illustrated by graphi-
ca l ana lysis proced ures presented in Appendix B.

The general form of the dynamic plane-strain transition ofK 1,, properties is illustrated in
Fi g. 41. The relationship of the K b, curve to the static , plane-strain transition curve (K ,. .) and to
the DT-test transit ion is clearl y i llustrated. There is a sharp rr se in K ,., properties , in a
temperature range that lies above the K~, transi t ion . This range corresponds to the start of the
DT curve transition for thick sections , at temperature s immediately above the NDT tempera-
ture.

The data were gathered by experim ents described in Chapter 6. The slope of the K ,,, curve
wit h temperature from the NDT index point is believed to be characteristic for all low and
inter mediate strength steels. This feature has been documented by numerous K u,, curves , as
determined by various laboratories for section sizes to 3.0 in. (75 mm) . It is the basis for th e K~,1
approach used in the ASME Code. In comparison to the K ,,, curve of the fi gure , the K s,, curve
has a lower slope.

Th e charac teris t ic K ,,, curve u sed in Appendi x B is of th e sa me form an d slope as that
shown in Fig. 41. Verification of analyses presen ted in Appendix B confirms that the true form
of the curve in Fig. 41 should be used to represent the characterist ic curve.
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CHAPTER 5

Fracture Characterization and Analysis:
Strength-Transition Effects

STRENGTH~SC ALE REFERENCE

Fracture-state transitions due to changes in strength level obviousl y must be referenced
to the strength scale , just as temperature-trans ition effects must be referenced to the tempera-
ture scale . Changes in strength or temperature are the basic causes of changes in microfrac-
ture mechanisms and ductility.

The characterization practices for fracture testing involving strength- and temperature-
induced effects differ from one another onl y in the sequence of test specimens that must be
used to track the effects . The similarities and differences are as follows~

‘For temperature-induced transitions , fracture-state transit ions are tracked across the
pertinent temperature range , using a test specimen of specified mechanical constraint capaci-
ty. A series of test specimens , cut from the steel of interest , suffices for this characterization.
Onl y temperature must be varied.

. For strength-jnduced transitions , the fracture-state transitions are tracked across the
pertinent strength range , using a specimen of specified constraint capacity. T~st speci mens are
cut from samples of the metal that have been heat-treated to the appropriate range of strength
levels.

The fracture research literature generally avoids discussing fracture-state transrtions in
terms of temperature and strength. The focus is mainl y on the effects of chang ing constrain t
for a specific metal sample , i.e., on mechanics. However , the most elementary part of fracture-
control planning is tradeoff anal ysis among available metals. Thus we arrive at a most
impo rta nt genera l iza t ion:

Metal selection must be based on structurally required fracture-state criteria

F for particular service temperatures or strength levels. Referr ing the fracture
state of the metal to temperature and strength scales is the onl y way direct .
rationa l connections can be made to structural requirements.

In brief , engineers must think in terms of fracture state , service temperature . and
strength levels. Metal quality also should be indexed to fracture state for specific temperatures
or strength leve.ls.
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INTRODUCTION TO TH E RAD

The connection between fracture  s ta te  and strength level  is provided hs the Ratio
Anal ysis Diagram ( RAD ) procedure , as introduced in Fig. 42 for the case of steels. The temper-
ature scale is rep laced by the y ield-strength scale , and changes in fracture resIstance are
plotted against this scale. For example, experience demonstrates that the best available steels
follow the hig hest curve. This is the “technolog ical- l imi t  curve .”

The poorest qual i ty  steels follow the lower bound curve. Steels of intermediate qua l i ty
follow intermediate ti -end-line curves , as i l lustrated in the figure. The in t r ins ic  fracture quali-
ty at any given level of yield strength is determined by the micr ’ofracture duc t i l i ty  for that
strength level. A most important  feature of the plot is that the a t ta inable  range of fracture
quality narrows drasticall y as yield strength is increased above 160 ksi (1100 MPa . At
strength levels above 230 ksi (1585 MPa) , the range is very nan’row .

Section size must be considered , because transitions in fracture state are a combined
function of microfracture duct i l i ty  and mechanical constraint capacity. Section-size effects are
anal yzed by inserting K r, — Ir ,, ratio lines that indicate L and YC points for the speci fi ed sectron
size,

The anal yses of Fi g. 42 are for a plate of 1.0-in. (25 mm)  thickness. Therefore , the
reference ratios for the plane-strain limit L and yield criterion YC are 0.63 and 1.0, respec-
tivel y. The region between these two ratio lines represents the elastic-p lastic fracture state.
The intersections of the metal-quali ty trend lines with the two ratio lines define the yield-
strength range of the elastic-p lastic t ransi t ion . Note that the specific yield-strength range is
shifted to lower levels with  decreases in metal quality.
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Fig. - 12— Ratio analysis  diagram I R A D I  showing connection between fracture s tates
an d y ield sirength a.. a func t ion  of metal q u a l i t y .  Frac ture  sta tes  for a 1.0-in. ‘25 m m l
section size are indicated by inserting appropriate ratio lines .
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Test expei-ience documents t h a t  fbi - steels of the best a t ta inable  qua l i ty ,  a 1.0-in, ‘25 mm

~~ test specimen wil l  t rack the K 1, curve to appr -oximate lv 230 ksi ( 1585 M P a )y i e l d  strength ,
exactly as noted. The l imit  of K , nieasui-ement is reached at this strength level. Since the
1,0-in , ‘25 mm i  K s, . specimen provides insuff icient  constraint for measurement of higher  K ,.
values , it develops elast ic-plast ic  f’r actui ’e in the yield-strength range between 230 and about
200 ksi ( 1585 to 1 )79 MPa ( , The K 1, t rend- l ine  re la t ionshi p to the y ie ld-s t rength  scale t n u r y  h i ’
extended if section size is increased. A 2.5-in , (62 mm section size permits plane-strain mea-
surements of 1.0 ratio values. The trend line is referenced to the K, - sca le, to the practical
l imi ts  of this scale.

If the trend-line characteristics ( qua l i ty  level) of the steel are established , it is possible to
extrapolate up or down fro m a fixed point. For examp le , assume that  a steel 1.0 in ,  (25 m m ,
thick has been heat treated to 240 ksi (1655 MPa) yield strength. A K~, test is made , and the
value (which may range from 30 to 110 ksi \ ~~~~~. ( is determined to be 80 ksi \ in , This indicates
a point in the RAD noted by the solid circle. The steel is of hi gh , but not hig hest , quality. The
trend line that applies is that of the dashed curve on which it falls.

The regions between the trend lines may be considered to represent meta l- qualn t s ’  cor-
ridors. The metallurg ical factors that determine whether a steel falls in a hig h or low corridor
are well understood in terms of micromechanical duct i l i t y .

The various corridors of the RAD plot in Fig. 42 develop elastic-p lastic transit ions at ~‘ield
strengths that ale specific to the metallurg ical quality.  The circled points in the figure indicate
the specific yield-strength values at which L and YC fracture properties are at tained for the
given section size.

The f o l l owing  observations are of major eng ineering importance:

The y ield-strength range of specifi c L-to-YC transi t ions is on the order of 30 ksi  (206
MPa ) .

The full range of the transitions (from best to worst qua l i ty  is on the order of 100 ksi (690
MPa) ,

The fracture properties at any specified y ield strength in this  i’ange are strictly related to
metallurgical quality.

It is obvious that selecting steels on the basis of fr ’acture properties requires carefu l
examinat ion  of the RAD plots. Strength level , re la t iv e  metallurgical quali ty ,  and section size
interact to establish fracture states and levels wi th in  states , and their’ interactions must be
anal yzed precisely. The RAD methods are unique tools for this kind of anal ysis. Their - precision
and reliability have been proven by extensive engineering use.

In addition , RAID procedures are powerfu l tools for anal yzing design-criteria factors. For
examp le . Fig. 43 illustrates the increase in fracture-extension stn’ess that takes place for a
throug h-thickness crack as a consequence of the L-to-YC fracture-state t r ans i t ion .  The
analysis is characteristic of all L-to-YC transitions , as described previously in general terms
(Chapter 3). In this case , the fracture-extension stress is refenenced to the true ratio values
tha t lie below the plane-strain limit of Fig. 42. The term “true” signifies that the ratio values
may be measured by K ,, tes ts  in the plane-strain r’eg ion of the RAD .
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Fig. 43—Engineering s ignIf i c ance  of the l. - i l , -Y ( ’  t r a n s i t i o n .  The curve represents fracture stres s for a 3T
13 0-In . :  75 mm l through-thickness crack. The solid part is derived from calculations based on the measured
K ,, va lue . to its limit ratio of 0.63 for a 1.0-in. 25 mm) plate. The dashed line connects the limit ratio point
to t he yield criterion po n i .

The fracture-extension stress is limited to 0.3 or ,, at the position of the 0.63 ratio line in
the RAD plot. Increases of yield strength beyond this ratio line are accompanied by decreases
in ratio values. Fracture-extension stress also decreases , to approximatel y 0.1 or ,,, at the hi gh-
est levels of yield strength noted in the RAD. The plane-strain reg ion of the RAD always
corresponds to relatively low values of fracture-extension stress .

The elastic-plastic region , between the 0.63 and 1.0 ratio lines , involves ratios that
cannot be measured byK i, - tests of 1.0-in. (25 mm)  section size. These ratios are cited in Fig. 43
as being indexed to the trend lines of the RAD. The indexing procedure defines a sharp
increase in fracture-extension stress. This is due to constraint  relaxation , as p lane-strain
fracture properties increase beyond the constraint capacity of the section size.

The reference to fracture properties in the elastic-p lastic region is to p lane-s t ra in  values
that  could be measured by using thicker section sizes. The elastic-plastic t rans i t ion is a purely
mechanical  effect due to inadequate section size for retention of plane-strain constraint .

The specific yield-strength range that results in increasing r at io  level ’- beyo nd the
plane-s t ra in  l imi t  is s ignificant  in the selection of desi gn criteria.  The ~~‘. a t iv e l v  narrow
strength range of 30 ksi (206 MPa ( determines , among other th ings , the k ’as ih i l i ty  of using
i n i t i a t i o n  or arrest criteria. If arrest criteria are desired , exact l imi t s  must be p laced on the
maximum level of y ield strength that can be used in design. Since these l i m i t s  change w i t h
metal -qual i ty  corridors , data on metal lurg ical qua l i t y  is vi ta l .
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In pi-eparation for niore detailed discussions of RAD methods , it is important  to examine
the significance of design princi ples based on i n i t i a t i o n  or arre st cri teria.  The ini t ia t ion prin-
ciple can provide only provisional protection. It depends on control of crack size and stress
level. The arrest princi p le provides posit ive protection w ithou t  control of ’ crack sizes . Use of the
ai’rest princi ple limits design considerations to the level of ’ nomina l  stress , which  represents
the long-range stress field , If the long-range stress field is i n su f f i c i en t  to provide for fracture
extension , cracks will  be arrested and wi l l  be niei ’els a nuisance .

In general, 0.3 ,r,, design stress is always adequate for fracture extension in the presence
of through-thickness cracks if plane-strain conditions apply. This is the danger of using metals
wi th  plane-strain fracture properties; the only protection is preventing pop-in or growth of the
sui-face crack. By contrast , when the elastic-p lastic state is entered , fracture-extension stress
rises rap idly, bringing into action the crack-arrest princi ple , which is highly reliable compared
to the ini t ia t ion principles. Detailed RAD examinations of design options based on initiation
and arrest princi ples are described in Appendix C.

GENERALIZED RAD PROCEDURES

E ngineer - ing  analyses of combined mechanical and meta l lurg ical factors may be
generalized by grid systems of ratio lines. Figure 44 illustrates a grid system for indexing the
plane-strain ratio l imits L of various section sizes. A similar  grid system may be used to
represent YC ratios for the same section sizes.

A grid sy s tem that  provides a very large amount of anal ytical information is shown in
Fig. 45, where the L and YC ratio lines define the elastic-p lastic region. The ratio values are
deduced from the plots of Fig. 46. A quick index can be made for the elastic-plastic region of
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Fig. 4’I— Rat iIl-grid system w Ith r,’fer,’nce to the plane-strain limits of specific section sii&’s. Each ratio
line represents a ‘ cr it ica l edge” of transit ion III elastic-plastic fracture for the section size.
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any section size by using a standard reference chart of ratio lines. The standard chart has a
grid of ratio lipes drawn in 0.1-ratio steps from 0.1 to 2.0 ratio values. The ratio values from
Fi g. 46 are traced from the standard chart by interpolation .

The L-and-YC analysis method is used to locate the elastic-p lastic region for the section
size of Fi g. 45. Ratio lines that  lie below the plane-strain limit are subsequently traced from
the standard chart. The grid system is then complete , although other information may be
added for specific purposes.

If desired , metal-quality corridors may be referenced in simplif ied fashion . u is r n Fig. -44
The three primary corridors represent hi gh , intermediate , and low qual i t y .  Finer  d i s t inc t ions
are not required for most engineering purposes.

The significance of the elastic-plastic reg ion is interpreted in terms of the fracture-
extension stress scale , inserted as noted in Fig. 45. The scale is deduced from the  plot of Fig. 43.
It applies to all section sizes and represents the increase in f ru i c tu re -e x ten s ron  stress for a
throug h-thickness crack wi th  a length of three t imes  the specimen ’s t h i c k t i t ’~~ 0) T( , The index
is to 0.3 o’~,, at L and 1.0 I T , at. YC , as described previously . The t 5  “o. mid point is found by
interpolation .

There should be no concern for the accuracy of the inserted sca le N u i t ’  f ’roni Hg 45 t h at
the increase from 0.3 to 1.0 I T , - levels of fracture-extension str ( ’ ss must  take p lace in a

(206 MPa ( yield-strength interval . Because the elastic-plastic t rans i t ion  is s’: narrow in terms
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f i g  46—Relationshi ps of section size and ratio values for L and
Vt ’ indexing  lIf t he elastic-p lastic region in the RAD.

of y ield strength , the true accuracy depends on the accuracy of statistical defini t ion of ~‘t e ld
strength by the tensile test.

The ratio lines in the plane-strain reg ion of Fig. 45 are coded to notations of cr i t ica l
surface-crack depth for two levels of t-elative stress. The information is taken from the plots of
Fi g. 38 that  apply only to the plane-strain reg ion. The choice of 0.5 and 1.0 IF ,, relat ive st r e”~
for the references emphasizes the structural importance of high stress levels. These are the
reg ions of geometric transition that  decide the critical crack sizes of concern in engineer ing
analyses based on ini t ia t ion-control  principles.  Note that  there is a sharp decrea se in c r i t i ca l
crack size with  decreasing ratio va lue  ( inc reas ing  s t rength I .

Specific RAD analyses are presented for section sizes of 0.5 and 2,5 in . 112.5 and 62 m m l

in Fi gs. 47 and 48. These figures indicate the effects of decreasing and increasing section size.
Comparing Figs. 47, 45 , and 48 wi l l  i l lus t rate  section-size effects in ascending order of section
si ze.

The main points  made evident by examinat ion of the RAD plots for increasing section
si zes are as follows:

The elas t ic-plas t ic  t ransi t ion shif ts  to lower levels  of yield s trength .
The p l a n e - s t r a i n  region enlarges .
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‘l’he p la s t ic  tract  l in e  region decreases i t t  size,
The t rac t  ur t ’ - t ’ x t t ’ t i s i l l t i  st i’i’ss s i g n i f i c a n c e  of ’ t lie el:i st i c — p las t ic  t i - an s i t i i ,n  is i n v a r i a n t .

The increase in c r i t i ca l  crack sizes fb i ’ 0.5 ‘r ,~ st ress  l eve l s  is appreciabl e .
‘I’lw iiici’e~ist in  c r i t i c a l  c t a ck  sii .t ’s fbi’ stresses cit ise to v t’ld leve ~ is i n s i g n i f i c a n t .

Th ese mechanical  efl’ects nay  be anal yzed in te rms of ’ metallurgical  qua l i ty  by examin-
ing the uppe n - and lower  bound t rend  lines, It is ev iden t  tha t  the e f fec t s  of decreased yield
strength ai’e vei ’y g radua l  and m i n i m a l  fbr the lowei ’ bound trend Itne .  For the technological-
l i m i t  trend l ine they a t e  relat ively pronounced. Apparent for all  section sizes are the efl ’ects of
meta llu i -gical  c leanl iness  on the a t t a inment  of desirable fracture s t a t es  to m a x i m u m  yield-
strength l eve l s .

COMBINED K~- AND DT SCALES

The basis for plot t ing fracture properties in the RAD by dual reference to DT and K i , . t e st
scales is found in constraint .  For example , a 1.0-in . (25 mm (  DT test specimen and aK 1, test

specimen of the same section size have the same constraint capacity. The same section size and
ma x imum-cons t r a in t  ci-ack are used; therefore, the same mechanical constraint  is app lied. In
the RAD region below the 0.63 rat io line , the 1,0-in , (25 mm)  DT specimen fractures in plane
strain , In the region above the 0.63 ratio line , the fracture is of mixed-mode and then of
ful l-sla nt type. The energy-to-fracture reading is a fai thful reflection of the degree of con-
s t ra int  relaxation above the p lane-strain l imi t  fo r metal of 1.0-in. 125 m m)  section size.

Correla tions have been made between DT energy values and K 1, . test data: they  document
that  an entry point from the DT energy scale predicts the K 1,. value (measured by valid ASTM
procedures l w i th in  15 ksi \ in. In fact , these correlations have been extended for specimens
2.0 to 3.0 in . (50 to 75 mm) thick. Thus , it is possible to index K 1, values that would require the
use of K 1. specimens more than 1.0 in. (25 mm ) thick .

The fracture energy of 1,0-in , 25 mm l  DT specimens , cut from 2.5- to 3.0-in . (62 to 75
m m l  or th i cke r  p lates . can provide for p l a n e - s t r a i n  fracture-toughne ss indexing  for th ese
secti on sizes. This reflects the fact that  the degree of constraint  re laxa t ion  (mixed-mode frac-
turd for the 1.0-in. 125 mm) section size is d i r e c t l y  related to the constraint  level of the thicker
section. If the constraint level of the thicker  section results in plane-strain fracture (fo r which
K , can be measured I , then the degree of constraint relaxation for the 1.0-in . (25 m m )  section
size is determined by the closeness to which K u , . approaches the l imi t ing  K s./ T~, ratio for the
thick section. For examp le ,

1. If the K u, . value  for the thick section is below 0.63 ratio , the 1.0-in. (25 m m ) D T  te st wi l l
provide enough cons t ra in t  for plane-strain fracture.

2. If t h e  K value  is close to the  ratio l i m i t  for the  th ick  section , the 1.0-in. (25 mm ) DT
test  w i l l  develop mixed-mode fracture to a degree tha t  depends on the difference in con st r a i n t
betwee n t he two se ct i o n  sizes .

:t . If the K 1. value of the thick section is , s l i gh t ly  above (( .63 rat io , the 1.0-in. (25 m m l  DT
test wil l  show a small  degree of mixed-mode fractuie.
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‘I liesi ’ V u i i ’ i I I U s  degrt ’.’s of nt ixe d-mode  f r a c t u r e  in the  1.0—in.  25 mm I Dl’ t est  w i l l  be

-5 1 reflected in t he energy reading.  Thus , the fruii’ t ore energy is d i rec t ly  re la ted to the K 1 , . ‘ i~~, t u i t  I I I
t h a t  could be measured lot’ sect t o i l  sizes tha t  provide the necessat ’v leve l  ( I f  p l a t i e - s t r a i n  co n-
st r : i in t .  Br ie f l y ,  a specific i n t r i n s i c  I i lc r e : i se  in metal d u c t i l i t y  r e s u l t s  in an increased K 1. ur ,,
i-atio (if ’ c l l n s t r : I i n t  is adequate ) oi- incteased mixed-mode f’r’actut-e energy  I if’ constraint is
inadequate  I . ‘l’he t w o  ef ’fi ’L ’t s are i-d atable and ra t ional izable  in fracture mechanics terms .

METALLU R GICA L BASIS OF QU ALITY CORRIDO R S

The m e t a l - q u a l i t y  corridors represent trend bands for f rac ture-proper ty  relat ionships to
the yield -strength scale. The trend bands may be of high , intermediate , or low corridor ty pe .

t depending on the “cleanliness ” of the metal .  “Clean l ine ss” refers to the dens i ty  of nonmeta l l i c
partic les such as oxides , su lphides , and carbides. These nonmeta l l i c  particles are br i t t le  or
noncoherent  in comparison to the metal gra in  s t ruc ture .  They thus can undergo earl y cracking
or separation from the sur rounding  metal grains in the process of crack-t ip deformat ion.  The
mictociacks or grain -boundary separations then can join to cause plastic-zone rupture. In
effect , the deformation capacity of the grain aggregate is decreased by these particles. Cleanli-
ness effects are important  throughout the y ield-strength range. However , increasing y ield
strength increases the sevet’ itv of the effect.

Yield strength is increased by locking the slip systems of metal grains to increase the
resistance of gra in  aggregates to plastic flow . The locking is accomplished b~’ u l t ra fine disper-
sio ns of hard part icles such as carbides , The price for increased resistance to p lastic flow ,
however, is an unavoidable decrease in tensile duct i l i ty .  This is accentuated in crack-ti p plastic
zones by elevation of plastic-flow stresses due to tr iaxial  stresses (Chapter 3) .

These phenomena  dictate the decrease in fracture resistance wi th  increased y ield
s t r e n g t h  ft)r u l t rac lean  metals  Meta l lurg ically dir ty  meta l s have lower f rac ture  resi stance at
a ny  y i eld s t rength than clean metals , the amount of diftet-ence depending on the number  and
ty p e  of bri t t l e  or noncoherent particles.

Incr easing y ie ld  strength accentuates the steepness of the trend-band re la t ion to y ield
strength , because o f ) a )  decreased ducti l i ty of the host matr ix and ) b )  premature microcracking
due to foreign phases . Accordingl y, increasing the density of nonmetallic particles shift s
fracture-state t ransi t ions  to lower yield-strength levels.

These phases , or fot-eign particles , that  promote void-site nucleat ion in steels have the
fbI l owing  two main sources.

Extr insic ’ n o n m e t a l l i c  pa t t i c le s  are foreign bodies that  may be traced to mel t ing  and
deoxidation practices.

J n / rj , n s u ’  nonmeta l l i c  part icles result from the format ion of carbide phases dur ing  solidi-
fica t ion , pa r t i cu la r l~’ in ste els  of high carbon content.

Th e improved s teels  developed dur ing  the past decade provide a basis for  u n d e r st a n d i n g
the effects of ’ deoxidat ion practices. These s tee ls  have i n t e r m e d i a t e  or low carbon con ten t s . t o
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promote weldab i l i ty .  Hardenab i l i ty  and s t r en g t h  are cotT tr ’~~ 3 (IV use of alloy elements: the
high carbon contents of ’ o lder steels u i - i ’”  J~ u .  I’or these reasons the problems of in t r ins i c
carbide phases have been eli”

These steels have the potential  of a t t a in in g  the hi ghest corridor positions if the introduc-
tion of other nonmetal l ic  phases can be avoided. Figure 49 is a summary  of data for modern
stee ls . melted according to var ious  practice s , as t l I ( l I I w s :

(‘I l ! I i ’ Cf l  fj o , i a t  (or- mel t.  Limited slag t rea tment  resu l t s  in re la t ive ly  high phosp horus and
sulfu r c l ln t en t s  I 0.015’~ I , On sol idif icat ion , p hosp hide and .su lphide  phases are formed. The
addit ion of a l u m i n u m  or other deox idat ion agents produces A I . O I or other nonmeta l l i c  phases.
Thus , the void-site density is hi gh.

Special slag, p / u s  vacuum -arc ’ rern elt ing . Mul t i ple slag mel t ing  practices are used to lower
phosp horus and sulfur levels. Vacuum-arc i-emelting lowers oxygen content , e l imina t ing  the
need for the deoxidation treatments cited above. Void-site density is decreased to intermediate
le vels.

Vocuu,n-i ndu t ’tion roe/ f  iuig , p lus  1-ova a ,n-arc re melting. Melting generall y starts with  an
air-melt charge of special low-p hosphorus and low-sulfur iron. Three or more slags may be
used to lower phosp horus and sulfur  levels. Alloy additions are made under vacuum , and the
oxygen content is controlled by carbon deoxidation . The metal for the final vacuum-arc remelt
is of very hig h purity. If properly processed , these steels are very clean , even when examined at
hig h magnification.
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Fig. -t9—Trend bands i l l u s t r a t ing  the effects of relative meta l lu rg ical .iI,’IIn)Iness due to furnace melting
and deoxidat ion practices The RAD indicates the significance of the metallurgical improvements
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F igu re 49 is a plot  of t he  t i ’end-band properties of these steels . In fact , the top of the hand
t ’epi’esetits the ce i l ing  lev el  a t tained by op t imiz ing  heat t rea tn t ents  to produce the m a x i n t u m
f’ractut’e prupei’t ic’s for  the  gi v et i  st t’et tg th  level .  I I ie ’se da t a  di sclos e tha t  the cei l ing level  is
b u i l t  i n t o  the meta l  by t he  me l t i ng  and deoxidat ion procedures . ‘I’he re la t ive  cleanliness of the
metal  in the ingo t determines the v e i l i n g .

This is most impor tan t .  It s ign i f ies  tha t  a smal l  section of an ingot may be forged and
eva lua ted  as to corridor q u a l i t y .  since a large ingot may cost $1.00 and a large forg ing  $10 to
$20 per pound , rejection of ’ undesi r able  mate r i a l  at the ingot stage is economical .

The t re m endous effects of metal q u a l i t y  on the fracture resistance of steels in the ihO- to
220-ksi 11241 to 1517 MPa (  y ield-strength range is made clear by Fig. 49. For examp le , at
200-ksi I 1:179 MPa yield s t r eng th , a 1.0-in (25 mm I p late may  he of :

Ela st ic-plas t ic  prope l-ties ( i f  of h igh  cleanl iness  I ,
P lane—st  r a i n  l i m i t  I L l  pt ’opei-t ies I if of in termedia te  cleanliness ) , or
\e i ’ v low , 0.3 ratio , plane-strain properties ( i f  of convent ional  c l e an l ines s l .
The correlative effects on c r i t i ca l  flaw sizes are enormous , as indicated by RAD index ing .

The reader may anal yze the larger range of effects for the 180-ksi ( 1241 MPa I level of
yield strength . At thi s level , a 1.0-in . (25 mm)  plate may vary among plastic , elastic-plastic .
and low plane-strain ratio values , according to corridor quality.

In general , the older types of forging steels feature hi gh carbon content coup led wi th
sti’ong carbide-forming al loy  elements . The carbide particles that form during solidification
are diff icul t  to place back in solution dur ing  hi gh-temperature heat treatment: they remain , to
enforce low ceil ing properties. Therefore , vacuum m e l t i n g  and other modern improvements in
deoxidat ion practices cannot be expected to raise the metal q u a l i t y  to the hi gher corridor level .

STATISTICAL VARIANCE OF PROPERTIES

When a steel is purchased to a specified m i n i m u m  value  of y ield strength , a range of y ie ld
strength and fracture properties wi l l  ac tual ly  be present in the production lot or lots . The
range of v a r i a t i o n  depends on the specification controls  that  are app lied:

O— Orclznarv meta l lu rg ica l  control , based on specification of composition and heat treat-
ment , permits a wide range.

T—Test control , aimed at na r rowing  the property range hv rejection . nar rows  the range to
feasible limits , relatable to cost.

I
TL—Test- / imit  control is established by test reproducibi l i ty .

h lr  examp le , y ie ld-s t rength va lue s  for steels of over 17 ) 1-ks )  1172 MPa I level may have ’
the fol lowing ranges:

0—20 to 30 ksi 135 to  206 MPa I
T— 10 ksi 11)5 ) ,I P a I

‘FL— S ks i  I 
~~ \I Pa I ,
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In the discussions to follow we shall  consider ordinary 0 l i m i t s .  The reader may analyze
the e fl’ects on the stat is t ical  va r iances  of reducing the range to T or TL limits. For guidance it
may be cited t hat K l, test variat ions , in ASTM round -ro i ,in tests by di fferent laboratories , were
determined to be on the order of l(Y ; - This range is representative of the TL limits for K 1,.
control.

Figure 50 presents a typ ica l 0-variance statistical box for forg ing-grade steel procured to
m i n i m u m  y ield-strength specifications of 200 ksi (1379 MPa) , wi th  one of the following addi-
tional conditions:

Air-melt prac tices are used for the new steels.

The carbon content of the older steels is hi gh enoug h to result in persistent alloy-carbide
phases.

Either of these conditions results in the presence of nonmetallic phases that promote
earl y void initiation during crack-ti p p lastic-zone growth. Thus , plane-strain fracture proper-
ties wi ll be limited to low values. In effect , a low cor ridor ceiling is imposed on the metal.

The 0-variance box illustrated in Fig. 50 may be shif ted to below K 1,. ceiling levels for the
corridor by off-optimum heat treatment , as indica ted by the lower of the two superimposed
boxes. A sma ller box may be achieved by using T procedures to the TL limits. For example , the
boxes shown may be decreasel’ in size to about half the noted y ie ld-strength and K 1,. -sca le
dimensions (see Fi g. 53). It is impossible to decrease the box further. The important point is
tha t the 0-variance box provides the starting point for analyses of statistical variance ,
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80 100 120 140 60 180 200 220 240 260 280 300 320 340 ((<SIt
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Fig. 50—Statistical-bo x estimate for a low corridor’quality s l e e t , purchased to minimum y ield
strength specifications of 200 k~1 1 :179 Ml’ eI
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The statistical box indicates that desi gn and purchase considerations must include ap-
propriate lower bound values for K 5. . This is a function of y ield stre ngth as well as of the
narrowness of t he y ield-strength range. If the lower bound is placed at a relativel y hi gh K 1.
level for the population , a large fraction of the metal , as produced , wi ll be eliminated.

We shall now examine the statistical popu lation question in a broader context . Figure 51
i llustrates the statistical boxes expected of metals purchased at various levels of minimum
yield strength and meta l quality. We esti mate an 0-variance y ie ld-strength range of 25 to 30
ksi ( 172 to 206 MPa ) above the specification min imum (the base of the box) and a K u -ratio
variance of two ratio lines (the hei ght of the box) . The latter is a conservative estimate. The
circled crosses indicate mean expected values for y ield strength and K~,. .

Assume that any one of these boxes represents a design decision to procure steel at a
specified minimum level of y ield strength , say 200 ksi (1379 MPa( . The following consequences
emerge:

1. The high end of the y ie ld-strengt h range of the population is 220 and 230 ksi ( 1517
to 1586 MPa) .

2. The lower bound K 1~ value is defined by the lower corner of the boxes (shaded semicir-
d es) for each of the three corridor levels.

3, The K ) , . design value must be the lower bound K 11 . value. The specific value is charac-
terist ic of the corridor qual ity.
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Fig. 51—Statistical-box estimates for steels purchased to four levels of minimum y ield strength and
three levels of melt quality. Crossed points indicate average expected properties. Dotted corner regions
indicate minimum fracture properties , which can be specified or used in design.
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4. The K I .  v a l u e  t h a t  would he acceptabl e to a steel pi-oducer (hi’ purchase  specif ’icat b i t s  is

I ike~ ’ se’ t h e ’  sp eci f ic  lower hound va lue  for  the  box .

It should he noted t h a t  w i t  It deci-easing y ie ld  s t rength them -c is little increase in lower
values  (( Ii ’  the  lo w — cor m - i d o r  s t e e l s  unless  levels  of less t h a n  180 ksi 12-1 1 MPa l are 5pec i f i ed  as
m i n i m u n  value s . On the  It her han d,  a rap id increase ’ of’ ti le ’ lower hound K 1 va lue  is caused by
decreasing the ’ y ie ld-s t rength  m i n i m u m  below 230 ksi 1586 MPa (  fb r h i g h - q u a l i t y ,  clean
stee ls . Decreasing the  y ie ld - s t reng th  range by test control does not change thes e ’ conclusions .

The increases become most s i g n i f i c a n t  when  the lower bound K l, . value appi’oaches the
ratio measurement l i m i t  for the  section s i ze .  Howevem ’, this means tha t  steels f e a t u r i n g  a lower
bound K 1. close to l i m i t i n g  r at io va lues  may be used land purchased I on ly  if most of the
populat ion ha.s fracture-resistance properties such that  K 1. measurements are not possible.
This is the case if the p late section sizes are used as such in the structur e. If considerable
m a c h i n i n g  is done , m -atio values in excess of the final  section-size l i m i t s  may be specified and
ii e ’asur ed. However, the fractui’e  charac teris t ics  of the th inned  sections may then be of the
elastic-plast ic type.

These anal yses of metal lurgical  variance pose practical questions that emp hasize the
va lue  of close control of metal qua l i ty  and heat-treatment procedures. If the 0-variance metal-
lurg ical control l imits  are not adequate , it is necessary to resort to metal rejection.

Regardless of whether metal is rejected before or after purchase , the cost of rejection must
be assumed by the user. These analy ses  indicate that  close to 5Oe ? rejection is necessary if
K 1 , values equal to or exceeding the circles-cross - mean poin t.s in Fig. 51 are established as
purchase cri teria.  Decreasing the size of the stat is t ical  box only  results in shif t ing the mean
point; on a relative basis, the rejection statistics will continue to apply.

It should be noted that decreasing K r , . requirements t ’  2 .  ksi N in .  below the mean points
will reduce rejection rates by as much as 20~~. However , the effects of such reductions on
critical crac k sizes , and therefore inspection costs , must  be considered. In general , t he related
decrease in cri tical crack depths for reg ions of hi gh stress is minor . In other words , re lativel y
li ttle is lost. This conclusion may appear appealing, but the small differences are really due to
the fact that critical flaws are exceeding ly small if stress levels are hi gh. Little is lost because
there is l i t t le  to lose.

The anal yses for reg ions of low stress are entirel y di fferent. Decreases of 20 ksi N i n .  in
these cases may be hi ghly significant. Related decreases in critical crack depth may be very
large or exceeding ly m i n u te, depending on ra tio levels. A 0.1 ratio drop from 0.6 to 0.5 has a
meaning completely different fro m a drop from 0.3 to 0.2. RAD coding to critical crack sizes
clearly indicates this.

These analyses also disclose the benefits of shifting from low-corridor metals to clean
metals of the hig hest corridor levels. A gain , the benefits of such increases in K 1. . values are not
particularly appealing. The reasons are basic to calculations of critical crack sizes for plane-
strain metals.
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The benefits of ’ meta llu r g ica l improvements  tha t  exceed the ratio l imi t  for the section size
can be anal yzed in tei ’ms of’ the ’ e lastic-p lastic regime. The structural  significance of e ’nt e- r i ng
an d then exceeding this  regime is best understood by reference to the stress level  required fh r
e x t e n s i o n  of a t hroug h-t hickness crack , as discussed previousl y.

The me ta l lu rg ical improvement  necessary for crossing through the elastic-plastic regime
pay s high dividends by rapidl y raising the nomina l  stress required for extension of throug h-
thic kness cracks. Moreover , the hig h costs of attempts to locate minute  flaws , w hich are
cri t ical  fom’ hi gh-stress reg ions , are e l iminated.  Modest increases in metal costs in th is  way can
decrease costs and increase safety.

The kinds of tradeoff analyses that may be made between yield strength and metal
cor ridor levels are indicated by the metallurg ica l ly zoned RAD in Fi g. 52. The options that
may be examined are indicated by the solid black squares and arrows. The design-strategy
plotting-board uses of the RAD are thus indicated. The anal yses can be performed in a few
minutes , once the RAD is understood.

Fi gure 53 compares t he location of the statistical box for the low-corridor steels of Fig. 50
with  those for a series of new , premium steels of hig h-corridor features. The series is made up
of steels w i t h  alloy contents varied to provide increasing levels of strength . The steels are
strength-limited by the basic alloy formulation , i .e., they are specifically designed for the
strength range indicated. In general , formulations that span a very broad range of strengt h
levels are impossible because of microstructural conditions.
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The mechanical-state analyses in Fig, 53 are specific to a 1.0-in, (25 mm) section size,
However, the noted ~~ scale-referenced properties for these steels are attainable in section
sizes from 0.5 to 3.0 in. (12.5 to 75 mm) , Specific types may be alloy-adjusted to provide the
same properties for greater thicknesses,

TITANIUM AND ALUMINUM ALLOYS

Ratio analysis diagram summaries for commercial titanium and aluminum alloys are
presented in Figs, 54 and 55. The significance of the ratio lines is the same as for steels ,
because fracture mechanics definitions of fracture properties do not depend on metal type. The
metallurgical transitions fro m high to low fracture resistance are (as for steels) strength-relat-
ed and may be modified considerably by metal quality.

The main metal-quality facto r for titanium alloys is oxygen content , because these met-
als are ordinarily very clean due to vacuum-arc melting, The metallurgical problem is to avoid
the embrittling effects of oxygen. The use of oxygen in small amounts to promote strengthen-
ing in the 120- to 140-ksi (827 to 965 MPa) y ield-strength range is catastrophic to fracture
resistance. The zones in Fi g. 54 illustrate the expected fracture properties of titanium alloys
produced to conventional commercial-purity oxygen levels , as compared to low-oxygen (less
than 0.109fl alloys of slightly lower yield strength.

Special note should be taken of the combined effects of low-oxygen metal and decreases of
10 ksi (68 MPa) in minimum yield strength , from 125 to 115 ksi (861 to 792 MPa ) . Figure 54
illustrates that section sizes of 1.0 in (25 mm) undergo transitions from plane-strain to
elastic-plastic or p lastic fracture properties as the result of this combination.
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Fh e dashed I h O ’  ii Hg .  “i-I  repi’e V I ’ i I !  I l i t ’  l ) ou m ie l ; t i ’ v  l e t  ~ ‘c i )  (- I l m i v e n t l o n a l  and low—oxygen
meta l .  Th e span between t h e  d ; l ” f  I ’ l l  l i m i t ’  a n t I  t h e  t e ’ U I I m I I I l I l ~i ic a l  l i m i t  i - ep m - e ’ s e ’m i t s  i mprovements
made bt’ twe ’en  I~)l i7 amid  l~~~T ( t . ‘l’hei’ &’ ai’e sui imi <l  m u e t a l l u i g i c a l  i t ’ i iS I I i i s  fin ’ b e l i e v i n g  tha t  addi—

iona l  i m ml p i - e I v t ’mne m l t s  iSi i lv  b~’ ii~ itle Is v cu m i t  i’e , l I i  rig t e x t  U i t ’  a i td  mis i c m ’ ust ru ct  t ire , Hea t t rea tment
and me ta l  pm ’ I Ic ’&’ ssing ai’e p a r t i c u l a r l y i mpui’t l i n t  l i a r  t i t a n i u m  Il l  lovs and h ave been only partl y
exp lored.

‘l’h e RAI ) t ’e)r a l u m i n u m  al loys  is pi’esentecf in F’i g. 55. The decrease in fracture resistance
w i t h  increased vit. ’ld s t rength  is again  ev iden t .  A l u m i n u m  a l l oy s  are metallurgically dirt~ and
t ’ o m st a i m s  v a s t  a m o u n t s  I I I  b r i t t l e  in t er rn t ’t a l l  ic compounds that  serve as sites for microcracking
and void i n i t i a t i o n . Because of ’ U i i s , the tt - ue po ten t i a l  of ’ a luminum alloys has not been
disclosed. Research in producing relativel y clean metal should yield marked improvements.
Th is is particularly true bsi’ the strength-transition range from 45- to 65-ksi (310 to 448 MPa (

y ield s tr -ength.

C RITICAL-EDGE CONCEPT

The foregoing  discussions  and analy ses , ba sed on the RAD system , lead to several impor-
t a n t  conclusions:

If the deciding fac tor in metal selection is the cri t ical  ci-ack size for regions of hig h stress

concentra t ions  K , of ’ 2.5 or greater (, then plane-strain pi-operties ai’e undesirable because
cri t ical  crack sizes w i l l  be below re l iab le  inspec t ion  l imi t s  if  the ratio value is 1.0 or less.

M e t a l l u r g i c a l  impi ’ovements tha t  s i m p ly increase the  measurable K 1, va lue  for a given
section size pmovide small benefits in the above-cited case.

To achieve large re tu rns  from meta l lurg ica l  improvement  requires ra is ing the intrinsic
fractut-e i’esistance to above the p lane-s t ra in  l im i t .  This is the critical-edge concept of transi-
t ion from p lane-stt -ain to ela st ic-plast ic  f racture properties .

The critical-edge concept provides important guidance to metallut-gical research. It state’i
that  h i g h l y  s ign i f i can t  improvement  in metal propett ies  may be made in the strength-
t rans i t ion  reg i on.  This is the region of i-ap id falloff of the RAD plot for each metal system. The
im provement mus t  be i-elated to specific section sizes. Thus , the impi-ovement possibilities are
l imi t ed  to lowem ’ yield-strength ranges for thick-section metal . With decreases in section size.
hi ghe r y ie ld-s t rength  ranges provide  the improvement challenge.

STANDARD RAD FORMAT

The tbregoing discussions of RAD procedures ind ica te  the wide  v a r i e t y  of ana l yses and
data-management methods made possible by the  rat io-gr id reference sy stem.  A standardized
format for p lo t t ing  and zoning mechanica l  and metal lurgical  conditions has been developed for
u se in s t r u c t u r a l  i n t eg r i t y  ( S I )  a n a ly s e s .

Th e s t a r t i n g  po in t  for the SI fis i’ma t is t he  three-par t  zoning of the c i i t i c a l  crack-size chart
in Fi g. :56’. The low-ra t io zone indica t es th at  cri t ical  crack sizes become exceedingly sma ll , for
all s t ress  levels, as the ra t io  decreases below 0.3 reference point . It is apparent that such
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Fig. 56—Three-pa rt zoning of critical crack-size diagram.

low-ratio metals do not provide reasonable latitude for detection or control of crack states.
Accordingly, SI analyses must be hi ghly pessimistic.

The high-ratio zone provides more latitude , depending on the stress level. Structural
integrity analyses must be made case by case to determine whether other engineering consid-
erations permit the required controls.

The intermediate m atio zone should be analyzed in terms of high and low stress levels. For
hi gh stresses, the engineering problem becomes similar to that of the low-ratio zone~ for low
stresses it is similar to that of the high-ratio zone, Careful SI anal yses must be made on a case
basis to determine the feasibility of the required controls.

Ratio reference to the three zones , then , provides an immediate first-order analysis of the
problem in using plane-strain metals. The three-zone system avoids the comp lication of ref-
erencing ratio lines to critical crack sizes (as presented in the introductory descriptions of
RAD procedures ( .

Simpli fied three-part zoning of the RAD , in terms of low- , intermediate- , and high-ratio
zones , is illustrated in Fi g. 57. This is the standard format for SI analysis. The DT scale entry
may be made to accommodate large ( 1.0-in .: 25 mm)  or standard (0.6 in.: 16 mm)  DT test
specimens .

In using the SI RAD format , it is essential to place the ratio lines defining the elastic-
plastic region for the part icular  section size. The appropriate ratio lines for L and YC bound-
aries can be found fro m Fig. 46.
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Figures 58, 59, and 60 are SI diagrams of’ the elastic-plastic and plane-strain regions fbr
2.0-in ., 1.0-in., aesd 0.5-in . 50 mm , 25 mm , and 12 mm)  specimens , respec ti ve l~’ . No te that  a
decrease in section size lowers the ratio range for the elastic-p lastic region . Accordingl y, the
ren saining plane-strain region is restricted to intermediate and very low ratio values by the
zoning sy s t em is  o1 l” ig. 56.

60 80 tOO 120 140 t60 180 200 220 240 260 ( K G / M M
2 )

1 4 —  
~~~~~ 

i i  I ‘“1~~ T ( I  I ‘ I  I I i

- T L F  STEELS
10 - STA N DARD R E F E R E N C E

_ 12 - 2 FORMAT

-~~ i i  .~~~9 -

1 0 -  

~
8 -  

~~ 
6 -

- ~~

‘ 
— 

RATIO 
HIGH

5 -  4 0. 7
z

4 .  
~ 3 -  0.8 ‘ 200

- 
° 2 — ~~~~~~~ 0.6 0 

- 160 r
2 -  0.4 0.3

C 1 -  1 -

05 - 
02 - 80 ~~

~1 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _I I ~ t....... t I )

~~ 80 100 120 140 160 180 200 220 240 260 280 300 320 340 (KSII
4
-

~ Y I E L D  S T R E N G T H

Fig. 57 — Three-part zoning as app lied to the RAD .

60 80 100 120 141) 160 180 200 220 240 260 (KG/MM 2 I
I F ‘ I I I I I

14 ii -
TL -F  STE ELS

6~~ SIS 

~~~~~ 

I SO ’ .”

~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4

, 

~~~~~~~~~~~~~~~~

~ 8Q ‘ 00 120 140 160 180 200 220 240 260 280 300 320 340 p
YIEL D STRENGTH

l’lg “IS - - 1 hn’I’-p rh zon ing  ce mhine ’d with f rar t ure  stat e ’ analy s’s ~r 2-in ( 50 mm l  sect i l ln  ‘~i7l ’ \ I I O

range of ratio levels in p lane-strai n region.

83

I’m

p — - - ‘ 
— ‘

~~;
‘ -; - ~ .“ A ‘~ ~i

-— — -—_  - -— -—-~~~~~~~~~~~
- -~..,., 1--s- Sa. a . -n~~~~ “- - -  - , 14



i-or \ ~~ I I .\ItIl 1t1\ l 1 1.1 Ilt,’)I.-Vl

60 80 100 120 140 160 180 200 220 240 260 PG/MM 2 )
I ’  I ’ I  , 7’ r— 1 ,  ‘ 1 1 1 1 ’

‘ ‘ii i i —
T L - F  STEELS

0 

~~ 

O l O ~~~~~~~~~~~~~~~~~~ ANAL Y~~ S F0R I O  I N  125MM)

~- 6 ~ 
~~~~~~~~~~~~

8O~~~~

- 

N -  8 1 1  

, ~~~~~~~~~~~~ 
- 4 0

U) - I I I I I I I 9
~ 8) ‘00 120 140 l6Q 180 200 220 240 260 2 80 300 320 340 (PSI)

YIELD STR ENGTH

t I  g 50— I’ )i re t -pit rI /1)1) ing (illIhlhi ne~t se oh t ract  I t i C  II 1)0 Ii),) Iv — I ~. t i r  I-In. I 25 mm I —c-c t ion I /l’ ‘\I I t
r ange’ III r a t i o  le ve ls in p lane—s m rain i’e 5lII fl -

60 80 100 120 140 160 180 200 220 240 260 PG/ MM 2 -
I I ’ ) ’ )  1 I I  I ’ l l ’  I

1 4 -  II-
T L - F  STEELS

~~~~~~~ L A S T c )

~ 80 00 20 140 160 180 200 220 240 260 280 300 320 340 ‘ P S i )
YIELD STRENGTH

l”Ig C I  l ) l m I ’ t ’ .p li r t / C I I I  log c)Ifllt)IiIt’d w i th  h i t ch  Ui’)’ 1 .111 i ) i l I I (V I5 t I l l  ( I  . 5 — in .  - 12 Oil)) ’ I’I I III) — I / I ’

\ I I I I -  brniie’d v . II1g)’ o h ratio (I’ll’) ,. ii) ) I ( . I I l I.~~-~ lv i I III I’)’~~ IIIti

IIlIi.,, 
— - 

—- —

~~~~ 

. A ~~ ~~~~ .,~ -.

— ~~~~~~~~~~~ ,~~__ ~~~~~~~~~~~~~~ —, - — 
~~

‘
~~~~~- - .



S’ )  . \5 , ( I.\ ( ( ( I  lt1\ II 1- i l ti \ l \  I

F’igui’e 6’I r l ’ l I r l ’ s e ’ h t N  an I IV C ’ l ’ l i i V . t i n t h e  SI l~~\ l ) , ol i i t i i i l i t y  c I I I ’ i’ I d I I t —  or ~I I ’ I - k .  It is
apparent  t h a t  de ’ i - I - e ’ I I ~ l ’ 1l q u a l i t y  mmmv e l i - a s t i c a l l v  l ’ ) I : I h 1 ~~ I -  I t  ic - I  t u e  — t a t e ’  ari d II ‘ O i l ’  i~~e - m a t  I I I

, i l ue ’ ,~ fi ’omss i r i t e m ’m n r ’ d i a t e  te i low.

60 80 100 120 ‘40 ~C~U Ho 20 .  22- - 240 260 KG/MM 2 I
I I I I I I I ‘ T i ~~~~~~ I I I

14 - I i  -
STEELS

— l~ - T L - F
o 0 10 - T R A N S I T  P.S

U 9 1 R A T I O

- / 1, A N A L Y S I S  FOR 10  IN 2 5 M U I0 1 .~. 8 ,,~~ // I( 
11 

SECTION SIZE

- 
7 i  

~~~~~~~~~~4~~ ASTICl

U

~ ~~‘ ‘~ ~~ ~~~

~~ 
‘11

~~~~/~ 

~~~~~~~~~~~~~~~~~~~~~~~ 

O6~ ~~~~ T

2 - 
) 

— 
10~ I 21

1 ’
I
~~~

0 5  - ‘
~~ ~~, 

, 02 
~~~~

- 8(

o 
~ / P~~~~L.SLRA Oh 4C

I I I I I I I I
80 lOG 120 140 160 180 200 220 240 260 280 300 320 340 ) KS I)

YIELD STRENGTH

F- IL. 6 1— Thre e -part  zon ing CIII1IhIIh c’d with hm ~2l c t ch Ie ’  11I1t’ I I1 ,) I \5 I~ an d i I l ’ i 1 1 ( ’ e l ) i Z l l I I Y  c)Iri’idllr Ill Ill

The th ree -pa r t  z o n i n g  m i i e thod  to i’ i n d e x  i n i ~ t h e  RAD provid e ’s  for rap id an a 1 \ ’~ j s of
t radeoffs amis ong eng inee r ing  facto t - s . In  ( a c t ,  any  a t t e m p t  I I I  make  a n a l ’  ses bi- a ny  other
method wou l d  r e q u i r e  e x t r a c t i n g  m n b r n i ~it io n I l - I rn I~ .\ I t  sum m a n es of ’ m e c h a n i c a l - n i e t a l l u r —
gical t e ’ I I I I  i I l h l i - i h I~ )s .

I’m

p , -— — -  - - , ,o ~~~~~ --—----—‘-‘~~
‘
~~~ - I’ - - ‘ , -A, ,A - ~~ A - . -

— — —. -. 
— ‘~~ 

‘ ‘ - ‘ ri ..,_~ . ~~~~~~~~~~~~~~~ - . ~~ ,_ ,  , _ ,~~~~ ~~~~~~~~~~~ - -



~~

---

~~~~

-.

~“r—u u—~’r -

PRECEDflG PA)~E BLA!~ C~~’l~~~ VTI~~~~
U—  ~,,

CHAPTER 6

JcractureCo,,trol Principle s’ :
Temperature- Transition Problems

E A R L Y  S’1’t ’I)lE~ 01” INITIATI ON A N D  A R RE S’I’

I; 

U n t i l  the  1940s . m eta l  s t i ’uc tu m ’es we ’re  g e n e r a l l y  f~ibr ic ~ited by r i v e t i n g  and b l I l l  t r i g .  The
t~i i l t i r e  of a component  of ’ such a s t ruc tu re  is genera l ly  an isolated event  and doel- riot lead F ) I
tota l collapse. It W It S not appreciated t fiat the  m o n o l i t h i c  n a t u r e  of nonredundant welded
st i ’ t t c t  l i l t ’ S  p rovides  c o n t i n u i t y  such th at  f r a c t u r e  i n i t i a t i o n  in ev ef l  a smal l  pa r t can have
ca ta st rop hic consequences. ‘I’h e f~eilui ’e of welded \\‘orld War II ships made t h i s  fact ap p a l l i n g l y
clear . Fnactui’e initiation was ei t ’t en fo l lowed by n e a r l y  i n s t a n t a n e o u s  spl i t t i ng  of ’ the  e n t i r e ’

shi p (F i g .  62( .

The problem was compo urided by the lack of m e l  iable i n f o r m a ti o n  about’ m e - t i l l  l un g  ca I
e f f e c t s  on the  f r a c t u r e  s e n s i t i v m t v  of s teels . Th us , me t a l l u rg ist s  could not i m m e d i at e l y  deve lop
steels  of ’ improved f rac tu re  properties.  Desi gners , al so , had no basis bi t ’  a n a ly z i n g  the  r e la t ion-
sh i p h e)w e. ’en crack size and stress b I n  f r ac tu re  i n i t i a t i o n . The ea r ly  welding engineers  had
been concerned m a i n l y  w i t h  w e l d i n g  procedum -es and not w i t h  fractui-e propert ies  of the welds .
l’~v e ’n y I ) n e  m ’elied on experience wi th  r iv e ted  and bolted s t ruc tu res , w h i c h  indicated t h a t  the
elongat ion and redu ct ion -of ~al’eIi d u c t i l i t y  parameters of the tensi le  test genera l l y ensured
d u c t i l e  performance of the s t ruc ture . Experience w i t h  welded ships , however , demonstrated
t h a t  t ens i l e  tes t  d u c t i l i t y  was not su f f i c i en t  for character iz ing the s t ruc tu ra l  r e l i a b i l i t y  of
steels .

Fi gure 63 i l lus t ra tes  the br i t t le  fracture of a shi p p late that  d isplayed hig h tens i le  test
d u c t i l i t y , Su ch glassl ike  fractures occurred on ly  at temperatures  below 601F ( 15 (.‘ . The
sharpn e s s  of the t empera tu re  effect led to the desi gnat ion of the problem as a t r ans i t  ion-tern-
perature phenomenon.

F’i gure 64 i l l u s t r a t e s  a 1955 view of the effect o f t empe ra tu r e  on the tensile properties and
fracture toug hness of a t y p i c a l  shi p s tee l .  The smooth-body tensi le specimen shows a duct i le -
to- b r i t t l e  t r a n s i t i o n  over  a range of very low tempem ’atui-es . In the presence of cracks . the
t r a n s i t i o n  from p lastic to elast ic l eve ls  of f r ac tu re  s t reng th  takes  p l ace over a range of much
h i g h e r  t empera tu res . By the earls’ 1940s it w it s  recognized tha t  the cracked-body t r a n s i t i o n -
tem pera tu re  range was the ct i t i c a l  index for the  loss of f racture  s t rength in sh ip  st i ’uctures .  It
wa then deemed essential  to develop not ch t e s t s  for determining t h i s  desi gn para i l leter  in t l i t ’
labor atory.  Such tes t s  would st-ry e two purposes: a) guiding desi gner s. so that  it could he
k n o w n  in advance if a contempla ted  st r u c t u r e  was to be operated at temperatur e ’s  below th e
cracked-body t r ans t t ion  t e m p e r a t u r e , and (b ( guiding metallurgli .t 2’ in developing St i ’ I ’ l s  I l t

cus tomized  tm ’ans i t ;un -t e rnpera tu i ’e  f e a t u r e s .

I~( 7
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Examina t ions  of ship fai lures provided the first significant information about conditions
for the init iat ion , prop agation , and arrest of fractures. It was noted that the chevron marking s
shown in Fig. 63 pointed back to the exact location of fracture init ia t ion . The in i t i a t ion  sites
usually involved minu te  defects such as weld cracks or arc strikes (Fi g. 65) .

Surprisingly,  large cracks several inches in length in the same plate were not responsible
for the fractures . Thi s  confusing feature was clarified later , when it became evident  tha t  the
large cracks represented inc ip ient  fractures tha t  had been arrested and thus  had blunted crack
ti ps . These large cracks extended from corners or other welded details where stress levels were
high . Arrests occurred when the crack entered regions of low nomina l  str ess outside the area of
the geometric de ta i l .  M a n y  such cracks could he found on shi ps being bu i l t , ind ica t ing  that
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Fig. 63—Features of brittle ship plate fracture . The chevron markings point back to the site of the flaw responsible
for fract ure initiation.
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Fig. 64—Compariso n ( 1955) of transition-temperature effects, defined by tensile and dynamic fracture tests of a typical
structural mild steel.

their initiation had been spontaneous and strictly related to weld residual stresses. The com-
bination of crack-tip blunting and low stresses prevented reinitiation of fractures.

It was then appreciated that the level of the elastic-stress field through which the crack
was propagating had a bearing on the fracture problem. In a few cases it was noted that arrests
had occurred in service when cracks entered new plates in regions that did not contain stress
gradients. Figure 66 illustrates such an arrest. Note that the painted surface has crazed at the
arrest point , indicating ductile behavior (yielding) of the metal. In this case, arrest is clearly
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~~~ ~ ~ ~Fig. 65—Weld arc strike; small cracks extend from a solidified arc pool approximately 0.2 in. (5 mm l  wide. Residual
stress fields of close to y ield level act across these cracks.

due to a plate of higher fracture toughness than the adjoining cracked plate. By 1950 it was
recognized that two conditions lead to arrests of propagating cracks: (a) entry of the crack into
a reg ion of very low stress, and (b ) entry of the crack into a plate of higher fracture toughness.
Fracture initiation , then , could be expected to occur at sites of high stresses, in plates that had
low fracture toughness at the service temperature.

The separation of ship plates into the categories of initiation , propagation , and arrest
types provided for calibration of the significance of the only standardized notch tests of the
time. Figure 67 illustrates the features of the Charpy-Keyhole (C k) and the Charpy-V (C 1 )
tests. Both tests were developed in about 1905 and were used for qualitative assessment of the
transition-temperature ranges of steels. There was no rational basis for using these tests to
predict structural performance. In addition , it was not known whether fracture energy or some
other criterion should be used in calibrating these tests.

Figure 68 illustrates typical Ck and C. transition features for ship steels. Note that the
energy-transition curves parallel the course of the fracture appearance and the notch-root
contraction (ductility) transition curves. The energy curve provides the most direct definition
of the trafisition features, and no advantage is gained by referring to the other measurements.
However, these independent measurements clearly indicate that the basic reason for increas-
ing fracture energy with increasing temperature is increasing ductility.
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Fig. 66— Crack arrested on fracture entry into a plate ofh ig her than average fract ure toughness. Craz in g of the  painted
surface indicates plastic deformation of the underl y ing metal .

By 1945 , the C h test was recognized as totally inadequate for defining the true in-service
transition-temperature range. Because of its excessively blunt notch, it indicated a ductile-to-
brittle fracture transition at temperatures much lower than those experienced by the ships.
The CL tests were discarded for studies of ship-failure steels by 1945. The C 1 test offered better
promise because its transition region includes the temperatures of shi p fracture. Attention
was directed to studies of the ship-failure steels by use of the C~ test.

By the late 1940s newly developed correlations disclosed that the fracture in i t ia t ion .
propagation , and arrest plates had distinctly different maximum values of C~ energy at the
temperatures corresponding to the service fracture. The results were as follows:

Initiation plates—Maximum 10 ft-lb ( 14 J)
Propagation plates—Maximum 20 ft-lb (28 J)
Arrest plates—Energy values significantly in excess of 20 ft-lb (28 JI  resulted in “yield-

ing ” arrests (see Fig. 66).

These statistics are summarized in Fi g. 69 with reference to the position in the C 1
energy-transition curve. Service temperatures below the 10-ft-lb ( 14 J( transition-temperature
index provide for fracture initiation due to small cracks. Service temperatures below the
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Fig. 68—Transition-temperature features of C , and C k tests as
indexed by fracture energy, fracture appearance , and notch-root
lateral contraction.
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Fig. 69—Summary of C’ , energy values for ship-fracture ini t ia t ion , pro-
pagation . and arrest p lates.

20-ft-lb (28 J) transition-temperature index provide for propagation except in areas of abnor-
mally low stress. Service temperature in excess of the 20-ft-lb 28 J) transition-temperature
index assure arrests due to metal ductility, as the fracture extends into a plate of such charac-
teristics.

As the result of these studies, it became conventional to reference the transition-temper-
ature range in terms of the 15-ft-lb (21 J) transition-temperature index , which represented a
conservative definition of the highest temperature for fracture initiation.

It should.be noted that the best of the ship plate steels features a 15-ft-lb (21 J) transition
temperature at approximately 0°F (-18°C) and the worst at 140°F (60°C). The quality distribu-
tion was gaussian, as shown in Fig. 70, with a sharp peak at 65°F (18°C) and a high population
density in the range of 35° to 90°F (2° to 32°C). The broadband distribution of the World War II
ship plates results from poorly controlled metallurgical processes. With good mill control the
range of variance can be kept within a 60°F (35°C) band.

By 1952 the 15-ft-lb (21 J) C~ transition temperature was accepted as the definitive
criterion for design and as the guide for metallurgical studies. The effects of alloy elements ,
grain size, normalizing heat treatments, deoxidation practices , and so on were investigated in
terms of their effect on shifting the 15-ft-lb (21 J) transition temperature. Figure 71 illustrates
the shifts to lower transition temperatures, compared to those of the ship-fracture steels, that
can be obtained by combining the benefits of decreased C-Mn ratio , aluminum deoxidation ,
and the use of normalizing heat treatments. Unfortunately, there was a basic error in the
assumption that the 10- to 20-ft-lb (14 to 28 J) C, energy range had the same significance for
these modified steels. By 1953 it was demonstrated that the critical transition-temperature
references moved to higher positions on the C~ energy curve (higher C~ energy indices) for
many steels that differed from the original ship-fracture type. This finding destroyed the
concept of an invariant reference to the C~ energy-transition curve. Clearly, the C1 test re-
quires specific calibrations for different steels and thus poses unacceptable complicatio is for
general engineering use covering broad families of steels.
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FRACTURE CONTROL: TEMPERATURE TRANSITION
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Fig. 70—Spread of C transition-vs-temperature character-
istics of ship-fracture steels.
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Fig. 71—Transition-vs-temperature characteristics of improved steels
(curves) compared to those of fracture steels (shaded bands).

NATURAL CRACK TESTS

A wide variety of new fracture tests was developed during the 1940s. These tests can be
separated into two basic types: (a) tests using tensile loading of small laboratory specimens
with machine notches and (b) structural prototype tests of very large structures featuring
machined notches and/or welds. The interest in large structural prototype tests resulted 1mm
the inability to reproduce ship-failure conditions at service temperatures in any of the small
test specimens. Regardless of the acuity and depth of the machined notches, stresses over
yielding were always required for initiation of fractures by the laboratory tests. In contrast ,
the initiation of in-service failures was always obtained at elastic-stress levels. Increasing the
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NA ’I’URAL CRACK TESTS

size of the test plate did not modify this behavior. Again , in-service failure conditions could not
be reproduced.

Obviously a fresh approach was required , because slow loading of specimens with
machined notches did not reproduce the in-service conditions of fracture initiation. In view of
the impasse that existed in 1950, investigations were redirected to fracture studies involving
natural cracks. The basic premise guiding this approach was the recognition of the role of
cleavage microfracture processes, which are inherent to metallurgical analysis of the problem.
Such analysis had matured to suggest that cleavage fracture instability first develops in
embrittled metal adjacent to the weld , i.e., in the heat-affected zone (HAZ) . Once cleavage
instability appears within the space of a relatively few grains in the embrittled heat-affected
zone , the base metal grains in line are subjected to the dynamic extension of an ultrasharp
natural crack. As a consequence , the structure as a whole behaves mechanically as it would
under dynamic loading.

The mechanism of cleavage fracture is discussed in Chapter 2. The energy required for
the propagation of unstable (fast) fracture is derived from elastic strain. The individual grains
may be considered as loaded by elastic springs. As each grain cleaves, the release of elastic
energy serves to increase the loading rate on the next grain in a dynamic fashion until
cleavage occurs. The process continues indefinitely.

The cleavage of the first few grains is crucial for cleavage fracture; the mechanics of the
cleavage process are dynamic thereafter. Thus , any form of metallurgical embrittlement,
including strain aging of the crack-tip metal or the presence of brittle phases, can activate
dynamic instability. Embrittlement of the heat-affected zone represents only one case. In the
absence of such localized initiation conditions , the base metal responds to slow loading rates by
behaving in a more ductile fashion. It ~s then more difficult to initiate cleavage fracture of the
first grains. The engineering aspects of this problem are best considered in the li ght of the fact
that micromechanical condition3 controlling cleavage of the first grains also control the ductil-
ity and the effective strength of the structure as a whole.

There were two problems with the long-sought goal of initiating fracture at elastic levels
in the presence of machined notches loaded at slow rates: (a) metal grains at the notch root are
not subject to the same high degree of triaxial constraint to plastic flow provided by ultrasharp
natural cracks, and (b ) the slow loading rate favored extensive yielding before cleavage initia-
tion in the first grains.

The highest temperature range for the initiation of cleavage fracture at elastic-stress
levels must be determined by laboratory tests involving cracks of ultimate sharpness and the
application of dynamic loading. These conditions ensure that the cleavage of the first grains
develops under the most adverse conditions for suppression of microfracture ductility. The
highest temperature at which a steel structure can be expected to fail is controlled by such
worst-case conditions. By enforcing the worst case in laboratory tests, an exact match can be
found to the highest temperatures of possible in-service failure at purely elastic load stresses.

The nature of the first experiments conducted with natural-crack tests is illustrated by
Fig. 72. Arc strikes were applied to shi p plate steels, and dynamic loading was developed by
dropping weights in the center of the edge-supported plates. It was found that fracture initia-
tion , for conditions of elastic loading, resulted at the shi p-failure temperatures of 30° to 60°F
1 0° to 15’C) but not at higher temperatures, exactly as in the ship failures. The fractured plates
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Fi g. 72—Fracture of ship plate steel at elastic stress levels by dyn amic loadi n g
in the presence of small arc strike cracks.

remained perfectly fla t , indicating that the loading had not exceeded yield-stress levels. Ex-
plosion tests of the same plates wi thout the arc strikes demonstrated great ductility at low
temperatures, as predicted by the tensile tests. The dramatic effects of such tiny defects can be
explained only by cleavage fracture instability processes of microscale dimensions. The vol-
ume of metal involved in the initiation of brittle fracture must always be smaller than the —
defect size.

These findings led to the development of the Explosion Crack Starter Test, which fea-
tured a short , brittle weld bead of hard surfacing type deposited on the plate surface. The
plates were placed over a circular die and loaded by offset explosion. The intent was to observe
the effects of increasing temperature on the propagation of the fractures. The function of the
bri ttle weld bead was to introduce a small crack of natural sharpness , similar to the weld
cracks or arc strikes of the ship failures. The reason for offset explosion loading was to ensure
dynamic conditions for the initiation phase and to maintain soft-spring (continued) loading on
the plate while the fracture propagated from the center to the edges. Temperature control was
obtained by conditioning the test plate and then quickly placing it on the die for explosion
loading.

The results of typical series of ship plate tests (1954) conducted over a range of tempera-
tures are shown in Fig. 73. The series present a clear panorama of the effects of temperature on
the initiation and propagation features of the steel , in the service temperature range of the
ships. At 20°F (-8°C) a flat break is obtained (elastic fracture), while at temperatures of 40°F
( 5°C) and hi gher increasing bul ging (p lastic overload) indicates increased resistance to initia-
tion of fracture . The term Nil Ductility Transition (NDT) temperature was app lied to the
flat-break temperature. In other words, with descending temperature a critical transition
point is reached, such that elastic fracture initiation (nil ductility) is possible in the presence of
a dynamica lly loaded small crack.
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Fig. 73—Features of exp losion crack starter tests of shi p plate steels. The steel is representative of the best qual i ty.

It should be noted that resistance to fracture propagation increases markedly with in-
creasing temperature. Between 60° and 80°F (15° and 25°C ) the fractures no longer run
throug h the elastically loaded edge reg ions; however , continued propagation is obtained
throug h the plastically loaded center reg ions. This temperature point is defined as the Frac-
ture Transition Elastic (FTE ) temperature; it signifies the hi ghest possible temperature for
unstable fracture propagation through elastic-stress fields. Ultimately, a higher temperature
is reached , at which onl y ductile tearing is possible. Because of the hi gh resistance to propaga-
tion of ductile fracture , the explosion loading resulted in a helmet-shaped bulge at 120°F (50°C)
and above. The 160°F (70°C ) bulge resulted from the use of a much larger exp losrye charge
than was applied for the rest of the test series and illustrates the hi gh degree of ductility. The —

temperature point of fully ductile tearing is called the Fracture Transition Plastic (FTP)
temperature. The current , equivalent nomenclature for FTE is y ie ld criterion (YC) .

The fracture panorama presented by many such test series clearly illustrate d why ship
fractures occurred only at winter temperatures. The significance of initiation , propagation ,
and arrest features also becomes clear. The controlling temperature for fracture initiation due
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to small cracks is obviousl y the NDT temperature. Fracture due to small cracks could not be
expected to ini t iate in ship structures above th e NDT temperature because gross plastic over-
loads are required in the presence of small cracks.

Figure 74 illustrates a typical correlation of exp losion-test fracture performance with the
C, energy-transition curve for ship-fracture steels. NDT fracture-init iat ion features are ob-
tained as the explosion-test temperature falls below the 10-ft-lb (14 J ) C I transition tempera-
ture. The band superimposed on the C, curve indicates that the FTE (YC ) arrest transition
takes place close to the 20-ft-lb (28 J) transition-temperature index. The temperature at which
the C, curve attains shelf values corresponds to the FTP or full-ductility temperature. Thus ,
the initiation , propagation , and arrest relationshi ps of shi p fractures to the C~ curve (Fig. 69)
are clearly reproduced by the explosion-test series.
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FIg .  74—Correlation of typical exp losion crack starter test performance w i t h  C, t ransi t ion curves for ship-

fracture steels.
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The success of the explosion test in providing a direct correspondence to the service
perforn oance of the shi p steels suggested its use on a broad front in studies of fracture ini t ia-
t io n . propagation , and arrest. This was required in par t icular  for the wide variety of steels for
which  there was no detailed documentation of in-service failure.  These studies were also used
to invest igate  whether the C, curve predictions of in i t i a t ion  and arrest t ransi t ion tempera-
tures would hold for improved shi p p late steels. Unfor tuna te ly ,  these and other steels indicated
correlations indexed to much higher C, fracture energies and therefore higher positions on the
C, curve , as i l lu strated in Fi g. 75. These observations were important because they con-
tradicted the then general ly accepted conclusion that  C , transition-temperature indices would
provide for in v a r i a n t  assessment of the service fracture characteristics of steels.

The fai lure of the C, test to provide an invar iant  characterization method for the true
transit  ion-temperature range of si.ee ls emp hasized the need for a simple natural-crack test for
laboratory use. B~’ 1953 this led to the invent ion and validat ion of the Drop Weight Test
IDWT I . The DWT was designed specificall y f o r  determining the NDT temperature. Fi gure 76
shows the DWT equi pment.

Figure 77 illustrates the general features of the DWT specimen and the effect of tempera-
ture on its fracture characteristics. The specimen has the same brittle weld as the explosion-

;~ test specimen. A saw cut across the weld localizes the fracture of the weld bead to a single
crack , at the exact center of the specimen . This crack provides the equivalent of a thumbna il-
size crack with  an ultrasharp ti p. The brittle weld bead is fractured as near-yield-stress levels
are attained , as a consequence of dynamic loading by a dropp ing weight. In practice , the DWT
is conducted by loading the specimen as a simple edge-supported beam , with a stop p laced
under the center position. The stop restricts deformation to a very small amount:  thus , defor-
mation is kept constant for steels of different yield strengths.

Fi gure 77 (top )  presents a typ ical test series that defines the NDT temperature as the
hi ghest temperature of nil-ductility break. The flat break signifies that fracture init iation due
to the small crack occurred before the development of significant p lastic deformation . Figure
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Fig. 76—Drop Weig ht Test equipment .

77 (bottom ) illustrates tests conducted without the stop. At NDT + 20°F (NDT + 10~C i  and
NDT -

~ 30°F I NDT ± 17°C) , the specimen can be deformed plasticall y without causing fracture.
This clearly indicates that a sharp increase in dynamic fracture toughness takes place above
the NDT temperature. Extensive use of the DWT has shown that the NDT reproducibility is
within ± 10° F ~ 5°C) . This degree of reproducibility should not be surprising, in view of the
pronounced effect of temperature at this critical point of the transition range. It should be
noted that the NDT temperature is not affected by orientation of the test specimen with
respect to the rolling direction , because brittle fractures are not influenced by the alinement of
nonmetallic phases.

An early illustration of the capabilities of the DWT-NDT procedure for indexing in-
service failure conditions is provided by Fig. 78. A statistical survey of the NDT temperature
frequency distribution was made by random selection of World War II ship p late steels. The
NDT temperatures range from 0°F (-18°C I for the best steels to 70°F (2 0°C) for the worst , with a
gaussian distribution pattern at intermediate temperatures. It is evident from this figure that
the dramatic increase in the rate of ship failures with falling temperatures, between 70 and
30°F 20 and 0 C ) , is directl y related to the NDT temperature distribution of the steels. At
temperatures above 70°F (20°C I , essentially all of the steels are indicated to be above the i r
NDT temperatures; no shi p failures took place at these temperatures. At approximately 30°F
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Fig. 77—Typ ic a l  DWT series I t o p l . which  defines an NDT temp er at Slre  of 10 F ( — 12 C I The
sharp  increase in d y n a m i c  f rac tu re  toug hness of the  me ta l , above the  Xl)’!’ te mp e r a t u r e .
i l l u s t r a t e d  I h o t t o m I  by the tolerance for p la st i cdo fo rma t i on  in t e st s condu c ted  w i t h ou t  a stop.

0 C I , essentially half of the population is at or below the NDT temper ature . and the fai lure
rate is very hi gh .

It is apparent that  a metallurg ical improvement that would shift the NDT temperature
frequency curve to lower temperatures by 40°F (25 °C) would have prevented most of the ship
failures. The NDT temperature of the worst steels would then be at the low end of the service
temperature range. It is trag ic to realize that  the losses of lives and supplies that  resulted from
the ship failures could have been prevented by a small adjustment in the carbon and manga-
nesi contents of the steels. This adjustment provides the required shift in the NDT tempera-
ture dis tr ibut ion see Fig. 89) .
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Fig. 78—Statistics of ship-fracture frequency, compared to the NDT-
temperature frequency distribution of ship steels. Fracture rates In-
crease rap idl y as the fraction of the steel population with be low-NDT
prope rties is increased , as a result of decreasing service temperature .

CRACK ARREST TESTS

The evolution of the Robertson Crack-Arrest Test in the late 1940s marked another
departure from conventional fracture studies. The importance of the Robertson test cannot be
overestimated because it provided exact definitions of the relationshi ps of stress level to
crack-arrest features. Since its invention the test has taken various specific forms. However .
the basic feature of all forms is forced initiation of the fracture , which is then caused to
propagate (or not) through a flat plate , loaded to exactly defined levels of elastic stress. Figure
79 illustrates two types of Robertson tests. The tests are conducted over a range of temperatures,
with either fixed or varied levels of stress.

Fi gure 80 shows typical data obtained from the test shown on the left side of Fi g. 79. The
first important feature to note is the nearly flat portion of the Robertson curve at low tempera-
tures of the transition range. Temperature has little effect in this region , because the metal
has very low dynamic fracture toug hness. Fracture arrests are obtained for this hig hly bri t t le
condition onl y if the stress level is reduced significantly below the 5- to 8-ksi 134 to 55 MPa )

range. Obviously, this is too low to be used for fracture prevention in practical structures.

The part of the curve that rises markedly with  increasing temperature represents the
Robertson Crack Arrest Temperature (CAT ) transition. In discussions of CAT-curve criteria.
the FTE is equivalent  to yield criter ion )YC ) ;  the 0.5 ~~~5 .  CAT is equivalent to the 0.5 r 5~ arrest
criterion , as described in Chapter 3. Because of the strong temperature dependence of the
stress level required for propagation , the CAT transition region provides a reliable method for
fracture-safe desi gn based on arrest properties. For examp le , the steel of Fig. 80 has a CAT of
60°F ) 15°C) for the 18-ksi ( 124 MPa) stress level. Structures designed for this level of stress
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atures. In both cases the crack traverses a reg ion of fixed
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Fig. 80—Typ ical Crack Arrest Temperature (CAT )  transition
curve , as defined by Robertson tests. The x signifies propagation
wi th  total fracture of the specimen , and the circle signifies fracture
arrest.
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give positive assurance of fracture safety )due to arrest properties ) at service temperatures
above 60°F ( 15 C . if fabricated wi th  th i s  steel.

Figure 81 il lustrates another’ type of Robertson test , featur ing fracture in i t ia t ion in a
br i t t le  element of the test assembly. The data are for a high-quali ty modern ship plate. The 0.5
it ,, CAT is noted to be 15°F -10 CI , This figure introduces the important observation that the
NDT temperature marks the point of in i t ia l  rise of the CAT transition curve from its toe
region.

The results  of extensive studies of the  relat ionshi ps between the DWT-NDT and
Robertson CAT tests are illustrated in Fig. 82 for a wide variety of steels. Note that the CAT
transition curve bears a fixed relationshi p to NDT temperature. This relationship may be
expressed simp ly by a temperature increment .Xt referenced to the NDT temperature. Thus ,
the simple and inexpensive DWT can reliably locate the CAT transition curve on the tempera-
ture scale. For examp le , NDT + 30°F )NDT - -  17°C) provides a conservative index of the CAT
for the 0.5 it , ,  stress level (0.5 YC) , and NDT + 60°F (NDT + 33°C ) provides a similar index for
the y ield-stress level , i.e., the FTE , or YC. Unstable fracture propagation throug h elastic-
stress regions , with characteristic velocities of several thousand feet per second , is not possible
at temperatures above the FTE (YC ) . The propagation rate at over-y ield stress levels is con-
trolled by the rate of application of the plastic load in advance of the crack front.

These findings were of major consequence because they disclosed specific relationshi ps
between init iation and arrest of unstable fractures. These relationshi ps are evident from the
temperature dependence of two curves plotted in Fig. 82. The upper curve plots the rise in the
stress level required for dynamic fracture initiation due to a small crack. It is important to
note that the rise of this curve represents a transition from elastic to plastic levels of fracture-
initiation stress. The NDT indexes the temperature of the ini t ial  rise of this curve to over-yield

5O~~~ /
YIELD STRENGTH /‘F TE

/ BRITTL E
40 - 

~~ / / 
PLATE

CURVE~~~~ 
_ _ _ _ _ _

(03 1
1< 

~( • .

uJ FRACT URE T EST PLAT E
~~ 2 O -  X _ 

____________

~ ___i
~eci-;:c::

’

~~

”

_ _ _ _ _  . I -(

-40 -2 0 0 20 40 ‘F

-40 -3 0 -20 -(0 0 10°C
TEMPERATURE

Fig. 81—Wide-p late Robertson test f ea tu r ing  fracture in i t i a t i on
in a br i t t le  p late that  is welded to the test plate. The CAT for 0.5
T , is indicated as 15F I — b  C’ . The NDT temperature . as deter-

mined by the DWT , indexes the temperature at which the Robert-
son CAT curve begins to rise.
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Fig. 32—Summary of tests for a wide variety of steels; the tests indicate that  the CAT
curve bears a fixed .~t relation to the NDT temperature.

stress levels. The sharp rise of the CAT curve also starts at the NDT temperature . The curves
show a simultaneous rise above the NDT temperature , because the dynamic fracture tough-
ness of the metal develops a strong temperature dependence at this temperature. Both curves
are controlled by the same basic microfracture factor, the increase in dynamic cleavage frac-
ture ductility of the metal grains.

Since the CAT curve defines the course of the stress.vs-temperature relationshi p for
arrest , it should also define the limiting stress-vs-tempei ature relationship for the initiation of
unstable fracture. Fracture initiation could be expected only for conditions that provide for
propagation , i.e., in the region to the left of the CAT curve. Thus , increasing crack size lowers
the stress required for fracture initiation from plastic levels to the l imit  elastic-stress level
defined by the CAT curve. This effect may be viewed as a shift of the fracture-initiation curve
with increasing crack size , from the small-crack curve position to near the CAT curve position
as a limit. From these considerations, it became apparent that the corridor between small-
crack and CAT curves should encompass a family of curves of similar form , but representing a
spectrum of crack sizes.

FRACTURE ANALYSIS DIAGRAM (FAD )

The coup ling of crack-size and transition-temperature considerations took place as the
engineering significance of fracture mechanics definitions of stress-intensity factors began to
be appreciated. For a brittle metal , the stress required for initiation should decrease in propor-
tion to the increase in the square root of the crack size. Thus, very large increases in crack size
should be required for fracture initiation as stress decreases from yield magnitude to low levels
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of nominal stress. The spectrum ofcrack sizes that should lie between the small-crack and CAT-
limit  curves was quali tat ively predictable on this basis. Unfortunately,  at the time the experi-
mental data of fracture mechanics parameters required for calculating these crack sizes at the
NDT temperature , or for establishing the temperature-dependence of the stress level above the
NDT temperature , did not exist.

The integration of these concepts directed attention to failure analysis as a means for
defining the spectrum of crack-size curves. Extensive studies of service failures were con-
ducted and carefully cataloged with respect to the crack size for fracture initiation , the NDT
temperature , the in-service failure temperature, and the stress level that before failure had
app lied to the crack region of the structure. In addition , data from large-scale tests became
available for the effect of increasing crack sizes (below NDT) for shi p plate steels. These data
provided the information required for assigning crack-size values for the curves of the diagram
shown in Fig. 83, which was evolved about 1960 and is called the Fracture Analysis Diagram
(FAD) .

The FAD provides a generalized descri ption of the relationshi ps among crack size , rela-
tive stress, and temperature by a .~ t temperature-increment reference to the NDT tempera-
ture . Locating the generalized diagram at specific positions in the temperature scale requires
experimental determination of a sing le parameter , the NDT temperature. Thus , simply con-
ducting a DWT allows the other factors to be revealed by the FAD.

Extensive international use of the FAD has positively documented its practicality. All
known structural failures by unstable fracture conform to the limits predicted by the FAD.
Continuing research on the transition-temperature fracture problem has confirmed its validi-
ty. The DWT, basic to FAD analysis, attained the status of an ASTM standard practice method
in 1963.

We shall now discuss details of the use of the FAD. The most important is the require-
ment for careful consideration of the stress level that must be used in entering the FAD.
Quantitative definitions of stress relationshi ps app ly onl y up to the limit of yielding, and FAD
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Fig. 83—Fracture Anal ysis Diagram IFAI ) .
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extrapolations into the p lastic region are not indexed specifically. These e xtrapolat ions can only
indicate that the level of p lastic stress should increase with  increased temperature . Plastic-
stress levels are not indexed , because there are no calculation procedures or failure experi-
ences to indicate specific relationshi ps.

The stress scale is referenced to the relative value of nominal engineering stress. If the
crack is small and is entirely in a region of geometric detail , such as a sharp corner or the
nozzle junction of a pressure vessel , the applicable stress is the geometrically intensified local
stress field of the region. For example , in a pressure vessel , a nozzle region where stress is
intensified by a factor of three or four should be considered as loaded to yield-stress levels for a
nominal hoop-stress condition of 0.3r ,,. Since the best nozzle desi gns feature a min imum 3’
intensification , cracks in nozzle regions should be considered subject to yield-stress levels.
Such rudimentary stress analyses suffice , because conventional structures normally feature
two general levels of stress: (a) the nominal design stress at regions of smooth section and (b (
yield-stress levels at most regions of geometric transition.

A special consideration applies to as-welded )not stress-relieved) structures , due to the
presence of yield-level residual stresses near the heat-affected zone (HAZ ) .  These localized
stress fields act in a direction parallel to the weld , as illustrated in Fig. 84. They result from
restraint of longitudinal shrinkage during cooling of the weld area. The peak stress region is
on the order of i t o  2 weld widths and thus can only contain small cracks oriented in a direction
normal to the peak stress. These localized residual stresses should not be confused with gen-
eral weld-construction stresses, which may extend in any direction through the entire struc-
ture. Such long-range stresses do not normally exceed 0.5 a’,,.
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Fi g. 84—Transit ion-temperature features of low-stress fractures re-
sul t ing fro m weld re sidual stresscs and small  cracks.

107

• ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— -- - - ---- 

• ~~~~~~~~~~~~~~~ ~~~~~~~ “ ~~~ - ‘
~~ 

- —--
~~~

- -—.---—_ - . - --- ---- — --- -- -, — - - - -  - - --- -_- - -~~~~ 
.-—-.—---



r. - 
.-.-—.. - — -

~

--.-— .. 
— .-

FHAC1L ’H F ;  ( ( ) N l H i ) I _ :  l E . \ I I ’ E I I A I ’L IAE ‘ l R A N ~~l l I (  IN

Because of the highly localized residual stress field , small cracks in the weld or the
heat-affected zone are effectively subjected to y ield-stress levels , even in the absence of struc-
tural  loads. As a result , welded structures that are not stress relieved may ini t iate fractures at
small cracks in weld regions , for a wide range of nominal  stresses, provided the in-service
temperature is below the NDT. Fractures are there fore possible at very low levels of applied
load. At temperatures above the NDT, such low-stress fractures cannot develop, because severe
plastic loading is necessary for fracture initiation , as noted in Fi g. 77.

Experimental verification of these predictions is presented in Fig. 85, which illustrates
typ ical results of buried-flaw tests. These tests simulate weld cracks with sharp notches cut in
the beveled edges of the plates before they are joined by a butt weld. After the weld , the notch
tips are in the region of the embrittled heat-affected zone , as indicated by the drawing at the
top of the figure , and are subject to high residual stresses. When such welded plates are loaded
in tension , a sharp transition in fracture stress takes place , as noted by the arrow. At tempera-
tures sli ghtly above the NDT, the fracture load stress is above yielding. At temperatures below
the NDT, the fracture load stress may fall to very low values. In the latter case , the load stress
simply adds a small increment to the already existing residual stress, which may be close to
yield levels. Buried-flaw tests have been conducted extensively to determine the critical temp-
erature below which low-stress fracture is possible. It is apparent that this information may
aist, be obtained from the DWT-NDT.

If fracture initiation is attained in the buried-flaw tests at load stresses below the level of
the Robertson lower toe region , i.e., less than 8 ksi (55 MPa) , arrest is obtained after a run of
only a few inches , as the crack moves out of the weld residual stress field and enters the reg ion
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Fig. 85—Typ ical experimental data (Wel ls )  from Buried-Flaw Tests .
which define the crit ical temperature for low-stress fractures.
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of’ low load stress. ‘Fhis is predicted by the Robertson tests . The existence of short cracks in the
ship structures is thus  explain ed.

E ffective s t ress  relief ’ e l iminates  the high peak values of the localized weld residual
stresses. Warm mechanical prestressing ( loading at temperatures above the NDT is ;il s~
efl’ective in prevent ing low-stress fractures due to crack-tip blunt ing.  The benefits of warm
prestressing do not appl y to structures loaded randomly, because the prestress must be app lied
in the direction of the load stress.

In using the FAD , small cracks in the heat-affected zone or in the welds of as-welded not
stress-relieved) structu i-~~ ~~oul d be considered to be loaded to y ield-stress levels , because this
is the applicable str - -. .u - t ing - ~i the small flaws in such locations. A structural failure that
ori ginated as the resul of .~+ I d  residual stresses is illustrated by Fig. 86, which represents a
typical shi p fracture. Th , - H ,.Lur e ori ginated at the toe of a fillet weld joining a chock bracket
to the deck. An arc strike at this spot provided the small , sharp cracks that served as the
init iat ion site. The fillet weld provided the residual stress field. The conditions of fracture
ini t iat ion for this case are predicted by the FAD. Since the failure temperature was sli ghtly
below the NDT, all the necessary FAD conditions of a small crack , loaded to yield stress at a
temperature below the NDT, were met.
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Fi g. 86—Arc s t r ike—the source of a sh ip  fracture.
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The nomina l  load stress of the  ship  s t ruc ture  w~is of con sequence onl y in that  it exceeded
8 ksi 55 M P O I  and thus  ensured un in t e r rup ted  propagation. At the :35 F (2  (‘ ( f a i l u r e  tempera-
ture . all  plates in l ine would be expected to be below their  respective (‘AT temperatures . In
f act . h a l f th e  popula t ion  would be below N l)’ l ’ at th e  f~t i lu re  temperature set’ F’ig. 781 . Because
the (‘AT temperature  fbi’ low n o m i n a l  st tesse~ is on the order of 20 to 30~F 112 to lh (~ above
the NDT temperature, the probab i l i t y  ui in ter sect ing a plate of close-to-arrest properties would
be very low , at a service temperature  close to the midpoint of the NDT frequency distr ibution .
Thus , the failure conforms to FAD predi ctions and also to NDT ship plate statistics.

Fi gure 87 il lustrates another example of a small-crack , high-residual-stress fracture
ini t ia t ion below the NDT temperature , the fa i lure  of a massive shrink-fi t  r ing for an extrusion
press . Thermocouples had been brazed to the ring forging, and this resulted in small , l iquid-
metal corrosion ct’acks contained in a small region of high residual stress , due to rap id cooling
of the metal at this spot . The fracture occurred spontaneously during cooling of the press from
the hi gh extrusion service temperatures. At failure , the ring was below the NDT temperature .
and the necessary conditions of a small crack loaded to near-yield stress levels were met. It is
important to note that the effective stress acting on the tiny crack in the braze region was the
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Fi g. 87—Fracture of massive ring forging. 12 x 13 in bU t )  325 m r n (  in cr s s - s v c t l m . caused
by t in y c r a ck s subje cted to hi g h residual s t ress  Thed ark  spot i n t h e sniooth region of the  fracture
uppe r r ight  corner marks  the  position of a thermocouple  braze tha t  contained t iny cracks.
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residual stress field of this small region. It was not the shr ink- l i t  hoop stress (0.3 a’,. ) , which
represents the load applied to the ring. Ag -kin , the load stress was impor tant  on ly  in that  it
ensured continued propagation as the fracture extended outside the localized residual stress
field.

The cri t ical  importance of highly localized residual stress fields at temperatures below
the NDT has been documented by many other failure analy ses . In f~ ct . this  is the general
condition responsible f’or shi p fractures and explains why in-service fai lure  statistics conform
so exactl y to the NDT temperature distr ibution of the steels, It should be noted that  the
existence of long-range weld residual stresses, in addition to h igh l y  localized residual stresses ,

mas’ cause failure below NDT in the absence of load stresses. Such events  are not uncommon .
They have been documented dramaticall y by the l’racture of ships under construction and of
new gasoline storage tanks before f i l l ing,  among other cases . Such spontaneous fractures are
not possible above the NDT temperature.

The var ious  temperature reg ions of ’ the F’AD also serve to define the  nature  of fracture to
be expected. Below the NDT temperature the fracture appears flat and is devoid of surface
shear li ps; the shi p fracture of Fi g. 63 is representative. For f la t -p late s t ructures  there is some
tendency of the fracture to fork , leading to mul t i p le propagation paths.  In pressure vessels .
forking is highly developed and leads to the extreme shat te r ing  shown in Fig. 88 l t o p ( .

The fracture features of the NDT-to-FTE INDT-to-\ ’C I region are also dist inctive.  Surface
shear li ps are easily visible at temperatures 10’ to 20 F 5 to 12 C l  above the NDT and
increase progressively in thickness with increase of temperature to the F’TE I YC I At tempera-
tures above the mid point of the elastic-p lastic t ransi t ion (0.5 YC) . there is l i t t le  tendency to
fork , even in pressure vessels. A single strai ght fracture is the rule.

In the FTE-to-FTP (YC-to-she lf) region , a transit ion from shear li ps to mixed-mode frac-
ture and ultimately to slant fracture takes p lace. These changes are characteristic ~e
transition from elastic-plastic to p lastic fracture states . For large thickness , slant fracture is
not full y developed , because of hig h plastic constraint , and a part ly  flat , mixed-mode fracture
is retained into the energy-shelf reg ion.

An i l lustrat ion of the changes in general fracture modes , developed in the NDT-to-she lf
range , is provided by the failed pressure vessels in Fig. 88. The vessel at the top failed at the NI)T
temperature of the steel. The shattering is typical of failures in the NDT-to-0.5 YC (0.5 r~~ CAT )
temperature region. The other vessels represent examples from burst tests conducted at higher
temperatures. The vessels featured a 20-in. ( 5 0 0m m )  sli t , cut part way through the thickness , to
simulate a long laminat ion  responsible for the service fai lure.  The high resistance to f racture
propagation at temperatures slightl y above the FTE (Y C ) is indicated b~ the arrested fracture of
a hydrotest burst , in the center of Fi g. 88.

The vessels were pressurized pneumatical ly to increase the test severity for bursts at FTP
I shelf ) temperatures. A number  of revealing observations may be made for the FTP burst of Fig
88 (bot tom ) . Desp ite the huge size of the flaw , gross plastic bulg ing of the flaw reg ion \vas

required to force the extension of a ductile tear. This condition represents the app lication of a
very hi gh plastic overload to the flaw-tip reg ion . The slant plastic fracture did not propagate in a
s t ra ight  line because the fracture resistance was too high. The very hi gh energy avai lable ,  due
to the hi gh-pressure gas. resulted in the pushing out of a flap. which remained attached to the
vessel.
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F’ig. 88—Fracture modes of pres sure vessel bursts , developed
in the Nl)T .to -FTP Ishelf l  ra .~ge.

The fracture characteristics of these three vessels, which correspond respectively to the
ini t ia l , middle , and end points of the FAD , s tr ikingly illustrate the progressive increase in
fracture resistance over the temperature range of the diagram.

By 1963. all the information presented up to this  point was available. The missing item was
the effect of very large section size on the course of the crack-size curves and the CAT curve , at
temperatures signif icantly above the NDT. Section-size effects will  be described later in the
context of 1968 developments . At th is  point  we summarize the implications of the FAD as it
applies to all section sizes at temperatures below the NDT and to section sizes not exceeding 2 to
3 in.  )50 to 75 mm , for temperatures signif icant ly above the NDT.

112

I. . . .  _.. -
, .~~. ..‘ , -. - .

~ 

_ _



~ -—-—- - - .- -~
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I R A ’ u i :  . \ N A I . Y S t S  l ) l A ( ; l b . \ \ l  l ’ A l )

It should be noted that  exten sive  en g i n e e r i n g  expe i ’ience in the use of the  new ra t iona l
princi ples wits  gained h ’ ’twee n 1955 and I 965 . At t he  s ta r t  ( If t h i s  decade . here was total
dependence on C , co r re la t iuns  f rom sh ip - t r ac t  tire studies . At  the  end of the  period , the  d o m i n a n t
engineer ing pract ices combined 1)W’l’ cli~ i ’act eriz at io n , NDT i n d e x i n g  of the CA’I’ c u rve , and
FAD in te rpre ta t i on  procedures.

it was  generall y accepted that  the FAD defines four ma in  t empera tu re - index  points  tha t
serve as an a lv t  ical desi gn t ’ek’rences:

1. NDT —Rest r ic t ing service temper atures to s l ight l y  above the NDT protects against
t’racture in i t i a t i on  due to smal l  cracks in regions of ’ hi gh local stress.

2. 0.5 r~ , CAT (0.5 YC )—Restrict ing service tempera tures  to above t h i s  temperature point
provides fracture-arrest pi ’otection if nomina l  stresses do not exceed 0.5 a’,,.

:3. FTE (YC (—Restr ict ing service temperatures to above the FTE )YC ) temperature pro-
vides fracture-arrest  protection if nominal  stresses do not exceed y ie ld  level .

4. FTP ( she l f )— Rest r ic t ing  service temperatures to above the FTP temperature  ensures
tha t  onl y fu l ly  duct i le  fracture is possible.

The degree of protection against fracture in i t ia t ion and extension increases dramat ical l y
in the N DT-to-FTE (YC ) regions. The assignment of subdesi gn points to this narrow tempera-
tut’e range would require very precise defini t ions of temperature , crack s i z e,  and stress. This
observation is made to emphasize that  finer divisions than the four design points of the FAD are
not required for most engineering purposes. The large increases in fracture resistance tha t  are
obtained at 305F ( 17 Cl  above the NDT reduce the problem of fracture-safe design to a tempera-
ture-reference system of utmost simplicity.

Making an appropriate choice ofsteel requires informat ion on the expected NDT frequency
distr ibut ion . Fi gure 89 presents typ ical frequency curves for a variety of convent ional  steels.
This fi gure i l lustrates the wide range of properties available.  It also emphasizes that  metal lu r-
gical control of steel qua l i ty  is essential to fracture-safe design . In general , the range of NDT
temperatures is about 60’F 30C , wi th  a hi gh concentration in a 30’ F ( 17 CI  span . If yield
strength and thickness are specified , information on the average or the highest expected NDT
temperature can be obtained from steel producers. Obviously , hi gher cost goes along wi th  lower
NDT temperature. Steels of losver NDT require normal iz ing,  fine-grain pi’actice. alloy addi-
tions , and u l t imate l y  quenched and tempered (Q&T ( heat t reatment , as indicated in the fi gure.
Accordingly, desi gn criteria in excess of real requirements should not be used , because they
result in specifications of’ lower NDT and, therefore , increased costs.

The nomenclature of transition to a shelf level of fracture toughness was developed to refer
to dynamic fracture conditions. The dynamic  t r an s i t i o n  was defined as the lim t ing  (h i ghest
possible ) t ransi t ion-temperature range. The shelf of the dynamic transition marks the attain-
ment  of a ful ly  ducti le  mechanical state , independent of both temperature and s t ra in  rate.

For slow loading rates , the shelf condition is temperature- independent  but not indepen-
dent of s train i’ate. Increased loading rates may result in a dramatic change from stat ic
hi gh - she l fduc t i l i t v  to a dynamic  state of plane-strain br i t t le  fracture . Thus , the ful l  meaning of
a shelf condi t ion  does not app l y to the slosv-loading case .
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Fig. 89—Representative NI) ’I ’ frequency d is t r ibu t ion  of commercial  s t ructura l  steels . The various nota-
tions describe alloy contents and heat treatment condit ions , as follows: - C-Mn . decreased C.to-Mn ratio:
A-R , as rolled; N . normal ized:  A-C , accelerated cooling; and Q-T , quenched and tempered.

C

EVOLUTION OF DT TEST

The DWT defines the NDT temperature for steels that develop transitions to hi gh-shelf
ductility levels , i.e., low and intermediate strength steels. By 1962 it had become apparent that a
new test of equall y simp le characteristics was required for investigating the properties of steels
that exhibit low-shelf ductility. These include the high and ultrahi gh strength steels, plus steels
of intermediate strength levels that feature pronounced weak fracture directions. This need led
to the development of a test at first called the Drop Weight Tear Test (DWTT ) . It used a notched
brittle bar welded to a test section . The purpose of the brittle bar was to form a sharp natural
crack, The composite specimen was tested with the DWT equi pment , and the energy require-
ments for fracture were noted as a functi6n of increasing temperature or increasing yield
strength.

A modified version of an NRL DWTT test , which substituted a shallo w surface-pressed
notch for the brittle bar , was then developed by Battelle Memorial Institute investigators; it is
known as the Battelle Drop Weight Tear Test (BDWTT) . Until recently the BDWT T tempera-
ture-transition curve was plotted as a function of shear fraction (percent of fibrous fracture ) .
This is satisfactory for defining the transition-temperature range from NDT to approximately
the FTP for low strength steels. However , the fracture-appearance transition gives no indication
of shelf level, The shelf features of strong and pronouncedly weak fracture directions are
reported by the test as being exactly the same. Such a test is not appropriate for steels of
intermediate or hi gh strength , which may feature large decreases in shelf-level ductility, to a
degree that may provide for propagation of fractures at elastic stress levels.
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By 1964 the DWTT had been redesigned to el iminate the brittle crack starter bar , and the

test was renamed the Dynamic Tear DT) test. Figure 90 illustrates the features of 0.6-in . 16
m m )  and 1.0-in. 25 mm)  DT specimens . The orig inal  specimens had a deep, sharp crack

introduced by an electron-beam weld , embritt led meta l lurgical l y by alloy ing. For example . ii

t i t an ium wire added to the weld results in a brittle Fe-T i alloy . The narrow weld is fractured

easil y in loading and thus provides a reproduc ible sharp crack. It was then established that

equivalent results could be obtained by the use of a deep, sharp crack produced by fatigue or by
sl i t t ing and then sharpening a deep notch by a pressed knife-edge, as in Fig. 91. DT specimens

produced by any of these methods are tested over a range of temperatures , using the pendulu m

devices shown in Fig . 92. The upswing of the pendulum after the fracture indicates the energy

absorbed in the fracture of the standardized test section.

~~~RGE- DT
18 0 - I N ,
(457 MM)

4 7 5 H N

7 0 - I N
_________ 

( 1 7 8 MM)

~~TD - DT] 
Y~~~~~~~~~~ ~~~51’ 0 625 IN

( 4 1 M M )  ~~~~~~~ 
(16 MM)

0 4 7 5 - I N
1)2 MM)

Fig. 90—Large and standard I)T test specimens.

T STANDARD -DY 7
L~i9MINAL 0 6- I N  )I6 M~~7

7 0 - I N
~~
“)I78MM)

0 625-IN

1 6 - I N  
116MM)

) 4 ) MM )  I

(\  KN) F E-EDGE
TIP

0 5 - I N  -

I2 MM ) - 

-

Fig.  91—Standard DT test specimen.
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F I g  92—DT tesi  pendulum machines. The s ingle-pendulum typ e  of 5000 and 10000 f t - l b  I688 and L(75 k g - m i  capac-
I t y  is on the lef t  The instrumented double-p endulum type , if 2000 ft- lb (275 kg-rn I capac ity. on the r ight , a l lows
sh i ick less  testing of standard DI specimens.

Figure 93 illustrates typ ical relationships of the DT energy-transition curve to the NDT,
F’TE (YC ) . and FTP (shelf) temperatures. The illustration is for a low strength steel of hig h-shelf
fracture toughness. At the NDT temperature the fracture is brittle and shows a flat , featureless
surface devoid of shear lips , exactl y similar to the DWT fracture at NDT. A sharp increase in
fracture energy is recorded above the NDT temperature, as increased ductility is developed by
the metal grains prior to cleavage. The fracture surfaces develop visible shear li ps as the NDT
temperature is exceeded; these then become progressively thicker as the temperature is in-
creased to FTE YC) levels. At the shelf temperature , the fracture no longer shows signs of
cleavage , but rather is of the ductile-dimp le type. The DT test provides an inexpensive way to
trace the course of fracture-state transitions from NDT to FTE (YC ) and then to shelf. If the shelf
is attained with partial retention of mixed-mode fracture , this is clearly evident.

Figure 93 indicates the conditions for the surface-crack fracture initiation of the DWT.
Below the NDT, the surface crack initiates fractures when yield stresses are reached. Above the
NDT, the surface crack requires p lastic stresses for fracture initiation , because the plane-strain
constraint capacity of the surface crack is exceeded. Conversely, the constraint capacity for the
DT test is defined by the section size. For a small standardized DT test specimen like that shown
in Fi g. 91, constraint relaxation begins near the NDT temperature, as indicated by the elastic-
plastic transition features drawn schematically in Fig. 93.

SECT ION.SIZE EFFECTS

The main scientific issue between 1964 and 1968 was the effect of section size on the
transition-temperature range. A fundamental question about plane-strain fracture tests and
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Fig. 93—Correspondence between DT. DWT . and Robertson CAT tests .  The t r ans i t ion
from p lane-s t ra in  to p lastic fracture properties is indicated by the change in fracture
mode o f t h e  DT test and by the  rise o f t h eC A T c u r v e .  The NDT reference sthe  t emp era tu re
of i n i t i a l  rise from plane-strain to elastic-p lastic fracture states .

linear-elastic fracture mechanics theory was whether the temperature-induced transition from
plane-strain to elastic-plastic fracture could be suppressed by very thick sections.

Constraint effects of section size had been explored extensivel y since the 1940s. By the mid-
1950s it had been established that section-size effects result in large shifts of the transition
range to lower temperatures as section size is decreased below 0.5 in. ( 12.5 mm) . The effects of
increasing section size to 2 in , (50 mm) are less pronounced. The amount of temperature shift .~ 1
per unit  thickness , as deduced from specific indices of the transition temperature (such as CAT
for 0.5 a’~J, decreases as thickness increases. This suggested an approach to saturation (rela-
t ively small further increases are possible) for section sizes greatly in excess of 3 in. (75 mm) .

By 1964, theoretical fracture mechanics concepts of constraint effects predicted that
increasing mechanical constraint would overcome increasing microfracture ductility. Accord-
ingly, it was assumed that  large increases in section size would eliminate the sharp rise in
fracture toug hness in the transition-temperature range. With the e l iminat ion of the t ransi t ion
features , the metal was expected to retain brittle plane-strain fracture properties to tempera-
tures far above the NDT.

This assumption caused great concern with respect to reactor pressure vessels o f th ick  wall
sections , because it imp lied that  brittle fracture could take place at service temperatures near
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500°F (260°C ) . In a broader context , it imp lied that all steels of thick section would be mechani-
cally brittle regardless of metallurgical considerations. These imp lications were unacceptable
be .ause of basic microfracture considerations (discussed in Chapter 2) which state that  fracture
toughness is controlled at microscale. If true , the fracture mechanics assumption would have
negated all of the carefully developed physical metallurgy princi ples that had guided the
evolution of improved steels by control of microstructure.

The basic issues were settled in 1969 by investigations involving 6- and 12-in, ( 150 and 300
mm) plates of reactor-grade steels of the A533-B type. Westinghouse Research Laboratories
studies by Wessel used K~1. tests of full-size specimens. NRL studies used DT tests of specimens
rang ing from 0.6 in. (16 mm) to full size , as shown in Fig. 94. The DT energy-transition curve is
shown in Fig. 95 in compariso n with the K 1, . curve. It is evident that the fracture-state transi-
tions due to temperature were not eliminated by increases in section size. Figure 96 illustrates
the hi gh plastic ductility of the DT specimen at 215°F ( 102°C ) . The plastic appearance indicates
that propagation of a fracture through a structure would require loading above y ield levels.

The transition features of the 0.6-in . (16 mm) DT test are noted in Fig. 97. The main effect of
increasing section size is an expansion of the transition-temperature range by about 60° to 80°F
(33° to 45°C). The transition of the thick plates is completed in the range of NDT + 180° to 220°F

Fig. 94—Range of DI test  specimens used for size-effect studies. Al l  specimens have the  b r i t t l e  electron-beam ~ eId
crack starter.
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Fig. 95—Temperature transit ion of A533-B steel plate , as measured at full
thickness by the 12-in. ( 300 mm) DT test. Results of K 1. . tests )Wesse l ) for
the thick p late are p lotted with notations of the specimen sizes required for
the tests . The steepness of the K 1, curve near NDT indicates a very sharp
plane-strain transit ion.

(NDT + 100° to 120°C ) . The transition in both the thin- and thick-section DT test specimens
starts at the NDT temperature. The effect of increased section size , then , is to expand (not shift)
the transition-temperature range. The expansion of this interval for 6-in. ( 150 mm) specimens is
slightly less than for 12-in (300 mm) ones. These results conform to expectations of saturation
effects.

The K 1. plot of Fi g. 95 illustrates the increase in section size that was needed to follow the
K k plane-strain transition at temperatures close to the NDT temperature. The K 1,, curve was
estimated to develop a similar dynamic plane-strain transition in the toe region of the DT test
energy curve. This estimate was based on the reasonable assumption that the ~~~ curve should
be limited to temperatures below the temperature midpoint of the DT test transition curve for
thick sections. The DT test specimens exhibit pronounced through-thickness contraction and
notch blunting above this temperature. The sequence of dynamic fracture events associated
with all DT energy-transition curves is indicated by the photographs of Fig. 97 (for the small DT
specimen) . The sequence is common to all DT test transition curves that culminate at high levels
of shelf fracture energy.

The investigations were comp leted in 1969-1970 by K s,, tests of vei’y thick section (to 8 in.;
200 mm) . The summary data presented in Fig. 41 confirmed predictions o f th l  location oftheK i,,
plane-strain transition relative to the DT curve of Fig. 95.
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Fig. 96—Highly duc t i l e  pert~irmance ,f the  12-in. 1 300 m m l  DT test spec imen at 215 F
95 (‘ i. The size of the  p last ic  enclave is indicated by the g i - I l s . I v  d i m p led region between

the two ears that  extend from the  deti rmed crack root. The 751) 000 ft- lb  ‘ l e t  000 k g - m i
capaci t y  l i t  t he  equipment  was  i n s u f f i c i en t  to cause ful l  f racture  in th i s  du c t i l e  mode.

The engineering implicat ions of these studies are of major si gni ficance. as foll ows:

1. Below the NDT temperature , dynamic  plane-strain fracture toug hness is very low. The
crit ical crack sizes at points of geometric changes that  involve yield-level stresses are too small
to be detected by inspection. While small K~,1 test specimens may be used , this  expensive test
procedure yields l i t t le practical gain.

2. Huge K i, . andK ~,, specimens are required to plot the full temperature course o f t h e  s t a t i c
and dynamic plane-strain t ransi t ions . The costs of such tests are too high for most rout ine
eng ineering purposes . Small  specimens track the K r , . and K s,, t ransi t ion only to NDT or lower
temperatures.

EXPANDED VERS I ON OF FAD

The informat ion developed in the constraint-effects studies provided the basis for an
expanded version of the FAD (Fig.  98) . Three main points should be noted:
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1. Section size has no ef’f~ct on the small-crack cut -y e  of’ the FAD. The instabil i ty conditions
for small  cracks are controlled by the sur fi.ice crack size , not the section size. For example , a very
small sui ’f ~ice crack does not recognize that  it is located in a th in  or thick section , if both are
semi- in f in i t e  wi th  respect to the crack size.

2. The instabi l i t ies  of ’ very large cracks are influenced by section size , because increasing
size provides addit ional  constraint for the large cracks. Thus , there is a moderate shift of the
large-crack t rans i t ion  curves to higher temperatures , as indicated by the expanded FAD.

3. The rise of ’ the CAT curves f’or th in  and thick sections starts commonly at the NDT
temperature. However , the rise is more gradual for th ick sections because ofthe shift of the FTE
(YC ) to a higher relat ive temperature.

1 50° 70°C

~ 5~~3 B  P L A T E
I F ~ DT 25°

(200~ 60°F

5 /

~~~~~~~~ //
/ AE;~’i~~~

— 

~~5C ’  —20 ° ~~~~~~ 
-

~DT 

. . -

° , ~ C~ ’ 100 (50 200 ~F

-40 -20 0 20 40 60 80 00 °C
T EMPERATURE

Fig. 97—Temperature  t rans i t ion  ofO .6 .in. ( 16 m m l  DI test of the 12-in . (300 m m l
A533.B steel p late.  The Nl ) T was indicated by the DWT to be 10 to 2 0F  1 -2 1
to .7 Ci .
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Fig. 98—FAD expansion to include the effects of very large section size.

The degree to which the crack-size curves are shifted to higher temperatures may be noted
by comparing the .~ t temperature at which the curves for various sizes intersect a specified level
of stress. It will be apparent that all shifts are less than the shift in the CAT for the specified level
of stress,

If uncertainties of stress levels and temperature are considered , it will  be evident that
adjustments of the FAD (due to section size) in excess of 30°F’ (17°C ) are required onl y for special
situations. These involve very large cracks in very thick sections loaded to relatively hi gh levels
of stress, i.e., huge structures, very large defects, and high stress levels,

DETERMINISTIC ANALYSIS PROCEDURE S

An important feature of the advances described in the foregoing sections is the emphasis on
the development of deterministic procedures that do not depend on opinion. The earl y studies
(1945 to 1955 ) were a search for general directions of investigation. At first , the empirical
correlations of C~ test properties to shi p performance appeared promising, but it soon became
evident that for scientific and engineering reasons this approach was wrong. Scientifically, the
use of correlations was an admission that fundamental principles were not understood. The
engineering problem was that the correlations depended excessively on opinion.

Rational design procedures generally depend on self-consistent calculations or graphical
analysis methods. Such methods are fully definitive (deterministic) because opinion does not
enter in their use. The onl y role of opinion is in the initial development of the procedure and in
decisions on the degree to which it is subject to evaluation and technicall y defensible proof. The
methods are tested by repeated use in engineering practice. If there are deficiencies , they are
made evident by fixed analysis procedures. This was the route to development of classical design
princi ples. Since 1955, the same route has been taken in the evolution of engineering fracture-
control principles.

The following examples of test and anal ysis methods provide unequivocal design-criteria
information. The procedure decides the answer that is obtained; case-by-case interpretation is
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n o t  necessary, as it ii— for the case of correlation. Thus , the  methods are self-consistent for all
determinat ions , or “determinist ic. ”

Robertson Test CAT—The fracture-extension stress is related to specific design stresses
and service temperatures. Definitions of propagation or arrest condit ions are deterministic;
they have been verified and are hi ghly reliable for design use.

VDT Tt ’mpI ’r atur t ’ f i~rCAT!nd cxing—The benefit s of’CAT analysis are made available by
standardized , low-cost fracture-test procedures. Statistical details of metal property variance
can be included in the analysis , due to the ease wi th  which such surveys can be made by the
DWT.

FAD—This anal ytic method combines the use of CAT principles with  those of dynamic
fracture in i t ia t ion  due to small cracks. Because they are NDT -indexed and include statistical
considerations , the procedures are entirely self-consistent.

Characteristi c ’ K g,, Curve—As described in Chapter 4, NDT-indexed K 1,, curves may be
converted anal ytically to define L and YC reference temperatures. Fracture-extension stress
diagrams and surface-crack init iat ion diagrams are developed by formalized , full y determinis-
tic methods,

DT Test Indexing of L and YC—As described in Chapter 4, section-size effects are analyzed
in terms of fracture-state transitions. Applicable fracture-extension stress and surface-crack
init iat ion diagrams may then be developed from the YC index to the temperature scale.
Dynamic Tear specimens of small , standardized dimensions provide statistical data analyzable
in terms of section sizes of interest. All steps are self-consistent in the context of basic principles.

The true mark of the dramatic advances made between 1955 and 1975 is the development of
fracture-control plans that are not based primaril y on opinion. Certification by analysis for the
fracture-control plans also agrees with basic scientific princi ples. In fact , the anal ytical methods
could not have survived the test of engineering app lication if they were not fundamentally
rational.

The 0.5 YC (0.5 ~~ CAT ) criterion has been used consistently since 1955 to provide hig h
assurance of structural reliability for temperature-transition problems. Eng ineering experi-
ence shows that the adoption of any criterion that permits use of low elastic-plastic or plane-
strain levels provides insi gnificant protection.

Convincing certification of structural reliability can be made only if a large fraction of the
steel population meets 0.5 YC properties at a conservatively defined lowest temperature of
service. In brief , the certification must be statisticall y sound and must conform to fracture
princi ples. In this respect , the conventional methods of reference to the fracture properties of
standard-grade steels are both archaic and useless for design purposes. (See Chapter 12. ) The
improvements described in Chapter 4 would rationalize the reference procedures. Recent
change in emphasis for reference of standard-grade steels, from C~ energy to C~ lateral expan-
sion values , has no desi gn merit. Figure 68 provides 1955 documentation of the fact that energy
and expansion curves are strictly related , and not independent. This was well established by the
mid-1950s but seems to have been forgotten, That the C~ test is not rational with respect to
fracture mechanics principles is evident from Chapter 3 discussion of constraint reference
requirements . The glaring failure ofC , definitions of fracture properties has been demonstrated
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repeatedl y. Recent documentat ion is provided in Fig. 178 (Chapter 121 . There is no need for
addi t ional  emp hasis of this point:  modernization of reference sy ste m s for fracture properties of
standard-grade steels is overdue.

It should not be assumed that  the standard-grade steels are not meta l lurgica l l y  rat ional
because of’ the reference tables ’ deficiencies in rational characterization. As il lustrated by Fig.
89, the steels provide a wide range of options for appropriate criteria . The problem is an
imperfect reference system , which precludes direct interpretation of statistical properties in the
context of modern principles. A descri ption of the standard grade steels is given in A ppendix D.

124

.5

4

.
~~~~~~~~~~

......, . “ °
~~~

. - .~~~~~
‘ A’ . .’ . _. . .. .  .1 ,~~Is. ~~~~~~~~~~~~~~~~~~ - -‘

- .~— - -~~~~~~~~~
. ._1 - — .~~ -- ~~~~~~~~~~ -~~~ -



—
- ~ -.~: i ~~— ’  —

CHAPTE R 7

Fracture-Control Principles:
Strength-Transition Proble~ns

DEVELOI’MEN ’l ’S IN RETROSPECT

.‘\~
. expl ained in pr ior  discussions of ’ mechanical  and meta l lurg ical p i’incip le~. rat ional

ch~i i~ic ter i , .at ion Il l  f r a c t u r e  properties is applicable to all metal systems. Design cri teria hav e ’
t he ’ ~~i i i i e  i a n i i i  fUr  al l  sy stems:  the onl y diffe i’ences are in procedures fbi’ reference to
te’ n tpv r atur e  ,r -I l! - e ng th  SE-ales to which f’racture-state transitions of microfracture or ig in  are
i ndex ed.  ‘I ’hi s h :is become’ evident  du r ing  the course of experience w i t h  temperature-  and
~t r en g t  h- induc ed  t r i i n s i t i o i i s .

l h ’~ e l op nie- n t s  in the solution of s tength-transit ion problems can be reviewed onl y by
n ’f ~’ r r i t i ~ to the p r e s e n t - d a y  HAD format. The l i terature of the development period is d i f f icul t  to
fol low hecau~e most publ ica t ions  were restricted to specifi c metals and strength levels . It is as if
the R.-\I) w e ’re ’ t’ut into small parts , presented randomly, like ajigsaw puzzle. The pi -esentatio rt s
t h a t  follow de-~crih e the var ious  apparentl y separate contributions to knowledge of the strength
t i , i r ) s i t  ions of ’ 

~ eldable s tee l s .

The firs t  r u d i m e n t a r y  organization of information on the transit ional  features of hi gh
s t r e n g t h  m e t a l s  was developed for steels between 1960 and 1964. At the end of this period , a
.Iharp tran ~.it io n ‘tn fracture properties , indicated by the present-day RAD plot of Fi g. 99, was
evident .  (The RAD . of course , did not exist unt i l  1968.)

The s teels  avai lable in 1964 are represented by the  two shaded zones of Fi g. 99, plus the
connect ing zone indicated as “low-alloy modified.” In the context of the RAD presentations . the
fracture t r a n s i t i o n  from low to high strength levels was exceedingly abrupt. Moreover , metals in
the intermediate strength range were not used at the time for welding app lications. Accordingl y .
in 1964 s t ruc tura l  steels were separated into two general families—those with  high fracture
toughness at low strength levels and those with  highly brittle properties at high strength levels .

The bimodal view of the strength transition was modified to the trend-band concept during
the 1964-1968 period, as new steels were developed. The developments are indicated by the
arrows point ing into the open region of the RAD , in the direction of the technolog ical- l imit  curve
for fracture properties (TL-F( . Since 1968, the TL’F boundary has been relatively static.

New steels to comp lete the RAD zones were developed very quickly to meet the demand for
high-performance mil i tary and aerospace structures. The development was limited by metal-
lurgical factors related to the strength transition . Its achievement in the brief period of 4 years
was possible-only because of a new and substantial understanding of the connection between
rational fracture-property characterization procedures and rational princi ples of metal im-
provement. RAD plots , developed by analytical steps , paced these developments and guided
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Fig.  99—RAD zoning of steels avai lable  prior to 1955 and those developed arrows I between 1955
and 1968.

research. It is important to record that the completion of the RAD zones indicated in Figs. 100
and 101 was an organized team effort , deliberately focused on intermediate- and hi gh-corridor
fracture properties.

The scientific and eng ineering knowledge that provided the base for the advances of the
mid-1960s was the result of the prior decade’s research . The next decade fostered expertise in
using the new princi ples. In all , the 1955-1975 period provided the following simultaneous new
developments:

Rational fracture tests
Improved metal systems
Rational connection of mechanical and metallurg ical factors
Novel high-performance , structural designs using the new principles
Procedures for certification of structures by analysis.

The preceding short history of the technolog ical advances is preparation for the more
detailed explanation to follow . However , a proper chronolog ical account of the developments
must mention the separation ofeng ineering interest that persisted unti l  about 1972. Unti l  then .
eng ineering groups and researchers specialized in studies of low , intermediate , or hi gh range s of
the strength transi t ion.  The scientific and engineering literature appeared contradictory be-
cause of this specialization. In fact , unification was attained only as the interests of those
concerned with low strength levels shifted to hi gher levels and as those concerned with hi gher
levels shifted their  attention to lower levels. The intermediate strength level provided a
common ground.
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‘l’li€’ d c ’. & ‘lop i i ier t t Of ii e\v s tee ls  to cover th e c’ i l t  ire ri t i lge ’ ( I f  th e  sI t- € ’ng t h t r a n s i t i o n .  w i t h
par t icu la r  a t t e n t i o n  to w e ’ l d ab i l i t y .  ~~~~~ vi tal to  the  t e - h n o l o g i c a l  advance ’s of t h e  l ’ ~~ ) 9~~( I

pe riod I ( ‘ha pter  S . The’ new steels th at  completed the  R:\ 1) we- r e ’ i l l  developed for w e lde d us e ’
bi’ief ’ acce un t  of ’ t he p r i m a r y  at  tent  ion to  we ld ing  is t h u s  c- ss efl t  ml

The ’ hig h st i e n g t h  steels  a v a i l a b l e  before 1955 were de veloped f o r  use as fbr g ings  and are
known as f org ing  grades. Figui ’e’ 99 indicates the HAD locations of these ste e ls . The- hi gh- ah oy .
quenched and tempered ( Q & T I  steels  oi- iginated f rom hig h -qua l i t y  f’orged armor st -e l s  The
developm ent of armor stee l I 1910-l94() I was directed by proof- test  cr i ter ia  for pr ojectI le  and
exp losion-blast protect  ion. Severe ’ pi’oof testing led te) the use of e xcept iona l l y  h i g h - q u a l i t y
mel t ing pra ct leE ’s . a l lo y contents , and heat t rea tment .  These practice s were- r eta ined  when
arme er steels wer e modi f i ed  for welded use between 1954 and 1956. ‘l ’his modification is known as

HY- SO . The ma in  con lpo s it i olAal adjustment wasdecreasingcarhon content  from ( l .30’ to 0 .lS~’ -

-The HY -S)) steel has the highest  RAD position for i ts  s trength level  be cau se ’ of the re tent ion of
the best possible metallw ’g ica l qua l i t y factors . It is now produced commercial l y I ASTM 5-13 l I l t

the in te rmedia te  RAD cort ’idor position .

Dur ing  the 1955-1962 period , other commercial modifications of armor steels emphasized
low cost. These steels are indicated as “low-alloy modified ” in Fig. 99. The low corrid or posi t ion
reflects the use of ordinar y  mel t ing practices and limited alloy contents.

“Secondai -y -hardening ” quenched and tempered steels represent another modificat ion of
armor steels (1963-1968 ) , by addit ion of alloy elements that  cause special hardening effects
during tempering.  The result is a modest increase in strength. Retention of hig h corridor
position was ensured by more str ingent  control of metal lurgical  qua l i ty ,  beyond the  l im i t s  of
armor steels. For examp le , the permissible levels of sulfur and phosphorus impur i t ie s  are lower
than fo t’ HY-80 or armor steels.

The hig h strength forg ing grades (indicated as High-C , Q&T) were developed ( 1910-1940)
for machinery applications , bolting and so on , They were used in aircraft component s . ma inl y as
unit  farg ings or bolted assemblies. Their very high carbon content (0 .35~ to 0.50~ 

( precluded
use iii the as-welded condition. Fusion welding of these steels produces weld zones of vei-y high
hardness and therefore extreme brittleness. In general , welding of these steels must be followed
by a full cycle of heat treatment. The low position in the RAD of the high-carbon grades is the
result of excessive carbide particles in the microstructure. These steels cannot be elevated to
hi gher positions in the RAD.

Use of hi gh-carbon forging grades in rocket cases and aircraft (1958-1965 ) resulted in
serious reliability problems (to be described), Eventuall y it became clear that entirel y new
steels were required for the higher strength range. The new weldable grades emerged during the
period 1964-1968. Figure 100 is a present-day summary of weldable steels .

Developments in the low range of the strength transition were dictated by s t ruc tura l
requirements entirely different from those of the high range. Moreover , the section sizes for the
low strength levels involved thick plates and forgings as compared to sheets or t h in  plates of
hi gh strength metals. A compartmental ization of eng ineering experience developed because the
low strength metals exhibited plastic fracture properties in thick sections and the hig h s t rength
metals had plane-strain properties in relatively thin sections.
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l’he deve lopmen t  of ’ generalized enginee i ’ing pi’i nci l) l& ’s i t  t ( ’ct I ’.  el i J ) t& ’gi ’a t ( ’ ( l  experience
w i t h  di lThre nt  (- o m l ) t n a t  ions of ’ s t r eng th  leve l , sect ion size ’ . tra c t a re—state pi’opert n’s . and f’unc—
t i oii~i I req t l i i ’emen t  5 .

‘l’lw fllo st I mp o i ’tant  developments  mus t  be de scribed in t e ’r i t i s  o f t  h i s  c x  p ’r  ien ce . as fo l  lows:

•The low range of ’ the s t rength  t rans i t ion  ( ships , sub i i i~i i in e s . a nd general  s t r u t t u r e ’ s I

•The ul t rah ig h i’ange of the s t rength  t rans i t ion  (aerospace sti’ucture ’- I

•The in te rmed ia te  range of the strength t rans i t ion  (a ii ’cra ft and fost craf t ) .

The object is to document  by engineering experience the r a t i ona l i t y  of ’ present pr inc ip les
ove r the st i ’engt h -t i ’ansi t ion range.

LOW RANGE OF STR ENGT H TR ANS ITI ON

The eng ineering teams that  developed new technological capa b i l i t i e s  for the low range of
the strength t r an s i t i o n  had experience in establishing structural  in tegr i t y  pr inciples  for large .
monol i th ic , welded structures . This background included experience w i t h  the ship fractures of
1942-1952 and specialized experience with combat shi ps and submarines .

M i l i t a r y  service requirements directed attention to ach ie v ing  p last ic fracture properties
for both base metal and weldments of welded structures . The arrest princi p le was understood by
1953, the time of the ini t ial  development work on the HY-80 stee l weldment system, In brief , it
was known that high resistance to plastic fracture required the use of steels that  were “on-shelf’
at service temperatures. This meant tha t  the temperature transi t io n to max imum fracture
resistance must be comp leted )on- shelt ’I at service temperatures. The cri ter ia  were called at the
time ( 1953-1956) on-shelf ot’ hi g h-shelf  properties .

This was the first t ime a steel was developed according to design criteria tailored to specific
functional  requirements . It was also the first case in which weldabi l i ty  experts partici pated in a
steel’s development. Theii’ prior experience included the first attempts to weld armor steels
( 1940-1952,, Thus , it was well known that  th~ available steels required modificatio n for welda-
b i h i t y .  Metal lurgical  considerations dictated the first step of decreasing the carbon content of
armor steels to prevent cracking in the heat-affected zone,

- 
- 

This brought into focus the remain ing  problems:

Development of entire ly new , high-strength ferritic electrodes wi th  hi gh fracture proper-
ties and capabili t ies for highly restrained welding of thick sections (Chapter S .

Development of structural prototype tes ts  for confirming resistance to plastic fracture
extension in the  heat-affected zone and weld reg ion.

The explosion crack starter test , previously used for ship  steel studies )Chapter 6) . was
modified by placing the crack starter (br i t t l e )  weld of the DWT-NDT specimen directly on the
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weld i’egion . This introduced an iOu oil sharp crack in the weld region to  reveal  the effect of
w e l d i n g  procedures on the  s t ruc tu ra l  pei’ formance of the we ldment .

The use of arrest  p r inc ip les  and me ta l lu rg i c -a l  cons idera t ions  directed a t t e n t i o n  to
sect ion-size e f fec t s. At the t ime  1953-1956 . the pure l y mechanical  effects of ’ constraint  were not
understood , hu t  it was k n o w n  that  incre asing section size could change cooling rat es and
pro duce pooi ’ micr ost ruc tur es . Foi’ examp le , the low-al lo y modi f ica t ion s  of a rmor  steels (Fig.  99)
have alloy contents  general l y  adequate to produce p lastic fi’acture properties at 1.0-in. (25 mm I

sect ion size ’ . However , increasing section size to over 1.5 in. 137 m m)  results in extreme bri t t le-
ness at temperatures below 32 F (0 C) ,

The explosion crack starter tests were conducted at the section sizes of interest  I 1 to3 in. ;  25
to 75 m m ) . They therefore correct l y defined the fracture-state properties of interest, The desired
criteria of arrest properties tot ’ p las t ic  overload conditions were documented for the plate.
heat-affected zone . and weld. Most important , the HY-80 weldment system was compared
ra t iona l l y  wi th  other candidates . Those i’ejected for not a t ta in ing  the desired reference cri teria
included the following:

Normalized C-Mn-V steels—brit t le  fracture of the p late at section sizes of interest.

The low-alloy modified steel (Fi g. 99 —bi’ itt le or elastic-plastic levels of fracture extension
resistance for sections thicker than 1.5 in.  (37 m m ) , in p late and heat-affected zone.

Lower alloy modification of HY-80—britt le fracture of the plate at large section sizes .

Development was conducted under crash condit ions , largely in 1955-1956. At the end of
this period a commitment was made to fabricate immediatel y the new nuclear submarines in
serial production. Accepting rational fracture criteria asjusti fication for selecting HY-80 rather
than another candidate was a monumental  decision. An incorrect decision would have subjected
at least 50 submarines to relatively brittle weldments before it could be corrected.

The rationale for assuming direct correspondence of laboratory prototype tests with struc-
tural performance remains valid. Because the fracture state is unique to the section size and
steel of interest , it must app ly equally to the fracture tests and to fracture extension in
structures. This was well established among fracture specialists in the mid-1950s, However , the
generab v of the princip le as a design criterion was accepted onl y after confirmation by
structural  performance at full scale. Confi rmat ion for the case of submarines was established by
full-scale explosion tests of fatigue-precracked submarine structures almost a decade after the
crucial 1956 decision .

Between 1955 and 1960 the fundamental  principles of fracture mechanics were estab-
li shed, Addi t ional  confirmation was gained large l y from unfor tuna te  experience wi th  s t ruc tura l
failures at the hi gh end of the strength transi t ion . At the low end, ductile fractures in laboratory
specimens were matched wi th  those in structures . Britt le fractures were s imilar ly  matched at
the high end of the transi t ion . These correlations were essential  proof of the  generalized
principle s .
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HIGH RANGE OF’ STRENGTH TRANSITI ON

The engineering teams tha t  developed the new capabi l i t ies  for design and welding of
u l t r a h i g h  s t r eng th  metals had no prior  experience wi th  we lded structui ’es. Their expei’ience in
the a i r c r a f t  f ield was  based on r ive ted  and bolted construct  ion. The changes from r iv eted  ships to
welded shi ps and f rom i- iveted and bolted a i rc ra f t  to welded rocket cases are s t r i k i n g l y  para llel.
In each case, welded monol i th ic  construction was an unforgiving test of s tructural  integri ty
princip les .

f”igui-e 102 i l lus t ra tes  the all- t oo-frequent results of ’hy drotesting rocket cases (Polaris and
othei ’ t v p e s ( d u r i n g  1957-1960. The only ul t rahig h strength steels avai lable  at the t ime were the
hi gh-carbon. quenched and tempered forging grades noted in Fi g. 99. The strengt l i  range was
first  selected according to the princi p les ofhighest  a t ta inable  yie ld  strength ( 240 to 280 ksi ; 1655
to 1931 MPa ) . No co nsideration was g iven at first to  fracture properties.
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Fi gure 103 is a retrospective HAD display of the problem. Fracture properties of these
steels are in the low-ratio range (plane strain) for section sizes of approximately 0.2 in . ( 5  m m ) .
The critical crack sizes for high hoop stresses (service and hydrotesting may be deduced from
Fig. 56. Microscop ic examination was necessary to reveal the nature  of very small  defects that
init iated the failures.

Experience disclosed that failure rates could be reduced by decreasing the strength range
to 190-220 ksi (1310 to 1517 MPa ( , This elevates the fracture state for this  section size to the
elastic-plastic range (Fig. 103). However , part of’ the steel population remained in the plane-
strain range. Anothei’ empirical solution was the metallurgical trick of decarburizir i g the
surface. In effect , this decreased the strength level of the surface layer to 140 to 180 ksi (965 to
1241 MPa I . By these methods , the hydrostatic test failure rates were reduced but not eliminated.
The reason is stress-corrosion cracking (SCC ( due to hydrotesting with water (Chapter 9) . It was
necessary to hydrotest wi th  oil to eliminate fracture initiation by cracks due to stress-corrosion
cracking.

Similar aerospace experience was involved with high strength titanium tanks for a variety
of fluids. For example , stress-corrosion cracking by methanol and nitrogen tetroxide (fuels )
caused dramatic failures of Apollo tankage in 1963-1964 , aided by the low-ratio fracture
properties of the t i tanium alloys used. The solutions were to modify the fuels to eliminate
stress-corrosion cracking and to decrease strength levels to provide elastic-p lastic fracture
properties for the section sizes involved.

The general princip le evolved from this experience is that the plane-strain metals must not
be used in relatively thin section sizes. The reason is that thin sections l imit  the plane-strain

C
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Fig.  103—Anal ysis of rocket case experience in terms of Iow.corridor steels used prior t~ I 1962.
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state to vei ’y low ratio values . The cr i t ica l  crack sizes that  correspond to these ’ low ratios are
beyond reasonable de te c t ab i l i t y  or control (see Fig. 56) .

According ly , it is necessary to use meta ls  of’ the highest possible corridor qua l i ty  and to
place a m a x i m u m  on y ield st rength , so that  h igh- lev e le las t ic-p lastic properties can be retained.

The analy ses in A ppendix C provide the proper guides in reference to these princip les .
Polaris-type rocket cases could be fabricated, according to these princi ples, to a maximum of 240
ksi 11655 MPa ( y ield strength (Fig. 103 1 . Howev er , the new steels were not developed unti l
1965-1968, and the option of hig h corridor qual i ty was not available at the time of the Polaris
experience.

These experiences wi th  the low and high ranges of the strength transition document the
importance of arrest criteria, To date , no reliable fracture-control plan uses initiation-control
principles for plane-strain metals subject to tensile loading. This statement applies to the hi gh
and low strength extremes of’ the strength transition for different reasons:

•Severe service conditions and low-cost fabrication requirements for typ ical structure s of
the low strengt h range (large-comp lex , monolithic , etc.)

•Low-ratio plane-strain properties for the hi gh range ,

The assertion that aircraft landing gears are an exception for the ultrahi gh strength range
is debatable. Their generally compressive stresses plus essentially monoblock features and
unusual inspectability are not typical. While this case has been cited in the literature as
demonstrating initiation control for low-ratio plane-strain metal , it is not a satisfy ing case for
generalization . It is a special case that documents the severe engineering constraints that must
be imposed in any attempt to use low-ratio plane-strain metals,

Only for the intermediate range of the strength transition cart a case be made for using
initiation-control principles. This range offers intermediate- and high-ratio properties , and
therefore the advantages described in reference to Fig. 56 app ly. However , this range also offers
a wide choice of elastic-plastic and plastic metals for the section sizes of structures that are
typ icall y related to the intermediate range of the strength transition ,

INTERMEDIATE RANGE OF STRENGTH TRANSITION

Interest in the intermediate range evolved during 1964-1970. The initial explorations were
the result of Navy programs in deep submergence of small research submarines, Later interest
centered on advanced aircraft and hydrofoils , the main components of which have section sizes of
i t o  2 in. (25 to 50 mm) .  However, the steels have potential for use in thicker sections , based on
elastic-plastic criteria.

The exploration of th is  range was largely based on the first use of rational laboratory
fracture tests. The DT and K k tests were used as appropriate for the fracture-state properties in
question. Structural prototype tests of the exp losion crack starter type were used to a limited
extent , main l y  to confirm the predictions of the laboratory tests,

133

~ 

.~~~~. 
. .

~~ . ~..i ~~~~~ .



-. .-- .—- . . —- --- ------ .- -  - -~ ,.- . .

FHA (’ Tt RE ( 1  IN’I li( I I .  sTi l l - N ‘I’ l l  ‘ l ’ l i . - \NS l ’ l ’U (N

The str iking correspondence between the  f’ra ctur e-state def in i t ions  of ’ the [)T laboratory
test and those of the structural  prototype test  is i l lustrated in Figs . 104 and 105. The impor tant
point is the fa i thfu l defini t ion of’ performance w i t h  respect ti c extension of through-thic kness
cracks in plastic , elastic-p lastic , or plane-strain modes , F igure 105 also illustrates the major
metallurgical  effort of’ 1964-1968 in char t ing the s t rength t r a n s i t i o n  . N t ’w steels in the inter-
mediate yield-strength range of 120 to 200 k si (827 to 1379 MPa I were investigated. The section
sizes were normally 1 to 2 in. (25 to 5 0 m m ) , hut  selected test s of thicker sections were performed.
Most of the new steels were purchased to specifications issued by the technology development
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Fig. 104—Exact DT test reproduction of the characteri stic fracture mode developed in explosion crack -t .j r ie’r
tests with throug h-thickness cracks .
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Fig. 105—Strength-transit ion analyses as describe d by a 1968 illustration , emphasizing the  development of
improved steels fro m 1962 to 1968.
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teams , guided by rat ional tests . ‘I’hese steels are thus  the first hig h strength metals develope d by
rat ional  laboratory test methods that  included analysis of mechanical constraint.

The need to exan line both meta l lurg ical and mechanical  section-size effects dictated the
use o l f u l l - t h i ck n e s s  DTt e st s  as well as DT t es tsofs tandard ) sma l l ) d im ens i ons , Figures lO6and
107 i l lus t r a t e  the  range of’ ins t rumented l)T t(’st machines for large-size testing. Fi gure 108
shows a ,Japanese DT machine of ’ recent ( 1972) construction,
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Fig.  107—DT test mach ine  for 6- to 12 - t n .  150 to 300 m m )  section size s.

The concentration on metallurgical quali ty resulted in a rational definit ion of practical
l imits for the high- and intermediate-quality corridors of the strength transition (Fi g. 109) . The
information provides a rational basis for changes in selection criteria for such structures as
advanced aircraft. The lower boxes represent the properties expected for steels of 1-in. (25 mm)
section size , based on the old (pre-1965) selection princi ple of min imum yield strength. The low
corridor position was enforced because these were the only steels available at the time. As a
result , low-ratio plane-strain properties were developed , although not specified.
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Fig I ( Is — —.) a pa m’~~’ pt n d u l u  m-t~ pe 0’!’ test ma ch i  ne - w ( i t ch  pc rrn i t s t e s t i n g  0) h i g h stre ’ngt h s l i t  I — of section sI /es
up to 3 in . 75 m m .  Ii c I I r r cp le ’tOlv a u t l m a l  ii . i n c l u d i n g  ~c’lt ’—1on din g  from temp ec -atu r - c ’ . c I I n l r I I lle . d chamber s .

P h I I i I I  (‘n U t ’ t I - s~ cI t N Ipp icn  S l i t ’ )  (‘cu p. I

Present criteria for s t ructura l  strength members of advanced aircraft include ) a (  the use of
met a l s o fh ighes t  cor r idorqua l i ty  and ( b (  the se t t ingofa  m a x i m u m o n  yield strength , decided by
elast ic-plast ic  properties and referenced to the given section size.

In addit ion , s t ructural ly  redundant design features are emphasized for all strength-criti-
cal components . The same structural  integrity princi p les are app lied to other structures , such as
fast craft and deep-diving research submarines . The reason for avoiding p lane-strain properties
is that  the plane-strain state for intermediate strength levels is of intermediate ratio value. In
pr inci ple , t h i s  allows much greater latitude in flaw detection and control than permitted by
thin-sect ion metals ) low-ratio p lane strain) . However , the practicality of such control dur ing
fabrication and in service is the deciding SI technology question . The cost of using plane-strain
metals of intermediate ratio value may be made unbearable by the costs of inspection . qual i ty
control , and documentat ion ,

Developments of 1970-1975 have generall~’ been directed to avoiding the use of ini t ia t ion-
control  p r inc i p les . No modern desi gn criteria permit  the use of p lane-strain metals in fracture-

* 

c r i t i c a l  locations of high-performance aircraft , fast craft , or aerospace structures.
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Fig. t09—Comparison of old and new selection cri ter ia  for aircraft ste els .

Reports of K 1, . values for metals so used are misleading in their indications of design
criteria. While the values may in fact be measured for thick forging stock , machining reduces
the section sizes to levels at which elastic-p lastic or plastic fracture properties apply. Section size
must be considered in examining such inferences and interpreted by the HAD in terms of the
section sizes used in the structures.

COST ANALYSIS

The use ofSI princi p les in structural design is usually influenced by cost. The significance
of cost depends on the intent of fracture-control plans and the specific contractual requirements.

The genesis of plane-strain fracture mechanics in the mid-1950s was stimulated by cost
issues. In the early literature, it was cited as “procedure s that would provide for fracture-safe
desi gn using brittle metals.” In effect , the hope was that less expensive metals of plane-strain
properties could be used , according to calculations of critical crack sizes for fracture initiation,

Paradoxically, engineering experience with p lane-strain metals (using initiation control)
demonstrates that  the true cost question is exactly opposed to the original issue. The cost of
using plane-strain metals may be rendered prohibitive by the need for tests , quality control .
inspection , and lifetime surveillance. This inversion results fro m acceptance by users and
regulatory authorities of plane-strain fracture mechanics definitions of critical crack sizes. If
assurance of structural  reliabili ty is a contractual obligation , then

Statistical tests of plane-strain properties must be made at very hi gh cost.

Quality control must be much more rigorous than for crack-tolerant metals.
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Inspect ion requirements  generally exceed c a p a b i l i t i e s .

Thus , esca la t ing  costs of ’ sti ’uctui’al cert i f icat  ion wi l l  reduce quest ions of in i t i a l  metal costs
to re la t ive  insigni l icant’e.  (‘ont rac tua l  obl igat ions to va l ida te  s t ruc tu ra l  p erf ormance in terms
of c rack- in i t i a t ion  control make  useof ’e last i c-p last ic metals the  low-cost solution in most cases .

The cer t i f i ca t ion  costs of t raversing the  elast ic-plast ic  regions of ’ the strength t ransi t ion
ai’e i l lustrated in Fig . 110. The relat ionships of ’ increasing cer t i f i ca t ion  cost to the Y( ’ and L
criteria and to decreasing ratios in the plane-s t ra in  region are i l lustrated by the inset graph ( log
sca le ) . The important  point  is the rise of’ cer t i f i cat ion costs in the p lane-s t ra in  region .

The al-rows indicate the  strength ranges for th is  escalation of cert if icat ion costs , for both
L tcw- and hig h-corridor metals . Me t a l  of highest corridor qua l i ty  extends low-cost certification
procedures to higher y ie ld-s t rength levels , Exceeding these l imits  results in cost escalations to a
degree that  depends inn the c r i t i ca l i ty  of the structure and the potential effects of s tructural
failures. That is . the more serious the consequences , the greater the cost of assurance that
critical crack sizes do not develop. Lifet ime surveillance of potentially staggering proportions is
necessa rv.

The t rans i t ion  of stress-corrosion cracking properties to intermediate and low ratio values
(see Chapter 9) may take p lace over a strength range lower than for fracture. This signifies that
maintenance  and repair problems may develop. While  not catastrophic , the cost may be serious .

The analy ses of Fig. 110 are specific to a 1.0-in. (25 mm)  section size: adjustments for
section-size effects may be made as described previously. Also , relat ive structural comp lexity
dictates the rise of certification costs with decrease in ratio ,
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E n g i n e e r i n g  i- e~i l i t  es of me t a l  propert ies  should  be considered in e s t ab l i sh ing  n or i d n ’st ruc-
I~ c’ iilspe ’ct ion I N 1)1 ( proced ures fb r  p lane—st  r a in  meta ls ,  ‘l’he predict  ions II I  ( r i  t ical  cr ack s I t i - ~

are upper bound e s t i m at e s  derived f ’ron i 1 in ,~ ar-el~tst ic theoi ’v. Tlie ’se predict ions are accurate
provided the  metal  pi ’opei ’ties are as measured by K 1, . K I , ( tests. H o w e ver , t h ese a n a ly s e s  should
take  in to  account the fact t h a t  c racks  may he in localized leg ions  of m e t a l l u r g i c a l  damage . The ’
( ‘ l i t  cal crack sizes then depend on the ’ much low e ’rK 1, )K 1 , I v a lues  for  the i’e ’gio fls o fmeta l lu rg i -
cal damage .

A simp le e ample suffices . ~ iippose that  the properties for a weld are less than 0.3 ratio.
The f~ict tha t  the base metal features (say ) 0.8 ratio properti es is then irrelevant , The lower
bound value for SI calculat ions of cri t ical  crack sizes is that  of the  weld and not the base m etal ,

It is noted that  the cr i t ical  SI need is nondest ruct ive  eva lua t ion  i NDE I of metal lurgi-
cal damage regions , not NDI . The cost-escalation curves must include the total NDE problem ,
not merel y the NDI part. The engineering experience of ’ 1965-1975 gives ample evidence of the
importance of NDE for high stm ’ength metals. In fact , the addit ion of rat ional  meta l lurg ica l
considerations in NDE anal ysis may be the most recent real advance in r ea l I s t i c  p r o b a b i l i t y
assess ment,  In general , the credibili ty of fracture-control plans based on i n i t i a t i o n  control
depends on probabi l i t ies  of failure as determined by NDE ,

ROLE OF METALLURGICAL FACTORS IN INSPEC TION

Requirements for nondestructive crack inspection (ND !) cannot be established from purel y
abstract consideration of ND ! capabilities . SI crack-inspection problems are generall y decided
by metal lurg ical factors according to the realities of nondestructive evaluat ion (NDE ) .

The term NDE refers to the entire system of inspection and quality-control (QC ) proce-
dures used throug hout mill processing, forming, welding, machining,  and installat ion.  Many
structural failures have been attributed to alloy impuri t ies , improper heat treatment , improper
welding, and other factors that  influence fracture init iat ion but are not detectable by NDI for
cracks.

The role of metallurg ical factors may be analysed in terms of two broad categories: ( a )
fract ure ’ state (as r~ 1ated to critical crack size) and (b) embrit t l ement sensitivity (as related to the
development of localized metallurg ical damage ) .

Adverse combinations of metallurg ical factors , such as plane-strain fracture properties
coupled with hi gh s e n s i t i v i t y  to localized embrittlement , may make the NDE-QC problem
insuperable. In such cases , practical control of effects that determine the development of’ minute
critical cracks may not be feasible. Even if ND! capabilities are improved to cover microscop ic
crack sizes , control may be infeasible for other reasons.

A simp le example.  i n v o l v i n g  the standard-grade C-Mn (pearl i t ic )  steels , indicates the
general i ty  of the. NDE problem. Arc ‘1rikes at unexpected locations have triggered failures of
many  ships  and other  mono l i th ic  s t ructure s . Meta l lurg ical “notches ” representing hard or
embri t t led  regions the r e sul t  of dev ia t ions  from op t imum weld cont ro l )  can lead to fracture
in i t i a t ion  due to i n t r i n s i c  s e n s i t i v i t ~ of the “t eel to local damage.
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l’a t I n  m e -  t i m i a l  515 Ii ~ micros copic ex a m i n a t i o n  of the in i t i a t ion  site produces evideni’e tha t
th e ’ i i i  i t  ~ iJ d t h u  i s  can i’s II I  V t ’  sp on t t i i i c ’ ( I I i s ly .  The meta l lurg ical notch condit ions have a common
tc ’at u i m ’ e —t in e crac k s i te  dev el lcp s  suddenl y at tile point of e rnb i ’i t t l em en t .  (‘m ’ :.c k -dc te c t r on
met h~ ci~ inc luding  m n i c m ’oscop i c i nsp e c t i o n )  serve no pu t  pose in these case’s be cause  there is no
crack  u n t i l t h e -  m n l l m e n t  of t : u I l u m ’ e .

O t h e r cond i t i ons  le ading to metal lurg ical notches indicate the genera l i ty  of the problem
ii,i’ tm i c ’ t t i ls of ’ p l an e- s t r a in  fractui-e propert ies , as follows:

•I n  steels of in t e rmed ia te  stm .~ ngth t. id in t i t a n i u m  alloys , fa i lure  to provide gas coverage
in gas -meta l ’a i - - I (~MA I we ld ing  can result in severe local embrit t lement.

sIn hi gh strength steels , proper tec hni ques for starting the arc in s t i ck-manual -a rc  I SMA
welds ) nn oving bac kwam’d s, t hen forward , to remelt the starting site l are essential to preclude
severe embrit tlement. When the arc is first struck there is no gas-shield protection by the

‘ 

electrode coating.

It is impossible to apply NDE controls to such embritt led sites: control of welding procedure
must be relied on . Hi ghl y localized damage of this type is a problem onl y if t he metal has
p lane-strain properties. For examp le , arc strikes are of no concern in metals of elastic-plastic
fracture properties.

The embrittled reg ion may have ~~~~~~~ values muc h lower than those cited for the base
metal—lower, in fact , than the limits of measurement of plane-strain properties . Ratio values of
less than 0.1 may be inferred from the known effects of the embrittled regions Hi gh residual
stresses at the damage points (due to welding) can also reduce critical crack sizes in the damage
reg ion to microscop ic dimensions. In fact , little tensile ducti l i ty may remain; th i s  leads to
spontaneous cracking in defect-free sites.

The search for improved NDI methods that can reliably ident i fy cracks 0.2 in. )5 m m )  or
less in depth does not offer relief from such metallurgical notch problems. The reason is that  the
crit ical  crack size for the base metal establishes the size of the volume ofembrit t led metal that is
critical for metallurg ical damage. If very small cracks are critical , then the critical volume of

~~ embrittled metal is very minute  and beyond reasonable NDE-QC control. The problem becomes
one of controlling metal hardness , quality, and cleanliness at the scale of0.1 in .3 )6 mm 3) or less
for welds , heat-affected zones , machined surfaces , etc .

If critical crack sizes are 0.2 in . ( 5 m m )  or larger, NDI detection and the use of NDE -QC
become more realistic. The volume of metal that must be embrittled to produce spontaneous
cracking becomes larger , and its development by failure of QC procedures becomes statisticall y
less probable. The usual NDE methods may then suffice.

Experience supports the fol lowing general thesis: When fracture  safe ty necessitate -s .\ ‘DI
requ irements of exceedingl ~’ minute cra ck sizes . NDE-QC is not feasible.  Similar  but unattainable
exactness in processing, heat treatment , u-r iding, etc., wou ld be required. The real prob lem of th i s
nea r -microscop ic crack-sta te control is the unattainable precision required of all NDE -QC
proced ures. The type of structure dictates whether procedures of extreme limits are feasible. For
examp le , what  is feasible for an aircraft landing gear may not be feasible for the box structure of
a sw e p t -w I n g  aircraft. The in spectabi lity and design simp licity of the structure have an impor-
tant  bearing on the a t ta inable  l imits  of metal lurg ical control in fabrication . The landing gear
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repr e sen t s  a h i g h l y  m ’efi ne d . c’sse’nt m l  I u n i t  - f i o g i n g  design.  The box st ruc tu re  mu s t  he isse mi l .
i) le( l f i ’e in i  a v i r ( o t y  of ’ forged and pla te  suh componen t s , and it feat tires comp lex welded connec—
t i O i l s .

I ’ROBABILITY ASSESSMENTS

Stm ’uctur al designs must approach imposed requirements  w i t h i n  e ’stablished l imi t s . The
genem’ a l s t ruc tu ra l  redundancy may be i’e l at iv e ly fixed (pressure vesse l s )  or subject to consider-
able adjust m ent Iai i ’ci’aft , shi ps , bridges , etc. . Re l i ab i l t y  requirements  may dominate , or they
ma Y be m’elaxed in favor of economic constra ints .

In a ll cases , the designers must apply determinis t ic  procedures to ensure s t ructural
re l iab i l i t y .  These procedures require calculation of the load-bearing characteristics of the
structure ,

The earl y development of monol i th ic  welded construction resulted in unexpected failures
at relat ivel y low elastic-stress levels . The randomness ofthese failures disclosed that re l iabi l i ty
of structure could not be expressed in terms of probabilities. T) ue control is exercised b y purel y
random events , because random rn eta l lu m ’gica l  damage dictates such performance.

The use of’ p lane-str ain metals poses serious problems of structural re l iabi l i ty  certification.
These metals have fast-fracture potential.  Accordingly, failure probabil i t ies  exist , but their
control is not in the province of the desi gner. The burden falls on others , who must verif y fracture
prevention by total  control of crack-ini t ia t ion conditions . Designers cannot verify by calcula-
tions the structural i-c l iabi l i ty  of a specified structure.

It is really these probabil i t ies , then , by which metal criteria are chosen. A desi gn may be
considered “probabilistic ” if probabilities of failure by fast fracture exist .  Ordinarily, failure
probabilit ies are expected to be very low . If failure can be caused by purel y random events  (due to
fabricat ion and quali ty-control  deviations , or any other unpredictable circumstances I , then
probabil i ty definitions become stochastic (random ) . Proof that structural performance is not
potentially controlled by stochastic circumstances should be part of fracture-control plans.

There is a distinct separation between fully deterministic solutions and probabilistic
solutions . However , there is no definable point at which probabilistic solutions become stochas-
tic. Thus , design solutions are either dist inctly deterministic or potential ly stochastic.

The use of p l ane - s t r a in  principles for controlling probabil is t ic  events in plane-strain
metals is feasible onl y under idealized conditions. In practice , it is the eng ineer ’s problem to
document that  SI requ i rements  are met. Plane-strain fracture mechanics analyses do not
specifically imp l y that  p lane-strain metals can be used safely. Convei ’sely , such analyses may
dictate consideration of other nii~~i ls  to suit  the desi gn confi guration or the metal-selection
process.

The designer has the choice of various procedures for ensuring that  the design process is
full y de te rmin is t i c , as follows:
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• i”i ’acture — cont t o!  p lans ma be based on ,‘c ’ilunila,ii v ( i S S l l F ’ (t , i ’ v , if su i ta i ) le  to the struc-
tural  configurat ion.  ‘[‘ills involves  int i ’oducing m u l t i p le-load f rac ture  paths . so t h a t  the fa i lui ’e (nf
any one part does not result in a large red uct ion of ’ st m u t t  urn I st m e  ngt  ii.

• I f’ r edundancv assurance is not feasible , 1(111-sa le ’ o.s.su”une’e ’ can he provided by the  use of ’
metal tha t  does not permit  exten sion of ’ flist f rac ture  at nomina l  design stre ’sse ’s .

These desi gn procedures may be classified as determinis t ic  in t ha t  the design process , and
not other f a c t o r s , determines that  the structure wi l l  not f iu i l  unexpectedly due to unstable
fracture.

143

, (1 ,’. ; .~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘ “I 



‘
~~ -¼.- ,.-‘ -— ‘

~~ 
- ‘ —- ‘----

~~
-

~

CHAPTER 8

Charac ierizatio,, and Contro l of Crack State s’
in Weld Regions

STRUCTURAL CRITICALITY OF WELD REGIONS

The crack state ’s of weld zccnes and the local stress systems that  act t i n  extend cracks are
critical to f’i’actum’e and crack-gm ’owth control plans. The conditions that  max ’ result from exten-
sion of a specit ’ic crack depend on , and must  be deduced from , v a r i a t i o n s  in metal properties
along the  path of ’ e x t e n s i o n .

Ana l y z ing  a homogeneous struct um ’e l ike a u n i t  forg ing  is re la t ive ly  s imple  because there
are no gm’ea t variat ions in pi’operties . All  tha t  is required is consideration o f s t i t i s t i c i l  fracture-
property variances and selection of’ a sui table  lower bound va lue  f i r  desi gn reference. A n a l y s i s
of a welded stm ’ucture can be more complex because of possible sharp va r i a t i ons  of’ fracture
properties in weld zones , In addi t ion , sharp vam ’iations in stress sy stems and in the paths h r
crack extension in weld-zone m ’egions are possible.

The presence of welds means that  a small volume of the metai in the s t ructure may
dominate re l i ab i l i ty  analy sis . Welds often are metal lurgical ly  infem’ior and are frequent ly in the
most stress-critical regions of the structure. However , welds have these effects only i f t h e  design
for welding is inappropriate to the funct ional  requirements of the structure. The first step in
rel iabi l i ty  analy s i s  of a welded structure is to ensure that  such adverse conditions are avoided.
The object is to reduce the criticality of weld regions to the same level as that  of the rest of the
structure.

This is done for tensile properties by requiring a strength efficiency of welds equal to 1.0.
This certifies tha t  the welds are at least as strong as the base metal .  However , equa l i t y  of ’
fracture or crack-growth properties may not suffice i f t h e  base metal has inadeq uate or marginal
properties. Minor defects in welds , which have no effect on strength efficiency , may then be
critical to fracture or crack growth , par t icular ly  if the welds are in m’egions t ha t  lead to hi gh
load-induced stresses or in configurations that  result in high m ’esidua l stresses ,

The starting point  in design for welding is to recognize that  the defect state of welds is
inferior to that  of the base metal .  Thus , designers must be more conservative about fracture and
crack-growth properties of welds than  about those of the base metal.  The crack-state deficiency
of a weld may be offset by properties of the weld metal that  preclude extension of cracks . The
crack-state deficiency also may be offset by reducing the max imum stress at the welds , as
compared to the regions of highest s tr ess in the base metal.  Either  method is good design for
welding:  the goal is to e l iminate  excessive dependence on the weld regions f’or s t ruc tura l
reliabil i ty.
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To es tab l i sh  whether  weld m’egions am’e deciding bi ctors for a specific design , i t  is esse n t i a l  to
understand the m a i n  properties of ’ these m ’egion s . The general pr incipl e s  are the s i m m i e ’  as those
already described f’om ’ the  base metal :  t e m p e r a t u r e -  and s t rength- induced  t rans i t ions  Ire ’ si ~ic
lar.

The main addi t iona l  points are weld q u a l i t y , is determined by welding processes: statisti-
cal vai ’iance of ’ propert ies , as determined by fitbi’ica t ion controls :  and resid u , c l  stress systems due
to welding procedures . Al l  of these depend on in-si tu mel t ing,  solid ification , and tran sfinrma-
t ions  of’ the metal  dur ing  jo in ing .  Weldabi l i ty  opt imizat ion by metallurgists  for base and weld
metals  must presuppose a specifi c degree of q u a l i t y  control cat welding processes. The specific
lower bound f r a c t u r e  properties of weld can be characterized onl y if ’ fabrication is fi rml y
controlled , This is in conti’ast tothe base metal , f’o rwhich  metal qua l i t y  dependson mil l -pract ice
q u a l i t y  controls .

Such welding qua l i ty  controls are feasible , as attested by fabrication specifications fb r
cr i t ical  structures , These document the standards and procedure s of design for welding. The
effects of tempera ture  and strength t ransi t ions  must be considered , because otherwise the
specificatior.5 can present unreal is t ic  engineering demands . That is . the controls may become
t’i~ expensive or may be beyond the reach of technology.

To avoid exceeding practical l imi t s , designers must consider the locations of welds in
structures. Locating welds away from hi gh stress or strain concentrations should be considered
in terms of rel iabi l i ty  and economic returns.

Fabrication qual i ty  control should assure that  the metal properties of the weld zones are
not grossly degraded with  respect to base metal properties. The problem is that  direct testing of
properties before fabrication , as for base material , is impossible. Laboratory tests of welds made
according to specified practices must be substituted. In practice , the welding procedures are
“qualified” by the tests and then are dup licated dur ing fabrication,

Another aspect of structural criticality involves l imitat ions to stress analysis. Refined .
computerized , f inite-element analysis of stress or strain concentration are applied to selected
critical regions , ordinaril y called “K points of geometric transition.” Moreover , these refine-
ments are app lied to critical structures with the object of increasing allowable stress. In general .
reg ions so analyzed must be formed to exact confi gurations. The stress system in these regions
must be derived from the loads analyses: residual stress fields due to welding may complicate or
void the finite-element analy ses .

In summary, p lacing welds , which may be more crack-critical than the base meta l ,  in
stress-critical regions of crit ical  structures degrades rel iabi l i t y .  Moreover , the  higher than
average crack-state probabilities of welds in such hig h-stress reg ions complicate crack inspec-
tion , both i n i t i a l l y and in service , because smaller cracks must be detected wi th  greater
assurance than in the base metal.

All of these considerations are accentuated as the base metal goes from the plastic to the
elastic-plastic and then to the plane-strain range. As the margin of re l i ab i l i ty  on which  stm’uc-
tu ra l  integri ty plans are based is decreased , the importance of locating welds in regions of lower
stress dominates  the design process. Engineering experience in design for welding,  gathered
ovem’ the past two decades , is summarized in Fi gs . 111 and 112.

146

Ii ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. ,, ., . .. A . , , ’l... ‘t’ • .

- - — — -  - ,--~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~------ — - - - .- , .- --



- ~~~~~~~~~~~ --~~—- —.  -. - . —,~~~~~~~~~~~
.‘-

~~~~
‘-

~~~~~~~~ ,— - - -‘ 

5l’l) t ‘ “ l U R A t .  ( ‘Rl ’I ’I( ’AL I ’F’c

L W
s 

( \~
- 

~
(
~ 

- 

~~~~~ ‘~

ii :
II li ~~~~~~~~~~~

r

~

m

~

_

~

1
-I S MAC H~~~E FORGED 

~~~~~

Fig, 111—Procedures for minimizing the c r i t i ca l i ty  of weld regions
in rocket case structures. The Xs represent locations of welds in hig h
stress regions b r  directions) that resulted in h ydrotest failures.
Welds without  Xs indicate proper location , obtained by the use of
ring forgings and forging inserts.
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Figure 111 il lustrates the methods used by designers of rocket cases for dealing w i t h  weld
cr i t ica l i t y .  Innumerable  rocket cases were fabricated by varied welding techniques and adjust-
merit s of weld locations. Because of the high strength and limite d fracture resistance of the base’
metals iChaptei ’ 7) , the welds were hypercritical in controll ing fai lure rates in hy drotesting. The
“X ’ notat ions of Fi g. 111 indicate that welds subjected to hi gh stresses by the i r  locatn cr i s at
points of’ geometric transition or by orientation normal to the hoop stress are intolerable , as
indicated by hydrotest failures , Using ring forg ings and locating welds in low-stress regions c f
ports are nece ssam’y for rocket cases. It should be noted that hydrotesting was performed at close
to service hoop str esses, 0.8 to 0.9 ~~ Critical crack sizes were very small , due to the combina-
tion of hi gh stresses and low fracture properties.

Fi gure 112 indexes welding experience to the strength transitions of the base metals and
matching weld metals . Design and fabrication qual i ty are indexed to s t ructural  features . an d
typical practices are indicated.

The salient points of the figure are as follows:

Lou ’ range of strength transition—The base metal and welds have plastic fracture proper-
ties and are therefore insensitive to defects. Relativel y crude desi gn details , as well as low-cost
welding and fabrication , are tolerable. Metal properties offset other factors that  mig ht other-
wise require considerable design attention, An examp le is the HY-80 steels weldment system as
used in submarine hull construction.

Hig h range of strength transition—The base metal and welds have plane-strain fracture
properties and therefore are hig hl y sensitive to defects. Perfection of design details and welding
practices must be emphasized , regardless of cost. The examp le represents rocket-case experi-
ence (Fi g. 111).

Intern r ediate range of strength transition—The base metal and welds may have elastic-
plastic fracture properties. However, because of other crack-growth factors (fatigue and stress-
corrosion cracking ), the high-quality design and fabrication practices typical of pressure vessels
are essential.

FRACTURE PROPERTIES OF WELD ZONES

The weld region contains three separate metallurgical zones—weld , fusion line , and
heat-affected zone (HAZ ( . In addition , it is conti guous to the base metal , which may be affected
by cracking in the weld zones. Alloy composition , macrostructure , and microstructure may vary
considerably among the zones, Residual stresses interact with load stresses to influence crack-
init iat ion sites and directions of crack extension.

The relative volumes of the specific zones dictate whether fracture is limited to crack
initiation (tri gger) or includes extension (propagation or arrest) , Weld geometry can var~’
widely, as illustrated in the Addendum to this chapter, and the effects of geometry on crack
extension are important  and require discussion. Metallurgical transformations weldabi l ity )
are also introduced in t~. Addendum.
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The volun ies of the we ’ld zones dictate tha t  the weld is the o n l y  zone that  provide ’s  f i r
chara cte r izat iom i by the f u l l  m’ange of f rac ture  mechanics criteria.  ‘f h e K 1 ,,  l)W , and Di’ t e s t s  ma cv
be used to establish a reference data base of ’ ra t ional  cri teria .

The heat-affected zone may be characterized by p lane-s t ra in  c r i t e r i a . i f i t  is b r i t t l e  enough
to contain the small plast ic z o m i e s  involved. Howev er , elastic-p lastic and plastic t r a n s i t i e c m i s  ma cv
increase p lastic-zone size to exceed the dimensions of the heat-affected zone. lf ’ so . the weld and
base me ta l s  become involved. The fracture property is then a comp lex value that  integrates
these various involvements.  This would be the case for a simp le , straight-sided I J )  weld. For
welds with  sloping slides V or VV , there are geometrical influences on fracture  resistance: the
result is analytically undeci pherable.

Structural prototype tests (such as explosion-bulge tests ) and s t ructural  models t es ted  to
fbr ce development of’ fracture paths form the basis for ana lyz ing  HAZ fracture characteri st ics .
Figure 113 illustrates weld region fractur e modes disclosed by exp losion tests :  Fig. 114 shows
f’racture paths in weld regions.

Conditions in which the fusion line can propagate fractures ire rare . Because of protective
geometry, the fusion line must be exceptionally bri t t le to pose a problem. The a l loy f ac to r s  that
contribute to such a condition are readily identified and corrected.

.
~

. ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fi g. I 13—Fracture  moc t , ’~ in wel dment s  high st r ength  st eels—ductile f rac ture  in has, ’ mt ’t I i I . b r i t t l e  t ’r ac t c cr c ’  of
heat-affected zone , and h r i t t l e  f racture  II ’ wel d
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Strengt h Transition of Weld Properties

Figures 115, 116, and 117 summarize  weld properties of hi gh s t rength  steel IA 1. and DT I ,
The three levels of corridor qua l i ty  represent the same meta l lu rg ica l  condit ions of rel c t l ’ . i ’
c leanliness and microstructure that  have been explained for forged or rolled steels , In add i t ion .
the microstructure of SMA welds resu l t s  in sharper t ransi t ions than  t b c s e  of the b ase  m eta l .
GMA and gas-tungsten-arc ( ;TA welds are microstruct ura l lv  equiva len t  to the  base st e e l s .
Accordingly, the different  corridor levels reflect only varying c leanl ines s .

The low corridor position of SMA welds re st r ic t s  p lastic f’m’act ure properties to re la t i v e ly
low strength levels . Comparison of ’ Figs. l!5 . 116. and 117 shows tha t  reducing section size does
not rai se the elastic-plastic range si gnif icant ly.  The sharpness of ’ the st rength  t r ans i t i on  is the
l i m i t i n g  factor , as it is for low-corridor steels . It is even more res t r ic t ive  f o r  ~MA welds because
of the i r  sharper transitions.

The intermediate and hi gh coi’ridor p o s i t i on s  of inert-gas-shielded welds provide for more
gradual strength transit ions.  Reducing section size ’ t ’aises the  e las t ic-plas t ic  range to the same
strength levels as for base metals . This is impor tant :  it al lows the weld to be matched to the base
metal fracture state at any strength level by appropriate welding procedum’e s . Obviously proper
al loy ing is a prerequisite for such matching .

Strength Transition of Heat-Aff ected Zone

The hi gh-al loy steels that  occupy the highest  levels of ’ p lastic fracture propem’t ies in the
RAD IF ’ i gs . 99 and 100 ) have excellent  we l dab i l i tv  where the heat-affected zone is concerned. By
proper control of weld cooling rates , w i th in  reasonable engineer ing l i m i t s , hi ghl y d u c t i l e
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properties can he produced in the  hea t -af fec ted  zone . The exp losion bulge in F’i g. l l ~ i l l u s t r a t e ’ s
the extreme resis tance t I c  p last ic  f’m’ actum ’e ty p ical of pr ’opet ’ly made l-IY-80 I A . ~TM A54 ) wE- I d -
ments , even in the h eat -~’ffected zone . In general , high-corridor metal  has meta l lu rg ica l  cham’ ac- -i

t e r i s t i c s  t Oa t can produce hm gh- com ’ m’ idor pm ’opem ’tie s in the heat-affected zone Conversely . a
low-cor ’r~dor base m e t a l  l i m i t s  heat-af ’f ’ected zone pm ’opertme s under - even the best welding pm-oce-
dures .

The low-allo y steeds ( l ” Igs . 99 and lOW occupy the low corridor because of low-qua l i ty
me lt ing  practices fez’ the strength leveJ. As described previousl y, the hi gh densi ty of void site ’ s for’
mmcrofracture i n i t i a t i o n  leads to low-shelf pem’fo m ’mance at the hi gh end of the tempem’ature -in-
duced t rans i t ion . The low alloy content has a sepam’ate effect: section size , for’ pr ’oper tr’ansforma-
tions to martensi t ic  or baini t ic  rn icro structure .  is l imited generall y ( al l  gradest to 1 or 2 in , 25 to
50 m m ) . Quenching of thicker  seC t i ( c f l s  m’esults in sp l i t  transfoi ’mations whose produ cts i nc l ude
also upper bainites. The mixed structures when temper ’ed have the proper strength level but  ar’e
generally brit t le.  At normal service temperatum ’es . thick sections may disp lay p lane-str’a in or’
elastic-plastic properties due to re la t ive l y  hi gh t rans i t ion  temperatures .

The separate effects of low-corridor position due to mel t ing  practices and of t rans i t ion-  -;

temperature effects due to low alloy contents  are r ’eflected in the pr’opert ies o f t h e  heat-affected
zone, The range of wel d cooling rates that  provide for opt imum transformat ion features Is
re lat ivel y narrow in low-alloy steels as compared to hi gh-alloy steels . In princi p le lccw- ~t ( I o y
steels require more exact contrc l of wel ding conditions , but in practice the  economic re asons f o r
selecting less expensive low-alloy s tee l s  also generally dictate min imized  welding costs As a
Conseq uence , welding processes wi th  high deposition rates and slow cooling m a t e s  may be used
The spli t  t ransformations due to the slow cooling rates can result in p lane-s t ra in  properties d ci
the heat-affected zone.

Ordinar i l y, the geometry of the weld \‘ or VV I protects the s t ructure  by p m’e ven t ing
p lane-strain fracture in the heat-affe cted zone. Plane-str ’ain fracture or ’dinam ’i ly takes p lace only
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F’cg.  115  Exp losion bulge performance of properl y fabricated hi gh alloy, hig h RA D-po sit ion s l e ’!~~ A l l  zones of the’
weld i-egi cc n have p la stic fracture prop er t cc’s ,

in the normal  90 direction to the p late surface (flat fracture . Geometry precludes this mode of
separation unless p lastic loads are applied . For this kind of loading, the separ ’ation may be
part l y  in the heat-affected zone and pam’t l y in the weld and base metal , with the heat-affected
zone as the f rac ture- in i t ia t ion  site.

Joints produced by submerged-arc welding may feature straig ht-sided welds wi th  rela-
tively wide heat-affected zones (see Fig. 139 ) . The protection sometimes due to weld geometry is
not provided by this confi guration . Fracture in the heat-affected zone at or’dinar’y stress levels is
thus  possible if weld defects are present to serve as init iation sites.

An additional comp lexit\ - is presented by the heat-affected zone in low-allo y , quenched and
tempered steels , Stress relief is not appropriate or necessary for these steels because the main
function of stress relief is to e l iminate  localized residual stresses in brittle steels. Stress relief is
inappropriate also if vanadium is used as a strengthening element , because of stress-relief
cracking of the heat-affected zone due to vanadium ’s tendency to increase creep strength at hig h
temperatures. Hi gh creep strength results in preferential development of intergranular stm ’ess-
rupture cracks .

Unfortunately, the codes for structures such as pressure vessels require stress relief I a
holdover from practices long applied to pear litic steels) . Conforming to these codes can lead to
serious stress-relief cracking in a p lane-strain heat-affected zone , produced by inappropriate
welding processes fully endorsed by the codes. This incorrect use of metallurg ical princi ples in
critical pressure vessels can result in the performance illustrated by Fig. 119. The experimental
pressure vessel , fabricated for fatigue testing, was stress relieved as required by the codes. All
features described previously were in evidence: a plane-strain heat-affected zone , extensive
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F’ I 14 119’— F’a i I ore cit an  exper imen ta l  pc-essu ce e- s~,’l . l cc n g  t h e  I c  - a t  -a t ’t c ’~’I ,~ mi e cc )’ m he wel dnie ’n i - The c- ssi- I
approx imate l y :3 I t .  I i  n~ in dc am et c ’r ,

stress-relief fissuring of the heat-affected zone , fracture extension through the heat-affected
zone at elastic hoop-stress levels , and a base metal of plastic fracture properties .

Design for welding must be based on in t imate  knowledge of weldabi lmty features of the
steels involved. Procedures for high-alloy, quenched and tempered steels may not be proper for
low-alloy steels and pear litic steels.

Weldable s teels  of the intermediate  and highest  s trength levels require exact control of
welding so that  weld properties are matched to the margina l  base metal .  Automati c GMA and
GTA welding of t h i s  qua l i ty  produces relat ivel y small weld beads , as shown in Fig. 138: as a
result , the heat-affected zone is very  nam ’row , A 110c, the  heat t rea tment  of the heat -affecter ’~ zone
during welding dup licates the conditions for’ proper tm’ansfom’mations of the base metal to
martensites. Tempering the ’ heat-affected zone by subsequent passes produces properties full y
equivalent  to those of the base metal and weld. Exact s trength matching of the heat-affected
zone to the base metal and weld is not vital  because of the narr’owness of the heat-affected zone.

For’ these reasons , the heat-affected zones of properly made welds in weldable high
strength steels do not cause problems . If a proper’ welding procedure is used, heat-affected zone
properties l i kewi se  wi l l  be proper.

Temperature Transition of Heat-Affected Zone

The characteristic role of the heat-affected zone in l c iw s t rength . co ns e ’nt I d d n a l  I ( - M i t
s t r u t ’t i i r ~i l s t e e l s  is crack i n i t i a t i o n  I t r i g) .~er ) . Subsequent propagat ion icr ar res t  depends on the
l I I i se’ meta l . Propagation of fractures along the heat-affected z one’  is rare ’ in these stee ls because
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t h e se -  r e lat  I e l  soft  s t e e l s . l m i t a c t . b at -cine ss t e s t i n g  is s u f f i c i e n t  fin ’ opt m i ,  I ng  w e l d i n g  proce-
(lure ’s t i E  e l i  n i i n a t e  ( ‘xee ’ s s iv c ’  lv  h i g h  c r a c k — i n i t i a t i o n  pr ’opei’t es .

The e a r l y  w e i d a b i l m t v  i c - s I , .  I F ig.  1:3W p r o v i d e ’  a d d i t i o n a l  dr s c t ’ i m i n a t i o m i  liii’ h ea t — ~it ’fe ’c ted
,‘ c c t i e ’  p r ope r ti e s . if req  u i re d .  F i g u r e  1:30 appears to show t h a I  t h e  pr ’ob lern of i > r i t  tI e ’ ness in t h-
h e ’a t — af i i ,’cte d zone is l cm p e m ’ a tu r e  m ’elated. In flj ct . t h is  is t r t l e  fi ,cr the test c o ndi t iom 3 s Or3ly  he lcc w
be N DT tempera tu re ’ . ,‘\ l ccc ve  t h e NI  fl t e ’mpera t um ’e . c rac k ing  of ’ t he  he a t - a f f e c t  011 Zofle is not

ran— t ’e- m ’t ’ed I c E t he  base ’ me’ta I and the  t c-st is mcc c longer  u s e f u l

The use of ’ base ’ me ta l s  w i t h  e l  i is t i c — p la s t cc  pr’oper ’t es e l i  n im note s  the beat - i )  ( e e l  ed zccne ’
e’rac k - im 1i t  i a t  ion problem . Cracks  c c m ’ i g m n a t  ing  in the  heat -affected zone l ie ’  tm - me-s t e e l  in the  i d i c s e

m e t  a

The ma tch ing  of’ weld and base’ meta l  properti e ’s for peam’ I itic s teels  may be analyzed in
l e ’ r m n s  of ’ ND ’I ’ t empera tu re  01’ DT- r ’elated YC cr i ter ia .  The welds o r d i n a r i l y h ave  lower tra mc sl -
ti o n tempe i’at lire ’s because of t he i r  lower carbon content and re l a t i ve l y  fas t  cooling r ’ates ,

Improved s t r u c t u r a l  steels tha t  have l cc w er  t ransi t ion temp er’ature s are eas to match b y adding
l i l l I d y s  to the weld metal .  ~te ’e ’ls tha t  have  ve~~y low tm’ansi tmon temperatures because ofquenched
and tempem’ed heat t r e a t m e n t  may be d i f f i cu l t  to match:  adding hi g h - a l l o y  contents  to the weld
may result in c racking  due to the as-deposited hardness of weld beads . A tradeoff between
cracking tendencies and low tm’an sit ion tempem’ature s must be made for’ these stoo ls ,

GENE R IC PROBLEMS OF WELD ZONE CR ACKING

Cracking genera l l y  is due tcc  an addi t ive  combinat ion of causes . The m a i n  causes fall i n t c c

t w c c  general  categor’ies—inherent metal lurgical  sens i t iv i ty  and weldin g-derived s t re ss or s t r a i n
sys t e m s ,

~e ’v e ’n pr incipal  types of cm’a ckin g can occur during om’ after’ weld ing :

Sol id i f ica t ion cracking weld metal hot tear in g
Li quat ion cracking  ( heat-affected zone hot tear ing )
Cold cracking h eat -aff ’ecte d zone )
Lamel l ar  tear ing ) hose metal  I

~ t r o s s - m e l  u t  c r a c k i n g  I heat-affected zone I

H~ ’dm’ l c g E ’n - a s s I s t e d  c rack ing  I heat -at ’fected zone and wedd I

R est t’ i t m n t  e r a t - k m n g  I we ld and heat -ii  fli t ted zone ) .

~ h o r t - r o m T E ’ ‘- t l ’ E ’ ~ ’- S s l i ’ t l T s d uE ’  to s o l i d i f i c a t i o n  and t h e m - m a l  shm ’inkag e ’  a c t i v a t e ’  many  c c l ’

these cro ck mng mu ch ’ ’- , Longer’ range ’ st re ’ss sv st c ’ms  due to m’ e st t’ aint may  then  act i c c  d ’ \ t I ’n d  t h e
cracks h~’ t he same cr c c )  h c - r  modes ,
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~~c ’ i t 5 l l  I \  l v  t i c  c’ r l u k i m i g  c l a y  c c ’  i i ihm e i’e’nt m c i  t i m e ’  ( ‘ c d t t i p d l s i t  m c d i i  cii t i m e ’  1 1 1 1 1 0 1  or’ i I c a \  ( l e ’ V e l I Jp  as

-: t h e  i ’ c ’~- u l l  II ’ c c c - l d m , i g ,  l l i g ii  ‘ - c - l i s i t i v m t v  ( l e ’ c c ’ l d ) l ) s  i f ’  m i m e t a l l u i g i c a l  i t r u l  \~ c ’ l d m m m g  l~ cc ’ l c , m ’ ’. I’ d I t i l } I I h i d ’

a d v c - i ’ selv ,

- ‘, li i ge n e r I c )  . sl I’ i ( I I i ’ — d_ I ’ l i d . k i m c g  P1’d I i d I t ’ t i i S  i l l s — i \Vl  I c ’ ’ I  I b I d  ccf  I l i i ’  1 1 1 1 1 1 1 1 \ c -  ( a i m — c ’ s  I

c ’ X l ’e ’ s s i S ’  e ly  cl cc miii mi , c~ct l ’iiI i s . th e’ usua l  sclllmlid cm c is to m cl em i tm f v time’ C h I t  c a l  ( 1 1 0 1 1 4 1 -  and E ’ s t l i b l l s i l

( d l ’ de ’c ’ c l i i i - i ’ s Ii ct m m i m m i i m m i i z m r m g t h o r n ,  F or’  ex~c m m m p le , hi~ d l m i c g e ’ m c — l c s s — I — . l c ’ e l  c ra c k i n g  p m’o h l e t i l s  O i l ’  g I . m i t ’ i ’ -

~~~ :ill~ scc l c e’d ( c c’  l ccce ’ e ’ m ’ m m i g  hi I I I ’  ‘ gc ’  i i  e ’ I d m h t I ’ n t  - ,- \ I l d m t i o m m a l  I ’ d l l t l ’ d c (s- I stn-ss . l i a r d n c ’ —~ c c )  t h c  h eat
it i ’ecte’d Zeimic ’ , e t c . I ~i rc ’ imn p ccm’ t~im lt btm t m i cc t ch i ’ e - I s I \ d ’  i t  th e Iivdi’ccg e’mc I ’ d d l l i E ’ n t  i s high.

.\ phy sica l ‘-1-lI s t ’ c c ) ’ stc’uct cmra l I ’e a t d i t ’I ’ s- that ‘ 1 1 1 1  I c c  high li m idi lc cw I’ d ’ s- t I ’ I c I n t  s t r O — ’ - c ’ s  is

~~ (ci’ ovide’d by l” i g s . 12)) a m i d 121. \1;c’.sive ’ —c ot I l d I l S  \C’e’lde’d I c c  i ’i g’cd c o n r l e c ’ t l d d m l  p 0 11115 dec e ’ l ( c  high

- ‘ rE st l a i n ) ,  Thim i sc’ct ici m i s cc ~ld-~d t c c  m o u l t ’  co m b ) ! ~ i r i t  c ’ ( d i i m l c ’ I ’ I 11 c m )  p d c m f l t s  d c - c  c’lui) lou’ i t ’ s - I  t a i n t

M a s s iv e’ s t r l i l ’ i I .mi’ es t~-nd  to have’ t c ’ — ~~r 1 i m m 1 t — c r 1 c c k m r i g  p i c c } c l ~ - t i s  t h a t  am ’ e d lffec -ul t i cc s I l l i c -  because

cci t h e  hig h y i e l d — l e v e l  st l ’ c - ,.se s l c n  the  we lch m’e g ic~i l s  ( h i tn gl’ s  mc de sign I I )  cc’ e ’( de d c I I t i t l e c t i o n s  n ’mav
be’ m l e e’ d - — .—ar ’ y  fecm r eliabl e solution’- , I’cii c ’ x c c n i p le . t he  — 1 , 0 c m  lii’e shocc’n in 1 mg. 12)) cc i u l d not I c -

:~ I prod uced s~i t is )lie’ t lcr ml d c - ’.p l l c ’  i’c ’ p ea t c ’ i l  r epa i r  a t t e m p t s .  A new design w a —  m-equmr ed.
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Fig. t 2 t _ — Cornp liati i s t ructural  Ic I I  I i i  I bu t t  ~ e’ld. at ’ t h cn Scs I d I n  I wh I ch  pr d cc ide

cccv c- c’ I I  l i l t  I ,  ice ld - h r i n k ~cge.

Each c’i ’ack I ng mode has i t s  cc c v n metallurg ical f e a t  a t e ’s . Tho se’ ar’e descm’ibed mr c the follow-

ing s-t ot ldIfl ~~,

Solidification Cracking

.A-~ t he pool of weld metal cools , columnar  gm’ains grow toward its center’ . Impuri t ies  or alloy

elemen t ’  are deposited between grains .  U lt ima t e l y .  a li quid- fi lm condit ion , wi th  l i t t le capac ity

feradj i i . s-t i n g t c c  c o m ct r a c t i o n  of the we ld , is reached. As a consequence. the li qu id f i lm becomes the

,. ite o f c r~m c k s . w hich may he’ long i tudina l or transverse to the cveld Fig. 1221 . depen ding on the

direction of res t ra in t  forces.

S u l f u r  and p hosp horus impur i t i e s  are critical t j c  hot cracking for stee ls: small  amou nt s

suff ice  hc’o~i i m s e  the impur i t i e s  are rejected and concentrated in the last remain ing l i q u i d  fi lm s .

The I ’ c c l i C ’l t ‘ 1 1 1 1 ( 1  li q tmid  (i~cs a lcc w er f r e e z in g  p o i n t  t h a n  t h e’ steel ,  Thu s the l iquid films persist

while cooling r~m I  tcs con t inue  to increase. Crack separat ion of the’ l i q u i d  films is s t ra in  con-

tro lled. The c rack ing  mechani sm is termed “hot tear ing ” because ’ It occurs li t hi g h tem clpe ’r l i t  1 111’S .

be fore ’ the rne ’t ’l dc’vc’l lcps appreciable s t rength .

157

- 

,— -- ~_~_~;



( 11cc 1’. S l ’ . \ ’ I ’ l’ ,l’l i ’. \\ l - : l . l )  t ) l - c ; I i d ’—.—

c-I A ,’

I / - v

(

~~~~~~~~~~~~~~~~~~

/)

~~~~~~ 

V/
/

i’

HOT I HA( ,KING LI~~I J A1 - ‘ SAl

f’ cg .  122  ‘ t’:5 z i i i c I c I ~ s- I d u l l  k l i c g  m d c l , ’ ’-

Li q tr a t i on  (‘racking

The’ m’ne’chcanisrn c c ) ’ liqU atildmc cm’acking I Fig. 1221 is fundamentally the sonic ’ as that of

solidi ficatiom c cracking str~un-conti’olle’d c r a ck i n g  in  the prese nce - of liq u id fi lm s I l . i q u i c l  f i l m s

devel cqc at temnperatcmr es barel y suff icient t i c  mel t  fi l m m ’e ’gidcn s ccf sem ))’id e se’gi ’c - glit h I m , b ait mcI

h u g h i’notm g h ill melt the h -at -a) iëc ted zd c ne  of ’ t he  base’ mnc’tal . The 1 c m - l I e  ‘-t r 1 i i ~ s y s t E m  ‘c - I l  I t  -

t i -d im s h ri  mc k~c ge’ of the heat—affected zone, impeded i c y  the s l m r i  I lOu d ing  ha-s m iue’ ta l  - ‘I’he I i q un it  m c c n

c r ack l~c r n c s -  as the ’  hea t—affec ted  ‘oc ice beg ins  t c )  ccco l . oiler t he’ ai ’c’ p oc ci ha s -  b , dl cssed .  The m a i n

~o l c i t i o m u  i s to lower thce su l f cmm’ com cten t  of the s t e e l ,

Cold Cr a c k i ng

In gene ’t -at . c’ I d l d  cm’ac king Fi g. 123) t a k e s p lace ~if ’t er a t n - ansf hm’mn ~m t ion t h u a t  p m c c d u ~’c’’-
r’elat i ve ly  hai’d pro du c t s  I h ,)a in  ito and mai’t (-nsl ies . Ccc l d  ct ’aok ing  is g r ea t l y  enhanced  if sn ial  I
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l i q t m a t i i c n  c r acks  ~m m’ e’ p i e - s t rut to se’r c ’ e’ as t r i g g er s  , A e ’ cc iciic i mm a t 1,1mm c c i  h igh carbon and su li ’ur
c’c c m ’it e ’ni ts  is u ’r ’ iti ~al . ‘l’hc’ se~lut ion is  to rc’eluce’ hIaI’dilc-ss icy i 110 cc -a sc ii prc ’ht ’at ing or icy  any t ith er
nie ’thc eh t i m)  s l cc c v s c - e o l i n i g .  ~ i c z I p i m l g  the ’ we ’I d bead i c m  r e ’ i l l i c ’ c- local st c’ e’ sses is bene f i c i a l ,

Sti’e’ss-Rt’lief (‘r a ck i n g

The ) i s s i l i ’ c ’ - l l k e’ c r a c k s  c c f  s i i ’ e’ — s - i ’ e ’ l n e t ’ c r a c k i n g  ec’ ic lc ’e ic y  a s t m - e ’ s s — r u p t u m ’ e’ mechanism.
e ’m i h ~mn e-e ’d I , ’ c a r b o n  pm’e c ip it at i o iu  I Fi g. 123 1 . D u r i n g  cv e ’ l d i m ug .  th u e ’ h e a t - a f f e c t e d  zone amu d the
un de ’r lvi  mig we’ld he ad ar-c’ scmhj ect to h ui gh—te ’mp e ’rat  ui-c sot cit ion tre ’ 1itment , wh ich  a l lows car-
hick’s I c c  i c c ’  d i s s i c lve d  and take n  back in to  so lu t i c c n . ‘I’h e’ n’e lat ive ’ lv  h igh  weld cool ing  rote’ doe’s not
al low a l l  c-~c r h i t h e - s to be pr -eci p itat e d , amid some t ’e m ai m i in  s c d u t m o n . Rehea t ing  the jo in t  for sire’ s-s
r’e l ie) ’ cati ses carbide’ to pr e c i p i t a t e  d u r i n g  the  creep pha se’: t h i s  leads t cc  s t ress -rup tum ’e’ fi s s u r i n g
at g r a i n  bo cim c darie s ,  The ’ gra ins  are strengthened by the precip i tat ion , an d most of the creep
st r aimc is thus  t’on’ced to t he weaker grain boundaries , leading f c c  r up tu re .

Lamel lar  Tearing

Lancellar tearing is se’pai’at i d d m c  of the base metal  along plaice ’s of nonmeta l l ic  m nc l uc’ l ’  ins Ion

rolling planesl . dcm e to low d u c t i l i t y  in the th roug h - t h i u ’ k m c e s s  dir’ ect iern . O r d i n a r i l y , th is  r e su l t s
fm’om e ’x tem cs i on  ofothcei’ forms ofc-racks  because of l o w - q u a l i t y  m e l t i n g  prac t ices . The problem is
most pronounced for’ f i l l e t  welds and hi ghl y restrained welds IFig.  123 ) .

H ydrogen- Assisted (‘-rac ki ng

The p r e ’s c’ mu ce of hvdroge’ n encocmr i ig e ’ ’-  i I s s u  rm mu g in  the ’ p1 as) Ic zone’ s ~cf crack t i p s .
Hy drogen-ass ist e d  c r ack ing  mere’lv e x t e n d s  c c t i i  “‘ c - k s  t h a t  l ire ’  a ) r e - a d y  pm - ese ’nt .  Thus, hot ,

l i q u a t i o n , c r cold c r ack ing  can pr oc-ide t h e ’  c on d i t i  s u~~~~~c I s  ii*~ . cc ) crack e x t e n s i o n .  The’ prior
cracks may be exceedingly small , if si r’ength i c ’ i e ’ l -  and i i v d , ’ g e ’ tm cc cnte’ mc t s- arc’ h ig h. Short-  cur
l ong - r ang e’ hi gh — i n t e n s i t y  si less svst e ’ms arc ’ c -ri . h ’ -u l i l i s c ’  I i le\  r~c se’ the  K—fo m’ ce for crack
g l ’I c c v t h  to high c-a lcie ’ s , Hvdroge n-l m ssisted cra ck c x  I t  1;.id cn te ’nd s i c c  ( c c l  c ccv pa ths  n o r m a l  i d  the
d i rec t ions  of s t re s s  I Fig.  12:3 1 ,

Restraint  Cracking

The t e r n c  ‘m’e ’s tr a i n t  c r a c k i n g ’’ doe s not s i g n i fy  a specif ic  ni e - t a l l u r g i c a l  m i’mechani sn c :  s c ’c c ’ r a l
max’ i lk ’  in volved. Restraint cm-acking is cracking for which  re s t r a i n t  s t r e ss do m mm u ~t t e’s in  ac t IVa t -

i t l g ’ a p a r t i cu l ar  mode c f c r ’ack ing .  M cdd c ’s most com m o n l y  as s ccc m ~mted w i t h  r e s t r a i n t  c rack ing  a i m ’
— hot i d - l i r i n g ,  h v l l i ’c d g e ’l l - l i s s i s t e d  cracking,  co ld c c’&kmng , and lan ie l l a r  t ear ing ,  si ngl y or’ in

combi  n a t u c n .

J ) c - t e r i c u i n a t i o n  cci ’ the ’ m v p e  or )\ -pes  of c r a c k i n g  gene ra l l y re ’quires r en u o v i n g  a samp le.
0 1 1 0 — s - s - c  ct ion h u g  t h e -  c rack .  pic l  i s i u i r u g  and e t c h m m i g .  t h e n  mci 101. 1 c s copmca l  lv mm csp e ’ct m u g  t at SI) tc i

2.5)) . n u ag m i i l i c a t  i c c m u .  Or d m ary c i sc ma l  e ’xan ’minat id o l  max ’ he tic i s le a ding.  l’hce’ d i f f i c u l t y  of d e n t  mfl ~
cat ion is made apparent  hs’ c - cc mc t n ’ ol le ’d exper ’ inuen t s  in crack d e v e l o p m e n t .  O f t en  i t  is n e c e ssary i l l

deduce t h e ’  c r ack ing  nu e ch an i sm uu  b~- ob se rv ing  the e f f e c t s  of weldin g v l m r l I m h l e ’ s arid t m m u u e ’ -

depe’nden t effects , (‘o n m b i n a t i o m u s  of mechan i sms  Isuch  as init ial f i ssur ing  bu y hot t ea r ing  and
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exten sion by hy di’ogen-assisted crac king  nuay be perp lexing unless the e’fle’ -t s of procedura l
c-ai ’iab les ar’e examined.  The op inio ns of expe r t s , a f t er s imp le e x a nu i n a t i o n  of cracked samp les ,
may be subject to debate , For these reasons , i t  i s impor tant  to understand some- c i f  the  main
p her u onuena  of hydrogen-assisted cr’acking and of m’ e’str~i m n t  crac king.

Ph enomena of H ydrogen-Assisted Cracking

The efl ’ects of str ’engt h level (hardness ) on hydrogen-assisted crac king )HAC I are pro-
nocince d. The source of’ the hy drogen is not important , but t he amount is crucial.  Hy drogen
content s from less than  1 ppm to appn ’oximately 5 ppm can trigger cracking. “Low ” contents are
less than 1 ppm , “intermediate ” co n tents are i t o  2 ppm , and “hi gh” contents hir e’ over 2 ppm. )

Fi gur’e 124 generalizes the effects of strength level on sensitivity to hydrogen-assisted
crac king, in tem ’ms of the RAD. The same values app ly for the heat-affected zone , as translated
from hardness to the related strength level. Fi gure 124 also relates the sensitivity t ransi t ion t c i
hydrogen content.  The summary is based on insensit ivity levels known from service experience ,
plus fracture mechanics tests and other sharp-notch , sustairced- load tests. The low end of the
tr’ansition -corridor bands are referenced to K 11, determinat ions involv ing  the equ iva len t  of
K 1,,,. tests Chapter’ 9 .  The si gnificance of K 11, values can be translated by the ratio method to
the RAD ratio scale in the same fashion as for K~,., , . values. The fall from insensitivity levels
to low-r’atio levels represents an extremel y sharp strength transition. The transition is much
sharpe r than for corridors of the fracture transitions. The same considerations app ly to t he
heat-affected zone , as translated from the hardness values , w hich serve as the usual reference .
to t he equivalent  strength levels.
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The s i g n i f i c a n c e  to we ’ldini1.  is m ccv l i ppare ’ iu t .  ~ MA c’lecti’ ode’s cii cob I u l c i s i c  ty p e  p roduc e

ex cess  ice ’  hvdi’oge ru cc) nu t a nih  iu at m c ci i  c f  I i it’ c v e ’ ) E l  1)001 Ii 11(1 t hue ’ ii eat - ~i 11cc t ech zei ne ’ liii’ all st re ngt h
leve ls cited in the R . \ l )  p lot. I m i fact , pr o i ml e ’ i i c s  an si’ at s t r e n g t h  l e ’ce ’ l s  above’ 50 k s i  1344 M Pa l i t

the heat-a ffected zone’ is tram isiiirm e’d tic pe’an’l ite’ -nuar t e ’ i i s i  te ’ c o m b i n a t i o n s .  For th i s  r’e’~csum 1 ,
low-h y diecge ’n ~ MA e l e c t r ode’ s we ’re ’ de ’Ve ’lc ip c ’(l t i c  l i m i t  the  hydrogen cont e ’nt of the  so lid mf ie ’d
weld and heat -a ffected z , dr ue ’  t ic  ah ot it  I I c ’  2 ppnuu . d epending on dep e csct r on procc ’dure ’s. This
anuount  o f h v d n - e ge’n is - e ’xe ’e ’sscve at st re ’ngt h  le ’y el s of 120 I cc 150 ks- i I~~27 to 1034 MP a I i f r e s t r a i n t

sties-sos are hig h .

The heat-af’fect e’d zone fhr  SMA cve ’ld s is o r d i n a r i l y  excessivel y ha rd , befbre the ’  tempering
pass , for typ ical SMA h ydrogen le vels . L i m i t i n g  the carbon content of the base p late and using
hi gh preheat t empera ture’s are reasonable’ so lu t i ons  to hydrogen-assisted c rack ing  at the’ low

end of the strengt h range - cited above. As the strength level is increased , it becomes difficul t to

avoid crac king in SMA ‘velds .

In general , hydrogen e’ffects require  a change from SMA to GMA welding at strength levels
hi gher than 130 ksi 1896 MPa ) for high-restraint  condit ions-  and 150 ksi 1034 MPa i for
low-restraint  conditions.  With proper’ preca utions , the GMA weld pool may be limited to a
hydrogen content  of 1 ppm or lower , t hus greatly reducing cracking se n s i t i v i t y .

The strength level above which hy drogen cracking prohibits SMA weldin g is- about the
same as the strength-level l imit defined by fracture properties - if the welds feature reasonably
moderate re ’stra nt , However , for conditio n s of hi gh restrain t t he hydrogen-re lated l imi t  ofSMA
cv e’lding i s- approximately  120 ksi 1827 MPa) . In brief , the hydrogen-sensitivity tn ’ansitmon is
sharper than the fracture-property transition for SMA welds.

One of the most insidious features of hydrogen-assisted cracking is de lay. E xtension of
small fissures may ta ke p lace oven’ a perio d of hours , wee ks, or mont hs. As the strength level of
the weld or heat-affected zone is increased , the de l ay becomes the most serious prob lem. The
level of hydrogen t h at cau ses de layed crack ing icc much lower than that which causes immediate
crac king. This comp licates crack inspection .

This problem leads to consideration of hydrogen diffusion by hig h preheats (200 c- to 350’F:
95’ to 180’C l and long-term soaking  16 to 12 h I at the same temperature. Such measures may be
app lied to SMA cve’ld regions of hi gh res t ra in t  in steels and weld metals of the 120- to 150-ks-i

,~27 to 1034 MPa I s t rength level.

Th e economic d isadvantages  of these remedies- and uncer tain ty abou t delayed crac k ing are
i m u l p o r t a n t  in  d e s i g n  for weld ing .  Since the cracking is concentrated in regions of hi gh res t ra in t ,
a t t e n t i o n  s h c cu l d  he directed to se ’lect ivelv reducing the restraint  stress and the hydrogen
con ten t  ccl ’ the welds at these locat ions . The following steps can accomp lish this:

•~~cvc c’h f ’rc inu SM1\ to GMA welding for ri g idl y connected massive sections- .

• t s-i ’ f o r g m r u g s  at the point ofconnection and shift the weld to locations of smooth geometry.
outs - ide ’ t he conn e c t  ion point.

The l e s t  oi’ th e ’ s t ructure may have SMA welds ifdesired. Automatic GMA weldin g can be
— used if t he ’ s- t ructc r r e  is- su i tab le .
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Phenomena of Restraint  Cracking

R a t i o n a l i z m r u g  r’e - s t r ’ a i n t— c’ i ’a c k i mig  p a r ’ a m i i e ’ t e n ’ s ne ’q tn i i ’ es -  un d e’ r ’st andnn g  of the ’ u ’ d c m i i i i i n e ’ d i f -
t o u t s  ic l ’ r- e ’ s t r - a i n t  —s I  n e s s  le’yc ’ l . pr ’e’ bi e ’at . arid I in c . D iag r ’ a i m m i s  developed ic y  .Ja pam ce’ si’  invest Igl it c i m’ ,—

i l l u m i n a t e  t he’ m e ’ e ’h an ismuns inc -ok -ed: F’i g un’e ’s 12.5 ar id l2 h  a t e ’  gc ’nc’r’~i l i z c’d ( ‘X i i t t l p l i ’S .  F igui-e  127
i l l t i s t r ~cte ’s cc’ e beb ni e ’ta l i’ t ’s I i ’ l i i i l t  u ’ t ’ a i ’ k i m i g ,

I ‘ana m u ie t m c  st cid ic’ s  of I h u m s  type have ’ hc ec ’ I I  use’d to 5 dd ly e ’ ~e van ’ iet~ of ’ restrai nt-cr ~cc k ing
pr -ob le ’mu i s . ‘I ’h m ns a p p r o a c h  d e ’f i mie ’s a cn’it ical n’e ’s t ran rc t  I t l te ’iisi tv A’ ,. for c rack ing  and a c r i t i c a l
r e s t r a i n t  51 m e s s  c r  \la tem -i~il and weldi n g yariables an’e asse ssed and conipared by tiu c ’se ’
p an’ a m i i e ’ t e - i ’ - I , ‘l’lli’ mui c ’ t l ’oi d uses a V—groov e ’  cve’ld r ’e ’stn ’aint test t ha t  s i m ul t ~ n m i c ’ c c c i s l c  I c ’ s- I s  l i ce ’
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c racking suscept ib i l i t  he’ s o f t h e  weld metal , the bond between weld metal and parent metal , and
the heat-af ’f ’e’cteel zone , One procedure , the Rig id ly  Restrained Cracking (RRC ( test , restricts
weld jo in t  conti’action dur’ ing welding.  A second , the Tensile Rest ra int  Cracking ITRC I te ’st .
app lies a fixed hc ad to the  weld j o i n t  immedia te ly  after cvel dnng.

The si g n i f i c a n c e  of a cr i t ica l  restraint  stress for a given preheat tempen’ature is that  no
weld  c racking  cce ’ct irs  at lower’ r’e straint  stm’e’ss . regan ’dless of how long ma in t a ined .  The m i n i m u m
p n ’ehe a t m nug  t e m n u b d i ’ r ; c t u r ’ e  required f’eir p r even t ing  cracking depends on the s t ruc tura l  res t ra in t
e’ond it  ion and the ’ cvc ’ld zone ’ ma t e r i a l .

F’ gur e ’ 125 i l l t i s t r ~ite ’ s genen’al n ’e l a tnonsh ips  for weld meta ls  w i t h  h igh s e - m u s i t i v i t v  to
l est na. i ’ r ’r ck im ig  cf t h u e t y p e  i l l i i s - t r a i t e ’ d  in  Fi g. 127. At the hi ghest pract ical  preheat of 300 F
150 ( ‘ I , i i e ’ i ’ .y  e’(h cr ’ acking r’e sci lt ’a at  low stm’ e’sse’s app roximate ly  0.5 ,r , ) , The delay ind ica te ’s

t l u I i t  hyc 1 re c~.~ ’m u I N ’ - l - - t d ’ t i  cr a ck ing  was involved;  the ori ginal  fissures are considered to be the
r esu l t  cci h tm l  c r a c k i n g ,

Figure ’  126 n l l u s t n a t e s  gene ’n’al r e l a t i onsh ips  between r’estr’aint stre ss and tince for we ’ld~
c v it h lower s e ’ I u s i t i v l t y  to delay cn’acking.  if pract ical  preheats of 212 F I lOt ) (‘ I l ire’ app lied .
(‘ race - k i n g  is l i m i t e d  to se- y e-n - c’ r e s t ra in t  s tre sse’s in the plastic load range. Delay effects - are
i chivil ccis li cr low preheat temperatures , but high restraint levels are required.

l’r’e h eat ing e l i n u i n a t e s  h ydrogen by diffusion. Delayed cr’acking in the pn ’esence of hyd m’ cc-
gen demonstra tes  t h a t  the  restn’aint system also produces hot-crack fiss unre ’s , which  are extended
I c c r  not I by h v d m ’ c cge ’n - ~is s is I e ’d  c racking .  The exte nsion depends on the hydrogen level and the
s t r e n g t h  level of ’ t h e  electrodes .

The co m b i n a t i o n  of parameter- s  t h a t  must  be control led , and the le vel ofcont rol . mus t  he
kn own in order to c ic arac ten ize  the cveld composit ion and weld ing  pm’ocedure. The match to the
s t ruc tura l  res t ra in t  leve l must be ncade buy assi gn ing  a cr i t ical  n’estraint n n t e n s m t y K , r t0 t he j o i n t .
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For pur’poses of ’ t h i s  discussion , we may  c~ite ’go ri ze ’ the K , ,  value ’s  as f h d l e , c v s :

• Hi gh y~u lue s - —Cr i t i ca l  stresses close to on’ equal to cr , _

• Intermediate values—Crit ical  stresses equal to 0.5 cc , ,

‘Low values—Crit ical  stresses on the order’ of 0.25 cc ,,.

If informat ion of the cracking diagram type ’ is avai lable , a reasonable selection wi l l  follow .
The qua l i t a t ive  descriptions of Fig. 124 have been confirmed quan t i t a t ive ly  by parametric
studies of this type and by analysis of models.

SYSTEMS ANALYSIS OF WELD FACTORS

This section i l lustrates the logic of sequential analyses , conducted in iterative fashion , for
solving weld c r i t i ca l i t y  problems. The object is to preclude fracture or crack growth in cveld
regions . In a broadem’ context , the welded regions of the structure are desired to have the same
stn’uctura l in tegr i ty  as the rest of the structure.

At the outse’t . it should be emphasized that  structural  integrity (SI ( solutions for the base
material must  be wi th in  the bounds of engineering reality. The solutions must be conservative:
the object is not to prove the crit ical point for fai lure , but to stay on the positive , high-assurance
side.

The first steps of the desi gn process define desirable strength levels and section sizes. The
function of the structure defines the configuration and the adjustability of features such as
structural redundancy and location of geometric transitions at connections. The latitude for
adjustment of these features must be understood.

For example , assume that preliminary design analyses have defined the following factors
and options:

•The structure has features represented by Fig. 120, plates of 2-in. (50 mmi  section size ,
and ri gid connections, These combinations provide a worst-case situation of weld restraint.

‘Steels of 120- , 140- , or 160-ksi (827, 965, or 1103 MPa) minimum yield strength may be
chosen.

•Either SMA or semiautomatic GMA welds may be used at connection points.

•Forging inserts may be used at the sharp corners , to p lace the welds away from these
hi gh-stress positions.

•Matching-strength welds or welds of 20 ksi (138 MPa ( lower strength than the base metal
i undermatched to the next lower leve l( may be used,

Conservative SI objectives are established , as follows:

‘Hi gh elastic-plastic fracture properties

•No weld restraint cracking, inc lud ing  delay effects (hydrogen-assisted cracking ( .
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The analysis sequences are recorded in Tables 3 and 4 for fracture propertie s and
hydrogen-assisted cn’acking, n’espectively. The tables indicate the m i n i m u m  yield strength cited
for the design objective and for’ the high end of the strength range expected in normal produ ction.

Table 3—Fracture properties ana l y s i s  for 2-in.  (50 m m (  section size

Low Intermediate Hig h
Option Option Option

Properties
( ks i (  (MPa )  (ksi (  (MPa ( (ksi i  (MPa (

Strength Reference
Design cc ,,,  1mm ) 120 827 140 965 160 1103
Production er ,,, (max I 140 965 160 1103 180 1241
Analysis r ,,, 140 965 160 1103 180 1241

Material Reference
Base steel
(Intermediate corridor ) P HIEP PS
SMA weld HIEP PS PS
GMA weld p

Code: P = Plastic
H E P  = Hi gh elastic-p lastic lacceptab ibi ty  criterion I

PS = Plane s train lunacceptable l

Table 4—Hydn’ogen-assisted cracking analysis

Low Intermediate Hig h
Option Option Option

Properties - -- — .-- - - - - . .
~~~

— - - —
~~~~~~~

(ksi ) (MPa ( (ks i )  (MPa ( (ksi ( (MPa I

Strength Reference
Design cr ,, (m in I  120 827 140 965 160 1103
Production cc ,,, (max ( 140 965 160 1103 180 1241
Analysis cr ,, 140 965 160 1103 180 1241

Material Reference
Base steel ( low H~ ( I I
SMA weld (hi gh H i  

______________ 
HS HS

SMA weld ( intermediate  H~ ( I I S HS
GMA weld ( Iow H )  I I I

Code: I - Insens i t ive  acceptable I

S = Sensitive’ I unacc ept ahle ’ c
HS Hi ghly sensitive IU nacce~ptai bIe ’i
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‘l ’h ie h i ig h-e ’nu cl c a l  ene ’s ar’e us-e d for ’ aoia v s i c c  be ’cause t h i e ’v t ire t h e  c o n t r o l l i n g  fact  cr 5 h i m  the  sharp
s-t i -c-li p mh Inan s i t  l i m o s i mi c’eik-ed in t lie anu a l v s c ’s ,

‘l’ii hd e ’ :t lists t l ue ’ t r a i u ’ t t i n - e’ —s t ~it e ’ b d n’ ccpe’r’t es of th i c ’  (case’ nu t e ’ta l a nd w e ’l d s- , ’l ’h i e ’ s e c t  ioru  s i / c ’  i s  2
in .50 nim I , l )ai ta f’r’ccnu Fi gs, lui ( and 101 ni-c’ use d V e in’ t he  base muue ’t a l am u a l \ - s e ’s , ‘l ’iue I c a s c -  nu e ’ta l is
zns-sunie’d to be d c l  init e ’i’nnc ’eI i~i Ic ’  c- , c i ’ r i dor’ q u a l i t y  F’igur’ c’ 115 give ’s va lu es  ibm’ the ’ e. c-Id m i i e ’ t a l
ana l~ se’s.

‘Flue hi ig iu ~‘l an s I  nc— p lastic com ud it ion is t he’ nuc m i  n u c u nn  acceptable le ’vel far fracture  propc ’rt ic’s.
‘Veible’ :1 i mid ic -ate ’s t h o u  (its condit ionu is Int’l at the  int er’me ’d hate strength option by the’ bans,’ metal
and t hie’ (M.\ we ld . b cit  not by the ’ ~MA weld, ‘I he hi gh strength option does not meet tins
u’ecii uh it ion fbi’ l c , m s i ’  mm ’t a l  cc l -  welds .

It appears t h a t  th e’ str-uct t i l e ’  could be fabricated as follows:

•(‘~t n’ c ’ng th i -mu u a t c h i ncg  w e l d s  could be produced for ’ the low strength opt ion by the SMA we’ld
anitci I cir t hue ’ in t e r iuue ’dn a te  51 re ’mc gth o ptnom u by the GMA weld.

• Under’matchnng cve’ld s c’otild be’ produced for the ]occ’e’st strength option by the SMA weld
in combination with intei’niediate str-ength base ncetal.

The acceptab i l i ty  of cim c dem ’n c atchi mug welds is a separate design question that  wi l l  not be
considem’ed at this point because it involves fat i gue considem’ati ons. According to fracture consid-
en’a tiom cs , the locver stn’ength cveld is ful l y accep table.

Ta ble .1 pre sents the resci l ts  of’ anal yse’s of delayed hydrogen-assisted cracking.  ~i t u cc ’
delayed ci’acking is a se-y e-re ’ test of h y drogen e ffects , it is prudent  to establish a cri ter ion of
i n s e n s i t i v i t y  to hvdi ’ogen: for’ purposes  of this  amua ly sc ’s , in format ion  from Fig. 124 is used .N  cI t
t ha t  the hy dn ’ogem c- se ’nsi t iv i t v  tn ’ansi t ions ai’e zoned at three levels: i m c s e - n s i t i v i t v , in termediate
— e- ic s i t ivit y , am id h igh  s e ’r c s i t i v i t y .  The trend bam id s fbi’ the  tr’ansi t i e im i s m u  s - e’m ~sit  i c - its - to hvdroge ’mu-
assisted cracking  ai’e coded to hi gh , interncediate . and lec cv hydrogen content .

Using Fi g. 124 nece ss i ta tes  consider ’ation of typical  hy drogen contents ccf base’ metal and
specific cvelds; the-se’ are’ given in Table 4. It is also necessary to consider’ the ’ degree t if weld
rest raint, The initial analysis is for a highly restrained structun’e’. Them’efbn’e. the i n s e n s i t i v i t y
criterion cited above is mandatory.

Table 4 shows that analyse’s of the base metal and GMA weld indicate in s- c’ns itivity (cc

delayed cracking for all strength options . This is due to the ve’r-v low l e v e l s  oi’ hydrogen, which
direct the analyses to the L Ihighest trend band of Fig. 124.

Table -I also indicates that the SMA weld can he expected to meet the lowest strength option
if hy drogen content  is min imized  at the in termedia te  ]eve] . It is not reasonuable to expec t  t h a t
lower levels  can he a t t a ined  except by unusua l  pr actice ’s , such as- prolonged baking t i f t he  welds
by strip heaters . By app ly ing appropriate preheat , intermediate hydrogen conte ’m cts  can be’
a t ta ined:  therefore , t he  intermediate  trend hand of Fig. 124 is cise’1l for the analy s is , O rd h m c ar \
S~MA welds result in high hydrogen c ’ ccm i t e ’ n t s , which require n’eference to the H lowest 1 tn’end
band of Fi g. 124.
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The b c c c i n d a n r v  nri dic a ite’ eI i i  ‘l’al i le ’  1 s i ’ p a n m ’ a n t i ’ s t lie ’ I i t ’ c e ’ b d l  a m h d e ’  I i ! i , — i ’ l i ’ . i I  I c c ’ ’  f t  - II I I hue ’ it m i a c e ’ —

cepta ble ’ Is c- i ls i tl\ ’ c’ I c cnil d i ti cdlm— . f i c i ’ ~~i h’g lil c i’ i - -— I i ’ :m it u i’eh IIi’ldh , ll ’ i- c ’— - tra rin t i s dhc-l ’ r c ’ m - - , - d i c \  t he ’ c i s i ’o f

i nser t l i c r g i m i g s . t ine ’ ec’ c’ l (l s iu iav th i e ’ nm Ic e -  cce - c ’ l i i a n h i l e ’  ~i t  t h e  ‘— c d — l I  i V c ’ , h t i t  m c c i i  i i i p h n l ’ , ’ —.i-tIsII ic - i ’ ,

de’gn-e’e’ of n ’e ’ l a t ive’  si l l — i t  i \  i t v  I n s t i l  f c ’ i ’ ~~i m i gs arc’ cc l ’ h , c’ m i e ’li t cimil ’ ,’ I n ’  S ,\ l , \  v ,e ’ld s of m t i i m u m n c i , c - i l
h iy dn ’og c ’mu c- c c t i t e ’ m n t .  ‘l”h uc ’ use’ of ’ l m i s i ’ i ’ t  l c c i ’ g i i i p —  ‘ a c — c ’ —- t h u e ’  l i n i i t  c m ’  t h i t ’  i t s - i ’  n c f ’~ -’~d .\ II i - I d -- f r o m u i  t l i i’

locvest te d th ic ’ in t c ’ i ’ n i e ’ d ia n t c -  s i ne ’n lg t i u c i p t l c d m i

‘futi l e’ 4 indicat e ’s t h a i t  t i c  c I t ’ c c g c ’ t i - ~ i — — i s t e ’ d  c-r’a e’ khmi p pn-ci h i l e ’m m is ai’e’ c c l e ’ccn c ’e i ’mi c c m i l c ’ i f

cc’ e ’lci s an - c ’ t i se ’d, h ’li c ev e’c ’ c ’m , i t  ( I d l e ’ s rue d imp l y t hi~nt ( ~~l A cc e ’ld s m i c S  cc s e’1 i n u n  h a i t i ’  t h c ’ ~ c-

‘l’h ’ne ’ I ~slA we’lds m m u u s t  hue d e ’pccs i te ’d  u m u de ’ n -  a n p p n c n p n ’ i a n l c ’  c ’ c i n u t h t  i d o l s . a n s  c i t e d  mu the  f b l l i i w i m u g
se c t  ions , Inn ( 1 t h i s  m e q c n i r e ’ s pn’ e’cise’ q ual t v  c ccmi t ro l ,

Ceinsider’e’d togc’t Iue n. Table’s :3 anu cl ~ n much icate ’ ( ha l t hue ’ h ig h c - ’ -I sI m c  i l  51 l i i  p 1 ion is e’l mm ii i  ruat e ’ d
because of ’ inadeq uat€ ’ t ract  cmne ’ pi-ope ’rt nc ’ s - of both h , atse ’ ruue ’ t a n l  a tm ud we ’ Ids . I In  fact . the’ F c a n s c - tube-tail

at na ly se ’s by itself ’ is decisive, i

A f ina l  decisi e n on using the ’ in termedia te ’  op t ion  is - f u l l y  decided by f e a t  b i l e ’ s  of the  weld.
not the b a ns - c’  n u e ’ t a n l ,  I ‘ai ’efu l dc-sign ibm’ cv el ding is n-e’qunn’ed in us ing t h ue in ter r i ie ’dia te  stn’ength
opt ion. Relaxat ion of t ’an c t ec rs -  re’lated to welding is allocved only by the’ I I I cV e- st stre’ngth ept ion.

This  exan cp le c)f sy stems a r c a l v s i s  in d i c a t e - s  the import  an m uce ’  ccl considering weld f a c t c c r s
early in the  design process.

ADDENDUM

I,\ TRODL ‘(‘TIO.V TO WELDING METALLIIRG V
,1 A’D WELL) I. \ ’G PROCESSES

WELDING METALLURGY FOR STEELS

The micro st r ’uc tura l  state euf ’ an stc’ e’ ( d e t e r m i n e s  i ts  strength level , hardness , and other’
nue ’chanica l  proper t ies .  The alloy e lements  control the type of micm ’ostructure that  Is developed
for any g ive n cool ing  rate.  Cooling ra te , in t u r n , is determined by section size and heat-
t r e a t  ni t -ni t  pt’oc’e’d ure .

l f th t ’  metal  is air cooled from high  te ’mpen’atur es i norn cal ized l . the cooling n’ate i s - r e l a t i v e l y
s locv : the ’ specific mat te ’  rs s t r i c t l y  r e l a t e d  to section size. The cooling rate ’s due to quenc h ing bi t ’

mcic - h t ’anst e ’ r  an d a m i ~e I ik c .’cv ise ’ r ’c’late ’d to -., ‘ct ion si/ c ’ and gc ’cc m c’ tn’v . F la t  p lates quench—cool slowen-
t h a n  i c l c  rs . for e ’x a i mp lc’ . T lue que ruch in g  nu c ’di m m ii mil\’ he var’ied . cvmt hu i mi l im i t s , to inf luence
coo l ing  manic ’ s .

R e l a n t  ic  c ’ly sma l l  d i t ’fh ’re ’n c e - s  in c~u emu c ’h -coo l ing rate ’s a te  impo m ’tant  because they influence ’
t he nu t  cire of’ t r amu s - Ve c r mat  ions (to a degn’ee depending on the al Ic cy 1. Scc me st e’c’ Is t ransform to
t li’ R ira i( c l c ’ r t u icr o s t r u c ture  at an fair’ly cvide ’ r ang e  of quench—cooling matte ’ s - :  fon’ other’s an c’e ’rv nar’ m’ocv
r i nmuge ’  of cooling rate is c r i t i ca l . H igh—al lo y  stc ’e ’l s are tolerant  c f  var ia t ions  in cooling rate ,  a mud
l c cw- i l l e ~y sI e e l s  are midre ’  se m i s - i l  i c e ’ ,
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l ) m hl ’ei’c’ncc’s in the ’ cco l  i ng i’ate t h a t  dc ’ve lop in weld ing  have  s - nm i lar  c ’( i~’ct s , I f  i gh—al  los’
steels ain ’ t ’ to lerant  e n f  an wider ’ i’aiige’ c f  we ld—cool ing  manic ’ s  t h a n  low—al lc c v st e e l s , Tb us . t he I n r’ st
stc’p i n we ’ldnng nieta l lui’gv is unders tand ing  the ’ a l lo y  b t n l a i mi ce ’  of ’ l i i i ’  i i i i ’ i ’  s t c ’e ’ ls ,

C ont inuous—cool ing  tr’a ns - f ’o rnuat ion  diagrams I Fi gs-. 125 ari d 1341 a r e ’  the basic m- c ’t ’e ’m ’e’ n i cc-
far the ’ cot ) ling t r a n s - f o r m a t i o n s  of’ the base steel . The tr ’ansforn iat ions in the  heat-affected zone
ncav be deduced I’romui these diagi ’ams. F’on welds , a diagram specifi c to the ’ weld a l l ec y  composition
is- a ne ’ces-sarv reference .

The first step in heat treatment for normal iz ing  or quenching is austeni t izat ion , i.e .,

hea t ing  fcc high temperatures , on the order of 1650 F 1900 Ci . This pc m ts the metal  in an s ta te ’  of
complete solid se clut ion of the can’bon and al l  alloy elements . This  homogeneous phase is termed
a usten i te -

When cooled below 1330°F 1720 (‘ I , the austenite becomes unstable and tr’ansf orn cs to a
mixtci re  of ferrite and carbides , The ferrite is ii solid solution of carbon and some of the al loy
elements in an iron matrix , The carbides are intermetalh ic compounds of iron with carbon and
al loy  e lements , such as- F e- C and nuor’e complex carhides of M n , (I’ m , Mc , , and \ ‘ .

Strength is determined by the amount  and dis t r ibut ion of the carbides . Coarse carbide
sti ’uctures result in low strength , and very fine dispersions of carbides result  in high strength
and han’dness .

Normal iz ing leads to relat ively coarse aggregates of ferri te and ferrite-plus-carbide I pearl-
itic i microstructures. The pear lite part consists of closely spaced platelets of iron carbide and
ferrite . The microstructure is fully developed on cooling, and subsequent heating, as for slre ’ss
relief , has no effect on microstructure.

Quenching ordinarily results in relatively hard microstructures called martensite and
bainites, Martensite is a supersaturated phase of iron , containing much of the alloy elements
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pr’ese’rut in the aus te n u i te ,  On re ’lueat t r i g  I t e m p e r i n g  I t c  tenipen ’atures beleiw 1~t3t ) j ’ I 9 ( ( ( i  ( ‘ ( , t ime-
ci must  able ’ phas-e r ’e’jc’cts an l l e~ - c ’an’ l)ide ’ s in ve ry Ii ne d ispems i i c i u .  13a i l l  d I e s  a n n - c’ ac ic’u lar prod ut-is t b a i t

a n n e’ f i n e l y  d ispersed omu cool ing.  w ith i some de’gn’e’e cif m ’ e ’m r i a i n i m c g  s u p e r s a t u r a t i o n .  Subsequent
tempering nitty cause addi t ional  rejection e) f f i n e l y  dispersed ca i r h ide  I se ’c ’ e c mi d a i ry  h a rden ing  I .

However , the other’ efkct of ’ tenuper ’ing em n iartensite and ba m ni te ’ s  is agg l omora tnon  of f i n e
carbides to lar ’gei’ particles. This sof tens  the e’ x c’e ’s s- nv e-l y hard p has e-s to the desired le ve l of
hardmiess and strength.  The as-quenched bi ’ittleness of ’ the hard martensite and ha in i t e  struc-
tures is replaced by the as-tenipered s - t n c ’n g t h  and d u c t i l i t y  of the agglomorated fine carbide
s-ti’uctc nre s,

The implicat ion to welding me ta l lu rg y  is that  heat-treatment effects of weld ing  a l loy
ste’c ’ls- t ake  place in ‘wo stanges . The n - c - sui t ing nu icro st ructure  is the product ofthe quenching rate
and t u e  temper ing effect c)f subsequent weld pansses . For pearli t ic steels , t h i s  tempering occurs
only i f t h e  quenching mattes  have been fast enough to preclude pear lite formation and thus  foster
a martens - i te  tr’ansf b r m uu an t  non .

The van’ ious types of t ransforn u ations can be discussed in terms of the welding condit ions
that  determine cooling rates and tempering effects in pear h it ic  and alloy s-tee-Is ,

PEARLITIC STEELS

The transformation features of C-Mn (pearli t ic ) steels are illustrated in Fig. 128. The
cooling rates after normalizing result in transformation of some of the austenite to ferrite in the
temperature range from about 1300° to 1200’ F 1700 to 650°C) . The remainder of the  austenite
then transforms to pear lite in the range from 1200’ to 1150°F (650° to 620°C( . The resul t ing
aggregate microstructure is illustrated in Fig. 14.

Increasing or decreasing cooling rates causes smal l  but significant changes in the tempera-
ture range of the transformations. This featun’e may be noted by following the cour ’se of the
ferrite and pearlite transformation zones in Fig. 128. Slower cooling, throug h hi gher tempera-
ture transformation regions , produces coarse pear lites of inferior fracture properties. Fasten’
cooling, through lower temperature t ransformation regions , results in finer , more desirable
pearh ites and thus moderately increases strength and improves fracture pr’operties.

Quenching small pieces of such steels in cvater m’esults in cooling rates that  cross the ferrite
zone and then cut through line M ,, which represents t ransformat ion  to mar tens i te .  This trains-
formation takes place very rap idly at a critical temperature .  Because there is rio temperature
range of transfo n ’mation . as there is for pear lite . the process is almost ins tantaneous - . If progres-
s ive l y  larger p ieces- are quenched , cooling rates decrease and the t ransformat ions  result in
mixtures  of ferrite ’ . pear lite , and martensite.  Eventua l ly  the nu art e ’n s i te  fraction is e l imina ted .
These t r ans format ions  are called split t ransformat ions :  they produce mixtures  of hard and s - c d t
products .

\ l c c v i n g  s - l o w l y  along t h u e  weld , crs ing large electrodes and high heat inpu t s . r’esu lts in slow
cooling of ,the heat-affected zone , Accord nniglv. cv e ’ank , ccca n rse ’ . ferr’i te and pean’ h ite s - t r t ic l cn m es-
deve lop .  The cooling rate  is ai funct ion  c)f the volume of metal  heated to h igh  t e ’mp era n t nrc ’s
I mo l t en  pool I and the vo lum e ’ c u f t i u c ’  heat sink , i .e.. the thickness of the metal  and the number of
metal  p a r t s - t h a t  comprise t he  weld j o i n t .  Fast progression . smal l  e lectrode ’s, a nd low heat m np uls -
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r e - s t i l t  i n  fas t  c c c l  t I p  r a n t , ’ ~ l i c r  m n i , - l  m l —  l i i i ( l I c k  — c c i  i i c n . ’I ’hi i n i  .- , ‘ c t i m , m cs p c - t n e ’ r i n l l \  cc ic ml  s ( c c c %  ly i n ’ c a m I , - c ’

oI ’ t I d e- l n n u i t c ’ d  he -an t  s n m i k .

‘l ’Iue ’ n u a d i m i  pr’ e~b l e ’nu  m c I hue’ h i e nt  a m i l i - e ’ I c - c i  i ’ c i i i ’  ‘cr  I ( d c -c’  s t c ’ e ’ l s -  is e ’ x c ’ c ’~ s n v e ’ l y  fa st t o o l  m u g  t h i a n t

r e s u l t s  iii t c cl i ( icr sp l i t  t r a n m n s h c r m m t a n t i i m m t  t b n ’ c c c i g lu t h e ’  .~1 m - e-pl ci r u. ‘1 111—make’s the hl c ’ac l-btlc’ c t c ’ d tone

h i anr ’d ann ul  h , m - i t t l c ’  c c c i i m p a n t e ’ d  to t li e ’ h i — c ’  p l a t t e .

.- \ m n  arc s t r i k e ’  cr a n ~mi n anIl f i l l e t w m ’ l d  prdidlic e- - i  iu a nn’d  Il l - it ’ ll h - e t c - i l  / i , d I l ’  ‘ l ’ I I c ’ n ’ e f c c t ’ c’ . t h c - - , ’

4 

app anm ’c’nt lv m i n i m u o r  f i l l e t  c v c - I c i s  tir e’ c i a n m u g e i ’ I I l i s  l c c - c a n c i s - t ’  thue ’  s-un ’m ’ddu ndi mlp h e i I—i l f c ’ I - I d - I l  ti c lI c - can
i ruitiate ’ c’rancks- if (hit’ ha~ c - m i i e ’ t a l  l i —  p l a n m u e ’ - s - t r a i n i  p r o p e ’ r t d c ’ s l ’ t ’ c - h e a t n n g  i 1 c - l ’ i ’ e’ cc c’ l d inig de-

cd’ e ’ a c s e ’ s c O e i l in g  m a m t c ’ s and thu m i s a i y c o d s  scich t n ’ a l u s f I i ’ d l l i l i d , d l s  i i i  t h e  me a n t - n i  f i -c t c ’ d  tu m I d ’  ,‘\ r d ’  strikc ’-

a t e ’  h iard em’ t l )  c ’ , c nt i ’ol he-c.’ l cnse- c , t  th c ’nr ’  ie - ( - l de - m i t a n l  i d m ’ I g d t d s .

‘l’hc ’ at h u ci v e ’ ch i s - c t i s s - i c c m i  s- iuou lch e m uu p i u a i s l t u ’  ( in t l  ccco l r ng  r a nt c ’  q t i a l l l v  c ’ i c m i t m ’ i l l  ‘ I c  t he ’  5I r e ’f lg th

cc e ’lds - o i l  he’ s t m c n c ’ t c i r e -  i t l cy be’ cnse’le ss I f  n u i m u o i ’  cvelds im ’ e’ i gnuom -e-cI . The m i n o r  wehk  can h u e - t m  II i ca l

in  t ’ m ’ an c’Icn’ e’ a n d  e’t ’ack pt ’cc wliu . l” i ,g ut ’ e- 120 i l l t i s t m ’ ae t c ’ s -  t u e  c c m i g in o f a  s h i p  f rac tu m’ e ’ t ranc ed td , a c l ip

- , - cve’l cl ,
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The’ (‘ r l t i c l n l n t y  c c f n e i m u c c c -  cve ’lds in  F m e a i i ’ l i t i c  s i d ’ l ’ l s  is - an manjccr ta ’c ch lc ’m ii fcr Si c n i I ~ SI ’S ‘l ’il c ’ c c m u l y
rc’ li anh le’ si c luticc n Is- t Ic a d l I d  — t cc’ls - ccf p la nmue ’ - s - t r a n i m u  pn ’ cc pc ’rt II’S If tiu c i- Is- c l i c t i c - . c i c t l t r o l l l n g  thu e ’
prd cp c’m’t i l ’ s i d  the’ hc’,l t — a i f ’e’c’tcd t l c i l ( ’ s ed ’ 

~I c e-opt Ii we - Id s l l c ’c ’c c t n c ’ s  a pr’ amct i t -al  e n g mm i e ’c ’m ’ ing  goal -

(~H “

-‘ — 
‘ ‘ “ . /

- - I 

~
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- 

I 

A

t’~~ i : I I I  Fc’ , u i u m ’ e s uiI ’ s s i ’ l u I ~i l i l ’ i i  ti — I— ,‘cuuuct u €- i~’d iii i h - t , ’ i ’ n i i i i , ’  I L -  i ’ I ’ I i ’ , i — il  I’~u 0 111. 1’
m’a t c ’ i. ccn ihe head ,c1  I i ’~’ i i ’ i I  zictu c’ ,

The in up o n ’t lmm uce of the heat-affected zone in pn ’om uu otin g p late f ’m-acture led to the ’ eamr I~
dec ’elopment iui ’ ” w e l dab i l i t v  n ’s-t s-” for imu dexi n g the degree ofen ib n i t t l e ’muuen t  in the h l - c I - c f ’lc ’ut c’ Il

zone These te ’ 5ts -  are pet ’b ci’rne ’cI ( I ) i n c e st  Igib ic ’ the - f ’i€ ’c i s- (If \c’ - I d depc s - i t  em procedu ‘l’ s and ii
cs-sc ’s-s the d ’ c ’s-pII ns e’ t o speci F ic cveld heat ing and cooling cvcl c- s. The,- Ic ’s - is  ge nc ’r a I I h a l t  u n ’

h e - a d - i d t l - ) I I l i c ’  cc’ e-l d deposi ts-  s - u i t l l c - c v h a l  s i m i l a r  in  appearance ’ l i i  t he  we’ld be’ad of t h e  I PiV’l’.
Fig ure ’ 130 i l l u st r a t e s  the ’ general  i’eat c n t’ e-s - (I f cv c ’l dabi l i i v  I c’ sI ‘- . A notch  Is - c u t  iC ’t’ I I °  t he’ cc i - Id
bead and p late surface at the cc ’nten - o f the ’ s-pe n men . The te ’s-ts - ire ’  conducted  b sInce he m ud i ng
u s ing  a roller anv i l . ‘I’he degree of bend ang le- It fracture is p lectted a s - a  f’umuct ion ofIl-mp eratumt’ .

w h i c h  t I ’ s - h I i s -  in  11 transition eurc’I’ . The r ej atj c- e emb n - i t t le n i em ut  I l l  t h e  heat -au ffecled zoiue is
deiinecl i n t l - r m s  of the  t r ans i t i on  t c ’m p e r a t u r e , i nd ica t ed by a b c e  bend ang le , Is noted in the’
f i g ure. The s-e ric ’- represents-  t~ pica l  fa m i l i e s -  of t r a n s i t i u c n s -  for ‘ ‘ I r v I n g  ue l d - d e po mm i i ion  parame-
ters ,

QUF:N CHE [  AN! ) TEM 1’ERED ALLOY STEELS

The fu l  c t i ons- o f t v 1 u I c I l I  a l l oy  e l e m e n t s-  mire i l l u s - t r a t e ’d in Fig ,  131 . Ncc t e  t h a t  om en s-e d alloy
content is r e q u i t e  II f ’or l Ie n - l iab le ’  I ‘ lu st I r m a t i o n s  cc l b  incre ’ aus -ed section s- ize Tt - am us - i cj r n u a t ion
diag rams -  far -tee ’ l um c f  t h i s -  I~ pe general  I~ feat i i t ’ c - a ha c m i t e  z omue.  as- ndctc ’ d in Fig , 132.

The I I , ’ ~c - metal is ( i c - i t  t r c ’ i i c ~d h~’ hue -ant  ing  tic a c u s - t e ’ m u i t  i z i n g  tenupem ’ln t  ures am id t lie-ti que’nch-
ri g in water .  Q u e n c h i n g  p reven t s -  tn ’ a n n s f i c r m a t  ~d lhi I l the ’  h u i g h . t c ’m u u p e r a i t u t ’ e a u s -t e n i t e  pha ms -e ’ I I

im n d c ’ s - i t ’ a b l l ’  pe’~m r I i I c ’ s and cipper h a i i u l i t c - s - , wh i c h  i re -  t h u e ’  ne t i’ m u ial pn ’odu c-i s- ccl ’ t n a nn s - fo nm uuaut i o n  on
s-lciw coolin g. ‘I ’h c ’s - p o d  d i e t s  h a v e ’  re l~et I ce ’  lv  c ’ c c i m ’ s - e  01 Ie ’d ’osl ructcir’e’s- and s- cc y i e ld inf i ’n ’ idl r
-.1 nc ’ngth an nd fr act emm -e ’ tou g hn e-- .-~, T r a ins - f i c rm u u at  ion I i i  ham in  itt ’s - end ml i c r i t ’ m l s - i l e ’s is - de ’s - iran hl e ’
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Top band i n d i c l m d e s  a l t ecy  r equ i rements  for p l a t e s  2 to 3 in .  50 ii ,
75 mcc, I i - h ick.  l i i i  i ’ i u u i  h~m n d is fmcr pIa t ’s 1 in ,  12 5 m o m  i h i c ’k

Fig. 132 —rr~cns lortutat ion li~ c i i i u c s  of hig h-allo y
.\‘ ~.( ‘ i- . cm - — u i ’ i ’ ! I .

becau se of t h e i r  v e r y  fine micm ’ostm’uctu m ’es , These pn-oduct s , wh i ch  am’e called in general “marten-
s - l i e - s .” are hard and br i t t l e  as- quenched mind require tempering to develop desirable coni bimua-
t c i c n s -  of s t rength and ducti l i ty.  Tempering means reheat ing to temperatures in the range noted
in Fi g. 133 for periods t hat range from a fraction of an hour  to several hours - .  The hi ghest
tempering temperatures produce lowest s-tre ’ngth and m a x i m u m  fracture toug hness: the lowest
t e ’mperatures resul t  in h ig h e s t s t r eng th  w i th  (e lw fracture toug hness.

The carbon content of the as-quenched martens - lie ’s - determines -  the strength level at tained
for a give u c tempering temperature and t ime .  The effects of a l loy  e lements , such as Cr , N i . M cc .
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I - I L’ 1 1:1 - Ft c- l u I I u u i i . I l I p i ~ of y ield strc ’d l g l l l  1,1 e’amrhon cccn te ’n l
and temper i img ted op e ’rature ,

and Mn , c ut tempered s t rength  mere’ seconda arv compared to ti tu s-c ’ of carbon . The nun or f u c t i o n  of
the alloy elements Is- to control the hardenabi lity of the steel . i.e., the se c-I c m  th ickness  t h a t  can
be qci e’nched to mar tens i t e  w i t h o u t  par t i a l  t rans format ion  to pea r l i t e s-  and upper b a i n i t e s ,

In s - t e e - I s -  i n t ended  for weld ing  amid use in the as-welded state , i t  is genen’a l l v  ne’c e ’s-salrv to
m’e s - t r m c t  carbon content  to below 0.20’~~. Hardness and r e l a t i ve  bri t t l e - n e ’s - s  of as-quemuched
nuar ten s -n tes -  mm ucrease i’ap idly wi th  increasing carbon content . The heat- af ibcted zone , which
trans foi -m s to mar tensite  as the result  ei” rap id cooling from hi gh t empera tu re s- , t end s- to crack if
I t s -  luardn es - s -  exceeds specific levels that  depend on the degree of weld restraint .

For’ t h i s -  reason s-t e -els of approximately 90-ksi 1621 MPa 1 strength level , in tended for
we ld ing  of comp lex strcnctures , normal l y have carbon contents in the range of 0.12~ to 0.1ML
For steels of 14 1) - k s - i  965 MPa I s t rength level , it is advisable to lower the carbon content  to about
ii , 1(Y to ( 1 .1-F - The l i m i t a t i o n s  on carbon content  require lower’ tempen -ing temperatures  for adm i y
specified level of strength , The lower temperatures tend to decrease fracture toug hness . This -
effect may be countered by adding a strong carb ide- forming element , such aes - v a n a d i u m , to
promote r e t e n t i o n  (If s-t m e n g t h  for t emper ing  at hi gher t empera tures  t h a n  no rma l  for c’anadium-
free steel of l ace canrbon content.

Developing a custe mized steel to have the op t imum combina t ion  of s t rength  and fracture
propez’tie.s for a s- pc .’c’ i fi c thickness i s - a  fa i rly  direct process based on well -es tabl ish ed m e t a l l u r g i-
cal pr inci p les. Howec’er , de t e rmin ing  o p t i m u m  cve lding conditions is much meure comp licated
and r d ’ d l i i i r l ’ s -  cons idera t ion  of weld cooling rates and degree of s t ruc tura l  restraint  Igeonte t r ic
comp l e x i t v i . A s- t he  al loy  content Ih a r d e n a b i l i ty l  and s - t r c n g t h  levels -  increase . op t imiza t i on  of
we lding conditions becomes more diff i cul t . The use’ c)f such s - Ic-c-Is  then depends on closely
conmtro l l ed  welding procedure ’s- .

We’ may now discuss welding control  in t e rms  of cooling rates in the weld and the
heat-affected zone, The c’s-setuce,’ of the problem is illustrated in Fi g. 134 in re la t ion to the’
t ran s fo rma t ion  d iagram of the base metal . The range of cool ing rates for the normal  c)pera t ing
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Fig.  i:i- ; - — El ’i’& - c c s u u  I we ld  ccc oli ng ‘m I t e s  in pi ’, ’v I ’ c i u i n g  und e- smrab le
h i gh -deddI p e ra tur ~- t r a ns fo r i i i m c t  ion m mr c ra m -k f i c rma t mon .

condi t ions  of s-tick electrodes is correlated wi th  a range of preheats - vary ing from no preheat to
t u e  normal  m a x i m u m  of300 F i150”C , In this  range , t r ans fo rma t i cc rm products of good q u a l i t y
can be at ta ined.  Slower cve lding progression and hi gher heat input  result in t ransformation to
baini te  structci res - of lower ducti l i ty.  Faster pn ’ogression and lower heat input  result  in the
deve ’lopnu ent of mar tens -i te , wi th  consequent cracking of the heat-affected zone.

The normal trends in the development of hi gher s t rength steels shift the t rans - format ion
diamgram to the ri ght , so tha t  the knee l ike reg ion moves into the cooling-rate  band for cvelds ,
This -  shi f t  makes- tuece ’s-sary more exact cont ro l  of cooling rates -  to avoid cn ’acking in the h igher
s t rength steels , tn other words , the controls tend to move to l imi ts  that  are narr ocv for human
control and thus necessitate automatic , machine-controlled welding.  Such welding cannot  be
done out of position (other than downhand i  except by very difficult  s-c ’tup procedures - . The 140-ks -i
965 MPa ( level is at the borderline of the need for automatic cve lding techni ques s imi la r  to those
used for rocket cm nse s- ,

.‘\nother problem is the increased fine-s -se required in tempering hi gh strengt h s t c e ’ b s -  that
are heat treated to low tempering temperature. Fi gure 135 i l lus t ra tes  the effects of subs-eq uent
p ans-se -s in t e mp e r i n g  the hard martensite reg ion created by the previous pass. Proper p lace m ent
of the ’ t emper ing  pass is required to soften the ba ird zone , which wo uld o therwise  crack in service
or on cooling.  For steels tempered at hi gh temperatures this is eno ug h ofa t r ick to call for expert
w e l d i n g  and specified welding practices , For steels of hi gher s trength , it is cc-en nuon’e d i f f icu l t

m d  r e q u i t e ’ s -  au toma t i c  welding. For stc-eIs - above the 150-ksi (1034 MPa I level , ma nual weld ing
is eliminated from consideration .

WELDING PROCESSES

The de ve l opmen t  of welding prccce ’ssc ’s huas  been s t inuul a t ed  by the technolog ical adc’ances-
d e a l i n g  w i t h  temperature  an d s t rength t rans i t ions .  Inve st igations o f s t r c n c t u ra l  fai lures of I c - c e
strength pear li t ic steels disclosed that  the has -ic eng ineering problem was not pm’ef’en’ential

174

.. t~~~~~~~



_ _ _ _  

_ _ _____________
_ 

I -

\~ t : I . I i i N i  i ’ I I I ) e ’I - ’ SS t - , ’—

1 1 ’ ,’. -  II NI,

C - i l  1’ ’- — ~~~~ I I . “ ( S LY

‘~‘ i i Jj I1 Il ~~ ~~~ i,j t ’
- . 

. 4

~ 
)

-
~ H A L

3 0  ‘

~ ~~~~

Fig. i : b . ’i ‘Ii ’ hcu mcl tec dlper in g pa~~s must he prccperly p lace d
mu t he  crc cw iu of the ’ weld , to temper t (ic  heat-  IIIc ’m ’ i , ’ml  ,‘.c u r me ’ of
ihe tic s pr ior  b mmI ’~ c’s at the edge of the weld.

f racture of weld zones but cvans in herent to the p lane-strain properties -of the ’ baise metal ,  The wc’ld
m ’ egi~cn s provided a tri gger for i n i t i a t i n g  fractures , which could then extend through the ha s-c ’
metal. When this  was understood 119501 , research was redirected to economic questions . Au-
tomatic  welding was developed to minimize cost ,

The hi gh strength metals featured prob lems of fracture and crack growth in the weld and
heat-affected zone. Accordingly, welding processes that  emphasized qual i ty  were needed. A gain ,
automatic  welding was required , but it had to be different from the processes used for low
strength steels. For high strength steels, a relatively large number of small beads are deposited ,
cooling rates are exactly controlled , and weld shrinkage stresses are minimized.  Deposition
rates are secondary to the quality control .

The various welding processes were developed to meet specific requirements. According l y.
selection of welding processes is intr insic to structural desi gn. Different welding processes must
be used for specifi c locations i n complex structures , depending on accessibilit y of the joint .
posi t ioning of the work , local geometry of the weld-joint area , confi guration of the joint . and
other consideratio ns determining whether specific types of automatic welding equi pment can be
used.

The fraction of the welding that is done by hand on a given structure is an index of the
attention that  has been given to design for welding. Manual  welding is used onl y for welds not
ame nable to ac itomatic welding. As the least controllable type of cvelding. it may be used when
t here is- metal lurgical  tolerance for deviations from optimum macn ’ostructura l and microstruc -
tu ra l  conditions in  the weld and heat-affected zone. To varying degrees , t he manual  weld joint  is-

“desi gned” by the dexteri ty of the welder. If the plan ca lls for a difficult weld , t he operator mu i av be
forced to an ad hoc solution of undesirable features .

The choice ’ of weld ing  proce sses is central Il l  q u a l i t y  control.  A vcsuan l  e s t ima te  of re la t ive
qua l t  lv many he made by referr ing to cross sections of m’ epr esent ant  ivc ’ ~ve1ds-, Tue poom’ quality that
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m a n y  m i - s u I t  l i m it n i i a m n ì i i a i l  w e ’ l t h i m c g  w n t l u  s l i c k  i - l i d ‘d d e’s is e’vnd c’nu t  i i i  Fig. l : i ) i  At  the ot lue ’r
extreme ’ , I - ’ ig  1:17 m l l u s t r a l c ’ s m c i i  a n l nu i ( d s t  i ruvis i b l e ’  weld pc ’i ’iu n’muue ’d b c ’ l e ’ e ’ l t ’ c c m l - i l c - a n r n  I L B I  cvc ’ldnn g .
From a mu ie ’e ’ ha nmu m e a n  I pun nit  c c l ’ c dc cc - t hi ’  l’ H wc’ld is ne an i’ l v  i rid i s - t n  n g u m sh a b l e  fro m the base’ mi ieta m I .  It
is in t hins  cc- am y son ue wha t  s i n i i l a n r  I c c  an c r a m / c ’  J o i n t  far an i u i g hu s t rength s t e - c - I .  Tiue- m e ’ e ’ b ua n mu i c’ au l
pr ope r ’ti e ’s cdl  a n bi’an z e j o i n i t  an i ’ e’ not m ( i c e - i ’  cc l  t huc ’  how s t reng th  bond matei’ n a l  I ( ‘ u a l l oy I , bu t  n’ athe , ’m ’
ai n’ t’ equal  l I d  thiecsc’ nc l ’ th &- s-t e-c ’h I f l c r  t’ t ’ a n s m i m n s  I I I  n i i c ’ c }n a i n n c m n l  e c c i u s t n ’ a i n m l l  i . For ’ the s a n m i l i ’  m ’ e ’ a n s c c n s , i f  a
c vt ’ l c l  is m i ann ’I’ mm cv emuo u gh , t hen  f ’n ’em nu am e ’nu gnnuee ’r ’ i ng poin t  l i t  v ic-cc - the-re- is rio weld.

l t i t e - rmuue ’d i a i t e  to I l d ( ’s - i ’  cans - c ’ s  Is the  mu c - an n’ lv perfect automat ic  weld of F’ig . I :t ~ . Me-  l a i l l  tu g-
e’ a i l l v  amid  in r ’egard ted  d ie ’fe ’ c ’ I s  scnc h i  ~ve ’l t i s  ca i r n  be’ a n l m n o s t  e ’Xac c’I  Ic ’ l ike ’ the i c a i s n ’  t i d e _ t i l l

Thie’ exa niu pl e  of Fi g. 135 is- t y p i c a l  of ’ re ’qunr ’e’ments f’or we- I ding h i g h  sI r e ’ m n g l  II t i l e - I  i i  —

Ac’cti r a t l e ’  f i t — c i p  annd nua e’ h n nnng of ’ t hie’ jo in t  are i ’ s - se-m i t  i a i l .  A u e ’x a i c t  n’ c’ l ’ n l  d l d t l s i l i p  ccl  t i ~ w e l d i n g
bead Id the ’ \c’Ork is - ma in ta n inued  by accurate contn’ ol of the ’ re la t ive  motion ecf c v cc r k  and I c m l d l s ,

\Vc ’Ie h l l dg  shops- q u a l i f i e d  for such cvc rk ha r ve the- general appear mince of l t l a n c ’ I l  I i i ’ ’  - h c c p s .

The conven’s ion i c)f convent iona l  manua l  welding to mechanized welding ‘h ” ~g 139 ) 5

on ’dinari lv not conip lete. Locations amenable tc l  au tomat ic  we ld ing  m ire ’ s c h e m e d , a nd J o i n t s  there , ’
are n mproc -e ’d. The nest  of the stn’ucture is welded m a n u a n l l y. The desire to m i n i m i z e  weld J o n n t
pn ’eparatiomi and f i t - u p  can lead to pr ’ob leims- such as th ose i l lus t ra ted  in Fi g. 140. The aut o ru ia t ic ’
submerged-arc cveld wads  s-cnbject to c ’x cessive ’ shn ’inkage stre-s-se ’s and cracked as a result .
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[“ ig. t : 17— ~~le’e’td’ d u ! u — t s - . m i I l  i F : B i  cc’ c - I u ) —  c’ e ’qmid c’e ’ i’\. c, ’l ( i i ~~cdp  and r n a c c h c u i i ’  I i F i ’ l i , l i ’ i l t i d tt ci  t l t c ’  wi ld l I j i n t . plia ~ ~dr , ’’ ,
i i i  — i i  id cnl  i l L ’  ccl ’  I I i i ’  i ’tc ’c ’t i ’c it u b e ’TI d ti .

‘l ’l i c- se -  d i s c u s s i l dn s  indicate  t h a t  mn t e l l ig e ’n t  se lect non m c i ’ w e l d  i i g pt ’ I c d I ’ ss -c ’s . i n v e - 51 n t e ’mu t  in
p c c s l t l d d n i n g  c - cj u i p m e c u t .  and pr’ope’r design fb r  welding an’e’ inseparable ’ . ‘flue T i t a u t u  c ve ’ I dinug
processe s an re mIce des-cm’n )e’cI -

Shie lded-Meta l -Are  Welding

Thins -  is - a n u t a n n u a l  s t i c k  cve ’l dnng pt’ c mce s - s - .  The electr o de- is an f lux -dlc c’ em’ed con’e cvnr e c l i

l ow —c arbccn  iron , ‘I ’I ue ’ ~i I l I e  e- Ie’muu e’nts a ir e- pi’e’se ’nt in the f lux . cc’hich an Iso c -dl n t n ’o l s  mire - a l t  meus l)hc ’r c-
aind pr’d l c ’ l u I I ’ —  f l u x  p m c , t c - e ’ t i o mu  i l l  t lue ’ m u ic i l ten  mc ’ta l . The ~.Id’ d I t c ’ c t i V e  ( ‘ (  ) - at nu imsp he’m’c’ of ’ i i r d n m u a n m ’ v
e lect rcc t h c ’ s  is - front (- I ’ l l  U I c c ~ c ’ in  i b m ’  coa t i n g. ( el I u l l c s e -  a i l s - c c  proc ide’s- cotusmde ’n ’aeble hvdn’ogen: si rice
h vdr i c ge ’n  is ci ndl ’~ d r m i i c l e ’  i c c r  i r i te ’n’r uu e ( l l~i t c ’  —t i ’ eng th  s t e e l s , a I ow—hv dn ’ d m g e - t u  coat I t i~~ is avainlable’ .
I . d l w — h v d r ’ d cge ’n c l l e ’c t m ’ l d c h e ’ s - h a n v e  an cc’aie n’ c o n I c - n u t  ( d i  0 , ( ( 2 i  i em ’ lc ’ ss . ccc i n p ~nn’ e’d I I I  as- much Ins 7’~ i u c m ’
ce-I lu l ics - Ic t \  ) I d ’ s . Spc ’c m u I prc’ c an lit iOn s , including baik ing amud stod ’ a dgc’ itt t i m e ’  us -  be’l ’cc t ’ e’ else- , are unsed
t I l  l i m i t  t I l i c I s I  tire ’ c c i n t e m i l  l l c c w i ’ c ’ e’i’. t l l c ’ sd-  pm -e-caut t c c n s  a n t - i’ rOl l s - c i f f i c i e ’mut  l c d  p r e v e n t  hvdr’ cngen
cr’anc ’kin ug of ’ h n g i u l v  m I s t  - . n t m i c ’ d  weld s-  wher e ’ y i e l d  s t rengt h & ‘xcc ’e ’ds 12( 1 ks-i 527 :~i Pa n I H i g h
pvc- heat in k  t e ’ni pe ’ri i t t i i’ c’s m c t lm i c ’x t c ’ rude ’d  1)1 st we- Id s - c l Ink ing  ena m y t hc iu  he’ mi c ’e - - ss,ir \  t d l  e l i n u n n a n t e ’
h v d t - c l ge’ n  h d n f f ’t is - ion . Q u a l i t y  e’d )ntn ’o l  be-c ’ccn’nes dn f f i c c i l t  ; n h c c c v c ’  th~’ c i t e d  st i ’en igth l ange ’  if thue ’
s l i ’ l l ( ’ t l I t’ c’  has r ’ e g d l c m u s  of ’ h i g h  t ’ I ’ — I d ’ m n d m l t ,
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- Submerged-Arc \%‘e ’ldirn g

- This  process uses g r a n u l a r  flux that f’om’nu s- ad p ro tec t ive  cedver ing  for the arc p11111 . Rela t ive l y
l m n r g l ’  w i re ’  i ’t’ m m m u u  a spool is f’ed to the am’c he-tcc ’een the electrode and the work pie-ce.  A I I I I v  e ’ l c ’m u u e n l  s-

I 

are nt  n ’cj duced he t lue  cvin’e mind t lu e f lux . The’ process m el lows  n ’ c’ l atmc ’c ’ l y f a t s - I  weld i rig m d n d  i l e ’ c ’ I I
- pen c ’t  r a i t  n on . Qci anl  i v  us ge ne ra l ly  inte -n’ntediate he’twec’tu t ha t  c c f 5 \ l . -\ an m D d GM .\  welds .  ‘fhie m u i a i i m i

a n dva t u t ag e  Is - b u n g h  depos i t io t u  r a t e ’ s ,  H dl cv e c’ e’m’ , em p h a n s m s  on t h i s  may resu l t  in r ’el at iv e ’ l low
- cc i c i l  m g  t’ ai ie s , w h i c h  arc ’ d e ’t r mme nt  ad to h igh  st rength cvelds Machine control fea tures  pro c-ide

I’ , c r  I ce - I  t e - i ’  g e - n e r a n l  e i c i a l n f v  t b~it i  in  S \ IA  welds . Low— hvd m’ ogen welds -  o f t h i s  t\’p c ’ nu a v  bet macdc ’ if

t 
the ’ w ln te ’r  con t en t  of the ’ 11 cmx is -  l i n u i l c - d ,

(;tis--m’tal-Art’ Welding

m u  i ; MA cve ’I din g, an r e la i t  m c l v  sru ial l  wire  fi-onu an spool is fed t I c  the ’ cveld pool s i t e ’  ‘I ’ lue ’  acre ’ ant i

- . 
c cm ’ l d  pool :i  i ’ m- shm c ’l ded bs’ iner t  gat s f ’n ’onui a nozzle stnrr’o c mnd i m ug the  cv ire . \‘a n r i o u s -  ic n t I s  c if  arc
i r a n s f c ’ r  -~c r m n y . pu l s e . cc i’ s1m c > r t - c i r c u i t — - - -~ a mn be used , c in c h of w h i c h  nn u p l i c ’s- a d m f l c ’ r I - u l i  n u mc c l c ’  i l l

l i e ’ 1 i v e r i  ng ifn m .- nra ‘ t a l l  f rom the W i  r i ’  t c  I the ’ cvcurk . A  utomu ua t  ic equi pn u e - mu t  annd c’lec’ I r i i mu  ic con u ml
a n l l o w wide ’ l a n t i t c n d e  in contr’o ll  imig we lch qu a l  I v  a nn d in pos i t i on ing  work. The a l loy s  nrc ’  pcI - se - l i t  in
t h e  cv t I c ’  me n d t l u et’ m ’ forc ’ pt - I l v ide- I ~m cc ’t co nt ro l  cil ’ con’iposition . l i the  \vInI ’ k and wit’ e ’ are ’ v e-r ~ clm ’a n .

I 
t hi ’  bu~ ’dm’dd ge’n i  c- c nn i c - n t  i f ’  the we ld is - c e - t v  low I anppr ’oa i chin g t h a t  of (uvdrog en— d c - g , issc-c i  h u m i  sc

175



~~~P~~~T 
- - 

~
“ ‘

~~
‘ 

~~~~~~~~ 
-‘--- ‘_ -,---------- - - — .—‘ - 

~~~~~
--- ‘

~ 
-, ,—---- - .  - ,——--

\\ I : I . l ) I N c  ‘ I l l  II I- 551’ S

- 
mu , ai 

_______

: ~ii~ ~
. ...: . .;~~~~~

‘
~~~

: ‘

MANUAL - MULT IPASS

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~

SUBMERGED ARC — SINGLE PASS
Fig  I - m l  I ’ m 1 1 1 1 . 1 1  ic c- l i l t .  ( I m c  m ’ i ’ u i \ , ’ n t  idc t um d l 11W i t ie l  l d l t d d ’ t l i d l t I i I t  I’ t u d ’ I ’ L ’ I  1 —Ti ’i’ It— -in,

- 
~i .’I rnnu I p lmi t t ’ ,

muie ’ta l s - I  . ,- \ l ’ m i m r m l I n g I \ , l lv d i ’ i ) g l ’ d u - a t s s t ’ m I c - I l  cn ’ackn nu g  is n u i n n m u u i z e ’ d f o r  i u i g h u  s t r e ’ u l g l h  s - t c ’ c ’ I s , In
g e - nue r ’ an l .  t h i s  ~ i’ i ce - ’ss is re ’ejci i rc ’d f o r  s l c - c ’ I s -  w i t h  y i e l d  s t n e ’n g t h i  in c-xe - c-s - s ci 1, 5 1) ks - i  h I d -i MP a n

(;a~ -’r tin gste ’n -A i ’e’ Welding

In GTI\ w e ’ l d i m i g ,  a n t h i n  cc’~n - e ’ is It ’d to the ’ atr c be’t cc’ eemu the ’ .h mc n m u t  am id ml n u c d l u e ’ d d t i s c m n u l a n b l c ’

u tug ~t t I  I ’ Iee ’t d l  ( he - :  i n e r t  gase’s- p rov ide  sh ie ld i 11g . The proce’ss rm ua bc miiam u u ai I or a tt . l t c d m u i a i l  I d .

V i n y  h igh  d i l i l i l i t Y  c v c ’ Iub-  o f c c ’ i ’ ~ 111w hi~ d r cd g i ’n i  (‘ m i d l l c ’ i l t  t t u a i v  hue’ prudence- cl . Many v a n r l m l t  l i l t l -  c i i  cvmre ’
i c - c - i l  a inci  I - l I l t  r o n i l c  m c d i i  m I m I — . pn’ ci c’ m d e ’ h im’ c ’xat c ’ t ad,l I i s - I  t u i c ’ n a  ml c o m u up c d s i t i o n . c’ m l c l l n m u g  m a r I e ’ . e ’tc ’

T u e  l ii t ’ c’gici ni g pn - I d c - m ’ s sc’s a m r’c ’ c d m u l v  l i i i,’ p t ’umi i a c n’ y  cc- I - l u ng pn’ Ice ’ e ’s-sc ’s ci n m u t e ’ r ’ e s - I  f i c n - w e l d i n g
t hrocig hc m ci t  the ’ r a c n u g c ’  c i  t i n e ’  sl r’c ’n g tb u t r ’ a i n s - i t i o m i .  ‘l ’)ie ’ e ’muup hi a n s i s  is d I n  c ’ i d n i p a m r d n g  f e - m i t  I i t ’ c ’ — t h a t
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Fi g. 1411 (‘r a nc -kcc ig  of n u u I t i p ~css . su l dr n e’n-gc’ d acre cv e’ld due ’ I i i  h igh  re’s t i - mcln u t  I ~i . i u u  : t 7 tuna I t ,

p r o v i d e  for contn ’ol of ’ ii ue ’ ta ml  lu rg ic a l  q u a l i t” . In  general , s t a v i t i g  in the  in ten ’me ’d i am tc ’  on’ h ig h
corridor’s cc l ’ the ’ hig h s t r e n g t h  range r ’eqc mires ful ly  au tomat ic  w e ld ing .  c~ i th  pm ’ecaut I m c n i - .  t i
e- t i sc im’e c leanl iness  of consumables  mind work .

ELECTRODE SP E CI F I (’AT I ONS AND ALLOY COMPOSIT I ON S

Th e combined A\~’5-A5TM spe ’c i f ica t ion s  fbr  m i l d  s - I c e - I  cc e ’l d i ng  e ’ ( e ’ e’ t t ’ i ld e ’s a n t i ’  h ) ad s e -d  In

mechan ica l  properties . Ch enu ic -aI a e n a 1 ~ st’s acre ’  not s-pe ’cif ’ned ,  except for speciac l high -.1 t ’ e’ t l ~~ I h

e l ectrodes .

Elec’ t n’odes air -c- c ( a i s s i f i c ’ d a n c c ’ c m r d i n g  to the ’ follocv i mi g coding  svste’mui:

E x x x x  E electrodes
E (- P ( xx 61) te n sile str ’emi gth I in ksi I

E x x l x  1 a n I I - p o s m t i o n  electrode
E x x 2 x  2 h o n ’ n z o n t a l —  and Ilait-position e ’le ’ct n -ode’
E x x l O  10 D CRP
E x x l l  11 AC or D CRP
E \ \ 12  12 l) ( ’SP c c i ’
F x x l 3  13 ?3’, DCRP. c)r DCSP

I s - I )
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l ’xx 14  14 i r o n  pcuvde ’m’ d i l a t i n g-
$ 

Ex xl 5  15 b c e  luydro gen — IX ’RP
E xxlG 16 low hydre igen- .‘\( ‘ or 1)(’ RP
h’;xxlS 15 i ron  powder ’ y d m a i t  i ng  Id f  16 type.

The difference’s be icve-e ’n .-\( ‘ and J)( ’ current and rever’se and s t ran igh t  polarit y RP dir SPI
mire-  s i gn i f i can t  in c l i n t r o l l i n g  arc t r a n m u s l è r , penet ra t ion , and contour of the weld passe’s. Coati tug
f o r niu l a t i o n s  anre  adjusted for usabil i ty.

The impor tan t  pe ) int  is t h a t  a rat ional  svs tm ’m exis ts  far selecting mind using electrodes far
part icu lar  k inds  of welds. In addit ion , a n sy stem of ’ standard welding symbols is used t o indicate
the joint ce)nf iguration in design drawings.

Selecting proper proportions in preparing the joint for cee lding is also impor tan t ,  particu-
larl y ins it a ffects ancce ’s s - ib i l i ty  by the electrode, Good accessibility and proper positioning of the ’
work m i n m m n z e  defects- and control distortion and residual stresses , All of these considerations
are standardized for general reference to recommended practices.

Tables - 5 and 6 Inst t yp ical compositions and y ield-strength levels of the electrodes com-
monl y used for pn’imarv s t r u c t u r a l  welds,

The chemical compositions listed disclose that  general requirements  for low carbon con-
- - tent (to preclude weld cracking) result in metallurgical dependence for s t rength on

•Solid-solution effects of manganese , silicon , and nickel

STransformations and secondary hardening e f f e c t s  of chromium , molybdenum, and Va-
nadium.

The compositions of intermediate strength welds -  differ from those of ’ the base steels (see
Appendixes - C and D mainly  in s ignif icant l y lower carbon content , much hi gher silicon content ,
and moderately hi gher manganese content ,

For higher strength levels , the compositions oi ’SMA cvelds are generally s imi lar  to those of
GMA welds . The GM .-\ compositions are the result of conventional a l loy s  plus a l u m i n u m .
t i t an ium , and zirconium additions in the feed wire. In SMA electrodes , alloys are generally
introduced from the coating; thus , greater local differences in alloy content may be c’xpected in
SMA welds ,

Cooling r a l m -  aff’.-ct ’s - the ie ld s t r eng th  of the deposits. For examp le , lan - ge electn’odes-
increase’ depo sition rate ’s h u t  n - c -su i t  in s-lower cooling and decreased strength . The’ weld alloy
sys tc ’ms aire ma in l y b a i n m t i c  or m a r t e m u s i t i c :  tha t  is , they are hardenable steels, Cooling rate - s and
subsequent t e m p e r i n g  p an s se ’~ hanv e ’ an pronounced effect on the fracture properties - of the weld
alloy . Thus -, decreasing y ield  s trength by as l i t t le  as 15 ksi ( 103 MPa )  can produce niajor
stre ngth-transi t ion benefits.

These considerations are important in deciding the specific strength matching of weld and
base ’ metal ,  At higher strength levels , overman l c ’h ing  nuay decread u- ci fracture prope l-tie-s of the

- . weld in comparison to the base ’ metal.
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Table 5—Princi pal electrodes

As-Welded
I M i n i m u m  I mr , ,  (Typical I

‘l’ vpe ’
I ksi I I ‘t,l P an I I k~ i I ll” m.lPa I

E60 10 60 -1 1 -4 17 :12.1
E6012 60 114 47 :124
E6013 ‘

~~O 414 47 324
E7014 70 -452 60 414
E70 15 70 482 60 414
E7016 714 .152 60 414
E70 18 70 452 60 41 4
E80 18 50 551 75 517
E90 18 90 620 5.5 586
El 1018 110 758 95 655
E 12018 120 527 115 793

Table 6—Typ ical electrode compositions P4 1

Ty pe C Mn Si Ni  Cr Mo V

E6 Oxx 0.08 0,40 0.15 — — — —

E70 16 0.08 0.70 0.60 0.20 0.10 0.20 0.02
E70 18 0.09 0.70 0.60 0.20 0.10 0.20 0.02
E8018 0.09 0.80 0.60 0.90 0.10 0.20 0.03
E91 ( 1s-  0,07 1.00 0.60 1.60 0.10 0.20 0.03
E lOOlS  0,07 1.10 0.50 1.80 0.25 0.40 0.04
E l l I l l s  0.07 1.10 0.50 2.00 0.30 0.40 0.04

F ~; I 2 l ( 1 s  0.07 1.90 0,50 2.00 1.10 0.40 0.04
GMA- 100 0.07 1.40 0.40 1.80 0.20 0.40 0.04”
( M . -\-11c 0.07 1.60 0.40 2.10 0.40 0.40 0.03
GMA- 120 0,07 1.60 0.50 2.40 0,50 0.50 0.02

‘Includes  Al . Ti , tnnd Zr at 0.10 I l - v I ’ I s .

The electrode usabi l i ty  def ini t ion sy stems for GMA and GTA welds are different from those
of th~ SMA type ’s. The various specifications cover the imp or tan t  deta ci ls  by appropriate stan-
dards , When a t tent ion l i d  welding is cr i t ical , i t is essential to reference the  appropriate specifica-
I id ln i s in design documents .
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CHAPTER 9

Analytical Criteria for (‘rack
Gro wili t ‘nder Sustained Load

R E F E R E N C E  SYSTEM

M Ids t  e n g i n e e r i n g  problems cd l ii sci s - tanned- load  e-rack nn g SL(’ I mire- traceable- to s t rength-
t r a n i u s i t i o n  efl ’ects , The t r a n n s - i t n o m u s  f ’n’onu r n s e n s m l  i c ’ i t ~ ’ l c d  c r ack ing  tcd high  s c ’ n u s i t c v i t v  occur at
l owe r’ y ie ld  s-I r’e ’ng-ihs than  cho fr ac tc n n’ e Ii ’ adnus i t iomis . \ IdI n ’ e-cI v e ’ r , the s u s t a n i n e d - I c i a n d  e’ ran c knng
t r a n si t n o n  in an g iven cans - c ’  is mu ch  sham .pe t r  t h a n  the  f ra c tu i ’ c’ t r a n s i t i o n ,

The s h n f l  to lower’ s t r c - m u g t h  n’ an t i gc ’ s  means  t h a t  su s ta inned- l oad  cracking problems - gene ra l l y
establish the lower l imi t s  far the pen ’missible y ie ld  strength of’ a metal sy s -t e- m , The exact l imi t s
for specific problems are deten’mined by m-e’ i’e’re-nce to b dl th  f’n ’ an c t ure  and sustained-load cracking
t r a n s i t i o n s , The combined reference is e-sse ’ntia l  for  two reasons:

1. The terminal  condition lot’ crack g r c c w t h  larrest ot’ fast fi’acture l is decided by fr ’actur e
properties. Ten’min al events an ai lv ses  ind ica i t e  whe ther  fast fracture or nuisance  cracks requir-
ing repac i r  may result from sustained-load cn ’acking.

2. The sc is - tan ined- b oad  c racking t r ans i t  ions are specific to metal lurg ical features , which
thus must  be e xan c t l y  defined.

The s i tuat ion is analogous to corridor trend bands for fracture . For examp le , depending on
t he se -v e ’rit y o f a  g ive - n env i ronmen ta l  effect , the slope of the susta i ined - l oad ct’acking ti -end band
may var Y w i t h  respect to the y ie ’ld-strength scale. To v a r y i n g  degrees , the me ta l -qua l i t y  trend
hands in te rac t  cv i lh  scistained-load cn’acking tn’end bands in es-tab lishing specific slclpes.

Engineer ing ana l y s i s -  of tin- se ’ i n t e r a c t i n g  effects presents fom -midable  pn ’oblems of da ta
m a n a g e m e n t  and interp r’e tat i umu . The RAD sy stem , extended to deal cvi th  both fractum ’e and
~- i i s ta m in e d - l oad  cm ’acking t ra n s i t ions , provides the u n I v  genen’a lized method for such  analyse ’s ,
T h e  basic’ RAD method has been proved by engin e ’em’i ng expen ’ience. In genera l , onl y a nuuod esl
extension of it is ne’ e ’c ’ssam -v for da ta  managemc ’nt  and auiail vs -is of cn’ack-growth problems -.

Pr ’ecnse ’ kncic vle-d ge ’  of t he  specific cracking pn ’oc ’c s-se’s is impor tan t  for all eng ineer ing
ana ml v s e ’s ,  The type  ccf ’ sc is ta ined- load cracking mus t  he known if metal pn ’oper ’ties- and s t ruc tu ra l
n ’e l ia hn n t v  aire to he’ ads - se ’s - s - c-c l  accurately. T u e  first seep is to c ’ s - c a h u l n s h  any  en c ’i ronmemi ta l  c’i ’f ’ee’ Is .
If ’ a ny  prevail , the e n v i r o n m e n t  becomes an i m p o r t a n t  reference for c h a r a c t e r n z a t n o m i  am nd
a n a n l y s m s .  Tests nuus -I be performed under  c lo s-c -I v c c l n t t ’ o h l e d  c ’nv i r ’onn ie n t a l  c o n d i t i o n s - , and the
a n n a i l y s n s  m u - I  reflect s- t ruc t u ra i l performance in t h a t  en v mronm rn en t ,

In the ’ c a ns - c ’  cf a li q uid e ’nv i rc ,nme n t , l ike center , t he  en v i r o n m e n t a l  effect is c ’stab l nshed  h~’
comparing Ic ’ s - Is  in  mor w i t h  tes ts -  in  the li quid.  ( c ’ne ’ra i l l y. th c ’  m ’le ’c ’t r dn’ I I d ’p ouc a l  environinient ofthc-
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lnc ~ci mc1 nn ~ i i - t  ~ ., - I  d l  i i l , i t s ’ cl ~ I I ‘ _ l  I d i ~ F or  c ’xiuI ) i l ) ! ’, f c m r I r e - e l y  c ’ I I r n - m n d i n g  ste -c-I . s i - an wa te ’r  repre sc ’iits
a - . 1)m ’e’ d t o  c-I. ’ ‘ ‘‘ I .  t o - . ‘ I  ~~~ iI ’ m m t t n l m ’n It , th it’ ~m m n n i .’ s lc ’e ’ l  coup led t o a z i n n e ’  cath u odnc F d m ’ c c I ’ e ’ t i o n
sc 1t ’ rm i  m m d  I .~ ‘ ‘ 4 ’ : - - ’ , a I m s  , u m c I  i n n  ‘ n i c  I r d d m u m n m - t d n  R u t h  aire ’ m ’ m d s c ’ s  l I t  st r e s s -co r r os i o n  cracking
- S 1’ - I I ‘ - ‘ ‘ - ‘ - ‘ . n t ’ r m m n i n i m m l i g c  i h n l ’f t ’rc ’ ni  m ill ’ s t l i emu i  ( I v  ca l l ing the  fir’st ‘‘str ’ess—e ’cmr l’ clsdlclu

cr’ a i c k n , n c - ’ ’ : , c - .  m - ‘ ‘ - ‘ 1 1 1 m g - l i i  I a I n c n s ’ and the ’ .-.n ’ i - I c r t d  s lm ’ c ’ s s—d’ Idn ’n ’ m I - — I c m n u  er - ack n ng he n’  z inc
c em up l i m ’ ~_ I ‘ cc - 111C C— - , . -I  A c m i l t i i - — mi re ’  g i ’n a ’m ’ a n l l c  c l i l ’f ’e’i’e-nt ai nd t l i e ’ t ’ e - f c m n ’e- s p e c i f i c  to the
c -l en , m l i i  f a m i l i a l  en i n - - i a  l n m c ’ n i t

I” . I .1 ir C u  I i  i n n  m n i e ’ m i t  s, h vdrcnge ’n p i ’ c’ sm ’iii nru am ste-c-I due to melting practices many hace’
iruup cirtant e ’ r n v n r c c n n i m m - n i m a n l  e’I ’le’ct s It n i i a i v .  fo r  e - x a m m m i p le , mask the ef i c ’ct s of m i m i s t i a r e  in the a i r ,
whi t - h c m m u s - s c - r are k - t i p  c d m r r d l s n c ) n  and introduces add t t  i c c t m a n l  h ivdrogen.  Ul t rah igh  s t rength s,tc- els
anre ’ h i g h ly  s u — c t - p t i h l e ’  t m m  s t n ’ c’’.s-e - c m r r o s n o n  c r a c k i n g  in air  due to wai te r  vapo r. ( ‘ ha c rac te - r iza t i mi iu  of
t h u i s  envnn’ c c m i n i en t a l  c ’ i ’t e ’c ’I r c’ c( ci t I e s  cotuuparislln cf ’ I t - s - I s  in c-acuum w i t h  Ic-s - Is  in air  of control led
W a i t e ’r - V a p c ) r  con t en t , s - Id t han t  stress-coi ’r ’ed si o n c rack ing  cond i t ions  are character ized for a i r  of
spe-cn f ’ied c v a n l e - r - v a m p l m r  c o n t e n u t .  B a k i n g  te -st samp les tI l  f’u I I v  e l i m i n a t e  hydrogen due to m e l t i n g
provides a poin t  ccf  re’ f ’c-re ’mice in d e t e r -m i n i n g  the ful l  effect of the air  envi rom iment ,

The scis t a n i n e d - l o a d  c racking e-i ’k~cts  ccf  in - s i tc i  h y d rogen are called h~ d ro g en - a d s s i— t c- d
e- r a m e ’ k i n g l l l l C ( . The K 1 crack-growth parameter  fc)r th i s  k ind  ofcn’ a cki ng is K 111 , wh i ch  has the
same mecha mi ica l  meaning as K 5 

In t e rmed ia t e ’  s t r eng th  steels aire not susce p t i b l e  to cvater c-apor in air. Thus , K 11c measure-
ments  compan’ing the i r  baked and ms-produced properties mm mv be made in amir ,  Such tests may be
made to es tablish  the presence of h yd rogen deposited in weld metal by di f ferent  we ld ing
pr d le- e’ss-c-s, The per t inent  sus tanined- load cracking te- st s are of the K 11, type’ , and I c ’s -I values are
specific to the weld metal in the state-  of interest ,

Env i ronnuen ta l  effects other than electrochemical may be involved when n m c c n i e ’ i ’ t ’ i l u s -  alloys
are ex posed t I c  V~ I~~~I d U 5  li quids in such stn’uctures as storage t a i n k s . For exam ple . n i troge n
t e ’t r ( Ix i d e  anti me-thanol  hav estn’e ’ss-corrosioncrackinge ffectson hi gh strength t i t an ium al loys - .

Thìe l ) r e ’ s e ’ t i t m i t i O n s  to fo llo cv do not cover all env i ronmenta l  effects . The object is rather to
present general chaii ’arcte i ’ization and anal ysis methods for the  sustained-load c rack ing  effects of
specific env i ronn i en t s - . St d’c-ss-c l l rr os ion cracking of s-tee-Is in cva i t er  is used to i l lus t ra te  analyt i -
cal cri tem’ia and eng ineen’ing in terpreta t ions .

CHARACTERIZATION CRITERIA

The anal ysis  requires tha t  crack groc vth be characterized cinder - c rack- t i p mechanical
C o n d i t l l d n s c t ’ p lan c ’- s tn ’ a i i n  constm’aint .  The n ’eason is t h a t  a connection must  be c ’ s - t mi ) u l i s - h e d
hdc -tw € ’e’n K 1 c’a lues cf Ic’s -I specimens w i t h  m a x l t u c n m — c o n s - t r a i n t  tb r ’ ough -t h i ickne ’s s-  cn’acks and K -

va i lc nc ’s  for sc i r fa u c - c ’  cracks - d l f  specifi c gethmc ’it ’v . If this  is not es tab l i shed , the measurements -  are of
mio va lue  to eng ineering ana l y s i s ,

To date , t h i s -  eqcm iva lence has been c ’stablished huv l ahora tccr y  Ic ’ s - I s  t ha t  include surface
cr mn e - k s -  (to he ih m ’s - e ’r’ ihe ’d I ann d h y  examina t ion  of’K I cond i t ions  for’ c -n - muc k gn ’ d c w t h  in s- c ’t ’c’te ’c- - f a i lu re
mt n a l v s i s - ( , The evidence is t h a t  the ’ s-a lme principles (if me- c ’ h a n n c a l  c o n u s t n ’ a d i n t  app l y to bot h
sust aimed-load c rack ing  aund f’n’a n cture ’ propc ’rti es-. That  i s , the ’ s - m g n n f i c a i i i c - c -  i)f i ’a t i l i  c’ m d l u e s  i s  t he ’

I n i t ’ , and therefore the an mi a n l v t  ica i I in te r prc ’t  at i d m t u  ann - c’ t lie ’ s - an t t u m -  -
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It is essential to emphasize that relaxation of min imum section-size limits for test speci-
mens does not necessarily indicate that the same relaxation of constraint rules applies to
suthice cracks. If this were the case, critical K~ values would be attained by smaller cracks than
those observed in service.

This emp hasis on plane-strain equivalence is important. There is considerable pressure to
relax section-size requirements for K 1. . , testing, because of the difficulty of obtaining data for
hi gher ratio values. The cost of experiments is increased by requirements for thick-section
specimens. However , the object is analytical validity. Most of the K1..,. , data in the current
literature provide no confiden~~’ f u r  analysis , and the purpose of fracture mechanics characteri-
zation , of course , is analysis.

For these reasons , discussions of characterization will be i-estricted to precracked speci-
mens designed to the same requirements as for K 1, tests. Any RAD extrapolations beyond
plane-strain limits for the section size will be reasonably validated by sharp transition features
of trend bands.

The lowest value of stress intensity K 1 that results in crack growth must be established by a
series of tests. Fi gure 141 illustrates a K 1~,.. determination for a hig h strength steel tested in
synthetic seawater (3~ NaCI) under freely corroding conditions. As noted ,K L,, . , . is an asymptotic
value ofK 1 below which no crack growth takes place. The observation that the specimens did not
break below this value , or that the clip gage did not show movement , is not sufficient for carefu l
work . It is usually necessary to produce a fast fracture by increasing load , and then to visually
examine the surfaces for evidence of crack growth.

The topography ofcrack growth by sustained-load cracking is distinctly different from that
of fast fracture , as illustrated in Fig. 142. The absence of stress-corrosion cracking microfracture
areas is evidence that no stress-corrosion cracking took place. The observation is made at the
center region of the fatigue crack , where stress intensity is highest. 4

The K L., value so established is examined for validity as related to the section size of the
specimen. The minimum section size for valid measurement is calculated by the same formula

r~ 
--. . .- .

lOO t -- 4340 STEEL
Y.S. 215 <SI (ISO KG/MM2)

8O~

60

~~~40~~

20- - - - a Ki5~ 15 RATIO 0.07
--

- NO
BREAK

O~~-. , ~~~~~~ ~~~~~ I ~O 00 200 300 400 500 600 700 800 900 1Q00

T IME TO~FRACT URE (MINUTES)
Fig, 14 1—Test procedure for establishing the lowest leve l of stress intensity that
resu lts in crack growth by stress corrosion cracking, or ~~ The environmental con-
dition is synthetic seawater 3’ NaCI ‘ . freely corroding case.
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Fig. 142—Ty p ical topograp hic feature of stress corrosion crack growth—2.O-in. 511mm
speci men.

as that used for establishing K 1~ validity, as follows:

B � 2.5~ — )  (K j~ validity )

(K1~~ \ 2
B � 2.5 (K i5~ validity).

ays

If the test specimen is of insufficient section size , the inferred K value for crack growth
should be designated as invalid by established plane-strain standards. This signifies that crack
growth took place but constraint was insufficient to provide known plane-strain conditions.

It is worth reemphasizing that the question of validity is crucial to calculations of critical
conditions for growth of surface cracks. The analytical calculations are exactly the same as for
K k test values , and they presuppose that plane-strain conditions apply to both the characteriza-
tion test and the surface crack. If conditions are not equivalent to plane strain , the calculations
are not appropriate.

The requirement for use of appropriate section sizes for the K 1 ,, r~, ratio value poses
practical problems. The usual test machines for deadweight loading are limited to about 1.0-in.
(25 m m )  specimens. This limits valid ~~~ determination to 0.6 ratio. Determination of valid
K., . values in excess of this ratio requires impractical combinations of lever arm and weights.
Use of tensile machine loading is not practical because of the long times involved. Figure 143
illustrates a special hydraulic-ram- loaded lever-arm machine for testing 2.0-in. (50 mm)  speci-
mens. This increases the limit for valid ~~~ determination to 0.9 ratio.

Fi gure 144 summarizes K ,.,, . data for steels; the data are strictly valid to 0.9 ratio. A modest
extrapolation to 1.1 ratio values is indicated by consideration of the trend-band transition effects
to be described) .
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The stress-corrosion cracking data of Fig. 144 are p lotted on the RAD display of lower and
upper hounds for fracture properties. The following observations can be made:

The t rans i t ion o fK ~,, , properties is sharper than that  o fK ~ properties.

The lower and upper bound curves K 1,, , are below those for K g , .

There are no val id K~.,, , , data above 0.9 ratio . Ho wever , stress-corrosion cracking occurs up
to l imi t s  est imated at 1.0 to 1.5 ratio. The estimates are made by trend-hand procedures , as

i l lus t ra ted  in Fi g. 145. The three trend bands of relative stress-corrosion cracking qua lt ty
corridors are evident from the data presented in Fi g. 144 for ratios below 0.9. The hands art
extrapolated to the 1.5 ratio level , based on evidence that stress-corrosion cracking occurs at

h ,.. .

~~~~~ 

.,- - -- ------- -- - --—-———-—----—- - ,. . : ..~ ~~~~~~ 
. .-- .

—~~~~-—~~--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..—~~~~~



CRACK GROWTH UN DER SUSTAINED LOAD

60 80 tOO 120 140 160 180 200 220 240 260 ( K G / M M 2 )
[T I I~~~ ’ —t ‘ T ’ I 1 ’ T ’ T ~~~~~~ I ’ 1

~~ 11~~ 
STEELS

RAD I
0 ‘ “—“

~~ --..ji ~, 
F 

ZONING

~~
. OVERLAY TO FRA CT URF

TR A NSIIIO N
8

RATIO

~ 
TL- SCC II 

~ 
HIGH

09 08 -200
1016

~O6) 
N I  

- 

-160

- :  SN , — 
04) _ ,05) -120 

—
17-4 g ..~ 

—
~~
‘ — -

05 4340 30 - ~— 
— 

.. - l O T L.ow . ~ 
.F.
_,

_— — 9-4 .4~ . - ~ 0 l )  40

i _ r_ i~ .i i i I
80 100 120 140 160 180 200 220 240 260 280 300 320 340 ( K S I )

Y I ELD STRENGTH

Fig. 144—RAD summary of K 1,, . data for steels. K,,,.,. zo nes are plotted over fracture envelope
limit curves. The K 1 scale and ratio li nes serve as common reference for K 1,,. , . and fracture prop-
erties. i Photo courtesy of CT. Fuj ii ) .

o 0
o 0

60 80 100 120 140 160 180 200 220 240 260 (KG/MM 2’

1 4 -
IL-F13 - 

10 - STEELS
12 - 

~~~~~~~ SCC
11 - 9 - QUAL ITY CORRIDORS

1 0-  8 -  _ _ _ _ _ _

9 [ ns ENsi T Iv E I

15

- 

- 
BEST RATIO - 280

5 - 4 - POOR ” 
- - 

~~~~~ _~~~ , &P~) - 240

3 -
~~ -~~

‘ 

- 200

~- 2 ’ - ’ 06~~~ , 16O~~~
2
~~~~

0
~~ 

2 04 
-~p~ - l20~~~I - 

- 02 LOW - 80

‘i ‘ l i i i  
._

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

__

~
_@ - 4 O ~~~

ui 80 100 120 140 160 180 200 220 240 260 280300 320 340 (KSI)
YIELD STRENGTH

n d
—J

Fig. 145—-Metal-quality corridors , as deduced fro m the data of Fig. 144. K ,,.,. tr ansi t ions from in-
sensitivity to high sensitivity (low ratio , to stress corrosion cracking take place over a narrow range
of y ield strengths. Note technological limits , in dicated by TL.-F and TL-SCC (for fracture and stress
corrosion crack ing, respectively) .
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CHARACTERIZATION CRITERIA

strength levels up to those intersected by the 1.5 ratio line. For example , poor-quality steels
exhibit stress-corrosion cracking to a minimum strength level of about 100 ksi (689 MPa). Below
this level , there is no evidence of stress-corrosion cracking, as illustrated in Fig. 146. Long-time
tests result eventually in corrosion-blunting of the crack tip. This effect has been noted in steels
after 1000 to 10 000 hours.

The strength transition of stress-corrosion cracking properties for poor quality steels is
indicated by Fig. 145 (center of band) to have the following order:

Insensitive—below 100 ksi (689 MPa)
Ratio 1.5 (estimated)—at 110 ksi (758 MPa)
Ratio 0.6 (valid)—at 140 ksi (965 MPa)
Ratio 0.3 (valid)—at 170 ksi (1172 MPa) .

Similar sharp transitions from insensitivity to stress-corrosion cracking to estimated and
then to valid ratios may be deduced from the figure for intermediate- and high-quality steels.
The transitions are displaced to higher strength levels by the effects of metallurgical quality.
Above 220-ksi (1517 MPa) yield strength, all steels have the same very high sensitivity to
stress-corrosion cracking, as indicated by ratios on the order of 0.2 to 0.1 or less.

The basis for development of the trend bands in Fig. 145 confirms the data ’s usefulness for
generalized analysis. The trend bands may be used also for reference to specific effects of
variations in the electrochemical environment, such as cathodic coupling as compared to freely

SF

+ INSENS I TIVE

=~— -~~~ 
-

~~~ 
-

~~~

+ 
SCC SENSITIVE

P

Fig. 146—Definition of insensitivity to stress corrosion cracking.
The K , test speci men is held , at the highest K stress inten-
sity that does not result in crack-tip yielding, for more than 1000
ho urs. The specimen is then broken to verify that no crack
growth has taken place by stress-corrosion cracking. Crack-tip
blunti n g by corrosion is usu ally noted when there is no crack
growth.
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corrodin g conditions, The plot of Fi g. 145 represents freely corroding conditions for baseline
reference purposes.

ANALYTICA L SIGNIFICANCE OF Ki~ TRANSITIONS

Service experience and model tests of ultrahigh strength metals indicate that critical crack
size and stress combinations for surface cracks could be calculated from K 1,, , test values.
Observed crack sizes in structural failures due to stress-corrosion cracking matched these
calculated values. However , the data were limited to stress-corrosion cracking properties of 0.3
or lower ratio value. The observation included steels and t i tanium and a luminum alloys,

Recent investigations have established that these analytical predictions for surface cracks
are correct for ratio values up to the l imi t  of valid data (0.9 ratio ) . The investigations involved
surface-cracked fati gue test specimens loaded in a large tensile machine (Fig. 147 ) . The screw-
loaded machine was capable of holding a fixed stress level for long periods. The ini t ia l  stress
level was set significantl y below the calculated str.’ss intensity K 1 for the surface-crack size of
the specific test sample. The stress level was then increased in steps (with  hold periods) to
establish the minimum stress intensity for crack growth, Typical data points are plotted in Fig.
148. The reference curves and scales are exactly the same as those of Fig. 56. The significance of
the three-part zoning of the ratio scale is the same as for fracture-related ratios ,

The test results clearl y indicate that  the critical K~ conditions for crack growth match
exactly the plane strain formula predictions on which the curves are based. These experiments
provide convincing evidence for the general app licability of the plane-strain formula to exten-
sion of surface cracks by stress-corrosion cracking.

The data points include ratio values from 0.3 to 0.8 and relative stresses from 0.25 to 0.75.
There is a considerable amount of failure-analysis data in the 0.1 to 0.3 ratio range , and for a
wide range ofservice stresses , to fufly document the low-ratio part of Fig. 148. Accordingly, there
was no need for tests to validate the low-ratio predictions; the accuracy of the predictions for the
low-ratio zones is well known. The experiments confirmed the validity of the predictions for the
intermediate-ratio zone , for which there was li t t le failure-analysis information.

At this point , the reader should examine the imp lications of Fig. 148. Detect ion and control
of crack states can be expected only for metals of intermediate ratio values. Low-ratio metals
present insuperable engineering problems because the critical crack sizes are very small for all
levels of relative stress.

The trend bands of Fi g. 145 indicate that  the transitions from high to low ratio values are
very sharp, as related to the yield-strength scale. The three part RAD zoning of Fig. 145 is
reflected in the zoning of Fi g. 148. Thus , the imp lications of Fig. 148 may be translated directl y
to the RAD-defined transition bands.

The enormous effect of increasing y ield strength by 20 to 30 ksi ( 138 ‘ 206 MPa . which
causes a fall from hi gh to low ratios , is apparent. The eng ineering situation changes fro m
reasonable expectations of crack-size control to complete uncertainty. There is l i t t le  room for
error , and the trend band that app lies for a particular case must be established wi th  accuracy.
Figure 145 clearly indicates that assuming the wrong trend band leads to grossly incorrec t SI
analysis.
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l” ig. 147—Rigid screw-loaded l machine for K 1.. . te sts  o f surface-cracked .~pecu mens.

These considerations and the RAD procedures for stress-corrosion cracking anal ysis are
exactly the same as for fracture analysis. Accordingly, simultaneous analyses may be made by
reference to common features, as follows:

The K~ scale is used to plot both K 1,, . , . and K 1,. .

The three-part ratio zoning is common to both K 1., , , . and K 1, anal yses.

The plane-strain l imi t  t ’or a given section size is the same for fracture and stress-corrosion
cracking properties.
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Fig. 148—Relationships of cr tical crack depth , re lati ve stress, and
K~.,. la ,, ratio for crack growth by stress corrosion cracking. The
three-part zoning of low , intermediate , and h igh ratios is the same
as tha t used for fracture analysis in the RAD.

Figure 149 illustrates sequential SI analysis for the K k. andKL,,.,. properties of a rocket case
steel. Statistically reliable data from hydrotest failures of Polaris rocket cases (Fig. 150) are
available to verify the RAD predictions.

The following steps depend on the RAD plot of Fig. 149 and the relationships of crack size
and relative stress to the ratio values in Fig. 148:

‘The statistical K 5. and K ,,.,. properties are plotted at appropriate strength levels.

‘The elastic-plastic region for the statistical section size 0.25 in, (6.4 mm) is plotted at the
appropriate ra tio-line position. The K k point, then , l ies in the plane-strain region , and fast
fr acture is the predicted result of crack growth.

‘The K~,,.,. point is located at the 0.1 ratio line.

‘For a 0.1 ratio value , Fig. 148 indicates that the critical crack depth for stress-corrosion
cracking is about 0.01 in. (0.3 mm) or less for a stress level of 0.5 o~,. In effect , scratches could
provide sufficient conditions for stress-corrosion cracking. Because hydrotesting was conducted
in the range of 0.5 to 0.8 o~~, crack growth by stress-corrosion cracking due to the hydrotest
water medium used could be expected to originate from minor defects or scratches.

TheK~,. point falls at the 0.22 ratio position. The critical crack depth for fast fracture is (Fi g.
148) approximately 0.08 in. (2 mm) for a stress of 0.5 o~,,.

‘Crack growth by stress-corrosion cracking starting fro m defects of 0.01 in. (0.3 mm) or
less should enlarge to a size of about 0.08 in , ( 2 mm) , at wh ich poin t fast fracture should be
expected.
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Fig. 149—Combined RAD analysis of fracture and stress corrosion cracking properties of a rocket
case steel.

Figure 150 illustrates that the predictions were fully confirmed by hydrotest failures. The
depth of the stress-corrosion cracking crack is noted to be about one-fourth of the section size , or
0.06 in (1.5 mm) , at the point of fast fracture . There is no evidence of the defect that triggered
stress-corrosion cracking; it was evidently very small , on the order of the size of scratches.

Other indirect predictions can be made from the very low K 51,.,. and K k ratios , as follows:

‘Statistical probabilities for failure are very hi gh. A large fraction of the rocket-case tests
resulted in fracture.

•The time required for stress-corrosion cracks to grow to a terminal condition for fracture
is short; the failures occurred during the brief period of hydrotesting (less than 10 minutes) .

The practical solution to this problem at the time of the tests (1959-1962) was to use oil as
the hydrotest medium. There was no requirement for stress-corrosion cracking properties
related to service conditions; the rocket cases are not stressed until fired.

It is of interest to examine the rocket case problem in the context of present information.
Figure 145 indicates that the cited K 5,,.,. value , as measured by the first stress-corrosion cracking
tests during the earl y 1960s, are predicted by the RAD for a given strength level. It is now known
that the type of steel involved follows the poor-quality trend band of Fig. 145. Thus , reducing
stress-corrosion cracking sensitivity to ratio values greater than 0.3 would require a reduction
of yield strength to 170 ksi ( 1172 MPa ) or less, Because this is the highest value for the pro-
duction range, it follows that the design value of minimum y ield strength must be set at lower
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levels than  usual . In b rief , the empir ical  solut ion , us ing oil , s t i l l  makes sense for the rocket cai-c’

s tee l .  However , anal yses today would ind ic a te  the de s i r ab i l i t y  of s h i f t i n g  to improved stee ls .
for reasons of both stress—corrosion c rack in g  and fracture prl .)per t ies .

ENVIRONMENTAL EFFECTS

The mechan ica l  con sequ ences  o f e n v i r l l n m e n t a l  effects can be i l l u s t r a t e d  by sh i f t s between
cor r idors  in Fig. 115. For the  cast’ of fracture , the trend corridors are established s t r ic t l y  by
me ta l  q u a l i t y .  In the  case u f ’ stress-corrosion cracking  and s u s t a i n e d - l o a d  c r a c k i n g  in g e n e r a l)
th e t rend-hand corridors ~ii’e de termined b y both metal q u a l i t y  and en v i ronmen ta l  in f luence s:
both mus t  he dealt w i t h  in anal y s i s .

The effects o f e n v i r on m e n t  on the  microf rac ture  processes I l f c rack - t ip  p las t ic  Zones may he
ex p la ined  by ex tens ion  of the f racture  pr inc ip les  described in Chapter  2. At present. it is possible
to provide fa i r ly  general  dr ’s t ’t ’ i p t i ons  of these processes .

Fi gure 151 is a gross enla rgement  of the  plast ic  zone at a crack t i p  sul~jec t to 1 ’ad . The
o I I I ~ t ic K- f i e ld  r ’  p r e s e n t s  a stre ss i n t en s i t v  below the  level  requi red  (hr fract t ire e X t (  ‘nsion  I K I ’
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Fi g. 151 — S i t e s  i.,)  m et a l  grain separation for fast fracture ar r o w - l e f t ’
and for stress corrosion cracking larr ow-r ig h t l . The difference is be-
t \v,S’f l  a s t ra in - induce d  mechan i sm for fracture in  the plastic zone and
a stress-induced mechanism for stress corrosion cracking in the elastic-
p l a s t i c  boundary . The in icrofracture  pr ,icl’ssc’s are indicated by the
s k et ch , ’ ,.

I
properties are assumed) . Slip and void coalescence represent the mode of micromechanical
separation , if stress intensi ty reaches K 1, . levels. The double-ended arrow in the plastic zone
si gnifies that  for K ,,. separation the process zone is close to the crack tip and within the plastic
zone. The rig ht-hand end of the arrow indicates that for K 1 ,.,. conditions , the critical microme-
chanical separation processes may shift to the elastic-plastic interface of the plastic zone.

The time-dependent effects of stress-corrosion cracking separation may result from crack-
ing along grain boundaries or on habit planes (similar  to cleavage ) . These separation processes
tend to be stress- rather than strain-critical. We now inquire as to the reasons that the K-field
causes a different mode of metal separation for K 5,, . , than for K 1 conditions. First of all , the
energy requirements for stress-induced separation along grain bound aries or habit planes are
si gnif icant ly less than for the void formation (sl i p involved in strn - contro lled separation. In
brief , the effect of time on environmental  effects is to permit less energetic processes to come into
action. Thus , theK~ value for fracture is depressed to a lowerK l, , . , . value. In fact , a plastic fracture
condition may be depressed (for crack growth(to a low-ratio K ,,,.,. value; the environmental effect
is enormous in such cases. Figure 152 illustrates the dramatic differences in metal-grain
separation processes that may be found in ductile p lastic metals characterizable by valid K 1,,

values.

For s too ls , the electromechanical effect of stress-corrosion cracking acts in the grain
structure , at the scale of microns . It is not an effect merely of corrosion at the crack tip; a
diffusib le corrosion pi-oduc is ev iden t ly  involved in steels. The agent is hydrogen . generated in
the crack and di f fus ing  into the plastic zone to promote grain-boundary fissuring.
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I” i g. 152—Hig h-magnification fractograph o fK i . i c — i  specimen surfaces. (‘rat- k growth by sir , ’ . corros ion
cracking left I shows grain-boundary separations . Fast fracture Ir i g h t l  show duc t i l e -d imp le vo id -growth i
fracture of i n d i v i d u a l  grains .  The example is for an a l u m i n u m  alloy.

The crack-ti p solution chemistry is not that of the li quid outside the crack. For example ,
external pure water, when confined to the crack tip in a steel , changes into an acid solution of a
pH characteristic of the alloy. (Values of pH from 3 to 5 are typ ical .(The plastic-zone material at
the crack tip does not sense pure water in this case; corrosion at the crack tip is that of an acid
solution. A relatively high hydrogen partial pressure develops , with consequent diffusion into
the plastic zone. The effect is similar to that of a steel that has been charged to a hi gh hydrogen
content.

The similari ty of the K~ ,, .,. transitions for steels (Fi g. 145) and the hydrogen-assisted
cracking transitions illustrated in Fi g. 124 are striking. In fact , these transitions are due to the
same effects of hydrogen. In the case of in-situ hydrogen , the orig ins may be steelmaking prac-
tices or welding procedures.

The role of hydrogen explains specific additive effects of cathodic coup ling in seawater.
Figure 153 shows that the K I ,, ., . value for a hi gh strength stainless steel of precipitation-
hardening type (S-PH ) is decreased by cathodic effects , from intermediate to very low ratio
values. The decrease is directly related to the potential of the anode for releasing hydrogen at
the cathodic surface of the S-PH steel . The increased hydrogen potential (pressure ) is sensed
in the crack and the plastic zone.

These cathodic effects result from using cathodic protection to prevent pitting corrosion,
They may also be due to coupling of dissimilar metals for structural purposes. The examp le of
Fig. 153 was investi gated because an a luminum hydrofoil hull was coup led electrochemically to
hi gh strength stainless steel struts and to zinc and magnesium cathodic protection systems. The
SI problem for a freely corroding strut is related to K 1,, , properties of 0.5 ratio , Figure 148
indicates that the crit ical  crack size for crack growth at stresses of 0.5 r ,, is about 0.3 in. (7.5
mm) . This is a borderline size for in-service detection and control of cri t ical  cracks. However ,
when the steel is coupled to zinc or magnesium , the SI problem is related to K 1,, , properties of 0.2
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Fi g. 153—Ratio analysis diagram IRAD )  for hi gh strength steel of preci pitation hardening IS-PH)
type . i l lus t ra t ing the effects of electrochemical environment (cathodic voltage ) , which results in in-
creased pressure of hydrogen discharge and , therefore, in decreased K u ,,,  for the hydrogen-sensitive
steel. (Photo courtesy of C.T. Fujii and R.W. Jud y, Jr. )

to 0.1 ratio value . At these low ratios , the critical crack sizes decrease to the range of 0.04 to 0.02
in. (1.2 to 0.5 nim). Detection or control of such small cracks is not feasible. Cathodic protection
for pitting control thus changes the SI situation from marginal to completely impractical.

The S-PH steel features a strength transition , in terms ofK~,,.,. properties , indicated by the
“poor” trend band of Fi g. 145. The high end of the band represents the freely corroding condition ,
and the low end represents the zinc or magnesium coupling cases. Decreasing the strength level
from 160 ksi (1103 MPa) to about 120 ksi (827 MPa) increasesKL,,., . properties to 1.0 ratio or
hi gher. As Figure 148 indicates , the critical crack size is increased to 0.5 in, (12 mm) or greater
at a reference stress of 0.7 u~, and to about 1.0 in. (25 mm) for 0.5 u~, levels, Detecting or pre-
venting cracks of this size is possible , and SI procedures based on this fact are practical.

In conclusion , the subject steel should not be used in seawater at yield-strength levels in
excess of 120 ksi (827 MPa) . The effects of cathodic coupling are an important reason for this
limitation.

This example clearly indicates that analyses based on K s,, , . values must include coupling
effects. Coupling is especially important at y ield-strength levels in the strength-transition
range for K 1,,., . . The importance of a RAD system is evident , particularly for steels on which
extensive data are not available. If the strength level of interest falls in a range where most
steels show pronounced environment effects (Fi g. 144 ) . it is mandatory to develop specific data
over a range of yield strength. The benefits of adjusting yield strength can then be assessed at
the preliminary design stage.
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GROWTH-RATE FACTORS

The rate of crack growth for stress-corrosion cracking or other sustained-load c rack ing  is of
major interest.  Quanti ta t ive predictions are beyond today ’s technology, hut the general effects
(hr steels are i l lus t ra ted  in Fig. 154 ‘ l i i i -  a low-rat io metab . The growth rate o fa  stress-corrosion
crack ing  crack is inct’eased as the K 1 level acting on the crack rises above the K 5,, , threshold
level . The figure i l lustrates crack growth up to the cr i t icalK k va lue  for fh st  fracture o f the  test
specimens.

The increase in K~ stress intensity during the growth of surface cracks is a function ofcrack
size , K~,,. , ratio value , and stress. If the metal has elastic-p lastic or plastic properties , crack
enlargement  due to stress-corrosion cracking may lead to crack-ti p yielding,  part icularly if
stresses are hi gh. As a result , the crack ti p is blunted , and p lane-strain constraint is lost. This is
analagous to the constraint relaxation that invalidates K 1, . analysis as the elastic-plastic
condition is entered.

The ratio level has a marked effect on crack growth. For stress intensities near K , , . ,  tests
indicate that  the time it takes for crack movement to begin is minutes or hours for very low ratio
steels. For hi gh ratios , incubation may take several days.

The t ime it takes to reach the terminal  K I , . stress intensities for fast fracture is the main
considerat ion for low-ratio metal, I fa  low K u , , , r atio is associated wi th  a low K 1, ratio , then fast
fracture may occur very quickly. The rocket cases (Figs. 149 and 150) provide a clear example.
Crack growth to the point of fast fracture took place during the hy drotest , which was about 10
minutes .  The distance for growth to the point of fracture was exceedingl y small , as described
previousl y.

If a simila r K 5, ratio of 0.1 to 0.2 is associated wi th  a hig h K 1, ratio , the distance may be
very large. This combination may be developed for lower strength steels, as illustrated in Fi g.
153. The fracture properties of the S-PH steel of this example are indicated by the ratio value of
1.0. Accordingly, a crack (at 0.5 to 0.7 a- ,, ) must grow in depth from 0.02 in. (0.5 mm)  to well over
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Fig. 154— Ra ie , ‘) ‘)~ ‘( ‘is in exiension of c ra ck s , for K ,,, . l i s t  speci-
mens loaded i n i t , a l l ~’ to different  l ev e l s  a t  st less i n t e n s i t y  K~, N~,t,-
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0.5 in.  ( 12 m m )  before K u, . conditions for fast fracture are reached (Fig.  148) . The examp le
assumes a metal of’ large enough section size to provide p lane ’sti ’ain condit ions at the 1.0 rat io
value for fracture.

When stress-corrosion cracking occurs in reg ions of ’ resi d ual stress such as welds , stress

fields in the path of extension are decreased. The K va lue  at the crack t ip may then  decrease
with extension due to the decrease in stress , and extension wi l l  be l imited to the regions of
residual stress . The residual stress system in weld reg ions may be of vei -y h igh  elastic- stress
level. This directs crack-growth anal ysis to the lower curves of Fi g. 148; small cracks may be
expected to grow for a wide range ofK 1,, .,. ratio values. The stress gradient acts to arrest these
cracks , and the result is a potential for many small cracks , which pose serious maintenance
problems. Their repair by welding may lead to repeated cracking, par t icular l y if f ie ld repairs are
necessary.

METALLURGICAL CONSIDERATIONS

The characteristic locations of specific alloys in the RAD of Fig. 144 suggest microstruc-
tural  effects in the intermediate strength range ofK 1,, , . t ransitions. For examp le, at 180-kst
( 1241 MPa ) yield strength , the range is from 0.1 to 1.0 ratio values. In this case , low- and
hi gh-ratio steels are markedly different in cleanliness , and correspondingly different in frac-
ture  properties . However , the apparent correspondence does not hold for the 140-ksi (965 MPa)

ield.strength level. Steels of vastly different fracture properties have si milarK t.. , . ratio proper-
ties. The key to these relationshi ps is not cleanliness and microstructure alone. The specific
alloy, microscale segregations of the alloy, texture , and many other quali t ies interact wi th  the
electrochemical environment in ways not fully understood.

Trend bands can be plotted , and specific alloys may be assigned characteristic positions in
the trend bands (Fi g. 145 1 . However , it is impossible by adjusting alloys to shift to other trend
bands , as can be done in the case of fracture properties. For examp le , it is not known how to
elevate the 5Ni steel of Fig. 145 to hig her ratio positions. (This is the secondary-hardening steel
cited in Fig. 100. ) The RAD plot suggests that steels of this strength level should have potential
insensitivity to stress-corrosion cracking. However , this potential has not been realized to date
for freely corroding conditions because of l imited knowledge of alloy effects.

Metal lurgical  anisotrop hy usuall y does not have pronounced effects on stress-corrosion
cracking for steels. The reference data for Fi gs. 144 and 145 are reasonably representative of the
different  directions of conventional rolled or forged steels. However , directionality may be
important  for a l u m i n u m  alloys and to a lesser degree for t i t an ium alloys.

A RAD disp lay of lower bound stress-corrosion cracking properties for a luminum and
t i t a n i u m  alloys is presented in Fi gs. 155 and 156, As for steels , the strength transit ions ofK~. ,,
are sharper than the fracture-state transit ions ,  Crack-extension rates for these alloys are
ty pica l l y  faster than for steels , at intermediate strength levels of the metals ’ respective strength
transi t ions.

The RAD for a l u m i n u m  alloy s has a special metallurgical feature of major eng ineering
consequence. The lower bound curve for the through-thickness direction is placed at very low
ratio level. In fact , the transition is not developed to any si gnif icant  degree. All  major stress-
corrosion cracking problems for intermediate  and low strength a l u m i n u m  alloys are due to th is
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deficiency. The reason for this behavior is the relativel y large amount of nonmetallic phases and
alloy precipitates (due to heat treatment) that are preferentially a Im ed on rolling planes. In
effect , metal grains have low coherence on these planes , and this affects both fracture and
stress-corrosion cracking.

A sharp transition develops only for the longitudinal and transverse (Land T) orientations,
as shown in Fig. 155. The transition curve runs between the 2000 and 7000 series alloys. Special
precautions are necessary if aluminum alloys are to be used under conditions leading to
stress-corrosion cracking. Cracks have a pronounced tendency to rotate into alinement with
rolling planes.

It should not be inferred that the lower bound curve for the short-transverse direction is
characteristic of all aluminum alloys. As for steels, there are quality corridors that lie above the
lower bound curve , even for the short-tranverse direction. For example , special processing and
heat treatment can desensitize the short-transverse direction for some alloys. However, insuffi-
cient data exist for generalized zoning of the aluminum RAD. Accordingly, the presentation here
is limited to upper and lower bound curves.

Metallurgical zoning of the titanium RAD is complicated by texture effects. It appears that
a tendency for preferential alinement of grains in particular crystal directions affects stress-
corrosion cracking and other sustained-load cracking properties of titanium alloys. In fact , the
separation of stress-corrosion cracking from other forms of in-situ sustained-load cracking
(probabl y due to hydrogen) is difficult for titanium alloys. Again , the lack of metallurgical
information precludes generalized zoning, and the presentation is limited to upper and lower
bound curves . There is no evidence of pronounced short-transverse direction effects for titanium
alloys.

Specialized metallurgical studies have provided trend-band data for titanium alloys of
specific section size, process history, and texture. Generalized metallurgical trend bands cannot
be defined , however, and the data at present are of value only for special product forms.

While metallurgical effects are only partly understood for steels and for a luminum and
titanium alloys, it is clear that strength-transition effects for stress-corrosion cracking are
much sharper than for fracture . This statement applies not onl y to K .,,.,. values , but also to other
forms of sustained-load cracking, referenced asK L,I , . . For example, hydrogen effects referenced
to K ii for steels are cited by K si, ’ for t i tanium alloys. In both cases the important environmental
effect is caused by in-situ hydrogen. In all strength transitions , the environmental effects are
instrinsically related to microfracture processes in crack-ti p plastic zones. Thus , all SI analyses
for sustained-load cracking must consider these factors in an organized fashion , such as that
presented by RAD plots. Specialized RAD plots should be prepared as required.
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CHAPTER 10

Characterization And Terminal-Envelope Analysis
For Fatigue And Corrosion Fatigue

TECHNOLOGICAL STATUS

The mechanics of crack growth under cyclic loading cannot be defined in terms of specific
criteria. There is no single basic parameter that corresponds toK1,., and advances in standardiza-
tion methods cannot be expected to supply one. The mechanical problem fundamentally is to
integrate crack growth parameters between initial and terminal limits , i.e., from a source crack
and to a critical crack size for structural failure. The most significant parameter is the rate of
crack growth for specified conditions of load cycling. The growth rate determines the number of
cycles to the terminal event.

The terminal event may be fatigue crack growth to metal separation , attainment of fast
fracture , or rap id extension of stress-corrosion cracking, singly or in combination. The true
limits of fatigue life may be set by a critical-si’~e crack for fast fracture or stress-corrosion
cracking.

These cons~iderations have led to assertions that the technology of fatigue lags far behind
that of fracture and that much remains to be done. While this is true in general , it is not realistic
to expect fatigue analysis to achieve the same rigor as fracture anal ysis in the foreseeable
future,

There is a strong element of systems analysis in every fracture analysis , even in scientific
idealizations. The fracture problem has been overidealized in the literature , and systems
analysis is required to place it in the context of engineering reality. In the case of fatigue , it is
paradoxical that we must start with the literature’s overpessimistic view of the analysis
problem.

From the viewpoint of SI analysis , a very exact prediction of crack-growth rates is not the
first consideratioo. Any estimate of service life includes assessments of safety, durability, and
risk. Such an estimate must deal first with safety and risk; if these are not resolved adequately,
formal calculations of crack growth are of academic interest.

In brief , the envelope of safe crack growth must be known with reasonable exactness and
confidence. The rate of growth of fatigue cracks can then be expressed as the number of cycles
required to , breach the limits of the critical envelope . Due to the strength transition , the
envelope limits for fati gue and stress-corrosion cracking become very small with increases in
y ield strength. The fact that fatigue lives become short is due more to this decrease in envelope
size than to the acceleration of fati gue crack-growth rates by the increase in strength.
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The envelope size may become so small that  the init ial  crack size that is assumed for
fatigue life calculations , as deduced from inspection capabilities , is critical for K 1, fracture
initiation OrK LS, . , . crack growth. If so, the fatigue life is one loading cycle , by definition of factors
other than fatigue.

The structural safety and risk aspects of fatigue , then , depend on the size of this envelope .
Safety and risk can be assessed with confidence by present technology, and this is of first-order
importance for SI purposes. When structural reliability with respect to the envelope size is
established , it is then possible to proceed with analysis of fatigue crack-growth rates. The scatter
factor that must be applied to fatigue crack-growth analyses is determined by experience; it
protects analysis fro m unconservative estimates of fatigue life. In any event , the scatter factor
enters in establishing the envelope size. The true factor of safety or relative risk lies in the
selection of appropriate latitude for crack enlargement (envelope size) for the problem of
interest , not in the exactness of data on fatigue crack-growth rate or in the analytical treatment
of the data.

The RAD system provides the essential reference base for terminal-events envelope
analyses. Metal quality is an essential aspect of envelope analysis. Low rather than high
corridor quality, for intermediate strength levels , can make the difference between one-cycle
fatigue life and long, safe life of a structure .

The fatigue literature is correct in asserting that metal quality does not affect analysis of
fatigue crack-growth rate except for corrosion fatigue. However, the statement is misleading in
terms of systems analysis of SI problems. With increased y ield strength , metal quality deter-
mines envelope-related risk assessments for fatigue analysis.

CHARACTERIZATION OF CYCLIC CRACK GROWTH

The main parameter for describing cyclic crack growth is the stress-intensity range factor
.~K. It represents the difference between upper and lower limits of crack-tip stress intensity
resulting fro m cyclic loading.

Plane-strain conditions apply over a broad range of situations , because crack growth by
fatigue can occur at much lower stress intensities than fracture. If plane-strain conditions apply,
the calculations of K~ for cracks of specified size and geometry are of exactly the same form as
those of subcritical K values for fracture. The additional requirement for valid K values is that
nominal stresses be in the elastic range.

The test specimens may have edge, through-thickness , or surface cracks; test procedures
are not yet standardized , as they are for K 1,. characterization,

The materials parameter measured in terms of the mechanical condition of .~K is the
crack-growth rate da l dN.  This is expressed in terms of a power-law relationshi p, as

= C(L~tK) ”t ,
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where

a = depth of surface cracks or edge cracks
N = number of cycles

da ldN = crack-growth rate
C = numerical constant

= maximum K minus min imum K
rn = numerical exponent.

The fatigue properties of a material cannot be characterized by a single materials parame-
ter such asK 1,. orK 1,5, ., . . The first step in characterization is determining a reference log-log curve
of the type illustrated in Fig. 157. The loading is a simp le zero-to-tension cycling in the absence of
aggressive environmental effects such as corrosion. The reference curve provides a base of
comparison in examining the effects of more complex loading cycles, with or without additional
environmental factors. Figure 158 (left ) compares the standard reference curve to a similar
curve for loading in the presence of a corrosive environment (water) ; the right side presents a
change in stress ratio R.

Stress ratio R is the ratio of minimum stress intensity to maximum stress intensity, as
follows:

I JUNSTABLE
FIRST I /

DESIGN I /
OBJEC/I

ANALYTICAL
I ZONE /
I I

I
I— Ia0

o
Si

~~ -CIAKI ”

STABLE I

LOG STRESS-INTENSITY FACTOR RANGE, AK

Fig. 157—Typical sigmoidal crack growth rate curve
for structura l steels )R = 0).
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H = 0, for zero-to-tension
H = positiv e numerical  value , for tension-to-tension
R = negative numerical  value , for tension-to-compression.

Comparing these two curves wi th  the reference curve (Fig.  157) discloses specifi c sens i t i v i t ies
of the material  t~ changes in environment or stress ratio. Parametric data of this type have
provided an important base of eng ineering information , For example , the  efTects of increasing
strength levels for steels may be related to increased sensi t ivi ty to environmenta l  effects and
stress ratio . The effects on steels and a luminum and t i t an ium alloys also may be compared.

These relative effects may cause order-of-magnitude differences in crack-propagation
rates. According ly, the parametric data are important tools in assessing the scope of SI problems
of fatigue or corrosion fati gue. However, when predictions of structural life I to  the a t ta inment  of
a defined crack state ) are made , a “design ” curve , characterizing the material under simulated
load-vs-time profiles and taking the environment into account , is necessary.

The load-vs-time profile is an important means of characterization , based on structural
simulation for complex loadings. Figure 159 illustrates that the sequence of variable -amp litude
loadings can result in transient delay or transient acceleration of crack propagat ion. Peak
tensile loads leave residual compressive stresses at crack ti ps, which delay crack extension at
lower stress intensities for a number of subsequent cycles. Peak compressive loads , applied in
variable-a m plitude cycling, can produce opposite effects , accelerating crack extension for a
number of cycles by eliminating residual stress systems due to previous peak tensile loads. Both
types of effects are transient because crack extension eliminates the modified residual stress
system, which is due to a change in the periodicity of peak loads.

Figure 160 presents baseline characterization curves for a precip itation-hardening stain-
less steel (S-PH) of 150-ksi (1034 MPa) yield strength. The baseline characterizat ion of th is  steel
is of the typ ical form illustrated in Fi g. 157. The srgnificance of the notations in Fig. 157 can be
reexamined in terms of the Fig. 160 data , as follows:

•If .~ K 10, the cracks may be defined as stable , and no growth occurs .
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Fig. 159—Schematic i l lus t ra t ion  of load sequence effects (In fa t igue  crack
propagation .

• If  X K  is 10 to 80, the rate of crack growth increases as described by the power law
da/dN = C~~ K) ” , This is the l inear range that  provides analytical  data, Because th is  region is
of greatest engineering interest , most d a / d N - v s - ~~K data are confined to simple power-law rela-
tionshi ps.

•If .~K >  80, the crack-growth rate increases rap idly, leading to terminal failure at high
.XK values. For design purposes. the growth must be regarded as the early onset of fracture , i .e.,
as unstable extension of the crack.

Seawater has a marked environmental effect , related to the electrochemicaf potentia l .
Growth rates in the linear (power-law) range are increased by about five times in a seawater
environment,

The baseline characterization data disclose that additional information about the cyclic
rate is required. Because the metal is sensitive to stress-corrosion cracking (see Fig. 153) , hold
periods above K I.. . can superimpose stress-corrosion crack growth , and slow cycling results in
faster fati gue rates than fast cycling. The next (design curve) characterization step must
simulate the load-vs-time profile for intended service conditions and for the section size of
interest.

The baseline characterization indicates what subsequent tests must be made to assess
effects that appear to be critical for the metal , For example , sensitivity to electrochemical effects
directs attention to the cathodic protection system. If zinc is to be used , it must be used in the
final simulation. The galvanic effect may be decreased by impressed-current systems. Attention
to this could add si gnificantly to the service life of the structure.

The final characterization step is intimately involved with the design phase. The first
design objective is to l imit  crack-growth rates to the lowest practical level in the analytical zone
of the power-law reg ion (Fi g. 157) . This can be done by a number of methods . including change of
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Fig. 160—Specific crack growth rate curve for high strength
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metals if necessary. At this stage, also, design details a ‘e refined to eliminate high .~K condi-
tions related to high stresses in reg ions of geometric transition. The baseline information is of
critical importance to this analysis.

In general , the baseline characterization is restricted to the linear range, as indicated in
Fig. 161. The figure illustrates the hi gh reproducibility of the data and their adherence to the
power-law relationshi p. According ly, it is unnecessary to conduct the large number of c~K tests
shown in this examp le. Research on a wide variety of metals documents that the daI dN-vs- ~ K
curve is a simple and economical device for predicting service as follows:
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•The dti  dN -vs- .~K curves for baseline reference and for design purposes can be estab-
lished in the lahoratot ’v wi th  relatively few measurements.

•Life predictions for precracked components may then be derived from the curves for any
crack size or shape by integration:

‘-a!
N = J f ( ’~.K, R, E )da ,

GO

where

a ,, = ini t ia l  crack size
a~ = terminal crack size of interest (such as a , for K 1, . fracture , etc. )

f UK, R , E )  = function of XK , stress ratio , and environment.

Extensive investi gations for hi gh-quality, high strength steels indicate that scatterband
limits  are as il lustrated in Fig. 162 for the basic reference curves. The average exponent is

,‘,K M N  mT s2 I

STEEL
140 KSI 1100 KG/MM 2> /

YIELD STRENGTH

/ 4 / H

- 

~

, 1/ -

_ _  

0 20 ‘0 00 200
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Fig. 161 ——R c ’s ’ar ch ’dat a curves for 1) 11’ I i n , . c , r  110 d,\ ’vs ’~~K
region , repr e sen t ing  e n v i r o n m e n t a l  effects. ( After  T.W.
(“ rooker. I
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= 2.25 This observation indicates that for hi gh-quality metals , crack growth in the h o u r
ra nge is largel y unaffected by variations in yield strengt h and fracture state.

The power-law regularity, over the entire range ofyield strength for these metals , provides
f o r  ana lys i s  of  K levels that  are related to y ield strength. With increase in yield strength, there
is an increase in nominal  design stresses. Accordingly, the K level for a given crack sizo in-
creases with increased yield strength. In effect , as yield strengt h increases , the ~ K levels of
interest rise along the slope of the band disp layed in Fig. 160. The crack-propagation ra t es
thus  also increase with  y ield strength. In addition , the upper end of the band extends to h igher

~ K levels because of the increased K l imi ts  of the high strengt h metals.

The interaction of fatigue and fracture properties also may be examined in terms of the
linear range. The m a x i m u m  value of K for the .~K range ma~’ a t t a i n  K~, va lues  for fracture as a
result of crack enlargement.  This is the case if the metal has plane-strain propert ies at the
section size of interest. For metals of high corridor positions in the HAD , fracture may not be
possible and cracks may therefore grow to very lar ge s ize s .

The common reference to str ess i n t e n s i t y  K 1 for fat i gue and for fracture characterization
allows both character izat ions to be combined. Stress-corrosion cracking relat ionsh i ps may also
be analyzed in the same terms . The combined ana l yses are best performed in sequence: fracture .
stress-corrosion cracking, then fatigue. The fracture and stress-corrosion cracking analyses wi l l
indicate the cr i t ical i ty  of fatigue properties for the performance expected under specified cyclic
loading.
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COMBINED ANALYSIS

The sate  practice in fa t igue  anal ys is  is to assume tha t  cracks of s ize equal  to the m i n i m u m
detection capabi l i t y  of ’ n t ind e s t ruc t ive  test ing ex i s t  at cr i t ica l  locations in the s t ruc ture .  Fat i gue
crack-growth c a l c u l a t i t l i l  then can be based on th i s  assumption.

For purposes of ’ this  discussion , we assume tha t  the detect ion l i m i t  is represented by a
semiell iptica l  crack of’0.25 i n . I 6  mm)deep.  The stress range is g i ven b~ R — 0. The l inear  region
of ’ Fi g. 162 is assumed for the reference curve for a i r , and a fivefold increase  in crack-growth
rates is assumed for the seawater  environment .  These assumptions generalize the anal ys is
problem across the strength range; they are both reasonable and conservative.

The crack-size a s sumpt ion  provides far ca lcu la t ion  of~~K . which  increases w i t h  increased
yield strength for any level o f r e la t ive  st ress. The resu l t s  of increa sin g K for v ir i o t i s  fixed levei~
of relative stress are p lotted in Fig. 163. The family of curves indicates that  the rate of growth of
the 0.25 - in. 16 mm ( crack  is increased in proportion t o t h e  re la t ive  stress and the absolute level of
yield strength . The increases occur smoothly over the range of the strength transition as
displayed by superposition on the RAD l i m i t  curves.

Figure 164 presents similar curves for fati gue ) freely corroding) in seawater. Note that the
curves of relat ive sirt ’ss are disp laced to faster growth rates as compared to fa t igue  in air. The
rate scale is inverted to emphasize this adverse effect.

Figure 165 introduces , as an example , the three-part zoning of the RAD. and assumes
fati gue at 0.6 relative stress in seawater for specific combined analysis of fatigue and fracture
properties.
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The min imum possible growth (linear rate assumed) of the init ial  crack is cited for one
level of y ield strength as defined by the scale of crack-growth rate. At 190 ksi (1310 MPa) , the
crack wil l  enlarge by about 0.2 in. (5 mm)  in 1000 cycles.

The fracture properties of steels that lie in high , intermediate , and low RAD corridors are
examined , according to the relationships of crack size and stress given by Fig. 56. The object is to
deduce the critical crack sizes forK k . fracture initiation over the range of ratio values from 0.8 to
0.3. as noted for metal of this strength level. The following statements can be made )assuming a
0.6 relative stress) for the high , intermediate , and low ratios in this range:

• High corridor metal of 0.8 ratio , at 0.6 relative stress , features a 0.48-in . ( 11.5mm) critical
crack size for fracture. For the initial 0.25-in. (6 mm) crack , a crack growth of 0.2 in. (5 mm)
indicates a close approach to the critical crack size after 1000 cycles.

•Interrnediate-corridor metal of 0.6 ratio level features a critical crack size of 0.28 in. (7
m m ) . It is apparent that the minimum crack growth in 1000 cycles will exceed the critical crack
size for fracture at 0.6 relative stress; fracture initiation can be expected.

•Low-corridor metal of 0.5 to 0.3 ratio value features critical crack sizes smaller than the
assumed init ial  crack size for fatigue analysis. Thus , fatigue analysis is of merely academic
interest because fracture can occur on the first cycle of loading.

This procedure may be used for analyzing any other combination ofconditions for the cited
crack size. New sets of curves would be required if the crack-size assumption were changed; this
is a matter of calculation in terms of K 1. Analysis principles are the same.

Fi gure 166 extends the analysis, in princip le , to the case of stress-corrosion cracking. For
illustration purposes , we assume the same initial crack size as the prior example (Fi g. 165). The

CC’ 8” ‘00 120 4’ rCO 80 200 2 0 0  .40 ( KG M M ” )
r ‘ T T’ I I T— I I I

,R” N TN c c  0 25 (5 ‘0 ‘ / 5 1 )  C H A O S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

p

80 120 ~~~) 200 04 ’ 280 320 36” 1 I
- ‘ Y ,E L D  STRE NGTH

Fig. 166—Envelope anal ysis for stress corrosion cracking. The stress corrosion
cracking envelope is more crit ical than the fracture envelope if holding periods
are involved in the load sequence.
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only change is to add the upper and lower bounds o f the k i., , ,  range (see Fig. 144 ) . Note that  the
K~, ,,  range is depressed aa compared to the ratio range for fracture .

The cr i t ica l  crack size at 0.6 r e l a t i v e  stress may be deduced from F’ig. 148 by reference to
ra t ios  f r o m  0.5 to 0.2. However , the answer is apparent  at this point  because the K L,, ., calcula-
tions are the same as for the 1s , case. The t .) .25-in . (6 m m )  crack is larger than necessary for a
cri t ical  condition of crack growth b~ stress-corrosion cracking at all ratios cited,

The crack-growth problem in th i s  case is dominated by the periods of”ho ld” at 0.6 relative
stress , rather than l)v fat igue .  It is necessary to consider whether the load profile of the s t ruc ture
includes holding periods . At tent ion should also be directed to regions of weld residual stresses ,
which may involve stresses of th i s  magnitude.  These questions should be resolved before fatigue
crack-propagation rates are calculated. They may render such calculations unnecessary.

These procedures , based on RAD reference , s imp lif y an otherwise overwhelming anal ysis
of options . For examp le , the brief analyses described above may direct serious attention to
l imi t ing yield-strength objectives , for reasons of fatigue , stress-corrosion cracking,  or fracture.
The decrease in yield strength shifts ratio ranges for fracture and stress-corrosion cracking to
higher values and therefore raises considerations of much larger critical crack sizes and
elastic-plastic or plastic fi’acture properties )depending on section size) . S e n s i t i v i t y  to fatigue
wi l l  be decreased by lower crack-propagation rates in a broader envelope of te rminal  condi t ions .
This may make the fat igue analy ses meaning f u l  in the contex t  of service-life objectives . Bl ind
calculations of fatigue life for structures limited by fracture or stress-corrosion cracking prope r-
ties are futile.

SI OBJECTIVES FOR FATIGUE ANALYSES

If i t  is evident that envelope features do not l imit  structural in tegr i t y , desi gn for fati gue life
is practical. Again , we return to questions of geometric t rans i t ion  poin t s  and the presence or
absence of welds at these locations.

Poor metal qual i ty and poor desi gn at points of geometric transition automatical l y place a
structure at the hi gh end of the .XK curves . Fi gure 167 illustrates that the region of unstable
fati gue crack growth will dominate the performance of such stress-critical locations .

The first SI objective for desi gn improvement should be to bring these reg ions as much as
possible into the linear .~K range. This means that  the crack population and stress levels must
be decreased by h igh-qual i ty  design and fabrication of geometric transition points. Such refine-
ments can increase fati gue life by a factor of 10 to 100.

As the .XK range is increased by the use of high strength metals , such refinements become
more critical.  The decrease to the lower circled reg ions ofFi g. 167 is required , particularl y in the
presence of corrosive environments .

If these refinements are not made , the fati gue life of the structure will  be dominated by the
non ana l ytical part of the ~ K curve )unstab le fatigue) . If these fatigue-critical reg ions are
neglected , fati gue analyses for the rest of the structure are of merely academic interest.
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F I g .  167—Design and fabrication q u a l i i v  for points of geometric
transi t ion are cr i t ical  to envelope and fati gue crack growth
analyses . The circled regions indicate the shift  fro m hig h to low
crack groth rates that  can re su l t  from use of appropriate SI prin-
cip les.

The terminal envelope that app lies for fracture and stress-corrosion cracking analysis at
the level of nominal desi gn stresses O.5 to 0.6 maximum relative stress ) does not apply to the
regions of geometric transition. The stresses at such points may be equal to yield levels for poor
design. The low-level , hig h-relative-stress curves of Fi g. 56 and Fig. 164 are the appropriate
references for critical crack size in fracture and stress-corrosion cracking analyses of envelope
boundaries , These analyses lead to dismal predictions of envelope size if high strength metals
are considered.

If the geometric transition points have welds of low corridor quality,  the envelope predic-
tions will  be dismal even for intermediate strength metals . The reader is invited to make a quick
anal ysis of these factors by reference to Fi gs. 165 and 166 plus fracture data presented in
Chapter 8 for welds.

In general , the presence of SMA welds at poorl y designed geometric transition points wil l
involve terminal envelopes that define fracture and stress-corrosion cracking control for these
points, if yield strength exceeds 120 ksi (827 MPa) . No amount of model testing to investigate
fati gue factors for steels of hi gher strengt h levels will  obviate this conclusion. Reliable SI plans
can thus be developed only if attention is first paid to the desi gn and fabrication quality of the
points of geometric transition. The increase in envelope then allows fatigue analysis and
verifications by model tests , if required.
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The emphasis on model tests for fatigue , because fatigue technology is not thought to be
advanced enough for refined analysis, should be reconsidered. This reason may or may not be
valid for structures of a given strength level. It is not valid iffracture of stress-corrosion cracking
envelopes are the controlling factors , and fatigue model tests are not useful in this case.

SI analysis of model structures should precede any commitment to fabricate and test
models for validation or refinement of fatigue analysis. Reliance on finite-element analysis of
geometric transition points , which is limited to tensile properties , may or may not be defensible.
For example, it is not defensible if the relative corridor quality of the metal at the structural
points in question is not considered. It is important to consider whether the meta l is of plane-
strain or plastic fracture properties and whether it is sensitive to stress-corrosion cracking. The
envelope must be analyzed according to data of this type.
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CHAPTER 11

Specialized Structural Problems:
Fracture Control For Plastic-Stress Systems

BACKGROUND

The loads app lied to a structure may result in localized or general regions of plastic stress.
These conditions must be considered in analyzing structures that may be fracture-critical in the
presence of cracks.

Ordinary plastic-stress analyses do not take the presence of cracks into account. They are
concerned more withK~ effects related to localized plastic strain. The work-hardening feature of
metals is beneficial in limiting the increase in plastic-stress intensities for localized overstress-
ing. The reg ion of plastic stress tends to enlarge with increased load , rather than increase in
intensity.

Cracks in reg ions of local deformation generally have adverse effects resulting in increased
plastic stresses in the crack regions. The specific stresses that open the crack are also increased ,
because work-hardened metal can transfer stresses of higher intensity.

These structural conditions leading to increased fracture-extension forces are represented
by geometric examples in Fig. 168 (ri ght side). The conditions are compared to rig id structures
that are the basis for prior discussions of fracture control , as follows:

Rigid structures have confi gurations of low compliance (hi gh stiffness) that are load-
limited to elastic-stress levels. The development or extension of a crack does not change the
stress acting on the crack; it remains the nominal elastic stress of the structural location,

Compliant structures have configurations of low stiffness that are highly sensitive to
changes in localized stresses acting to enlarge cracks. For example, if a crack develops in such a
region , str uctura l compliance is increased and yield stresses eventually are exceeded.

Geometric instability represents special cases of pressurized compliant structures ( pres-
sure vessels, side-pressurized plates , etc.) . If the crack is long enough with respect to thickness ,
local plastic bul ging will result and increase with crack extension.

Energy maximum represents structures intended to absorb finite levels of energy and to
enter into some degree of general plastic deformation without failure by fracture (submarine
hulls , highway guardrails , etc.) . Components of ordinary structures may be subjected to similar
conditions. For example , bending at hard-point locations may result in hig h localized deforma-
tion while the stress level of the structure as a whole remains in the elastic range.
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Fig. 168—Range of structural problems involving increased fracture extension stresses. The four arrows at center
indicate the correspondence to the range of R-curve levels and slopes.

The propelling force for crack extension in these special cases may range from low to very
high plastic stress , Defining limits is a difficult structural mechanics problem because crack size
enters into the change in local compliance. These problems are generall y treated by worst-case
analyses that are credible for the given problem. For example , a fati gue or stress-corrosion crack
may be assumed to generate a pressure vessel wall. The elli ptical geometry of such a crack on
penetration normally results in a crack length of about three to four times the wall thickness: an
assumed 5T crack length is thus a realistic worst case. The degree of plastic bulg ing and the
related plastic-stress levels may be calculated from this assumption.

In general , preliminary stress analyses will  define plastic stresses of low, intermediate ,
and high levels. In many cases this is the best that can be done because of uncertainties in loads
analyses .

As a second step, preliminary materials analyses must be made of candidate metals that
are expected to feature plastic fracture properties of matching or overmatching resistance to
fracture extension. In general , the search is for metals with clearl y overmatching properties , if
available ,  In many cases the problem involves an existing structure , and the analyses must take
into account the maximum sizes of cracks that would be tolerable for the metal used. In cases of
plastic ins tabi l i ty  due to cracks , it is necessary to characterize the metal’s resistance to plastic
fracture for the section size of interest ,
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The discussion to follow wil l  describe the procedures for re sistance-curve (R-curv e )  charac-
terization of plastic fracture properties. The object is to provide ra t ional  connections among ( a )
fracture properties measured by laboratory tests of definable cons t ra in t  capaci ty :  ( h I  plastic .
stress levels for fracture extension of max imum-cons t r a in t  ( t h r ou g h- th icknes~.) cracks;  and ) c I
s tructural  performance (propagation or arrest I for specified section sizes.

The grap h of Fi g. 168 (lef ’t side) illustrates the broad range of p lastic fracture properties in
terms of’ plastic work energy, R-curve slope , and related plastic-stress levels for extension of
throug h-thickness cracks. The connection to the structura l problems illustrated on the right
side is the subject of discussions to follow. Condit ions of unstable fracture are included in the
figure for purposes of comparison. The important difference is that unstable fracture does not
permit plastic stresses to develop under conditions of maximum-constraint  (through-thickness )
cracks , as described previously.

All analyses for correspondence between fracture tests and structural performance must
be made on the basis of maximum constraint cracks. This is a definable constraint state for
plastic fracture , because section size is sufficient reference for defining this mechanical state.
The constraint state for part-throug h cracks is not at present definable for plastic fracture.

The p .incip les of ductile fracture have a history of engineering use that dates from the
mid-1950s. While it is not an entirely new technology, recent advances in rational characteriza-
tion and interpretation based on constraint state overshadow previous developments.

Understanding present technological capabilities in fracture control of ductile metals
requires general knowledge of the mechanics of the fracture-mode transition that occurs with
crack extension. The following section focuses on physical models, Appendix E exp lains funda-
mental fracture mechanics considerations and their app lication to rational R-curve character-
ization b~ laboratory tests .

PHYSICAL MODEL OF PLASTIC FRACTURE

The extension of plastic fracture has analogies to the elongation and reduction of area that
precede rupture of tensile specimens. The comparison is illustrated in Fi g. 169 for the special
conditions that  exist dur ing in i t i a l  extension of an existing sharp, throug h-thickness crack. The
characteristics of the first stage include crack blunting ,  increased volume of the plastic enclave ,
increased plastic work energy for rupture , and transition in fracture mode.

In effect , the in i t ia l  plastic constraint imposed by the sharp crack is relaxed to a stable state
of decreased plastic constraint. Figure 170 illustrates the changes in crack-front configuration
that lead to the development of stable slant and mixed-mode fracture. Slant fracture regions
si gnif y separation by shear forces sli p ) , whi le  flat reg ions signify rupture by crack-opening
extension. Full-slant  fractures indicate a drastic change in constraint throug h the entire
thickness . Mixed-mode fractures indicate that constraint is relaxed in large part at the free
surfaces, while the central reg ions remain under the relatively hig h constraint imposed in i t ia l ly
by the sharp crack.

The crack front leads in the central regions of high constraint. This is similar to the
development of cup-and-cone fractures in tensile specimens. The flat central reg ions of the
tensi le  fracture open first: then the sides undergo shear slip, which results in the cup-and-cone
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Fig. 169— Plastic work energy for plastic fracture increases with increase in size of the
plastic enclave. Resistance to extension increases during the first states of internal
rupture , as the init ial  plastic enclave enlarges. The nominal stress for fracture exten-
sion must exceed general y ield.
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Fig. 170—Fracture extension sequences for metals of steep (topl and intermediate (bot-
toml R-curve slopes.
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geometry. Elongation of the neck region of tensile specimens continues after the central flat
region is developed: this produces extensive shear deformation for rupturing the sides . This
analogy exp lains wh y the flat central reg ions (Fi g. 170) extend to greater distances from the
initial crack front than the surface regions of slant fractures. The central rupture develops in
tunnel fashion when the plastic enclave is partl y developed. Growth of the plastic enclave ends
when slant fracture develops , as the last step of rupture.

The physical processes of increased resistance to fracture extension during the initial
stages of extension may be explained in terms of visual appearance , stress state , and deforma-
tion. These are equivalent but appear different because they are described in different terms. It
is important to clarify this point by explaining the various terminologies used.

Fracture-mode transition. This description of the constraint transition is the oldest and
simplest. It stems from the visual observation that fracture extension is related to a transition
from low-ductility flat fracture near the orig inal crack ti p to slant fracture involving a visibly
greater degree of obli que sli p. The transition may be complete (full-slant fracture ) or partial
(mixed-mode fracture), A partial transition is indicated by a combination of flat fracture at the
center and slant fracture at the free surfaces.

Plane-st rain to plane-stress transition. This descri ption is in terms of fracture mechanics
definitions of the mechanical constraint states that app ly to the fracture-mode transition . The
regions of flat fracture are considered to represent metal separation under plane-strain condi-
tions (high triaxial constraint) . The slant fracture regions indicate metal separation under
plane-stress conditions (low triaxial constraint) . The section as a whole is said to fracture in
plane stress when a significant degree of slant fracture is attained; the exact distinction is a
matter of arbitrary definition .

Throug h-thickness yielding transition. The constraint-transition events are related to an
increase in the degree of yielding, as measured by lateral contraction. Increased contraction
takes place in the course of the constraint transition because the degree of oblique slip increases
as the triaxial stress state is relaxed,

Yield-zone size transition. This description is the formal fracture-mechanics definition of
constraint-transition events. The reference is the ratio of y ield zone r~ to section thickness T. A
very small yield zone in proportion to thickness indicates plane strain. However , the exact r~/T
ratio that marks the constraint transition from plane strain to plane stress is a matter of
arbitrary definition .

These various definitions illustrate the semantic problem involved in the use of the terms
“plane strain ” and “plane stress.” It is necessary to consider what these terms imply.

Their origins are in abstract mathematical definitions of mechanical states in terms of
two-dimensional stress or strain. The mathematician finds it easier to calculate load response in
terms of idealized two-dimensional response (Poisson effects) , eliminating troublesome geomet-
rical features.

In mathematical usage , plane strain is defined as a condition of zero plastic flow parallel to
the crack front, Plane stress is defined as zero stress in the same direction. The mathematical
definitions represent extreme conceptual limits , rang ing from total constraint to plastic flow to
zero constraint.

221

• 
. .- .— — .~~~~~~—‘—— ‘- . ‘ . ,. , , - ~~

, , ,___C. .:i , . ~- -  ~
‘ 

,. -~~ -~~~
, , - - -  ~~~~

-- - --
~~

-
~~~~~~~~~~~

- -
~~~~

-- ---~~~~---, - -- --- - . .



-- -‘  - ‘.  - ‘-“-‘ ‘-----~~~ : :: :.~~~~-rr ---”-- ‘ r’n—,-.- ---v - ’ -  ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
—‘-‘-—- - _~~~~~~ , - ~~~~~~~~~~ —~~~--~-

SI ’EC!Al . l zE l  STH 1. ( “F t ‘ R A I .  i ’ROBLF ;Ms l”R A (”l ’ I ’RE I I  )N ’l (~( >1 .  FO R l ’l.ASTI ( ’ S’l’lfl ;~~s s~~~’ ) ( . \l~

In real metals , constraint cannot extend to either extreme. Bri t t le  metals develop v ’ry
l i t t le  plastic flow and thus fracture under conditions close to idealized p lane-strain cons t r a in t .
Highly ductile metals develop large amounts of plastic flow , and they fracture under condit ions
that approximate idealized plane-stress constraint.

Engineers are advised to adopt the fol l owing simp lified view of constraint states and
constraint transitions:

Plane strain signifies fracture under hi gh levels of tr iaxial  constraint such that metal
response is l imited to flat fracture,

Plane stress signifies fracture under low levels of t r iaxial  constraint as a consequence of
metal response involving a high degree of oblique sli p or total slant fracture .

Constraint transition si gnifies a marked change from plane-strain to plane-stress con-
straint.

The fracture-mode transition reflects the degree ofoblique sli p that occurs prior to separa-
tion , at the point of v i sua l  reference. Thus , a change in fracture appearance from flat to slant
indicates a marked change in constraint. As such , it is an index of a marked increase in
resistance to fracture extension . A metal that shows a distinct fracture-mode transition requires
stresses in excess of yield to initiate or propagate cracking.

Figures E5 and E6 , Appendix E , illustrate the development of characteristic fracture
modes in metals of low and high plastic fracture ductility. In comparison , plane-strain fracture is
character is t ica l ly  t o t a l l y  flat . Elastic-p lastic fracture is flat except for shearl ips  at free surfaces.

Figure 171 presents experimental  DT test data that illustrate the relative increase in the
energy required for through-thickness cracks to advance in metals of low and hig h R-curve
slope.
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Fi g. 171—Incremental addi t ions  .~o of impact
energy require d to advance the crack in DT O s t
specimens for steels of hi gh and low R-c-urve slope
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Thus , the nominal  stresses required to rupture the most ducti le metals of t h i n  sheet form
wil l  be much lower than for metals of plate section size. In general , fu l l -s lant  fracture of’ plate
thicknesses indicates that  the nomina l  stress for crack extension w i l l  rise to high p lastic levels
as the fracture-mode transit ion develops )as the R-curve slope rises ) .

Metals of sheet form are limited to very low plastic stresses for extension of through-
thickness cracks. In fact , very thin  sheet thickness  l im i t s  m a x i m u m  stresses to the elastic range.
This is called the thin-sheet plane-stress problem , because relatively small cracks (‘ ‘ I ree to five
times sheet thickness) may extend catastrophically at elastic stress levels , despite ductility
sufficient for full-slant fracture.

CONTROL PRINCIPLES FOR PLASTIC FRACTURE

Fundamental barriers to idealized anal yses of plastic fracture problems will  exist into the
foreseeable future , as they wil l  for brittle fracture. In both cases, eng ineering princi ples can be
app lied with confidence only if conservative practices are used.

For brittle fracture , statistical metal variances limit anal ytical exactness, The scale of
plane-strain fracture is hi ghl y compressed and requires high-precision measurement. There-
fore , similar precision is necessary for metallurgical control of fracture properties. Fracture
problems generall y involve very small cracks that require great precision in detection. Because
all considerations involve precision , engineering reality demands conservative solutions. The
problem is solved in practice by the use of lower bound values for fracture properties and higher
bound estimates of crack sizes and stress levels.

In the case of plastic fracture , the scale of R-curve slopes is very broad for plate metals,
High-precision measurement is not required , and metallurgical control is simple compared to
the problem of brittle fracture. The crack sizes of concern for plastic fracture are huge compared
to critical crack sizes for brittle fracture (102 to 10~ times larger) . The basic analytical problem
for plastic fracture is not exactness in measurement of fracture properties or crack sizes; the
solutions are limited by the coarse-scale definition of stress levels. For this reason , conservative
solutions are as a rule necessary.

In practice , plastic fracture problems are often treated in terms of strain and are related
indirectly to plastic stress levels, Structural models must be used if strain predictions by
finite-element analysis are inadequate for a given problem.

The discussions to follow focus on the fact that preliminary analyses for brittle fracture can
be made relatively directly. For example, these analyses can easily provide for preliminary
elimination of candidate metals, to allow more refined consideration of a small number of
candidates. I’

For this analysis , a reference system of metal properties must be available. Fracture
mechanics principles dictate that the following requirements must be met for rational data-
bank characterization:

•Fracture properties must be referenced to specific section size,

•The fracture state must be defined,
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•R-cu rve slopes must be converted to a numer ica l  reference.

•The reference system must provide for mechanical  anal y sis of section-size effects.

F’racture tests that satisfy these objectives must ( a )  use max imum constraint cracks for the
section size of the test specimen , ( h i  use a fracture path long enoug h to allow the characteristic
fracture mode to develop, and (c ) measure R-curve slope in terms of work energy for complete
extension through the critical stage of fracture-mode transition , These requirements are recog-
nized as fundamental  in ~~~ testing for sheet material (see A ppendix E ) . However , ~~~ tests are not
practical for sheet or plate because of their l imi ta t ions  on elastic stresses and the large size of
test specimens.

Crack-opening displacement (COD) characterization methods ( including theJ . approach)
are in fundamental conflict with the R-curve aspects of ~~~. principles. The restriction of charac-
terization to the first event of crack extension neg lects the crucial R-curve slope and the
fracture-mode transition to stable extension , These cannot be neglected for plastic fracture. The
COD and J , . methods are useful for analyzing elastic-p lastic fracture and the lowest levels of
plastic fracture, In these cases R-curve slope is minimal , and there is little resistance to
continued fracture extension for plastic stresses.

The DT test remains the only practical method that meets all of the fracture mechanics
requirements outlined above. The ASTM proposed method ( 1975) for the 0.6-in. (small ) DT test
provides the required certification reference, Appendix E contains a comprehensive descri ption
of the significance of R-curve slope data from DT tests. Appendix E also exp lains the use of the
RAD for ( a )  integrating plastic fracture and metal-quality data and (b )  examining the structural
mechanics significance of the data,

These developments provide the first generalized and procedurally simple engineering
connection to structura l performance, illustrated schematically in Fig. 168. The RAD methods
provide enoug h quantitative information for most analyses of plastic fracture problems. As f or
brittle fracture , these analyses are crucial because they make possible rational selection of
options for SI plans ,

Engineering application of these principles to SI plastic fracture problems has been made
with increasing sophistication since 1956. While the graphical anal ysis methods are relatively
new , there is a vast store of prior experience with structures to confirm the validi ty of the
methods.

GENERIC PROBLEM AREAS

Engineering experience in evaluating and applying plastic fracture criteria is examined in
this section. It is assumed that the reader has reviewed Appendix E.

This experience may be described in terms of generic structural problems that involve
uni que combinations of configuration , section size , and loading systems, such as the following:

• Aircraft  fuselage structures are representative of thin-section stiffened-sheet desi gn.
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• ~ ( l i p  :uit l s i lh I I l z I  i’ i iii’ 511 iii’) U ic s are ic  pre s I ’ nt a  t I Vt ’ l i t  h i ck  sections a u hjt ’et t’d to cx p lo—

SIhITI loadi ng.

• F ’luid and gas ti’aiispoi’t sv s l e m s  art’ i’e p r e s ( ’ i lt a t i v ( ’  el prllhli’nls t h a t  t i ~ :e ~ ’ r e ’q u l n ’
co iit ‘( I I  of pressure-re lease t ’f’fet ’ts.

In addition , the general case of crack opening due to geometric instab il i ty  is dt’~cribed in
ter ills of parametric re la t ionsh i ps among crack size , hoop stresses , and R -curv t -  slope .

Thin-Sect ions—Aircraf t

Exp los ive  rup tu re  of a i r c r a f t  fuselages was  experienced d u r i n g  ti it ’ m idd l e  1951)- . Th is  l ed
to the lirst  extens ive  inves t iga t ions  of’ fracture under condi t ions  Ill  geonlt’tr ic i I l ~ t I l l I l l l t y .  The
reseai’ch of t he  t i m e provided the basic informat ion for a n a l ysis .  The aircraft  fa i lures  were due
in part t e l  r e la t iv t ’lv  b r i t t l e  a l u m i n u m  al loy s  of exc e ss iv el ’,’ hig h s trength for the sect ion s I ze .

It was found that  decreasing the s t rength  level of the a l u m i n u m  a l l oy s  to pr ovide a
fu l l - s l an t , p lane-s t re ss  fracture state (m a x i m u m  possible f rac tu re  res is tance I did not yie ld
acceptable SI so lu t ions , The internal pressurization of the th in -wa l led  fuselage caused geono”-
n c  i n s t ab i l i t y  for r e l a t i v e l y short cracks . The rupture  forces were then too hi gh for the r e l a t i v e l y
low R-curve  slopes of the metals. This svas called the “th in -shee t  p lane-strt’~ s” problem. It WI t s

recognized that  th in-sheet  metal was l imi ted  to low-slope R-curves by section-size effects.

The practical engineer ing  solution was use of p lane-stress metal  p l u s  mechan i ca l  crack
am’r e st l lr s  of r ive ted-s t i f fener  type .  The spacing of the arrestors was arr ived at emp irica ll y by
tests of models . The object was to l imi t  the length of a crack so that  geometric i n s t a b i l i t y  would
not produce excessive forces , Meta ls of p lane-strain or elastic-p lastic fracture properti es would
a llow crossireg through the crack arrestors , so meta l selection was restricted to plastic fracture
properties . These SI solut ions are still in force for all aircraft .

The charactei’izat ion procedures for a l u m i n u m  alloys used in a i rcra f t  depend on s t ruc tura l
prototype tests. The tests are conducted for conditions of geometric ins tab i l I ty  and for vary ing
crack lengths . There are no s tandard methods for characterizing plastic fracture properties by
laboratory fracture tests . A great variety of modified c;~ (K ,. it e st s  and edge-notched tear t e st s
have  been used by the metals industry. As t he result , t he existing data are diff icul t  to interpret.

The ma in  problem for th in-sheet  meta ls  is the low R-curve slope resu l t ing  from geometr ic
con siderat ions . Recou rse to measurement  o fex t e n s i o n  sti-ess by edge-notched tear tests  does not
pi- I l v ide  increased s e n s i t i v i t y .  P l a s t i c  stresses are confined to a narrow range and are geometry
dependent.

.~\ most s ign i f i can t  feature of fracture tests of sheet metal  is the  visual  ind ica t ion  of th~’
fracture-mode t r ans i t i on . The first  selection princi p le in SI ana ly ses  for sheet metal  s t ruc tu :t ’s
is res t r ic t ing  the cand ida te  sheet metal  to a fu l l - s l an t , p lane-s t ress  fracture mode (fo r the
t hickn e ss of i i l e r ’s t ’ . ~t l ixed-mode fracture s automat ical l y  indicat e fracture extension at
e l a s t i c - stress leve l s .

New cha rac t e r i za t ion  t e c h i n i ques based on l amina t ed - type  Dl’ t t ’s t s  o f the proposed A~ ’l’
( 1975 I con f ig h l r a t  ion Is l e A p p e n d i x  E l  II  ( ‘for consi derable promise for I a I d e f in i t i on  I I I  f r a c t u r e
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fracture properties are related to the lower range of the strength transition , which has the
m a x i m u m  metallurgical potential for plastic f racture  resistance. This potential was achieved by
proper mel t ing ,  al loying,  and heat treatment.

At th i s  same strength level , metals of ’low alloy content or low melting-practice qual i ty  are
limited to ver y  low positions in the RAD scale. While the RAD was not available at the t ime
( 1956) , the general metal lurgical  principles were understood. Proprieta m-y low-alloy steel pro-
posed by the steel indust r y  were el iminated from consideration for submarine hul ls  because of
inferior p lastic fracture properties. The explosion crack starter tests confirmed the superiority of
the HY-80 steel.

All  of this new technology for SI planning was first developed and app lied between 1953
and 1956. Serial construction ofHY-80 submarines , based on the new princi ples, started in 1957.
The urgency of this app lication did not allow t ime for testing full-scale structures. This was not
done unt i l  the 1960s , when underwater exp losion tests were made of fatigue-cracked full-scale
models. The expense and time required for such tests preclude their use in selection of steel:
metals must be selected according to rat ional  fracture tests and relatively simple structural
prototype tests.

Following the HY-80 experience , it was realized that a rational fracture test was essential
if the strength transition for metal of plate thickness was to be explored. The explosion crack
starter tests were to be used only as confirming evidence and for calibration of laboratory
fracture tests,

This need stimulated the development of the DT test for characterizing fracture state by
the rational princi ples o f ( a )  maximum-constraint cracks and )b )  sufficient fracture length to
establish the characteristic fracture mode. Advanced methods evolved during the period from
1965 to 1970.

The general relationshi ps of R-eurve slopes and RAD DT test scale are illustrated in Fig.
173. For steels of 1-in. (25 mm) or greater thickness , a very broad range of R-curve slopes is
metallurgically feasible , if strength levels are below about 150 ksi ( 1034 MPa) . The range
narrows rap idly as strength levels are increased to 200 ksi (1379 MPa) , This can be read directl y
from the RAD by reference to the technological-limit curve,

The derivation and the significance of the R 1, scale are described in Appendix E. The R ,
parameter is a numerical expression of metallurg ical qual i ty that determines specific R-curve
slopes for different section sizes.

Fluid or Gas Transport Systems

In the two prior cases , it is absolutely necessary to prevent the extension of plastic fracture.
If extension occurs , the structure is lost , and there is no interest in secondary events.

The case of transport systems for combustible or toxic fluids and hig h-pressure gas is
characteristically different.  The events that  follow the ini t ia l  rupture are of major concern. In
fact , the SI plans are generall y aimed at controll ing secondary events to feasible limits .
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The first consideration in such plans is the relationshi p of the force system for fracture
extension to the energy density and total energy of the contained fluid or gas. This analysi s
determines whether  the force system has soft - , intermediate- , or stiff-spring characteristics .

Hy draul ic  loading presents a stiff-spring system. If the metal has a modest R-curve slope in
the extension of through-thickness cracks , crack extension that leads to leakage is arrested by
loss of the low-compressibility fluid ,  If the R-curve is flat )p lane -strain properties) , fragmenta-
tion by unstable elastic-stress propagation of the fracture wil l  result. However , secondary
events are min imal , because fragments simply fall or are pushed outward by the fluid.

Gas pockets in the hydrostatically loaded vessel give an intermediate-spring effect. For
example , hydrotesting of pressure vessels may be dangerous if gas is not completely bled before
full  pressurization , when the R-curve slope is relativel y low (elastic-plastic properties) . For
service conditions that involve the possibility of gas pockets in a hydrostatically loaded vessel ,
use of metals with plastic fracture properties must be considered. The object is to provide
sufficient R-curve slope to limit fracture extension while relatively rapid depressurization takes
place by leakage.

The soft-spring features of pneumatic loading provide for continuing effects of the force
system on fracture extension.

The factors that determine the rate of depressurization throug h the rupture area include
the following:

Energy density (pressure)
Gas volume
Possible side effects (detonation , etc.)
Rate of enlargement of rupture area
Limit size of rupture area (p ipe or vessel diameter) .

In general , analyses for these cases focus on events that result from a through-thickness
crack , rather than on the initial cracking. The conditions that initiate the crack are matters of
separate anal ysis. They may include laminations , poor welds , or accidental damage or puncture.
Usuall y, it is difficult to reliably eliminate such possibilities. According ly, attention is directed
to subsequent rupture extension , which represents the limiting conditions for SI protection.

Gas transmission lines provide an excellent example of the application of these princi p les.
Because of the nature of construction and terrain , it is assumed that damage can occur , and that
a rupture may be initiated. Experience confirms that it is not practical to prevent events leading
to localized damage. While rupture of a gasline is undesirable , the real problem is arresting the
fracture within a reasonably short distance.

The p ipe diameter and pressure determine the depressurization rate for a rupture condi-
tion. The problem may be represented by pressure-vs-time decay curves for specific conditions,
The SI solution involves the use of a metal with a crack-extension rate sufficientl y slower than
the depressurization rate to produce an arrest. The crack-extension rate is established by the
work energy (plastic-enclave size) per unit increment of extension. This is directly related to the
R-curve slope of the metal for the given section size.

Because of economic considerations , it may not be feasible to use metals of very hig h
R-curve slopes. Achievement of an economically exact balance between min imum R-curve slope
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R- curv e slopes in the direct ion transverse to the pr incipal  ro l l ing  direct ion.  The direct  ion I t
p r i n c i p a l  r o i l i n g  w i l l  then foa ture  lilly R— curve  slopes . Appropr ia te  p l ac ing  of such d i rec t iona l
m e t a l  in  a c v c l in d r i c a i  l)I’essul’e vessel produces the desim’ed s ide lohe pe t a l ing .  h lr  exanip le . gas
p i p e l i n e  s o l u t i o n s  could be obta ined , in pr inc i ple . liv we l d ing  strai gh t - a w ay  rolled plat( ’ if l  a
sp i ra l  to lom ’n i I u ’ ge— d i amet er  gasi m e t - .

~~~~JE

B U L G E

STEEP-SLOPE 
_______  

—Il

1 1 0  I I I ) t ’ i i t  I t ’  ‘.~‘ri Ill ’  ( l l i l l I i ’ t’ dtit ’ III ,I lllng 1111 1.11 lztml ~hI1 ,Itt II In .1 t l lg)’l Ill’ “t I l l  lIlt’ )i.l’-k I l l

t Ill. I ,,~.‘ fllln I 1 1 , 1  I I ( t t < ’ k  II’ -— ‘l’)ll LI 1)011 ’ II’ltlpI’rZII ill’ II I” ) h t . (1 111 ) l l ’ bh i l  NI) I (i.tt I’t’I’lIl’i I’ I ht’
.Il) tlliIIfl Ill ( l i t ’  pl’lll))ltlll IltIlIlIflI I illil. t ,ist’d 1111 Ill 5 ’  l lt lII l’I of llll’.—.lll II 10 1111 III’.

231)

III. 1’ ” “ ‘ “ ~~~~~~~~~~~~~ .,~~ :,, ...

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ _ _ _‘~~~~ !~~ g__~~~~~, ..’ _ ~~~~~~~~ — ‘~—‘-k~~, ‘~~~ ~~~~~~~ _l4



G E N E R I ( ’  l ’ROllt ,EM AREAS

Geometric Instability—Crack -Opening

The stress conditions that lead to the init ial  opening ofcrack like defects are summarized in
Fi g. 175. The chart is based on general informat ion obtained in burst tests ofcylinders featuring
lamination-type defects and/or part-through slits. It is not intended as a design guide but as an
illustration of the type of information that should be developed.
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Fig 175—Instability Anal ysis Diagram I I A D (  il lust r ating general relationshi ps of crack length . R-curve s)llpt ’ ,

and hoop stress combinations that result  in crack open ing  rup ture  of cy lindrical vesse ls

The figure includes a region that is referenced to the K~ / t1r~, ratio scale and , therefore ,
involves flat R-curves. The calculations of hoop stress for fracture derive from linear-elastic
theory. At the ratio l imi t  for the section size , the maximum elastic stress required for the
initiation of unstable fracture is on the order ofO,3 r , , Stress decreases slightly with decreasing
ratio limit value L. The engineering interpretation is simp ly that the presence of a through-
thickness crack results in fracture at low hoop stresses.

Analysis of the effects of R-curve slope starts at the ratio limit.  It is indicated that very long
cracks t2 OT result in very high localized geometric instability forces , such that the hoop stress
for crack opening remains low, Short cracks ) 1 to 3 T) result in lower geometric instabili ty forces.
As a result , the effect of increased R-curve slope is a function ofrelative crack length as indicated
in the figure.

The fan of curves that  relate hoop stress for fracture to relative crack lengths and R-curve
slope ( metal quali ty I is called an Instability Analysis Diagram ) IAD ) .  It should be noted that
combined use of the RAD and the lAD leads to relativel y simp le parametric analyses that are
useful in scop ing crack-opening problems for pressure vessels. These analyses do not deal with
questions of hydrostatic or pneumatic loading. The in i t i a l  opening of the crack is not related to
stored energy but solely to the intensity of localized plastic stresses.
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CHAPTER 12

Role of Analytical Procedures in Formal Certification
of Structural Reliability by

Codes, Rules, and Standards

CERTIFICATION PHILOSOPHY

The purpose ofcert i f icat ion is to ensure uniformity  in design , fabrication , and inspection of
structures. Various documents are used to define formal standards for certification. When
legally adopted , the certification documents can assure uniform compliance.

The eng ineering considerations that dictate the objectives of certif ication documents are
known as the philosophy, or intent , of the requirements . The intent is decided by the group
responsible for imposing the standards (fo r example , an ASME code body for pressure vessels
that must bear a stamp of approval ) .

The philosop hy of these groups may be expected to change with  improved design methods.
In general , the intent is to use the best practical methods. Self-consistent q u a n t i t a t i v e  proce-
dure s are preferable to those based on expert op inion and expressed by arbitrary rules.

Design factors that are deterministic )subject to numerical analysis)  have a lways  been
considered certifiable to rational design rules. In this case , expert opin ion is involved only in
selection of accepted design methods from handbooks , codes . etc. In the past . fracture and
crack-growth problems were considered purely qual i ta t ivel y. Therefore , their  solutions could
not be classed as deterministic , and their certification depended entirely on expert opinion.

The most pro found influence of the current rational quant i f ica t ion princip les of fracture
mechanics is on certification philosophy. Fracture and crack growth may now be treated as
rationall y as other design problems. Loose certification by expert op inion has been rep laced by
numerical criteria app lied according to accepted methods . While the formula  or grap hical
method selected for calculation may be a matter of expert op inion , the results are self-consistent:
the analyses are deterministic , not matters of op inion.

These changes in philosophy are implemented by improvement of specific certification
procedures prescribed in codes , rules , and standards. For examp le , the design agent may be
required to comply with  the following categories of provisions:

General—references to applicable desi gn codes
Standards—documents for mechanical test procedures I ASTM , ASME . etc . l
Materials—specifications for standard-grade metals (ASTM . ASME , etc. I

Fabrication—references to standards for welding electrodes , welding procedures . and
inspection of welds lAWS , etc.) ‘
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Supp le ’mentw ’,v—amendments to cited standards , which become part of the formal re-
quiremeti ts .

Al l  proced u res in a specified combination of provisions must be uniformly rational.  A mix
of ’ ra t ional  amid arbitrary provisions cannot satisfy requirements for rat ional  certification. The
use of ra t ional  criteria for characterizing fractui’e and crack-growth propertie s require ’s ratio-
n a l i t y  of other related provisions. For example , reference to a sys~ Tn of standard-grade metals
should be based on rational fracture criteria.

The sequence of steps outlined in Fig. 176 should be followed in certifying structural
re l iabi l i t y by rational princi p les. The certification sequence must be rational for a l  steps of
characterization , analysis , and optimization of eng ineering factors.

The first step is based on rational fracture mechanics test methods and criteria for
characterizing metal properties. The second step involves fracture mechanics analyses of frac-
ture and crack growth. The grap hical methods are simply an aid for rap id calculation of crack
size and stress conditions and/or analysis of fracture state for the g iven section size. The
important  point is that the grap hical methods conform with fracture mechanics principles .
Accordingly, principles of fracture mechanics rationality are guaranteed to the user of the
diagrams. Reference to the diagrams provides a basis for review of analy tical methods and the
resulting decisions. Documentation for review purposes is important for all rational provi sions
of codes.

The third step is based on rational integration of metallurg ical , mechanical , and fabrica-
tion features. This step depends on the validity of the prior steps: if fracture mechanics details
are not clarified , it is impossible to examine rational engineering tradeoffs involving fracture
and crack-growth parameters.

The final step documents that  cert if ication is in conf ormance to all provisions for test .
analysis , and engineering optimization. This step is equivalent to completion of a checklist to
confirm that  all appropriate documents have been followed. The degree of ri gor for certification
depends on the particular codes , rules , or standards.

I St
I FORMAL CERTIF ICATIONI BY

RATIONAL PROVI SIONS

SI A N A L Y S I S
BY

RMIONAL INTEGR ATION
MET --MECH -FAB

FACT ORS

F R A C T U R E  M E C H A N I C S  A N A L Y S I S

B Y
RATIONAL GRAPHICAL METHODS

FRA CTURE MECHANICS CHARACT ERIZATI ON
BY

RATIONAL — TEST CRITERIA

Fig. 1 76— Sequence lI t  r a t i ona l  ct’rt I l i e I I )  ion
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It should be noted tha t  a m i v  amendments  are legal or contractual requirements.  Accord-
ingly, the amendments  mus t  preserve the ch a i n  of ’ ra t ional i ty .

APPLICATIONS TO CODES , RULES , AND STANDARDS

Bef ’ore 1970 , the b rma l  use of r a t iona l  princi p les for fracture control was centered in
aircra f ’t , aerospace , and commercial nuclear power svst~ims. A mechanism for promoting the use
of’ new procedures existed in the form of a tradition of contractual spec i fication by the user.
Moreover , expert technical teams were associated wi th  the development of the advanced sys-
tems . The use of rational principles for control of crack growth due to environmental  effects and
fati gue followed the use of rational fracture-control princi ple ’s.

Between 1970 and 1975 . there wit s  a notable broadening of ’ the formal use of ’ these princi p les
in codes , rules , and standards. The cii ’cumstances that  have  dictated mo le general use are of
interest.

The most significant change in formal engineering practices is the adoption of anal ytical
methods for various additional failure modes . Prior practices were formalized only for classical
overload , buckl ing,  plastic instabi I its - , and other fai lure  modes related to tension or compression.
Fracture and crack-growth fai lure modes can now be treated rationally.

Fracture and crack-growth control principles are formally applied by design agents , who
are required by contract to use the appropriate provisions of codes , rules , or standards. Various
examples wil l  be cited to il lustrate that  there is no change in long-established formal engineer-
ing practices . The only  change is in requirements  for analysis of fracture and crack-growth
problems.

A sound eng ineering basis must  exist for including or excluding specific failure modes . In
general , the first consideration is fracture. Crack-growth considerations are added if necessary.
Accordingly, there is a log ical separation between certification requirements for structures of
low and high strength metals.

For example , commercial nuclear powerplants require consideration of failure ’ modes that
include fracture , crack growth , and the effects of neutron damage. The design agent is directed
by the ASME Code and F’ederal standards to consider all of these. It should he noted tha t  Federal
standards do not dictate the ASME Code , which remains an independent document.  This
example is of interest because it indicates ASME action for modernization of the code . in
addit ion to legal implementat ion.

The design bases for the pr essum -e boundaries of commercial  nuclear  powerp lan t s  am ’e
defined by t heASME Boiler an d Pressure Vessel Code , Section III . “Rul e ’s foi’ Considerat ion of
Nuclear Power Plant  Components,” The Section III rules were amended in 1972 to include
advanced fracture mechanics princi ples for characterization and analy s is .  Other parts of the
ASME Code did not , as of 1976 , include these modern princi ples .

The ASME Rules for nuclear power p lants  have been made’ a mat ter  of legal regulatory
requirement by publication of s t ipulat ions to th is  effect in the Federal Register , plus amend-
ments. For examp le , amendments  cover neutron damage dur ing the service life of the pressure
vessel be it l ine .
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This case illustrates the route by which the modernized Code has become a matter of law
for designers . producers , and users of the structure. Formal certification is very stringent
because of strict l icensing requirements. Any questions of structural integrit y that  arise during
the service ’ l i f e  of the pi ’essure boundary are also analyzed by reference to these standards. The
point is that  licensing is based on deterministic analyses , which  do not depend on op inion. In
Code terminology,  the process is described as “certification by anal ys is .” as distinguished from
“certif ’ication by rule. ”

Other examples of legal requirements for certification that promote the modernization of
codes , rules , and standards may be cited for ships , aircraft , bridges . fluid or gas transport
system s, and other critical structures, The interesting feature of this general group is that the
usual gradual nature of modernization may be altered on a case basis by enforced action. In
general , a regulated indu stry tends to offer its own established specifications as a first solution
to regulatory requirements. The industry specifications may be published in the Fe dera l Regis-
ter and thereby become law. They are then not subject to modification except by revision of the
law . It is thus in the interest of both industry and regulatory authorities to adopt rational
procedures. Thus , situations that could result in long-term impasses may be resolved expedi-
tiously by consensus or by enforcement based on modification of the existing law. Public interest
and criticality of failure conseq uences dictate whether gradual or immediate action is taken in a
particular case.

The foregoing applies to structures that have common features and are ordinarily produced
in commercial quantity. The use of modern certification princi ples has been most notable in
radically new, hi gh-performance , prototype or one-of-type structures. An examp le is provided by
desi gn competitions for high-performance aircraft. In this case , the designer is part of a team
that must optimize the overall performance of the aircraft , The impact of SI principles in such
case’s has been great , because very specific aircraft standards are issued by procurement agen-
cies as legally binding contractual requirements. For examp le, MIL STD-1530 I USAF) Mil i tary
Standard—Aircr ,~ft Structural Integrity Program , Airplane Requirements ( 1972) and the
related document , “USAF Damage Tolerance Criteria ” (1972) , have been used by the Air Force,

The importance of rational SI princi ples is evident from these contractual and legal
app lications . Moreover , the princi p les are a matter of engineering responsibility in general
design. In the absence of specific contractual requirements , the imp lied legal responsibility for
prudence and best practice remains. In cases of structural failures resulting in financial loss or
injury , it must be proven that  prudence and best practice were used , according to existing
engineering knowledge.

MODERNIZATION OF SPECIFICATION SYSTEMS

The hi gh strength steels that have been described in terms of RAD zonings have been
adequately characterized in terms of rational fracture data. Their specialized use in critical
structures has promoted exacting examination of their properties. Similar information is
available for high strength a luminum and t i tanium alloys.

In general , the greatest need for rational characterization data , organized to provide ready
reference to the designer , is for hi gh-tonnage-use steels of low and intermediate strength. For
example , the general specification system for standard-grade’ C-Mn (pear l i t i c ( st ee l s  is complex
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and has developed for a variety of reasons. The obvious categories are based on the following
criteria:

Yield strength
C-Mn ratio and maximum Mn content
Open or tight specification ranges
Normalization or absence of it
Section-size range and limits
Special features of low-alloy additions.

To provide meaningful fracture data for metal selection from such listings, fracture proper-
ties must be cited in terms of rational criteria. Figure 177 illustrates minimum requirements for
characterization. The fracture test value should indicate the position of the metal with respect to
the six subdivisions of the fracture-state scale. In fact , the usual requirement is for definition of a
level within the subdivision. For example , it is important to define levels within low and high
elastic-plastic fracture states for purposes ofestablishing arrest criteria. The data must relate to
specific section sizes and take into account statistical variances of metal properties. Obviously,
considerable precision is necessary.

PLASTIC

r~~~~~~~~~~~~~~ ACTIO~~~

ELASTIC - ~

, 

~~~~~~~~~~~~~~~~~~;UNSTABLE

• Fig. 17 7—Requirements for rational fracture state characterizat ion of
fracture properties . See Chapter 3. 1
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The se requirements are not met b the  ( ‘h i i rp y- V I ( ’~~1 reference s ste ’mll ri o~ o~.t d  liii’
standai ’d-gi ’ade steels . Precise charac te r iza t ion  is not possible hir a test specimen tha t  de’pencl s
purely on coi’i’e l a t ion.  Figure 175 i l lus t ra te ’ s tha t  the ( ‘ . tes t  does not u. .ve I I ) l )  the f u l l  r ange  If
li ’acture state’s . Con st ra in t  t r ans i t ion s  are I m u t e d  to a p a i ’t ia l ly  flat fi’acture w i t h  shear 1 ip~
because of ’ the smal l  vo lume  of metal  behind the n o t ch  I see Chapter 11) .

Specif icat ions of m i n i m u m  (‘ , propertie s for standard grades , as in AS I’M pub l ica t ions , a rt ’
establ ished ma in ly  f’or production qua l i ty  control and not as design criteria .  This is also the ~~~
ha’ t he more complex acceptance ‘a I ties f’om’ gt ’ade-thickn ess-t emperat ure conihi nu t  ions , which
ai’e based on bot h C , energy and la te ra l  expans ion .  ‘J’hese va lues  ui-c the  resul t  of pr oduction
experience , which  proves tha t  the values can be r e l i a b l y  a t ta ined .  The onl y s ignif icance of the
va lues . t hei ’ef’ore , is föi ’ productio n q u a l i ty  control  based on high s t a t i s t i c a l  expectancy tha t  the
values wi l l  be met. The cost of ’ the steel is based on this  low rejection expectancy.

Experience confirms that  C’ , i-eference va lues  as normally  cited by standard-grade tables
are inadequate for design. Figure 179 shows the fracture  properties ofa conventional standard-
grade (‘-M n (p ea r l i t i c ) steel used in very large quan t i ty .  A comp lete b r i t t l e  fracture of a large
welded structure that  included th i s  metal occurred at the temperature noted. The source was
traced to a very minute  defect in the heat-affected zone of the weld , as deduced from the chevron
markings  on the fracture surfaces.
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The fi gure i l lus t ra tes  that

• The C~ ene rgy  and la te ra l  expansion values  at the fa i lure  temperature are very h igh—
much h ighei’ t h a n  any  ord inar i l y  cited in standard-grade tables.

• The’ DT test . ,onducted at full thickn ess ( 1.0-in.;  25 m m ) , indicates that  the fracture
properties are essen t i a l l y  at the plane-strain l imit  at the fai lure temp erature .  as indicated by
tht ’ circled “L ” on the DT curve.

The dramatic  differences in theC , and DT characterizations are self-evident. However , it is
more s igni f icant  that  the failure of the structure , at a temperature of high C , fracture properties ,
startled the interested parties , including the regulatory authori t ies.  This case illustrates the
unfor tuna te  association of fracture rel iabi l i ty  wi th  hi gh C . values for energy and lateral
expansion . Hi gh C , values can be totally misleading, as i l lustrated by th i s  examp le and many
s imi l a r  cases .

Since the C , values cited for standard-grade steels cannot be translated into fracture
criteria at specific temperatures , they are useless for SI ana l y s i s . Because of this , designers
ordinarily must search for other s igni f icant  data. Serious app l ica t ion  and documentation of an
SI plan usually requires a fracture-test survey of candidate  steels , In recent years , DWT-NDT
and DT tests have been used increa singly for t h i s  purpose.

Expert mechanical  meta l lurg is t s  can accurately est imate NDT frequency distr ibutions by
referr ing to chemical composition , heat t rea tment , and section size , which yield estimates ofthe
characteristic elastic-plastic t r a n s i t i o n s , Re l a t i ve l y  few s p e c i a l i s t s  are able to make these
estimates wi th  reasonable confidence. However , the  fact tha t  they  can be made indicates  that
ra t ional  characterizat ion data can he sy s t e ’r tu a t iz e ’d  wi th  a reasonable s t a t i s t i ca l  survey e f f o r t .
Such systematization is badly needed by designers.
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CERTIFICATION BY ANALYSIS FOR EXISTING STRUCTURES

The formal use of rational principles in the design of new structures has st imulated
interest in their use for cer t i fy ing  exis t ing structures. Also contributing to this interest has been
the need for a common base of understanding between regulated industries and regulatory
agencies. In such cases , the use of rational procedures is absolutel y necessary. Analyses must be
deterministic and beyond reproach of possible errors of op inions.

Most anal yses are concerned w i t h  the possibility of brittle fracture in standard-grade
steels . Considerable time and effort could be saved if the general predictions of fracture mechan-
ics were relied on. For example , there is no rational basis for asserting that K~, criteria control
the performance of welded C-Mn steels of plane-strain properties; experience dictates that K11,
properties control performance.

Localized metallurgical damage is the usual condition for brittle fracture initiation in
structures of standard-grade C-Mn steels. A certain probability of such random damage is
entailed in welding; rational certification by analysis , based on such purely random initiation
events , is impossible. If appropriate analyses are made , the results automatically preclude
certification ,

Rational analysis of conditions for dynamic fracture initiation must be directed to the
combined curves of critical crack size and arrest disp layed in Fig. 180, The charts are exp lained
in the discussion of the characteristic K 11, curve in Appendix B. The following features are
important:

•Critical crack sizes for dynamic fracture initiation in regions of peak stresses are very
small, They are impossible to reliably detect or prevent , even in the absence of metallurg ical
damage.

•The temperature range between L and YC criteria is relativel y narrow for section sizes of
less than 2 in, (50 mm) .

•The 0.5 ~~ (arrest) criterion is met at a temperature only sli ghtl y above the L criterion
temperature .

•The arrest principle assures reliable fracture prevention for most structures, It does not
depend on accidental metallurg ical damage.

Because of these considerations , analysis for certification is generally aimed at document-
ing whether arrest protection is provided. Convincing proof can onl y be provided if the 0.5 cr~
criterion is met.

One exception to this general rule is analysis of load stresses that are too low to sustain
extension of brittle fracture. Another exception is structures of redundant design , in which
fracture of a component does not necessarily lead to failure of the whole structure,

An interesting real-life example of certification by analysis is provided by large propane
tanks (pressure vessels) that were load-limited to very low stresses. They were anal yzed to
determine whether stresses were , in fact , low enoug h to preclude brittle fracture . A general
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Fig. 180—Fracture mechanic ’s analys e,s of d y n a m i c  I n i t ia t i o n  and arrest fea-
tu r e s , as reference to the  K .  IT ,,,1 I - O l i n  a t  the  NDT temperature.  ISee
Appendix B for ratio analysis pro c ’edure. I

consensus was attained among interested parties , including regulatory officials , that the struc-
tures could be certified safe by anal ysis.

The desi gn criteria for the vessels resulted in hoop stresses that increase with temperature
as shown in Fi g. 181. The fracture analysis required examination of the temperature reg ion of
L-to-YC transition and the temperature region below the L point of the transition. A standard-
grade C-Mn-V steel , of 0.6-in. ( 16 mm) section size was used,

Dynamic Tear and DWT-NDT fracture properties for the steel were surveyed stat is t ical l y
by random selection of samples from fabric ation shops. This defined a statistical-expectancy
band for the L and YC Criteria , as i l lustrated in Fi g. 181.

The L and YC relationshi ps to the fracture-extension stress scale ( T \ ) are described in Fi g.
B6 )Appendix B) , Briefly, fracture-extension stress is referenced to an assumed condition of a
through- th ickness  crack )TTC ) : since the crack provides m a x i m u m  possible mechanical con-
straint  (Chapter 3i , the fracture extension stress is referenced to conditions that  cannot be
exceeded in structures. This is called l imit  anal ysis. The throug h-thickness crack assumption
also provides a worst case for certif ication ’by anal ysis.

The prohle ’m was to de termine  the possibi l i t ies  of extension of br i t t le  fracture at all service
temperatur es , from -40 to 100 F 1-40 to 3M C’ ;. The throug h-thickness crack assumption
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includes i n i t ia t ion conditions that  involve punching penetration of the tank. It had to be proven
that , regardless of damage , f racture  extension would not follow. In effect , fracture arrest had to
be demonstrated.

The fracture properties of the steel , examined on a statistical upper bound basis , were
found to preclude fracture extension for throug h-thickness crack conditions , as follows:

At temperatures above 50~F I 10 Cl , a l l  steel plates of the population precluded fracture
extension by virt ue of elastic-p lastic properties.

At lower tempera tures, hoop stresses were below critical levels for extension of plane-
strain br i t t le )  fracture.

The subject steel was used in as-rolled condition. A related question involved possible
benefits of norma lizing this steel , whic h would shif ’t the upper bound elastic-plastic transition to
the location corresponding to the lower bound curve of Fi g. 181. This information was obtained
in a related stat is t ical  survey: however , it was apparent that no benefits wou ld result because
the as-rolled steel is adequate to preclude brittle fracture for the cited hoop stresses.

This cer t i f icat ion by analysis  established a rational basis for examining  the s t ructural
rel iabi l i ty  of such vessels. Modifications of wal l  thickness and hoop stresses , due to changes in
vessel size or in the liqu ifi ed gas , must be exa mined in relation to specific curves of hoop stress vs

tempera ture . The fracture properties must be matched to these curves in each case. The
analyses cannot be made unless suc h data are developed as required.

TECHNOLOGICAL BENEFITS OF FORMAL CERTIFICATION—
CASE EXAMPLE OF REACTOR PRESSURE VESSELS

Establishment of formal and rational certification procedures should not inh ibi t  techno-
logical progress . In fact , synergistic effects of rat ional  design promote tech nolog ical  advances .
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purchased for rep lacement of the pressure vessels. This ensured fracture-arrest properties at
service temperatures and at hydrotest temperatures.

This experience with A302-B steel was the basis for establishing NDT specifications for the
reactor pressure vessel of the first commercial nuclear powerp lant in 1956. The object was to
provide positive assurance of fracture-arrest properties at hydrotest temperatures. There was
no concern for fracture at the high operating temperatures of the vessels. However, the possibil-
ity of brittle fracture in hydrotest was unacceptable because of the loss of public confidence that
might result.

The following reference criteria were established;

Purchase specification: NDT = 10°F ( — 1 ~~C)

Hvdrotest temperature : FTE ( Y C )  = 70°F (20°C) .

The two criteria are in rational agreement because of .~it of 60°F (35°C) above the NDT
temperature was used as reference to the lowest permissible hydrotest temperature . At the
time , specifying a low fracture test temperature to guarantee fracture arrest at higher tempera-
tures was a novel procedure. However , the procedure was used confidently because of experience
with the Robertson CAT and with explosion crack starter tests (Chapter 6).

All commercial reactors constructed from 1956 to 1972 were designed to the NDT + 60°F
(35°C) criterion for fracture-arrest properties at hydrotest temperature. The concept of a charac-
teristic K 1,, curve was added in 1972 to allow more detailed analysis in the startup temperature
range. However, the NDT index remains the legal basis for certification of metal quality and for
reference to the K r,, transition (Chapters 4 and 6).

Formal requirements for NDT temperature control , besides ensuring hydrotest reliability
for more than 20 years in all commercial reactors , have other consequences worth examining.
The first synergistic benefits involved the metallurgical quality of thick-section reactor vessels.
The early A302-B reactor pressure vessels had relatively small diameters and section sizes
compared to later designs. The escalation in pressure vessel wall thickness in the early 1960s ,
and particularly the very thick forgings for nozzles and head inserts, made the A302-B steel
unacceptable. The NDT = 10°F (-12°C) criterion simply could not be met. As a result , the steel
was modified to the present A533-B composition , and normalization was replaced by quenching
and tempering heat treatment , which yielded better microstructure. The new steel was thus
developed specifically to meet the fracture-arrest requirements of thick sections.

At the time , there was considerable questioning of this possibility by forg ing producers .
F who relied on inadequate back ground data. However, the improvement was feasible, and the

forging industry accepted the specification requirements. In general , it spurred installation of
improved quenching facilities , which otherwise would have been resisted.

By th? early 1960s it became evident that the original NDT temperature could be elevated
as much as several hundred degrees by neutron damage. According ly, it was possible to lose
fracture-arrest protection at service temperatures, particularly during the startup phase of
reactor operations. This was made glaring ly evident by the rational criteria and analysis
methods employed. This realization resulted in the benefits of prudent changes in pressuriza-
tion and startup procedures for reactors that  had seen enoug h service to suffer damage. Other
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benefits included development of ’ in-service anneal ing  to e l imina te  such damage; this method
was first applied , in about 1964, for the compact reactors used at remote Army installat ions.

Long- term relief from neutron damage problems was at tained in 1970 as the result of
investigations that  isolated phosphorus and copper as the crit ical impurit ies for damage.
The present specifications fOr pre ssure vessels , forgings, and weld metal emp hasize the use of
ra dia t ion- insensi t ive ’  low phosp horus and copper ) metal. The NDT shift , as related to
increase ’s in the fractur e-arre st  cr i ter ia  temperature , was used as the guide for this important
meta l -qua l i ty  development.

The period from 1964 to 1969 was marked by serious concern about the effects of section size
on temperature-induced transit ions,  As reported in Chapter 4, the issue was resolved by
establishing the ra t ional i ty  ofcharacterizing p lane-strain transit ions by reference to the charac-
teristic K~,, curve as indexed to the NDT temperature. Thus , by 1972 the stage was set for action
by the ASME Code in adopting improved analytical procedures based on these factors. To date,
the ASME action is limited to sections of the Code dealing with the pressure boundaries of
nuclear components. However, the discussions in Chapter 4 of generalized procedures for ratio
analy sis  of characteristic K 1,, curves presage more general use of these principles.

The tremendous effort required to resolve the thick-section constraint problem would
probably not have been made had the question not been central to formal regulatory practices
for reactor pressure vessels. Because it was, the effort involved the entire nuclear power
industry. This advance , too , must be added to the list of the benefits of rational SI analysis.

CE RT IFICATION R EQU IREMENTS FOR SPECIAL P ROBL EMS
OF CRACK GROWTH—CASE EXAMPLE OF HYDROFOIL CRAFT

The basic procedures for establishing formal certification requirements for structural
re l iab i l i t y  wi th  respect to crack growth are the same as for fracture. However , details tend to be
specialized to the nature of the crack-growth problem . Most important , the definition of struc-
tural  re l iabi l i ty  requirements must include a broader range of factors , particularly with respect
to environmental  effects.

The essence of fracture prevention is avoiding catastrophic failure. In the case of crack
growth , it is important  to decide whether some degree of self-arresting crack growth that  does
not affect strength is acceptable. Obviously, nonarresting crack growth is not acceptable.
Questions of self-arresting localized ) crack growth require detailed analysis before develop-
ment  of cert if icat ion documents , particular ly for new structural designs.

Cri ter ia  for e l i m i n a t i n g  catas t rophic  fracture dominated the SI analysis in the aircraft
field u n t i l  recent l y , Howeve r , w i th  fracture issues resolved and reduced to general contractual
doc umen t s . a t t en t ion  has turned to env i ronmenta l  crack growth effects. It is well known that
5) ross-corrosion cracking and corrosion fOt igue may pt t se ’ very expensive maintenance problems
for h i gh-pe ’rf ’orr n ance aircraft . For h ydrofoil  s t ructure ’ s, contact wi th  sal twater  may make crack-
growth problems crucial .  A fleet of hydrofo i l  craft subject  to grossly aggravated maintenance
problems , as compared to aircraft . would not he economically acceptable.

Accordingl y, fOrmal  documentat ion of performance must  include credible evidence of
r e l i a b i l i t y  w i t h  respect to crack growth. The fact tha t  such crack growth may be onl y a nuisance
is not a satisfactory guarantee against unbearable maintenance cost-s during the life of the
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structure . This example is particularly important because much emphasis has been placed on
avoiding catastrop hic fracture , It is essential to include catastrophic economic consequences ,
loss of avai labili ty,  and loss of confidence in structures that  disp lay visible cracks.

The elimination of all possible catastro phic consequences may be expected to guide de-
velopments for all structures subject to crack growth problems. Certification requirements are
usuall y described in terms of general principles; specific cases require special provisions.

Fi gure 183 provides reference data for generalized discussions ofcrack-growth analysis. It
is assumed that the criteria for stress-corrosion cracking, discussed in Chapter 9, are under-
stood. The figure illustrates conditions for a commercial hi gh strength stainless steel (S-PH) as
heat treated over a wide range of yield strength.

The structural component of interest is a hydrofoil strut of stiffened-box construction , wi th
section sizes of 1.0 in. (25 mm) .  According ly, the elastic-p lastic reg ion IL to YC) is located in the
0.63-to-1.0 ratio range of the HAD. The struts may collide with floating objects; thus, fracture
properties of at least hi gh elastic-plastic type are required. On this basis , it is evident from Fi g.
182 that y ield strength should be limited to a maximum of 170 ksi )1172 MPa),

The struts are assumed to be fabricated by electron-beam welding to produce min imum
residual stresses and defects. If other methods are used for fabrication , the analysis must include
hig her residual stresses and larger defect sizes, These complications are avoided in this discus-
sion.

Minimizing residual stresses and defect size renders it feasible to accept stress-corrosion
cracking properties of intermediate and high ratio value. Low-ratio properties are unaccept-
able for reasons described in Chapter 9. On this basis , it is apparent from Fig. 183 that  the
stress-corrosion cracking anal ysis depends on whether cathodic coupling is involved, If so, the
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m a x i m u m  y ield strength must be set at 130 ksi t896 MPa ) . If not , it is feasible to use as an ini t ial
estimate the same max imum level established for fracture , 170 ksi 11172 MPa) .

Que’ st ion sof ’corrosion fatigue must also be examined IChapter 10) . Howeve ’r , these involve
specific de’sign detai ls  and load spectra beyond the scope of the present general descri ption.

We now examine possible way s of es tabl ishing developmental goals and related certifica-
tion requirements . It is necessary to consider the following possibilit ies:

•lf ’ the diagram I F’ig, 183 ) is not avai lable  for the candidate metal system)s) , the first
requirement is the development of equivalent  information.

•I f’ the diagram is available , design requirements for yield strength should be tested
against the implications of stress-corrosion cracking, Preliminary loads anal yses provide for
stress anal ysis and , therefore , indicate desirable y ield strength objectives. If the imp lications of
stress-corrosion cracking are adverse , reconsideration of either loads or stress analyses is
necessary.

When feasibili ty is established , a prototype may be fabricated. The certification require-
ments are then extended to include NDE , QC , NDI , etc.

Reduction of these procedures to specific contractual documents obviously requires atten-
tion to details. Accordingly, the complete set of documents may cover different aspects of the
problem. For examp le , the set may include ) a )  general requirements , (b )  specific requirements
for criteria and reliability plans , and ( c )  specific requirements for documentation and rec-
ordkeep ing. This method is used for aircraft SI documents, General documents define the
development objectives , and highly detailed documents cover specific aircraft designs.

In the case of hydrofoil craft , it is obvious that the specific documents for stress-corrosion
cracking and corrosion fati gue are crucial. The SI analysis and certification problem is domi-
nated by the crack-growth parameters defined by the two lower zones of the diagram in Fi g. 183.
A clear , formal definition of crack-growth control p lans must be developed as a basis of contrac-
tual understanding. The crack-growth problem is decisive in development of hydrofoil systems.

The methods for prior analysis for crack-growth control requirements are general for all
structures that use materials that are sensitive to crack growth. The relative degree ofsensitiv -
ity determines whether crack-growth control is feasible. Feasibility is a crucial element of
analyses that  should be made before certification documents are issued.

REQUIREMENTS FOR REFERENCE TO FRACTURE STATE—
CASE EX AMPLES OF AEROSP ACE ST R UCT U RES

Specifications that  cite plane-strain fracture properties K 1, or K 1,, are insufficient  for
es tabl ish ing design criteria. For example , a given K 1 value max ’ represent plane-strain .
elastic-p latic , or plastic fracture properties , depending on section size and yield s t rength.  A
given K 1 ,, va lue may represent different fracture states , depending on section size and tempera-
tu re.
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The comp li ca t ions  that  arise f rom spec i f i ca t ions  based solel y on K , or K 1 , 1 p lane-s t ra in
values can be avoided by specific reference te l  the  1’racture st~i te ’  imp lied by the spec if icat ion . ‘Fb is
is impor tan t, and it should be considered in de ta i l  fOr ra t ional  spec i fications.  Sect ion size and
yield strength are’ independent parameters and may he adjusted in the design process. lfK ~ is

fixed , the adjustments can result in change’s h f  f r ac ture  state ’ . In thi s case , frac ture  state becomes
a variable not controlled by the specification of ’ K 1 , .

The problems that arise from fO i lure  to sp e ’cif \  fracture state’ are evident from the fracture
mechanics li terature . By convention , most discussions are presented in terms of plane-strain
properti e ’s and critical crack sizes . In some cases , fa i lure  to cite ’ fracture states leads to icorrect
assumptions by the reader. We cite two notable examples of insuf f i c ien t  discussion from an SI
point of view:

1. The significance of steel selection procedures to the  hvdrot est fa i lu re  of a large rocket
case was not evident .

2. The si gnificance ofK ~. specifications for h igh-performance  a i r c r a f t  was not discussed.

Fi gure 184 illustrates the dramatic failure of a very large rocket case dur ing  hydrotest ing.
This failure has been used repeatedl y as a classic examp le for explaining the use of p lane-s t ra in
fracture mechanics combined with precise methods ofNDI . However , proper ana ~vsis  in terms of
fracture state changes the emphasis considerabl y,

The case in question was fabricated from air-melted marag ing steel. The heat treatment
resulted in a y ield strength of 220 ksi ) 1517 MPa ) and fracture properties on the order of 0.3 ratio.
Weld defects , as shown in the figure , ini, .iated the failure at a stress near 0.6 r ,~. These defects
defied ND I detection , both before and after the failure. The fracture properties of the weld were
of the same order as those of the plate.

The literature ’s conclusions have emphasized the following:

Close correspondence to calculated critical crack sizes
The obvious importance of improving ND ! capabilities
The importance of using p lane-strain parameters for high s t rength metals.

All of these are proper , albeit limited , deductions. The rocket case in question was in
development competition with that  of another manufacturer.  The companion case was fabri-
cated from the same maraging steel and strength level , except that hig h-quality Ivacuum-arc )
melting was used rather than air melting. As a consequence , the steel had hig h-corridor
elastic-p lastic fracture properties. The failure steel had low-corridor fracture properties corres-
ponding to a p lane-strain fracture state. It was predictable that the hig h-quality steel would
pass t he hydrote ’st , as it did.

A correct fai lure anal ysis should consider both vessels , as follows:

•The fai lure of’ one vessel was due to inappropriate  selection of air-melted steel , which
resulted in a p lane-strain fracture state for the section size and strength level .

•The ’ reliable performance to be expected fOr serial product ion of the second case is direct ly
related to elastic-plastic fracture properties for the  same section size and strength level.
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The f a i l u r e  of the first case was stat is t ical ly probable , but not cer ta in .  Even i f t h e  first case
tested had not failed , there would he no guarantee of rel iabi l i ty  fo i’ subsequent vc’ssels . On the
other hand , the elastic-plastic properties of the second case provide confidence of s tat is t ical
re l i ab i l i t y .  In fact , at the time , prior analy se ’s  could have been made to predict the results of the
hydrotest.  The pr imary  rel iance on proof tes t ing  to establish r e l i ab i l i t y  is outdated and poten-
t i a l l y misleading.  The purpose of proof t e s t ing  should he examined in re lat ion to fracture
proper t ies .

The const ruct ion of modern aircraft based on /t~5. r equi rements  is another  example  t h a t
requires c lar i f icat ion by reference to fracture s ta te .  The emp hasis on develop ing engineering-
handbook data of K~, type for desi gn purposes would seem to indicate  plane-s t ra in  properties .
However , t h e  te ’sts are conducted for th ick  sections of suff ic ient  size ’ for va l id  K , charact eriza -
tion . The section sizes ac tua l l y  used in structures may be considerably below plane-s t ra in  l im i t s ,
in which case the true fracture properti es are of elastic-p lastic or plast ic type.
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Figure 109 IChapter  71  presents a RADz oningfoi- the new aircra ft steels as compared to the
old type s. The’ specific mechanical  differences are that  ( a )  the old steels are characterized by
plane-strain properties for section sizes of interest for strength members , and ) b )  the new steels
are not characterizable by p lane-strain K .  properties for equivalent  section sizes. The RAD
anal ysis is f’o ra  m a x i m u m  y ield strength of’220 ksi( 1517 MPa ) and section size of 1.0 in . )25  mm) .
li the u t a x i m u m  yield strength were limited to about 200 ksi (1379 MPa ( , elastic-p lastic
properties would be developed for the new steels for section sizes of2 to 3 in. (50 to 75 mm ) .Th us ,
a modest adjustment of y ield strength can ensure elastic-plastic properties in relativ ely thick
sections . Accordingl y , there is considerable latitude in designing strength m embers to avoid the
problems of plane-strain metals. This fact has been used in the design of the latest hi gh-
performance aircraft . All fracture-critical locations are protected by the use of metals with hi gh
elastic-p lastic or plastic fracture properties for the given section sizes.

It is proper to use K 1, - values for fracture property reference in handbooks , This is the same
method of reference used for the data-storage (trend-line ) system of the RAD, Either way, the
true signficance of the K , value must be anal yzed in terms of section size , Otherwise , specific
design criteria for the aircraft may not be appreciated as indicating elastic-p lastic or plastic
behavior.

K 1, tests should not be used for purposes of quality control and certification documentation
if the normal forging stock is not of sufficient section size for K~ tests , Processing special
thick-section forg ing stocks solely for K i,. tests is very expensive and not essential. A small DT
test of standard size can be made , using samples machined from the forg ing stock , as for tensile
tests. Thus , the certification and quality control function can be separated from the desi gn
handbook reference function ,

The importance of a clear reference to the fracture state for the section size of interest
cannot be overstated. There is no way to communicate the true intent of design criteria based on
initiation or arrest principles except by exp licit reference to fracture state. In fact , all aspects of
structural  rel iabil i ty analysis depend fundamentally on appropriate consideration of the true
fracture state.
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APPENDIX A

Introduction to Linear-Elastic, Plane-Strain
Fracture Mechanics

Theoretical Princi ples

To engineers , the most impor tan t  aspect of l inear-e las t ic  fracture mechanics is the signifi-
cance of the K parameter. This should be understood in relat ion to the plastic zones developed at
crack ti ps . The K parameter defines the  elastic-stress intensif icat ion in the region of the crack
tip IFig.  A l l , It is a funct ion of the flaw geometry and the nominal  stress acting in the reg ion of
the  crack. The size of ’ the plasticized region at the crack ti p can be defined generally as a function
of K 1 e r , 1 2 , Except unu er  e ’xt r eme ’lv bri t t le  conditions , fracture is init iated in this zone. The
fracture i n s t a b i l i t y  event is basicall y related to a plastic-strain ducti l i ty l imi t  of the metal
c ry s t a l s  in the p lastic zone.

I” r acture ’  nie’chanie ’s , i v ,t i d s  the comp lications of p lastic-strain conditions by referring to
the e l a s t i c - s t r e s s  i n t e n s i t y  K leve ls that  are required for unstable crack movement. The critical
K level . for mechan ica l  cons t r a in t  of maximum triaxia lity (plane strain) , that can be imposed on
t h e  c r a c k - t i p region is de f i ned  as K 1. . The connection between K1, - and the corresponding
p lastic-zone ~ I / e ’  I 1Z S ’ i~ crucial to  d u c t i l i t y - l i m I  interpretations of fracture toughness in
t e r m s  of e’ !; i ~~t U -~ t t’ l’~~.—
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I ns tab le  crack move m ent depends on the fOrmat ion  of a cr i t ical  p lastic -?l111e ’ size . the
large’r the p lastic-zone size at fracture , th e tougher  the  ma te r i a l .  Since the c r i t i ca l  p las t i c - zone
size is a funct ion of ’ (Kv er ,.,1 2 , t h i s  ra t io  properly define ’s l’racture toughness . For examp le , a l ow
value  of (K ,, IT , ,  12 , or simp ly K~ ‘er , ,, means a small  plastic zone . This , in t u r n , means  tha t  l i t t l e ’
energy must be expended to develop the unstable crack; consequently, the m a t e r i a l  is br i t t le .
The ’ opposite ’ is t rue for a hig h ratio.

It is impossible to  gain such a simp le physical insi ght into fr~ cture condi t ion s  by sole-
cons idera t ion  of K~, values. For instance , a K~, value of ’ 60 ksi \ i n . cann ot  be t ran sla ted  I I I
f ra cture ’  toughness if the y ield stress is not specified. I f th e ’  y ield stress is 30 ksi (206 MPa ’ . A’
value of6O ksi \ in. denotes a very hig h f rac ture  toug hness because the cri t ical  p la st ic-zone size
is lat-ge. The value of ( K ~,./er ,, )2 is then equal to 4.0. I f the  y ield strengt h is 180 ksi I 1241 MPa I . a
K , of6O ksi \- in. indicates low toug hness , because the critical plastic-zone size is ~‘er ~’ s m a l l .  Th e’
value o f ( K ~, h r ,., )2 is then 0.09 , which represents a p lastic- zone size approximat e ’l y 0.025 time ’s
t l ) a t  of the pre viousl y cited case. Metals of different y ield strength will  have the same level of
fracture toughness if the ratio (K / er , .,)2 is the same. The simple ratio K , I er ,., provides reference ’
to this relationshi p and is the simp lify ing convention used the text.

The physical significance of plane strain is that it indicates maximum tr iaxial  constraint
to plastic flow . This means that the plane-strain p lastic-zone size , at the point of fracture , cannot
be made smaller by increasing the depth or size of a sharp crack . If the plastic-zone size cannot be
made smaller , the fracture toughness measured is the lowest possible singular value for the
metal . It is on this basis ofs ingular i ty  thatK~, . is considered a fundamental  materials parameter.

The K def in i t ions  of elastic-stress fields at crack ti ps are appealing for stress anal ysis .
because they allow fracture to be described solely in terms of crack-size and stress parameters.
From a metallurgical viewpoint , the fracture toughness depends on the abi l i ty  of metal grains to
endure large plastic strains at the crack ti p before separation takes p lace. The l imit  to the strain
t h a t  can be developed under maximum tr iaxial  constraint provides a connection between a l
ductility concepts of fracture toughness , which guide the metallurg ist in improving the metal .
and ( b (  the stress-intensity def in i t ions  of’ K ~‘alu es , wh ich  are used to calculate crack instabil i-
ties. Differences in fractui’e properties for d i f ferent  metals are expressible  in terms o fK  values .
but the physical interpretations of the metallurgical  factors can be given onl y in terms of
mechanicall y constrained ductility.

The stress intensity at the crack ti p is a function of the depth and shape of the crack and the
level of stress that  acts to open the crack. A specific level of K ,, - stress i n t e n s i t y  may be reached by
combinations of large crack sizes and low stresses or small crack sizes and high stresses. These
relationshi ps provide the basis for linear-elastic fracture mechanics calculations of fracture
instabil i t ies . As the t r i ax ia l l y  constrained plastic-flow ductility of the metal increases , the
stress required for instability at the ti p of a crack of specified dimensions wil l  eventuall y exceed
y ielding. For a brittle metal , of small critical p lastic-zone size , small  cracks are seve~r eL~ enoug h
for K I , s t r e s s - in t ens i t y  levels to be reached at stresses below y ielding.  In a more ducti le  metal
with a larger cri t ical  plastic-zone size, larger cracks w i l l  be required to cause fa i lure  at stresse s
below yielding.  Increased ductil i t y requires both increased mechanical constraint for retention
of the plane-strain condition and increased crack sever i t y  for development of i ’i s tabi l i ty  at
ela stic-stress levels .

The constra int  on metal flow at crack ti ps is ofgeometric ori gin: it is related to inhib i t ion  of
Poisson effects. The cracked area does not contract , because no long i t u d i n a l  stresses act on i t .  It
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tends to m a i n t a i n  i ts  or iginal  dimensions w h i l e  the metal in the p lastic zone flows in the
direction of the normal  stress , To do so it must contra c t , by Poisson effects , in the plane of the
crack.  The metal  cont rac t ing  along the  crack f ront  must  be connected physically to noncontract-
ing cracked are as . The’ ef’fect of the crack is to l i m i t  lateral contraction and thus l i m i t  e ’xu ’nsion
in the normal  direction. Increasing t h e  5IZC of the crack perimeter by incre ’asing crack size
provides increased cons t ra in t  because the noti contracting area is larger; therefore the Poisson
suppression effoct is retained to larger p lastic-zone sizes.

There are thi’ee requirements for the development of instabil i ty wi th  retention of ’ the
plane-strain condit ion:  ( a )  the volume of metal surrounding the crack must be large enoug h to
contain the necessary tr iaxial  elastic-sti -ess fields , (b the crack must be large enoug h to
main ta in  adequate constraint for prevention of lateral contraction , and ( c )  crack depth must be
suf f i c ien t  to at tain the cri t ical  K leve’ l for i n s t ab i l i t y  at stress levels below y ielding.

The physical details of these re la t ionshi ps are evident  in the features of ASTM-
standardized K~, specimens , which are based on test experience:

1K ~~2

B >  2.5 1—~~— \o ys

where B represents specimen thickness in inches. The crack depth is suggested as 0.5 B for
tension-loaded specimens. as is the uncracked ligament depth . These conditions provide the
necessary constraint required by the level of fracture toughness defined by the K ,, kr .,~ ratio .
Increasing the crack depth while retaining the 0.5 li gament depth merely decreases the stress
leve l at instabil i ty;  the K ,, . value is not changed. Increasing B does not change the level of
instability stress if the crack depth is held constant; K 1, . is not changed. If the ligament depth is
less than the required size , the volume of metal surrounding the crack will be too small to
contain the tr iaxial  elastic-stress fields; plane-strain constraint will be lost , and K ,- conditions
will  then app ly. This will be the case even if the crack depth and B value meet the requirements.

A simplified physical interpretation of section-thickness and crack-size constraint rela-
tionshi ps for surface cracks is presented in Fig. A2. The illustration superimposes two edge-
cracked K,. specimens with two surface cracks, The thickness of the specimens B is assumed to
be the m i n i m u m  value. For a low K~, er ,, ratio a small B is adequate. and for a hig h ratio a larger
B is required. It is assumed that the volume of metal below the K , , specimen and the surface
cracks is large enough to contain the necessary elastic-stress fields. The size of surface cracks
required for plane-strain fr acture instabili ty varies with  the m i n i m u m  B value.  For maximum
permissible near-y ield stress loading, the critical crack size for metals w i t h  low K k er ,, ra t io s is
much smaller than for hi gh-ratio metals. For lower stress levels , the crack sizes indicated
schematically increase, However , for any relative stress , the crit ical  crack size for low-ratio
metals is always much smaller  than for high-ratio metals .

Ac tua l l y , the difference in relative sizes increase’s with decreasing stress level. However.
the range of crack sizes for low-ratio metals is a l w ay s  r e l a t iv e ’ly  smal l , and tha t  for high-rat io
metals is relatively large. Small m i n i m u n r B and small  crack size ’s ge e together:  increas ing B
above the m i n i m u m  l imi t  does not change the cr i t ica l  size ofsurfac e cracks. S imi l a r l y. i fa  large
B is require d for con st ra in t , on ly  large cracks can cause ins tab i l i ty :  small cracks lead to
over-yield stress levels.
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lated ii r t  i,’ crack ,‘r’~~, feb r h e w— and h ig h-ra t ie i rue t e l l s  -

The geometry of the crack has a bearing on constraint levels—stubby cracks feature lower
constraint seve ’r itv as compared to long, th in  cracks of equal depth . The reason is tha t  the
perimeter (which  is a constraint index ) is wider for long, th in  cracks , Stubby cracks must be
about two to three times deeper than long, th in  cracks for equivalent severity . Though these
complexi t ies  must be understood in prin ci ple , eng ineers need not become fracture mechanicians
to use’ to concepts , which may be presented grap hical l y in simp le form.

The basis for calculating the grap hical plots for semielli ptical surface cracks in tension is
provided by the crack-size-vs-stress re la t ions hip ,

K j~ 
=

where

a = crack depth
= nomina l  stress

Q crack geomet i-v parameter.

This relationshi p is simplified in the grap hs of Fig. 38 (Chapter 3) . The various curves
relate cri t ical  crack depth to the K ,, IT ,., r a t  i ce fO r four  levels  of relative nominal  stress . The
stubby and long, t h i n  crack geon le tr i e s  represent the two extremes of crack shapes. For most
eng ineer ing  purposes it  is adequate to use one or the other of these extremes: others may he
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inte ’r po lated if ’ desired. The scales at the top of the f ’igure index the  m i n i m u m  B thick ness
required for measurement of’ the specified ratios i n K 1. o rK ,. t est s . The subject diagr ani s  app ly
gene r a l l y  to all  meta l s .

‘I’heK ,, p arame te i ’  is the p lane-s t ra in  f’ractui ’e’ toughiie ss  under slow loading. P lane-s t ra in
tract  ore toughness f’oi’ dynamic  loading is defined as K ,,, and the applicable fracture toug hness
parameter is then the  K 1,, / ir , , , ra t i o .  Figure 38 also app lie ’s to the dynamic ratios ; its use depends
on determining K g, , and the dynamic  y ield s t rength.

The p l ane - st r a in  condition is tolerated only by re latively britt le metals. An index of
re la t ive  brittleness is provided by Table Al , w hich relates fracture mechanics calculations of
plastic-zone size (used foc p lasticity corrections ) to the K~ /er ,, ratios and the m i n i m u m  B for the
K~, test specimens.

Table A l— Comparison of plane-strain constraint  parameters

M i n i m u m  Critical Plastic-Zone Size for
B Maximum Plane-Strain Instability

- Ratio K , , / er ,,
( in . ) (m m) ( i n . ( (m m (

0.6 16 0.5 0.01 0.2
2.5 64 1.0 0.05 1.3
6.0 150 1.5 0.12 3.0

10.0 250 2.0 I I  ‘ ‘  5.fl

The increase in K~. specimen size required for retention of constraint  conditions with
increasi ng ratio values is striking. The relative dimensions of the critical p last ic zones for eac h
case are hi ghl y in formative as to the degree of constraint to p lastic flow that is involved for low
and high ratios of plane-strain fracture toughness. I t shoul d be noted that exceed ing p lane-
s t r a i n  l imi t s  results in a very large increase in p lastic-zone size , even for low ratio va lues .

If constraint is moderatel y inadequate , instabil i ty ma~’ sti l l  develop before y ield-stres s
levels  are reached. If it is grossly inadequate , the increase in plastic-zone size causes crack-ti p
y i e ld ing  and b lun t ing  as load is increased in an a t tempt  to reach fracture l e v e l s  for e la st ic -
p lastic condi t ions , Stress levels then rise to condi t ions  of general  y ie ld ing .  This  ph ysical inter-
pretat ion is important  in relat ion to the effects of the elastic-p lastic t rans i t ion .  Once p l ane-
strain constraint  is lost due to increasing metal d u c t i l i t y ,  the p lastic zone grows and cause’s
crac k-t i p blunt ing.  The blunted crack accen tua tes  the ’  p l a s t i c i z tng  pi ”ecess. The region in ad-
vance of the blunted crack ti p m ay  the n be de scribed as a smal l  p las t ic  enclave . Thts may be
visual ized as the d imp le of reduced sectiej n note ’d in advance of duct i le  fracture ’s . The dimp le
region is s imi l a r  to the neck reg ion of a t e n s i l e  specImen:  it indicates  tha t  a re la t i ve l y large

~‘olL’ne of metal has been deformed. The energy required l e e r  f r a c t u r e  is increased , and even-
t ual l y; as the t rans i t ion  to plas t ic  fracture is reached . f r a c t u r e  i n s t a b i l i t y  cannot be a t ta ined .

l” ra c’tur e ’ mechanics p lane-strain te st s  define fracture t n s t a h i l i l v  in terms of the elastic-
stress field acting ahead of the crack-tip plastic zone’ . Fi gure’ Al provides a schematic of a sharp
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crack with a small plastic zone and the associated e las t ic -s t r ess  field. The ii it (’ i isity ( I f  the ’
field , represented by the steepne’ss of the stress curve on approach to the plastic zcc nt ’ . i . . defined
by the pai’ameter K~. Line ’ar -e las t i c  ana lyses  can relate c rack d e p t h , crack ge ’ e u i a ’ t  i- . and
nomina l section stre ’ss toK i. The K , value at i n s t a b i l i t y  is def ined as A’ 1, . t he  cr i t i c a l  va lue  , f K .

PLANE-STRAIN TEST PROCEDURES

A typ ical fractui’e mechanics  test specimen is shown in Fig . A3 . The specimen h a s a  f l it igue
crack carefull y prepared for m a x i m u m  sharpness. The K , stre ss I n t e n s i ty  app lied d u r i n g  the
fati gue process must not exceed the m i n i m u m  expected value  of K~, . This is p a r t i c u l a r l y
i mportant fot’ the fat i gue crac king at room temperature and for subsequent t es t s  of the same
specimen at low temperatures . The plastic zone developed at room temperature remains and
prec ludes fracture with a smaller p lastic zone at lower temperatures. This in turn  precludes
measurement of t h e correc t K u , . value at the lower temperature. A cli p gage is moun ted at the
notc h openi n g to m oni tor th e crac k ope nin g disp lacement (COD) .

For a valid K 1, . determination , it i s necessary to doc u ment th a t instabi l ity deve lops at
nomina l elastic-stres s levels , and that the cli p-gage COD trace is recording in the elastic range.
in general , ins tabi l i ty  si gnifies forward extension of the crack ti p (which may be of m i n u t e
dimensions that  is detectable by the COD gage. Such ins tab i l i ty  does not necessarily result in
fracture of the specimen .

There are three types of in stab i l i t i es :

1. A nonarrestable , pop-in type  of ins tabi l i ty  leading to total fracture

2. A momentary pop-in i n s t a b i l i t y , which is arrested and then requires increased load for
further extension because the crack t ip  is blunted in the process of extension
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3. A secant-offset instabil i ty,  indicated by the COD gage as a d e v i a t i i e i i  fe -e lm elast ic
resp onse’ . and by e ther evidence that  the crack ti p has moved s l i g h t l y w i thou t  becoming
unstable.

T hese ’ instabil i t ies  must be anal yzed with  care , in dete rmina t ion  of val id  K~, va l ues
acco rding to ASTM practices . The critical K , value signifies a measurement of t he f irs t  separa-
lion of metal grains  at the crack tip. It does not describe details of fol lowing c-v ents  unles s other
i nformation is provided. The eng ineering sig nificance of nonarr e ’sta b le pop-in K 1. i n s t ab i l i ty  is
clear—it defines fracture ini t iat ion followed by propagation through the t e s t  specimen or
structure.

The general COD features that separate ASTM -va lida te d K~. va lues freim nonva l id  K~.
values are i l lus t ra ted in Fi g, A4. The drop-in-load ins tab i l i ty  indicated b’~’K ,. represents a va lid
type that  leads to unstable fi’acture. The s t r ic t ly  nonva l id  types are represented 1ev t h e K , an d K .
no ta t ion .

The test l imitat ions for ASTM-va lidated determinations ofK . are ne ’ce ’ssarv to ensure that
elastic-stress field conditions app l y at the t ime  of ins tabi l i ty .  Evidence tha t  the net section stress
exceeds yield , or tha t  the COD trace shows a nonl inear  (p last ic (  response A’ and K nota t ions ) ,
signifies that the crack-ti p elastic-stress field was distorted or el iminated by e ’xce ’ssive p las t ic i ty
during the first extension of the crack tip. The v a r i o u s  A~ ’l’ M r e s t r i c t i o n s  ensure that  plane-
stra in tests app ly on ly for metals that are bri t t le  er~nug h to i n i t i a t e  f rac ture  w i t h  only a small
amount of crack-ti p plastici ty.

The fracture mechanics term “p lane strain ” is app lied to br i t t l e  fracture condit ions
mathemat i ca l l y defi nable by the K 1, stress field parameter. Tht ’ ceerre spond ing term for plastic
fracture is “plane stress.” The basic difference between plane - s t r a i n  and pla ne’-stress fractures
may be visualized by considering the degree of th rough- th ickness  la teral  contraction developed
in the course of fracturing edge-cracked specimens of the K 1 and DT types. In p lane-strain
f rac tu re  the lateral (through -thickn e ’s s  I contract ion is very s m a l l , In p lan c-s t re ’ ss fractur e ’ the
throug h-section yie lding occurs wi th  notch b l u n t i n g  (p las tic  COD( , For the plane-s t r ess  case ,
the crack does not constrain the flow of metal to a small p lastic zone’

/ 

~~~~~~~~~~~~~~~~~~~

1” ig. A t  -- ( ‘ rack-Opening Disp lacement
Co t) . G ’a tur e” ’ if K .  test specimens .
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Section size’ is i mp o i ’t an t  in K 1, tes t ing  and in the engineering use of fracture mechanics
princip les. Section size es tabl ish e ’s the  m a x i m u m  crack size’ tha t  can be p lace d in a section and
sti ll allow i ’etention of ’ p lane-s t ra in  c ’ec ndit  i e i i i s . Constraint  to) metal flow at crack ti ps is in-
ci’ e’ase’( l w i t h  increa se ’ in crack size ’ , provided enoug h metal remains  su r round ing  the flaw to
contain t he plane-s t ra in , e lastic ’ sli’e ’ss fields . If p lane-strain condit ionsare to app l y, a si gnif icant
part o f t h e  crack t i p  region must  i’e’side’ in the equ iva l en t  ofa  se ’n ii -inf ’ini te  medium , wh ich doe’s
not pre cv ide for mechanical  sens ing  of free surfaces.

‘rhis is best understood by reference to the specimen size requirements for va l id  measure-
ments ot ’K~, . F’igure AS i l lustrat e ’ s that  the K 1, measurement capacities of edge-cracked speci-
mens increase w i th  increasing section thickness.  As the intrinsic metal lurgical  duct i l i ty  of the
metal is increased , the p lane-strain f rac ture  toug hness and the section size o f the  specimen used
for i ts  measurement  must increase also. If the intr insic  p lane-strain fracture toughness of the
metal  is greater than can be measured foi’ a given section size , the behavior of the metal wi l l  lx’
ch ee r ei ct e ’r ized Fe~ plane stress K , because of inadequate  mechanical  constraint .  This  is because ’
the crack size controls the degree of constraint , and the section size controls the crack size that
can be introduced. For thin sections the metal must be intr insical ly extremely br i t t le  to permit
measurement of plane-strain fracture toug hness.

The grap hical procedures used to reduce test data , for bend and compact-tension specimens
in K~, de terminat ions , are i l lustrated in Fi gs. A6 and A7. The Y parameters were obtained by
linear-elastic anal yses , using computer programs that  assume purely elastic behavior of the
specimens , inc luding  the crack- t i p reg ion. Corrections are made for plastic zones by increasing
the effect ive length of the crack , using a crack-length increment that  is equal to the calculated
plastic-zone size.

The grap hical  pi’ocedures for de f in ing  the Q parameter ofa surface crack are i l lus t ra ted  in
Fig. A8. The Q purametei’ describes the change in effectiveK 1 ofa  surface crack . w i t h  changes in
crack geometry and app lied stress. It is the basic reason for the difference in the level of the ’
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curves  ( Fig. 38) for stubb y and long, t hin cracks. The linear-elastic computer programs used to
develop these relationshi ps inc lude the p lastic-zone corrections described above.

The foregoing discussions have focused on plane strain. Fundamental  discussions in terms
of the p lastic work-energy parameter ,. are presented in A ppendix E. These discussions treat
resistance to fracture extension , mainly for the case of plastic fracture.

FRACTURE MECHANICS TERMS AND EQUATIONS

Strain Energy Release Rate c;—This quantity represents energy released , per uni t
crac k surface area , as the crack extend s. The parameter ~ is a measure of the force dr iving th e
crac k , suc h that

where

a one-half crack length for a throug h-thickness crack in a semi-infinite tension p late
a’ = nomina l app l ied pre frac ture stress
E = modulus.

Plastic Work Energy ~;, _c;,. is a specific index of the material ’s resistance to crack
extension; it  is related to elastic energy absorbed , per unit  area of new crac k surface, in crac k
extension. Plastic work energy at the crack ti p opposes the elastic energy release. At the p o in t  of’
ins tabi l i ty ,  the elastic energy and the p lastic work energy (resistance( are balanced. so tha t

~~~~~~~ 7ru a
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where

cr = nominal stre’ss at crack extension for a t h r o u g h - t h i c k n e s s  crack in a semi- in l in i t s ’
p late in tension

i , = critical .;

Stress-Intensity FactorK—K represents the elevation of stress in advance of the crack-
ti p plastic zone , which is related to the p lastic work energy term as follows:

/ Et” \112
K ( — — --a-- 1 ( for plane s t ra in )

\1 -e 2 /

where t’ = Poisson ’s ratio.

Plastic-Zone Correction—To correct for the presence of the plastic zone , an apparent
increase in in i t i a l  crack depth a ,, is app lied by addin g r , (p la stic-zone radius . The crack length
then becomes a = a ,, + r ,, where the plastic-zone radius is

rp ( for plane s t ra in )

Calculations for Plane-Strain Condition Cracks—In a generalized form ,

K j~. = a13o./~ä’

where

a’ = nominal stress app lied under slow loading
a = crack depth or length
a = flaw geometry factor rang ing from 1 to 3, approximately
/3 = function of crack-tip sharpness , loading rate , crack-tip metallurgical  damage , etc.

(Range s from 0.5 to 2 . approximately. )

Th e c r i t i ca l  size of ’  surface cracks may he influenced by combined cc and /3 factors , which  on
the low side reduce the cr i t ica l  crack depth by a combined factor of 0.5 and on the hig h side
increa se the crack depth by a factor of 6.

Calculations for Plane-Strain Surface Cracks—The formal e ’quation f~e r a surface ’
crack in a tension-loaded p late is

1. leJ \ /  710-
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where

a = crac k depth
a’ = applied stress

1.1 \ Q - specimen and crack-shape factor obtained from charts.

This equation assumes K1. applies to either dynamic or static loading condition s. The

calculated crack depths are based on the same assumption.

As a roug h generalization for the same geometry , an internal crack depth , measured at the

short dimension , requires a slig htly hig her stress for instabili ty when the preceding equation is

applied.
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APPENDIX B

Graphical Analysis by Reference
to the Characteristic K 1,, Curve

GENERAL METH ODS

The characteristic K s,, curve is plotted on an expanded scale in Fig. Bi. The relative
temperature scale is centered on the NIJT temperature , the starting point for the dynamic
plane-strain transiti on. The NDT index also locates the true temperature position of the K 1,, curve
for a specific steel. If the NDT temperature is known , the K 1, , cur ve is ful ly  established by the ~~t

plot. The procedure eliminates the need for expensive K 1,, tests of each steel.

The ratio scale of Fi g. Bi is derived by calculating dynam ic K1., er , ,  ratios. The dynamic y ield

strengt h is defined as

ri’,, + 30 ksi (206 MPa ( .

This approximation is used in the fracture mechanics literature as a reasonable adjustment for the
plastic-flow resistance of crack-tip plastic zones subjected to dynamic loading. The ratio scale of
the figure is specific to a steel of low yield strength , as noted.

The ratio increases from a value of 0.5 at the NDT temperature to 2,0 at the high end of the
curve. Since the K~, curve is assumed to be ofcharacteristic form , the ratio scale is equivalent to a
.~R scale R represents “ t ’at io ” I indexed to the NDT temperature. The .~t scale and the ,~R scale
have a fixed relationshi p to each other and also w the NDT index temperature. This is the case for
a fixed level of y ield strength . as noted for Fig. Bi . Relationshi ps for a higher level of yield
strength are presented in Fig. B2 . M e  t r ic  system relationshi ps for the two respect ive levels of
strength are presented in Figs. B3 and B4 ,

Two separate B scales , for section sizes corresponding to L and YC conditions , are at the
tops of these plot s of the characteris t ic  curve. The section sizes are indexed to the .~R scale in

each figure. according  to the descriptions in the legend of Fig. B5. The B dimensions of the

YC scale’ s are 0.4 t imes  those o f t h e  L scale’s, as cited in Fig. B5. This fixed relat ionshi p signifies

tha t  the t empera tures  for a t t a i n m e n t  n f L  and YC conditions have  a specific .~t with respect to

the NDT tempera ture .  The I. and Y(’ tempe ’ratures for specific section sizes are defined analyt-

i c a l l v  by reference I l l  t he  .~ R scale ’ . w h i c h  prov ides the appropriate .~t .

Figure B6 i l l u s t r a t e ’ s the  basis  hia’ u s i n g  L and YC tempera tures  to indicate  the increase

in f r a c t u r e - e x tp n s o e n  s t r e ss o f a  t h roug h - t h i c k n e s s  crack eTTC ’ . The’ inci’ease is a consequence
o f t h e  L- to -Y ( ’  t r a n s i t i o n .  The fracture ’ s t re ss fin’ a t h r oug h - t h i c k n e ss ci’ack wi th  a length three
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f a th c - ugh - th i ckn es s  crack s indexed to the L and YC points ,

t imes the thickness  is calculated from the plane-strain formula cited in the figure. The calcu-
la t ions  are valid only to the L point , beyond which p lane-strain conditions are lost due to elastic-
plast ic  t ransi t ion.  The YC point in the nominal-stress-N’s-temperature (a’s — vs -t (  plot must
be located at the y ield-stress level , by the basic def in i t ion  of plastic fracture. A straight line
connect in g the L and Y(’ point s is used as a first approximat ion  for the elastic-p lastic t ransi-
ti on in f rac ture-extens ion stre’ss.

A mor e detailed e x a m i n a t i o n  o f t h e  iT \ s’s - -  t t r ans i t i on , as related to .Xt and .~R scales, is
presented in Fi g. B7. The figure indicates that the incr ease in fracture stress with temperature
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corresponds to a relatively shallow curve in the plane-strain region up to the L point , while the
increase is sharp in the L-to-YC temperature-transition range. & culations of fracture-extension
stress due to a throug h-thickness crack longer than 3 T result in a decreased slope in the plane-
strain reg ion , in accordance with the plane-strain formula of Fi g. B6. From an eng ineering point of
view , the decrease is insi gnificant; the fracture stress values for the 3Tcrack (the minimum lengt h
for through-thickness-crack analysis) are much too low to provide for arrest in ordinary struc-
tures. Arrest properties are atthined only in the L-to-YC transition region. Because of the narrow
temperature range of this transition , (see Fig. B6) , crack length effects are overshadowed by the
transition to plastic fracture.

It follows that precise location of L and YC temperatures are more important for eng ineering
anal yses than determination of crack size. Fortunately, the exactness of NDT definition and the
reproducibility of the K 1,, curve rate of rise above the NDT temperature provide adequate preci-
sion. Confirmation of this is provided by the grap hical analysis , exact prediction of the location of
Robertson CAT curves (see Fig. Bi l l .

CASE EXAMPLES OF GRAPHICAL ANALYSIS

The procedure for locating L and YC temperatures is illustrated in Fig. B8 for a range of
section sizes. The ~ R scale is used for locating the critical L and YC ratio from scales presented in
appropriate fi gures. The ratio of interest is noted from the reference scales , and the temperature
location of the ratio value is indexed to the K 1,, curve, The vertical dashed lines mark the
temperature locations of the  ratio N a  I t ies. The ~ f relationships ofthe NDT temperature wi th  the ’
L and Y ( ’ poInts , for an ascending serie ’s of section sizes , are clearly evident.
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The seq uen ce of plot t ing er \ -vs-t t ransi t ion curves is i l lustrated in Fig , B9 for a 1.0-in, ‘25
mm(  section size. The first step (bottom ( is indexing L and YC points by the procedure illustrated
in Fig. B8. A projection is then made to the ,r 5 - vs- 1 plot top l . in accordance with the transfer
method of Fig. B7

The same procedures are used to locate the ,r 5 -vs- f curve f o r a  2.0-in. (50 m m )  section size
in Fig. BlO .

It should be noted that the plots for the two section sizes apply generally to steels of low
strength . Differences in NDT temperature simply indicate a temperature shift  of the ,r 5 - vs-t
curve ’s . The onl y fracture test requirement is that the DWT be used to establish the NDT
temperatures of specific steels that  represent the two section sizes. The NDT temperatures may be
different for such reasons as metallurgical quality or cooling rate, The thicker steel may have the
same , higher , or lower NDT temperatures than the thinner  steel, The NDT temperature differ-
ences between the two steels can exceed the L-to-YC temperature range of one of the steels.
Accordingly, an accurate definit ion of the NDT temperatures is v i t a l ,
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Fi g. B9 Indexing the ,r , .vs.( curve upper plot l to the K , - “sat e .
for 1.0-in. 25 m m ’  plate .

Fi gure Bli illustrates a test of the accuracy with which these analyses pre ’ , ct  the true
temperatures of L and YC. The fi gure is based on the NDT propert ies of steel plates used in
Robertson CAT determinations , as reported in the literature, NDT temperatures are used to locate
t he ir 5-vs -t t ransit ion curve for elastic-p lastic fracture , as described previously. The ana lys i s  is

specific to the section size and low strength level of the steels and predicts the 0.5 YC temperature
to within the experimental accuracy of the 0.5 r ,, determination; see Chapter 6 for details of
the Robertson tests. This result confirms the correctness of the basic princi ples of the analy sis .

Figure B12 illustrates the basis for extending the analysis methods to include the case of
surface cracks. The ratio scale is referenced to the dynamic  ratio K 1 ,, ‘r ,4 .  A specific rat io  va lue
may be indexed to the section size for L properties (top scale( or to the relative stress for fracture
init iation at a specific surface-crack size, Interpolation may be used for stress leve ’ls tha t  lie
between any of the four levels noted in the fi gure.

Figure B13 is a plot of the increase in fracture stress for various surface-crack sizes , as a
function of increasing ratio with respect to the K ,,, curve, The ratio l imits  L for various section stzc’ s
are indicated in the fi gure. The critical L values establish a cutoff for the surface-crack calcula-
tions . This is illustrated in Fig. B14 for a 4 ,0-in (100 mm(sect ion size. Thecurves for surface cracks
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50 m m l  plate.  Note shift s of L and \‘C points.

are not extended beyond the limits of the ’ elastic-p lastic transition , because the anal ysis is then
dominated by the increase in fracture-extension stress for a throug h-thickness crack. Residual
possibilities for the pop-in of surface cracks in regions of very hi gh local stress are of no conse-
quence because the elastic-p lastic transition generally controls fracture reliability at tempera-
tures above the 0.5 YC reference point. This fact is noted by dashing of the surface-crack curves at
temperatures above this point.

( ‘ha r t s  of this  combined type ’  may be developed for various section size’s. The charts  bear a
specific ~X f  relat ion to the NDT temperature.  Thus , determination of the NDT temperature
provides for indexing the charts to the true temperature scale. A large amount of information is
provided by very simp le chart adjustment to the temperature indicated by the NOT index.

An examp le ofdetailed statistical analysis is presented in Figs. B15 and B16. The analysis is
started in Fig. B 1.5 by plotting the known NDT frequency distribution curves of the steels involved
in the 1940-1945 shi p failures described in Chapter 6. The K 1,, curves indicate the locations of
“ h i r a c t e ’r i s t i c  K . curve ’s related to low , intermediate , and hig h NOTtemperatures ofth e frequen-
cy plot. From them , the ’ L and YC frequency curves are established by use of the ~X R  scale ’ ,
according to previously described graphical methods.
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The anal ysis is tested in Fi g. B16 , to determine whether the predictions are in accord w ith
experience of shi p fracture. The experimentall y estab lished NDT frequency curves are translated
to grap hically anal yzed L , 0.5 YC , and YC frequency distributions , which are plotted at the top of
the  fi gure, The shi p fracture experience is presented in the bottom graphs:

•Failure rates increase as most of the population becomes sensi t ive  to small cracks in
reg ions of hi gh st r ess , i .e., as the number  of members of the population subject to NDT and L
conditions increases NV th  decreasing temperature.

•N ’e fractures occurred at the hi gh end of the 0.5 ii,, (0.5 Y( ’ ’ frequencv plot .  (A l l  plates had
positive arrest properties for the design level 0.2 to 0.3 ,r ,, . I

271



, \ l ’ t ’ F : N t ) l x  it

•Ceemp lete fractures a lwa s developed at the ’ low end of the 0.5 ir . (0.5 YC ( frequency plot
ta ll plates lacked suI tab le ’  arrest propertie s( .

•Pai’tia l fractures took p lace’ in the ’ temperature  i’egion at which there was a high probabil-
i t o  that the crack would run into an arrest plate ,

It is apparent tha t  the predict i ,ins are highly accurate. This confirms the validity of the
analytical methods.
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Fig. B 12 .—Referencing the ratio scale t ,, section size B for th e  L-cr i ter ion rat io , and s imul taneousl y
defining critical crack s i / e s  for specific ratios,
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APPENDIX C

Strength Transition:
Case Example and Reference Tables

CASE EXAMPLE OF DE SIGN BASED ON ARRE ST
AND INITIATION PRINC IPL ES

Consider a thin-walled pressure vessel with walls , 0.15 in (4 mm) thick. The first problem is
to determine the maximum yield strength that may be used with retention of fracture properties
sufficient to preclude bursting in the presence of through-thickness cracks. The following
considerations apply:

•The desired yield strength is in the range of 240 to 280 ksi (1655 to 1931 MPa).

•The steel is a maraging type and of high fracture quality.

•The nominal design stress is 0.3 a .

•Stress-corrosion cracking, leading to the development of through-thickness cracks , is
possible.

•Leakage is acceptable , but bursting is not.

These considerations dictate that , for a crack that grows throug h the wall , the arrest
princi ple of leak-before-fracture must be applied. The crack length may be expected to be in the
range of 2 to 6 T, i.e., 0.30 to 0.90 in (7.5 to 22.5 mm) on penetration. For reliability, a fracture
stress at least twice the design nominal stress (>0.6 cr ,~) should be necessary for bursting in the
presence of through-thickness cracks.

The solution is reached by using the relationshi ps illustrated in Fig. Cl , keyed to the
elastic-plastic region defined by the RAD in Fi g. C2. The first step is to analyze the range of
possible K 1,. values for the yield-strength range of 240 to 280 ksi (1655 to 1931 MPa). The RAD
data bank provides for this analysis. The following conditions apply:

•At 240 ksi , (1655 MPa) the K~, . range is from 30 to 140 ksi\1i~

‘At 280 ksi , (1931 MPa) the K 1, . range is from 30 to 90 ksi ’vi~~

•The hi gh ends of the K i, . ranges are maximum recorded values. Reasonable expectations
for hi gh-quality metal are represented by the trend band.

•The reasonable-expectancy K~,. range is 70 to 100 ksi V1~ at 240 ksi (1655 MPa ) and 40 to
70 ksi~~T~ at 280 ksi (1931 MPa) , as noted in Fig. C2 by the circled points.
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‘The mean K 1, ’ir , ,  ratio value falls from 0.4 to 0.2 as yield strength is raised from 240 to
280 ksi (1655 to 1931 MPa) ,

The significance of falling from 0.4 to 0.2 ratio value must be analyzed in terms of the
specific section size. The plane-strain limit ratio is 0.25 , and the yield criterion ratio is 0.38.
These two critical ratio lines have been drawn across the diagram of Fig. C2 to locate the
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CASE EXAMPLE

elastic-plastic region. The following fracture states correspond to the strength levels indicated
by the vertical hold arrows:

<240 ksi (1655 MPaI—p lastic
250 ksi (1724 MPa)—high elastic-p lt’,stic
280 ksi ( 1931 MPa)—p lane strain ,

In the high range of the elastic-plastic state , stresses in excess of 0.5 er ,, are required for
fracture extension by through-thickness cracks. Thus , a maximum yield strength of 250 ksi
(1724 MPa ) , for metal of this quality, fulfills the desired leak-before-failure fracture conditions.
The fracture stress then will be at least 0.6 r ,,. This meets the twice-nominal-stress require-
ment for safety margin.

The crack-length relationships to the relative fracture-stress scale are presented in Fig.
Cl. The solid curves define the effects of increasing K ,, . plane-strain properties to the plane-
strain ratio limit (0.25) for this section size. At the plane-strain limit , the fracture-extension
stresses for the various crack lengths are on the order of or below the nominal design level (0.3
a,’.). Accordingly, bursting is to be expected if cracks penetrate the wall.

The set of rising curves indicates the effects of traversing the elastic-plastic region , to the
yield criterion ratio value of 0.38. Fracture stresses in excess of 0.6 o’,. are attained at the high
end of the elastic-p lastic range. Note that we may code the yield-strength scale to the rising
values of the K 1, .I oo. ratios of this plot , as listed below.

Yield Strength
Ratio (ksi ) MPa

0.20 280 1931
0.25 270 1862
0.30 260 1793
0.35 255 1758
0.38 250 1724

This relationship is traced by the midcourse of the quality band of Fig. C2.

Proof of the validity of the trend-band curve is required for quality control and purchase
specifications. This requirement is met byK i ,. tests, using section sizes that provide for valid K 1, .
determination in the elastic-plastic reg ion for a 0.15-in. (4 mm) section size. Specimens of 0.2- to
0.3-in. (5 to 7.5 mm) thickness are required. Alternatively, measurements are made for metal
0.15 in (4 mm) thick , at yield-strength levels high enough to allow validK ,, measurements, The
trend band derived by either of these procedures verifies the desired trend-band level.

Consideration is often given to increasing the wall thickness for “added safety,” In the
examples of Fig. Cl , increasing wall thickness while keeping yield strength constant at 240 ksi
(1655 MPa) raises the plane-strain ratio l imi t  and causes metal of 0.3 to 0.4 ratio value to
assume plane-strain properties. In this  case , the fracture-stress curves for 2T , 3T , and 6T flaws
remain at the 0.2 to 0.3 a,’. level. This is represented by the flat curves with the 2T , 3T , and 6T
notations. Comparison of the fracture stresses for the plane-strain and elastic-p lastic states , is
provided by the two sets of curves in the fi gure. The bold arrow emphasizes the dramatic
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differences. The importance of entering the elastic-plastic state is evident , Increasing wal l
thickness does not increase safety.

Ordinari ly ,  increased wall thickness is used to reduce nominal stresses from the max imum
allowable (0.5 r , 5 for pressure vessels). Figure Cl indicates that stress must be reduced to 0.25
r~, or less to effectively prevent fracture when cracks penetrate the pressure vessel wall .

Reductions from , say, 0.5 ii’,, to 0.3 ‘r ,’. do not provide added safety for such cases . Paradoxically,
reductions in wall thickness that increase stresses above the allowable , to 0.6 or 0.7 ~~~~~ do
provide safety if the reduction in thickness results in metal of hi gh elastic-plastic fracture
properties. In developing fracture-control p lans , engineers must use comp letely new thinking
with respect to factors of safety. Adherence to past conventions is dangerous.

Finally, we shall illustrate the low reliabili ty that results from designing pressure vessels
according to initiation criteria , i.e., by controlling surface-crack sizes. Again , new thinking is
essential. We shall first assume that reliable inspection procedures are available for detecting or
monitoring surface cracks in service, (In many cases such procedures are not available.)

The effect of relative stress level on the critical size of surface cracks of 3-to-i length-to-
depth geometry is indicated in Fig. Cl at the plane-strain limit value. Note that the critical
crack depths are in the undetectable range of 0.02 to 0,1 in (0.5 to 2.5 mm) at a nozzle location ,
where stress is high. In the hoop-stress region ofthe vessel (0.3 oo ~) , surface cracks more than 0.2
in (2.5 mm) deep are required for fracture initiation at the plane-strain limit for the section size,
For lower ratio values the critical crack size decreases rap idly at this stress level . In fact , it
decreases to undetectable dimensions cited above for the nozzle. Thus ,

•Reliable protection cannot be provided at nozzles for metal of the hi ghest measurable
plane-strain fracture properties.

‘Similarly, reliable protection cannot be provided for other locations of the pressure vessel
if the plane-strain value is significantly less than maximum for the section size.

To summarize an important and often neglected consideration in fracture-control planning
based on prevention of fracture init ~~tion , the critical crack size for any structure is defined by
stress levels in the range of 0.75 to 1.0 u,’., not by “ominal design stress levels.

The reason is that such high stress levels generally are present in structure s due to regions
of geometry transition. The most refined desi gns, such as those for nuclear reactor pressure
vessel nozzles , result in stress-concentration effects of approximatel y 2.5. This means stresses
2,5 times the allowable 0.5 r ,. result in exceeding yield levels. A gradient of stress from 1,0 to
0.5 (T ,, obviousl y exists in the nozzle transition reg ion. The reader should now recognize the
significance of the lower curves of Pigs. 38 and 56. They define the usual and not the unusual
requirements for crack-size surveillance, The literature ’s usual reference to nominal  stress of
less than 0.5 o’,’. leve l represents an unrealistic idealization of structural desi gn problems.

Reference Tables—Alloy Compositions of High Stren gth Steels

The specifications for standard-grade steels , as well as other type s of metal specifications .
properly deal with details important in procurement. Because of these details , it is difficult to
understand the metallurgical basis of the specification system for steels that cover the full
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.<n ’ngth - t rans i t ion range of the HAl) . This presenta t ion is a imed at ex p l a i n i n g  how chemical
Ct ) i l l p OSi t  ion and heat t r ea t m e n t  determine the location of ~t t e I s  in the RAD disp lay.

Evidence that a sound metallurgical  basis does exist  is provided by the  fact that  an expert
mechanical metallurgist  can perform the following selt~consist ent analy ses:

•Given a specific composition , section size , and melt ing procedure , the strength-transit ion
corridor zone can be located in the RAD.

‘Given a strength-transit ion corridor or a zone within the corridor , the general alloy
composition and related metal-quali ty details can be described.

The compositions of typical steels corresponding to the various zones of the RAD are
presented in Tables Cl , C2 , and C3. These tables are the key to understanding the RAD-related
significance of standard grades and other specifications . They disp lay the main alloy features of
modern weldable steels , as compared to older steels developed for general use as rolled or forged
products.

Table Cl illustrates that in the conventional rolled or forged steels relatively hi gh carbon
contents are used to vary yield strength over the full range of the RAD. The high carbon contents
l imit  these steels to low corridor levels, Thus , for section sizes greater than 1 in. (25 m m ) ,
plane-strain fracture properties hold for intermediate and high strengths. Adjustments of the
alloy content wi th in  the ranges cited may be expected to shift fracture properties up or down
only wi th in  the low corridor.

Table Cl—Representative compositions of quenched and tempered rolled and forg ing
grade steels ’

Composition ((1k
Steel - - - - - - —

C Mn Ni Cr Mo V Si

4Oxx Mu Type) 0.25 0.8 — — 0.25 — 0.25
0.30 0.8 — — 0.25 — 0.25
0.40 0.8 — — 0.25 — 0.25

4 lxx  ICr -M o Type ) 0.25 0.9 — 0.9 0.2 — 0.25
0.30 0.9 — 0.9 0.2 — 0.25
0.40 0.9 — 0.9 0.2 — 0,25

43xx (Ni-Cr-Mo Type ) 0.20 0.7 1.8 0.7 0.25 — 0.25
0.40 0.7 1.8 0.7 0.25 — 0.25

6lxx  (Cr-V Tvp e l 0.20 0.8 — 0.9 — 0.10 0.25
0.50 0.8 — 0.9 — 0.10 0.25

46xx and -1)4x.x (High  N i - M o  Tvpe l 0.20 0. 8 1. 8 — 0.25 — 0.25
0.20 0.6 3.5 — 0.25 — 0.25

‘ M I n i m u m  ‘~~. related to c a r b o n  c o n t e n t :  m a x i m u m  section ~I z ’  relat ed 0, h ard enab i l i tv  respon’.,’
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Table C2—Representative compositions of low-alloy quenched and
tempered steels for welded use 4

Thickness Limi t  Composition )~~~)

(in. ) Im m t  C Mn Ni Cr Mo Other Si

1.25 32 0.20 0.90 — 0.65 0.25 Zr-B 0.70
~~ 4.0 100 0.20 0.90 0.90 0.55 0.55 V-Cu-B 0.25

2 2.0 50 0.20 1.00 0.60 0.55 0.25 V-B 0.25
1.25 32 0.20 0,60 — — 0.55 B 0.25
2.0 50 0.20 1.20 — — 0.45 B 0.25
2.0 50 0.20 0.55 — 1.40 0.30 Ti-Cu-B 0.25
2.0 50 0.20 0.60 1.30 — 0.55 B 0.25
0.8 19 0.20 0.95 — 0.65 — Zr-B 0.70
4.0 100 0.20 0.55 1.30 1.10 0.55 B 0.25

‘M i n i m u m  ,r ,, 100 ksI (689 MPaI to 2.25 in. (57 mm), 90 ksi (620 MPa) to 4.0 in. 1 100 mm )

Table C3—Representative compositions of hi gh-alloy steels for welded use

Thickness Minimum Composition (‘1- I
Limit c -

Type -~~~~-
_—~~~ —~~~~~~- - - — ~~~~~ —-~~~ —— ~~~~~ -~~~~~~~-~~~~ - - -~~~‘-  ~~—~~~~~ —~~~~~~~~~~ -- -~~~~ ~~~ - -~~

( in , ) (mm ) ksi )  ( MPa ) C Mn Ni Cr Mo Co V Si Ti Al

Quenched and Tempered
N ) -Cr -M , ,  Type ‘ 4  100 (‘( 5 586 0.18 0.30 3.0 1.8 0.5 — 0.02 0,25 — —

4 100 85 586 0.18 0.30 3.7 1.8 0.5 — 0.02 0.25 —

4 100 100 689 0.18 0.30 3.0 1.8 0.5 — 0.02 0.25 — —

4 100 100 689 0.18 0.30 3.7 1.8 0.5 — 0.02 0.25 — —

Quenched and Tempered
Ni-Hig h Co Type ‘.4 100 175 1207 0.20 0.30 9.0 0.8 1.0 4.5 0.08 0.08 — —

4 100 175 1207 0.26 0.30 8.0 0.5 0.5 4.0 0.10 0.08 — —

- 4 100 200 1379 0.32 0.30 7.0 1.0 1.0 4.5 0.10 0.08 — —

Maraging Type — — 210 1445 0.02 (1.08 18.0 — 4. 3  8.0 — (( (15 0.15 0.10

The generally low alloy contents of these steels - ‘ - .~ due to cost-cutting efforts. The s tee l ’ .
are designed to provide adequate ha rdenab i l i t v  and II- ~tienched hardness for desired v o i d -
strength levels at specified section sizes. Carbon and alloy Cl ii  t en ts  are increased in con ihin at  ion
to meet the need for increase y ield strength or the requi rem ents  of increased sect 1 0  si ,,  The
usual reference in selection of these steels is the guaranteed m i n i m u m  tensile s t r e n g t h  ~~ ih .
section size of interest , as measured at the quarter-thickness position of the  pr i ’du t 2 , ,

This reference information may be used by p lot t ing the corresponding -.t:Itist If.,

minimum and maximum yield strength in the RAD. The range of fracture pr p . - t ’
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defined directly from the low-corridor , top and bottom limits. Inserting the elastic-plastic zone
ratio lines for the section size completes the anal ysis. The fracture-state properties are defined
according ly, in terms of statistica l-expectancy ranges.

Table C2 illustrates the compositions of standard-grade quenched and tempered steels
developed specifica lly for welded use. The yield-strength range of these steels is fixed by the
ASTM-specified minimum values. In comparison to the steels of Thble Cl , these steels cover a
relatively narrow range of yield strength , as noted in RAD plots.

In these steels, alloy cost minimization is indicated by relatively low, conventiona l al loy
content and by the use of special elements (Zr-B-V-Ti) to enhance hardenability, hardness, or
grain refinement. The low corridor level of these steels is largely due to melt ing procedures
dicta ted by economy. Further weldabi lity and microstructure information pertinent to these
steels is in Chapter 8.

The thickness limits noted in the table for these steels do not uniformly ensure elastic-
plastic or plastic fracture properties. Considerable differences in fracture properties may be
expected between the relatively thick and relatively thin section sizes, and caution should be
used in selecting section sizes of 2 to 4 in. (50 to 100 mm) . Individual fracture property
determinations should be made to ascertain whether a steel is suitable for intended service.
Prior experience with these steels in 1.25-in. (32 mm) section sizes should not be relied on for
thicker sections. Experience with thinner sections is not translatable to thicker sections because
of mechanical constraint effects due to section size, which may cause a shift from plastic to
plane-strain properties.

Table C3 lists the compositions of representative high-alloy steels developed or modified for
welded use. The steels have yield strengths that cover the full range of the intermediate and
high RAD corridors. The high alloy contents are necessary for producing optimum metallurgi-
cal microstructures in relatively thick sections. The onl y specia l addition that is used for the Ni-
Cr-Mo type steels is vanadium , which is a conventional strengthening agent. Carbon content
is increased only for the higher strength ranges.

The maraging steels are special types that do not require quenching. Hardening takes place
by precipitation of Ti-Al compounds , in a process simi lar to the age-hardening of aluminum
alloys. The heat treatment entails solution treatment at 1500° to 1800°F (810° to 980°C)
followed by cooling in air or water to room temperature. In this condition , the material is rela-
tive ly soft. Age-hardening heat treatments involve reheating in the range of 875° to 950°F
(470° to 500°C) for 2 to 3 hours.

Table C3 illustrates the composition for the lowest strength level of the standard grades of
maraging type. Higher strength is achieved by increasing the titanium content to the 0.30% to
0.80% ra nge and by adjusting the age-hardening temperatures and times. Thickness limits are
not cited. The only requirement is for achieving the minimum strength levels of the specifica-
tions.

The literature on weldable high-alloy steels contains extensive references to U.S. Navy
HY-steels. The orig inal development of the .commercial Ni-Cr-Mo and weldable nickel-high
cobalt ( Ni-High Co) types, cited in Table C3, was done to complete the HY series. (HY signi fies
“high-yield.” The HY-80, HY-100, and HY-180 steels correspond generally to the 85-, 100-, and
175-ksi (586, 6 9 , and 1207 MPa ) grades cited in Table C3. Military specifications are more
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detailed than commercial standard-grade specifications , particularly with respect to quality
factors that decide the location in the transition corridors of the RAD. The HY steels are
premium versions of the commercial grades.

HY-130 is a recently developed steel not represented in the current listing of standard
commercial grades. The specified minimum yield strength of 130 ksi (896 MPa) is achieved
mainly by a modest increase in the conventional alloy content of the Ni-Cr-Mo steel of Table C3,
plus a decrease in tempering temperature . The object is to evoke a secondary hardening
response during tempering. Secondary hardening takes place by the precipitation of Cr-Mo-V
carbides that strengthen the tempered inartensite matrix of the steel while changing fracture
properties little. In brief , the strength transition is shifted to higher strength levels. HY-130
steel retains the highest RAD corridor position currently achievable for the yield-strength
range of 130 to 155 ksi (898 to 1069 MPa).
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Introduction to Structural Steels

ALLOY COMPOSITIONS OF STANDARD-GRADE STEELS

The reference system for the standard-grade structural steels may be understood in
general terms by examining representative alloy features, presented in Tables Dl and D2. All of
these steels evolved from structural carbon steels. They differ in microstructure because of the
combined effects of alloy additions and cooling rates. Section size is an important metallurgical
reference because of its effect on cooling rates for any specified heat treatment.

Small additions of the alloy elements noted in the tables produce fine rather than coarse
microstructures during air cooling. Finer microstructures increase yield strength and fracture
properties. Carbon contents are generally kept below 0.25% to reduc&cracking tendencies in
welding and to offset requirements for high preheat temperatures.

Table Di—Representative compositions and yield strengths
of structural steels

Composition (%) Minimum ~~~~,

Type of Steel —____________________________________ ____________

T~ C Mn Si Condition b (ksi) (MPa )

Carbon Steels B 0.28 0.40 0.05 AR 28 193
A 0.22 0.60 0.05 AR 40 275
B 0.24 0.95 0.15 AR or N 40 275
C 0.25 0.95 0.15 AR or N 40 275
C 0.15 1.20 0.20 AR or N 36 248
B 0.22 1.10 0.20 AR or N 40 275

C-Mn-V Steels and
Ni-Cr-Cu Modified
Steels A 0.25 1.20 0.20 0.5V AR or N 55 379

A 0.25 1.20 0.20 0.5V AR or N 62 427
(+ 0.2 Ni , 0.2 Cr, 0.2 Cu)

~Thickness: A—i in. (25 mm)
8—2 in. (50 mm)
C—4 in. (100 mm)

“AR—As Rolled
N—Normalized
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Table D2—Representative compositions and yield strengths of
structural Ni-Mo steels

Thickness Composition (%) Minimum r~

(in.) (mm) C Mn Si Ni Mo HTa (ksi) (MPa )

To2 50 0.15 0.60 0.20 2.20 — N 45 310
To6 150 0.25 0.60 0.20 3.50 — N 45 310
To 2 50 0.20 0.80 0.20 — 0.50 N 42 289
To 6 150 0.25 0.80 0.20 — 0.50 N 42 289
To4 200 0.20 1.30 0.20 0.90 0.50 N 55 379
To6 150 0.20 1.30 0.20 0.60 0.50 AC 60 413
To6 150 0.24 1.30 0.20 0.90 0.50 AC 75 517

°Heat Treatment: N—Normalized
AC—Accelerated Cooling (spray or quench)

The 1940 ship fracture steels (Table Dl) provide a starting point for the discussions of alloy
effects. These steels were developed for use in riveted structures. Their high carbon and low
manganese contents result in coarse , pearlitic rnicrostructures of low strength and high transi-
tion temperatures. The low silicon content results in a rimming steel of high oxygen content,
unsuitable for normalizing. No benefit with respect to transition temperature would result from
normalizing, because of the coarse austenitic grain sizes at the austenitizing temperatures of
approxima tely 1650°F (900°C).

Modern weldable steels have silicon contents on the order of 0.20% . This produces a
silicon-deoxidized steel to which more potent deoxidizers such as aluminum can be added. The
notations of’Tine-grain practice” in references to standard -grade steels indicate that the steel is
deoxidized enough that normalizing will yield transition-temperature improvements. The ex-
pense of normalizing is justified only if the steel is made by fine-grain practices. Aluminum is
added in usual amounts of 0.02% to 0.04% (acid soluble) . Adding aluminum yie lds no significant
benefits for conventional as-rolled steels, because the high rolling temperatures result in
austeni te grain-coarsening even in the presence of aluminum.

There generally is a striking difference in ferrite grain size between ordinary as-rolled
steel and normalized steel that has been made by appropriate fine-grain practices. Optical
microscope observations at b O x  magnification disclose a coarse grain structure for the as-rolled
material (ASTM ferrite grain size 5 to 8) , as compared to the normalized steels (ASTM ferrite
grain size 9.5 to 11.0). These grain-size differences are enough to place t he expected DT
transition-temperature curves in normalized steel statistical bands rather than (higher tem-
perature) as-rolled steel statistical bands. In effect , microscop ic exa mination can be translated
directly to a reasonably precise definition of the DT transition curves and fracture-state criteria
at specified temperatures. This rational connection between microstructure and fracture
cri teria requires consideration of mechanica ’ section-size effects. For example, the pre dictions
for 0.6-in. (16 mm) standard DT specimen section sizes must be adjusted, because of mechanical
constrain t, for thicker sections.
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Table Dl illustrates that the carbon-manganese balance influences strength level. Carbon
and manganese contents are increased in combination to attain higher levels of yield strength
and to offset the effects of increased section size. The limits of this combined effect are reached at
approximately 40 to 45 ksi (275 to 310 MPa). Vanadium additions are used for the next
incremen t of strength increase. Vanadium steels can ach ieve yield-strength values of 55 to 65
ksi (379 to 448 MPa) , with or without additions of nickel , chromium, and copper in small
amounts (0.2%).

In the case of thick sections and requirements for low-temperature service, it is not
appropriate to use vanadium strengthening, because thick sections have undesirable fracture
properties. The sequential steps in alloy progression are illustrated in Table D2. The preferred
alloy combinations feature nickel and molybdenum in the amounts cited. The table also indi-
cates that for exceptionally thick sections, accelerated cooling (AC) must be used. Depending on
the section size and desired strength level , it is necessary to shift progressively from normal izing
to spray cooling and then to full-quench treatments, followed by appropriate tempering.

Nickel-molybdenum steels are not transformed to ferrite-pearlitic structures by acceler-
ated cooling; the transformation products are largely of acicular upper-bainite types. The
fine-scale distributions of ferrite and carbide particles of the bainitic microstructure are respon-
sible for the relatively high strength of these thick-section steels. There is an additional benefit
in retaining the desirable transition temperature features of the thinner (normalized) steels to
the level of very thick sections noted in the table.

For these steels, extension of the thickness range from 6 in. (150 mm) to 12 in. (300 mm)
results in surface-to-center gradients of fracture properties because of inadequate bainitic
hardenability. The surface regions then have lower transition temperatures than the central
regions.

The attainment of strength levels in excess of 80 ksi (551 MPa) requires quenching and
tempering plus relatively high alloy contents and/or section-size limitations. The alloy features
of the higher strength classes are described in Appendix C.

The sulfur and phosphorus contents of the steels in Tables Dl and D2 are generally limited
to a maximum of 0.035% to 0.040% . In comparison , high strength steels of high con dor
qua lity are limited to a maximum of 0.01% to 0.02% .
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APPENDIX E

Fundamental Significance of the R-Curve Expression
for Fracture-Extension Resistance

FRACTURE MECHANICS THEORY

Fracture mechanics researc h in the ear ly 1960s concentra ted on measure ment of t he
fracture-extension resistance of metals, in terms of the plastic work-energy parameter ~ The
basic featu res of the ba lance be tween the work ç~ of the externally applied stress field and the
characteristic resistanceR of the material to fracture are illustrated in Fig. El. The illustration
is for the simple case of a two-dimensional body with a flaw of~ ngt h 2a , resi ding in an elastic
te nsile stress fi eld.

The term ~ is the strain-energy release rate with crack extension (per unit length of crack
border), or crack-extension force. R is the crack-extension resistance (of the material at the crack

ELASTIC -INSTA BILIT Y INCREASIN G
a .

~~~ 
RESISTANCE

M A T E RIAL

INTERME DIA TE R2

INCR~~~SING 

G LASS P3 —

oo

—-

Fig. E 1-—Fracture mechanics definition of H-curve features in terms of rising
§ (to the poi nt of instability 9. I . The mathematical analyses apply to elastic
loadi ng, but the basic concepts may be extended to plastic fracture .
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tip) opposing ~~~. The strain energy produced by the stress field is represented by the straight line
through the orig in , while the slope of the line indicates the magnitude of ~~~. Characteristic
R-curves for different materials are illustrated by the R traces for this simple case; however, the
shape of the R-curves is influenced by geometrical considerations of the body, including flaw
length , specimen wid th , thickness, and stress state.

The critical point in the energy balance system is the point where i~ and R are equal; this is
visualized as the point of tangency for the two curves. This point represents the critical value of
~~~, which is denoted ~~ The ta ngency imp lies that an excess of the strain ene rgy ~ necessary to
sustain the fracturing process is available , and therefore, the fracture will propagate . For this to
be meaningf ul, the fr acture , once initiated, must be self-sustaining (unstable) . At ~ va lues less
than ~~~, ,  R is higher than ~~~, and crack initiation cannot occur because of insufficient driving
energy. The P-curve for extremely brittle materials , such as glass, allows for no increase in R
with crack movement. The other R-curves of Fig. El represent many real metals that tolerate a
very small degree of crack movement without fracturing. The R-curves for materials that
fracture elastically must , by definition , reach a point at which R does not increase with
increasing crack length; this is not the case for ductile metals. Higher levels of ~~~,. are required
for the fracture of materials with higher charac teris t ic resistance R, as shown in Fig. El.

For maximum-constraint plane-strain conditions , the critical crack-extension energy is
deno ted by t~ ~,. Basic linear-elastic fracture mechanics equations relate ~ ~, to the elastic-stress
and flaw-size conditions necessary for fracture. These equations are usable in the practical sense
only for the case of plane strain (~ ~), because of a strong dependence of ~~~,. on spec imen
dimensions and basic materials properties. For plane strain , q~,. is related to the critical
stress-intensity factor K 1 by K 1, . = E ~~~~~~ where E is the elast ic modu lu s.

When the limitations on th ickness and crac k dep th are exceeded , even for the elastic
loading case , the K parameter is subject to geometric influences , and the equa t ions are not
app licab le. Thus , the K~ and c~,. terms , which include a ll cond itions other than plane strain , have
no practical value as predictors of fracture conditions. The loss of accuracy is caused by the rising
R-curve, which does not permit crac k extension without continuous increases in energy.

PHYSICAL SIGNIFICANCE OF R CURVES

The physica l significance of the slope of the R-curve with fracture extension should be
understood in a generalized sense; Fig. E2 presents schematic illustrations. The figure ill us-
trates a metal section containing a sharp elliptical surface crack , subject to tensile loading. The
incremen ts of crac k extension are ~a , and a ,) is the initial crack depth.

The top graph of Fig. E2 illustrates the o-vs-COD traces that may be expected for frangible
metals and metals with rising R-curves. In princi ple , the crack-opening displacement (COD) can
be related to the .~a extension by calibra t ion . COD may be measured by a clip gage . For duc ti le
metals , COD (and .~a)occurs with rising load into the plas t ic reg ion (rising R) without evidence
of unstable fracture extension. For a frangible metal , the COD gage detects an “instability ”
at elastic stress leve ls, followed by unstab le fracture .

The effects on crack-ti p geometry are i l lustra ted at t he bottom of the figure by t he r~-vs-.~a
plot , w here r ,, sign i fies the crack-tip radius. The important aspect is that very large differences
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Fig. E2—Physical significance of increased resistance R to
fracture extension for ductile metals (solid curves) and frangible
metals (dashed curves). Note that K1, or K ,,, parameters apply
only for the frangible metals, which do not feature increased R.
The important physical aspects are load stress a- and crack-tip
blunting r~.

in crack blunting result from extension of fractures for metals of different R-curve features, as
follows:

Flat-slope R curve—Crack-tip sharpness is retained because the critical plastic-zone size is
small.

Intermediate-slope R curve—Crack-ti p blunting occurs gradually by a process of increasing
plastic-zone size. The small degree of blunting developed in the first unit extension results in a
larger plastic-zone size for the next step, which causes additional blunting and therefore an
additional growth of the plastic-zone size, and so on. A stable condition is achieved , after which
there is no further increase in r~.

High-si ope R curve—Crack-tip blunting occurs rapidly as the result of gross plasticizi ng of
the zone in advance of the tip, starting with the first rupture increment. The effects are
accentuated in further extension; again there is a leveling to a stable r 5 configurat ion.

Increases in plastic work energy per unit extension (EtA ) will develop due to the crack
blunting and the increases in plastic-zone size. The specific EtA increases in the course of
fracture extension for ductile metals are related to the slope of the R-curves.

The slope of the R curves will be reflected in the nominal engineering stress required for
fracture extension, as follows

Flat-s lope R-curve—Unstable fast fracture occurs at the level of nominal elastic stress
required for initiation.

Intermediate -slope R-curue—The nominal stress required for stable crack extension in-
creases gradually with extension. While the first extension may ho at elastic-stress levels,
continued extension may require over-yield stresses.
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High-slope R-curve—The nominal stress required for the initial crack extension wil l
exceed yield; after this , an increase of the plastic load stress will be required for continued
extension.

R-CURVE CHARACTERIZATION

The fundamental barrier to characterizing R-curve slope by any test that does not permit
the stable fracture mode to develop fully is illustrated in Fig. E3.

The figure illustrates the effects of fracture test confi gurations and procedures for indexing
fracture-extension events. The flat- , intermediate -, and high-slope R-curves represent metals of
plane-strain , low plastic , and high plastic fracture properties , respectively.

Fracture properties are measured under the following three conditions:

Full constraint—The tests focus entirely on the first detectable crack movement , under full
constraint due to the existing crack.

Plane-strain configuration—Test specimen geometry limits the development of the
fracture-mode transition. Accordingly, the measurement reflects fracture under conditions
approximating plane-strain constraint.

Pla ne-stress configuration—Test specimen geometry allows full development of the
fracture-mode transition. As a limit , the measurement reflects fracture under conditions ap-
proxima ting plane-stress constraint.

The fi gure illustrates that faithful measurement of intermediate-and high-slope R-curve
fracture properties is possible only if the specimen configuration is of plane-stress type. Restrict-
ing the specimen configuration to plane-strain type or focusing on the f irs t event of crack
extension resul ts in grossly inaccurate definition of plastic fracture properties.

The EtA or ~ scales are equivalent expressions of work energy for fracture extension . The i
scale representsK ,, . test values converted to energy by theK ,, . = E ~ I. - relationship. TheE/A scale
corresponds to the DT test values of energy, as measured for conditions of incremental crack
extension.

The standard configuration of the DT test is defined as a plane-stress confi guration ,
because it allows full development of this fracture mode. If the length of the fracture path is
reduced , the DT test loses its ability to index the fracture-mode transition. Like the usual K~,
and COD tests, it then indicates only conditions of initial extension , when the plane-strain
stress state of the initial crack dominates fracture extension.

Figures E4, E5, and E6 provide experimental verification of the schematic illustration in
Fig. E3. Series of modified DT test specimens, with ascending fracture path lengths , define the
relative increase in EtA with fracture extension. The examples use a steel of 1-in. (25 mm)
section size , heat treated to low, intermediate and hi gh strength levels. The strength transition
results in a corresponding change fro m high to intermediate and low fracture-extension resis-
tance.
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Fig. E3—Definit ion of R-curve features by (a) fracture mechan-
ics tests which only measure features of in itial extension, (b) the
plane strain DT configu ra t ion test , an d (c) the standard DT test
which represents a plane stress configuration. Solid curves m di-
cate increasi ng R , typical of ductile metal.
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Fig. E4—Fracture appearance transition and R-curve features for steel of plane-strain fracture properties .

In effect, the series represents an experiment in tracking the strength transition in terms
of R-curve slope. Characterizing the relation between decreasing R-curve slope and the de-
velopment of strength transitions for specified section sizes defines an intrinsic metal-quality
factor.

The object of R-curve characterization is to identify a metal-quality parameter from data
that include mechanical information. Extensive studies have been conducted for a variety of
steels and al uminum alloys, over a broad range of strength levels and section sizes.

Curve-fitting analyses of the type shown in Fig. E7 indicate that a material constant R ,,
may be derived from the data , as follows:

E = R~I~a 2 f(B)
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Fi g. E5— Fracture appearance transit ion and R-curve features for steel of low-level p lastic
fractu re properties.

where

R = energy per unit  area (E/A)
= crack-extension increment

f ( B)  = function of section size B.

TheR , constant defines the position of the curve on the log-log plot , which is characteristic of the
metal. Changes of section size affect the constraint state , purely as a mechanical factor. The
interactions of metallurg ical and mechanical factors decide the specific resistance R to fracture
extension.

The general equation that defines the interactions of metallurg ical and mechanical factors
has the form

E = R~ L~Aa’B ” .
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Fig. E7—Log-Iog plot of experimental data for five steels
featuring low to high R-curve slope properties.

Studies of steels and aluminum and titanium alloys show that the exponents vary within
the ranges noted in Table El.

The generalized equation

E R~~~a 2B°~5

provides a reasonab le approximation for characterizing metal properties. It has been used in
deve loping a reference data bank for steels and aluminum alloys.

Information on ti tanium alloys suggests that the exponents should be adjusted for specific
a lloy systems. In general , it is recommen ded that new alloy systems be investi gated to deter-
mine whether adjustme nts are required.

R ,, characterizatio n , for meta ls of thin section , may be performed by using a laminated
version of the standardized DT test (Fig. E8) . In this case, EtA and B are calculated on the basis
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Table El—Typical values of x and y exponents: E = R 1, (~ a Y( B ) L ~

• R~ Range
• Material Section-Size Yield Strength

Range (in.) Range (ksi) x y (ft~lb/in.5/2)

Steel 0.75-6.0 80-180 1.8-2.1 0.4-0.7 180-925
Titanium 0.10-0.50 120-160 1.8-2.1 0.4-0.7 30-180
Aluminum 0.10-3.0 27-78 1.6-2.1 0.4-0.9 50-200

L ! 1

• 
_ _

• Fig. ES—Configuration of standard DT test spec-
• imens for full-sectio n and laminate materials

characterization.

of laminate dimensions. The only other requirement is adjustment of the DT specimen’s thick-
ness to the closest value attainable by stacking of the laminates. Figure E8 illustrates tests
conducted with laminated DT specimens 0.5 in. (12.5 mm) thick.

Figure E9 shows results of full-section and reduced-section tests of four aluminum alloys.
Since the laminates were cut from the same material used for the full-section tests, there is no
change in the metal-quality parameter R 

~
,. The characteristic value of R , for each sample is

noted at the top of the figure.

Ordinar ily, a metallurgical effect may be expected of changes in section size for a given
alloy, because of differences in metal working and grain structure. However, the strength-
transition factor is dominant , and a low strength alloy of 5086 type should not be expected to
deve lop low R ~, properties like those of the high strength 7075 type . The order-of-magnitude
decrease in R ,, values represents a strength transition , for the plastic fracture properties of
aluminum alloys , that is best represented by a RAD plot.

RAD CONSOLIDATION OF R 
~
, DATA

Rational methods for R-curve characterization provide unified methods of data reference
and interpretation, by RAD plotting and analysis. Figure 173 is an example for steels. Many
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Fig. E9—Fracture date for full-section and reduced section (laminate ) tests of four aluminum alloys.
(After R.W. Judy, Jr., and R.J. Goode.)

examples for steels and for aluminum and titanium alloys may be found by reference to the
bibliography. Note that the R 

~
, scale has been added to the RAD. The R~ scale provides entry to

the RAD plot f or large or small DT test specimens or laminated versions of the small DT
specimen (Fig. E8). In fact, any DT modification that retains the rational geometric features
described previously may be used by reference to the R 

~
, scale.

The RAD display defines the range of R-curve slopes that are metallurgically attainable
for given strength levels and section sizes. The information is available for structural steels and
for aluminum and titanium alloys. Questions of metal selection can be answered only if
organized information of this type is used as reference.

Other test methods have been used empirically to develop a retèrence data bank for special
applications. These tests, including the Charpy-V , have served for correlation with results

• obtained in structural prototype burst tests, such as those of gas line steels. However, there is no
general analytical value that provides for transfer of the information to other metals or strength
levels.

The RAD defines the best SI option for a particular case if metal properties are the
dominant factor. In particular , the RAD serves as a warning if excessively high strength levels
are involved in the initial consideration of candidate metals. For example , a modest decrease of
strength level may increase the maximum attainable R-curve slope from low to very high.
Purely mechanical effects of changing section size may be analyzed in similar terms.
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