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ABSTRACT 

The traditional engineering approach to failure-safe design has been the use of 
conservative values for the mechanical parameters involved. The level of conser­
vatism can now be more precisely selected, since the development of fracture 
mechanics has provided a theoretical stress analysis for the cracked_;body case. 
A fine-scale definition of the relationship between critical flaw sizes and elastic 
stress levels can now be established by calculation. The quantitativeness of fracture 
mechanics has recently been extended for general engineering use by the provision 
of graphical correlations between stress-intensity values from fracture mechanics 
tests and fracture energy values obtained from Charpy V-notch and Dynamic Tear 
tests. Fine-scale definition of critical flaw sizes can now be determined from re­
sults of these engineering-type fracture tests when fracture instability can occur at 
elastic stress levels. 

An extension of the quantitative analysis for critical flaw sizes into the regime 
of general engineering design, where a safe amount of plastic strain must precede 
fracture, is the objective of current research. Theoretical solutions to the nonlinear 
plastic s ,fate are complicated by other material characteristics such as transitions 
in microfru.cture modes and strain rate effects. Meanwhile, engineering developments 
for defining conditions leading to fracture under plastic strain conditions are based 
upon a tear energy concept using analysis diagrams which feature inputs of temper­
ature and section size parameters for mixed-mode fracture conditions. The engi­
neering analysis diagrams are sufficiently flexible to allow upgrading their quanti­
tativeness as the theoretical treatment of plastic instability evolves. 

PROBLEM STATUS 

This report summarizes the trends in the e n gin e er in g aspects of fracture 
technology as it is being developed in the Strength of Metals Branch of the Metal­
lurgy Division. Work is continuing on the major aspects of the problem. 
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Manuscript submitted January 6, 1970, 

ii 

' 



FRACTURE TOUGHNESS OF STRUCTURAL METALS 

INTRODUCTION 

The traditional engineering approach to failure-safe design has been the use of con­
servative nominal stresses, and complex structures have been designed from simplified 
guides or models based on the theory of elasticity. Allowable stress levels for specific 
materials are based on tensile properties determined from smooth-body specimens, and 
with this approach, very few structural failures have occurred because of the empiricism 
of the tensile test. Too many failures have occurred, however, because the engineering 
design analysis did not consider fracture resistivity. Even with the development of 
linear-elastic fracture mechanics, commwtication between the metallurgist, the fracture 
mechanician, and the design engineer remains minimal because of the gap between the 
three disciplines. 

The quantitativeness of fracture mechanics has been largely unavailable to the prac­
ticing engineer for analysis of fracture resistivity even though the merit of quantitative­
ness is generally recognized. One important reason that adoption of performance crite­
ria based upon stress-intensity values has been limited is the unfavorable economics of 
plane-strain fracture testing. The rigor of "valid" plane-strain test procedures includ­
ing the thickness requirements is a deterrent to a broader use of ASTM test methods. 
The difficulty in applying the mathematics of the stress-vs-flaw-size relationships to 
real structures is an additional obstacle. A significant achievement has been accomplished 
recently which will help to overcome these obstacles by providing graphical correlations 
between stress-intensity values and energy values obtained from practical fracture tests, 
the Charpy V-notch (C" ), and the Dynamic Tear (DT) tests. With these correlations, the 
results of engineering-type tests can be translated into charts of critical flaw size for 
guidance in engineering design (1-3). This achievement will encourage the use of per­
formance criteria for fracture resistivity in general engineering design considerations. 

Ideal materials for a linear-elastic fracture mechanics analysis are materials with 
fracture resistivity sufficiently low to permit unstable fracture initiation under plane 
strain conditions and elastic stress levels. For materials which are marginal in this 
respect, elastic fracture mechanics relationships can be extrapolated into the elastic­
plastic region to provide useful information. However, the engineering significance of 
small but measurable crack movement to the structural performance of very thick 
sections in marginal materials requires additional consideration of property gradient 
effects. For materials with high fracture resistance, extension of the quantitative anal­
ysis provided by fracture mechanics into the net section plastic region is still in the 
research stage of development. 

The general fracture resistivity characteristics of a structural metal are the re­
sults of interactions between critical metallurgical features and the mechanics of vari­
ous loading systems. Fortunately, the conventional structural grades of steel have 
certain metallurgical features which simplify the engineering analysis of the fracture 
resistivity characteristics of these basic structural materials. The most important 
metallurgical features are those controlling the sharp transition in fracture resistance 
which occurs in a narrow range of temperature, the temperature transition. An under­
standing of the metallurgical aspects of the temperature transition is paramount to an 

1 

• 

,. 



2 E. A. LANGE 

understanding of the effects of superimposed mechanical conditions. The metallurgical 
nature of titanium and aluminum alloys preclude the formation of a temperature transi­
tion, and the characterization of fracture resistivity of these alloys is primarily con­
cerned with the mechanL~al aspects which impede plastic flow. Because certain metal­
lurgical features give rise to unique fractw·e behavior, generalized fracture-safe .design 
procedures correspondingly take advantage of these natural characteristics of str"uctural 
metals. 

This report considers the trends in the engineering aspects of fractw·e technology 
and emphasizes the metallw·gical and mechanical features which result in rapid rises 
or transitions in fracture resistivity. These transitions are triggered when conditions 
depart from those associated with the restricted regime of ideal elastic plane strain 
fracture, and they define the link between elastic and fully plastic fractw·e behavior. 
Test methods for measw·ing fracture toughness through transition regions must have 
a capability of measuring over a broad range, and the DT test was developed and used 
for this purpose (2, 4 ). Analysis of the rapidly rising fracture resistance in transition 
regions is provided by diagrams which include the Fracture Analysis Diagram (FAD) 
and the Ratio Analysis Diagram (RAD). The concepts for providing analyses for the 
fractW'e toughness of structw·al metals have been available for several years, and the 
aims of this report are to present the engineering approach for coupling the quantitative­
ness of fracture mechanics theory and to refine the interpretation of the empirical re­
sults of practical fracture toughness tests. 

MECHANICAL ASPECTS OF FRACTURE RESISTIVITY 

This section is a brief review of general principles related to the mechanical aspects 
of fracture. Detailed discussions of concepts and mathematical relationships can be 
found in the literature (5-7 ). 

Mechanical constraint (triaxial stress) is generated by cracks and sharp notches 
plus thick sections. Constraint is the mechanical factor which tends to decrease the 
ability of structural metals to flow plastically by concentrating stress. The stress­
concentration effects provided by a crack readily elevate the stress at the crack tip to 
yield strength levels, and a plastic zone is formed. This basic principle is illustrated 
in Fig. 1, where it is obvious that the larger the crack-tip plastic zone (increased notch 
ductility), the greater the resistance to fracture. 

APPLIED 
LOAD 

• 

EL AST IC STRESS FIELD 
AT K1, 

Fig, 1 - Plastic zone and st r e s s 
field at a crack tip for fracture at 
elastic stress levels 
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To clarify the terminology used in this report, the fracture resistivity of a specific 
material concerns the general relationship between the size and strain energy of the 
plastic zone for crack extension under the full range of mechanical conditions (plane 
strain to plane stress), Fracture toughness is a specific value for fracture resistivity 
referred to a fixed set of mechanical conditions, such as the result obtained in a specific 
fractm·e test. A normalized fractm·e toughness value, such as the K 1,. · y s ratio, is 
termed here fracture resistance. For most points in these discussions , the terms 
fractw·e toughness and fracture resistance are synonymous. 

Since mechanical conditions change with structw·al design and flaw geometries, 
there is no unique plastic zone size or unique fractw·e toughness value for a specific 
material. A minimum plastic zone size occurs under condi.tions of maximum mechanical 
constraint (plane strain) , and this minimum size has been related to the plane-strain, 
stress-intensity factor and the yield strength in the following equation: 

1 
1\, = 6;;- (K I j ys )

2, 

Although this is an empirical definition of the size of the plastic zone, it does serve to 
indicate the r e lative influence of the plastic zone on the stress-intensity factor and the 
type of fracture instability that is apt to occur as a function of section thickness. For 
valid measw·ement of a K 1,.value, the plastic zone must be less than 1/ 20 of the section 
thickness. 

Only a small crack extension is required for the measurement of plane-strain, 
stress-intensity values, and this may correspond to a limited extension of the crack 
front in the central region of a thick section. Further movement of the crack may result 
in a significant increase in fractw·e resistance , and until the natural shape of the crack 
front is attained, the fractw·e resistance associated with structural integrity is not fully 
established. Therefore, the measurement of a fractw·e toughness value from the initial 
movement of an imposed straight crack front in a test specimen can correspond to a 
variety of instabilities as far as the full section is concerned under service conditions. 

Three general types of fractw·e instabilities are illustrated by the schematic load­
displacement curves in Fig. 2. Type one is the sharp instability which occurs within the 
linear region of a load-vs-displacement relationship. Type one instability corresponds 
to a sharp , plane-strain (K 1) type of fracture where the initial crack movement signifies 
complete fractw·£' of the section. This type of behavior can occw· at low elastic stress 
levels for very brittle materials or at any elastic stress level up to approximately 80% 
of the 0.21

; ;, offset yield strength value. When the fracture resistivity is sufficiently high 
to require yield-level stress for the initial popin crack extension and the section is 
greater than 3-in. thick, additional consideration should be given to the propagation re­
sistance of the fractw·e across the full metal section because of the effect of mechanical 
constraint gradients in thick sections. 

Type two instability is the case where popin occurs after a small but significant 
deviation from linearity in the load-displacement relationship. This type of instability 
causes a sharp drop in load , but it is followed by a recovery in load , indicating popin 
arrest. A rising load is required then for continued crack-front movement. 

In the type two case, some slow crack movement or through-thickness yielding 
which may involve only a restricted central region usually occw·s prior to the first insta­
bility. This is a transition or a mixed- mode fractw·e where the center portion fractures 
in a plane-strain manner, but the surface material fractures in shear after ductility is 
exhausted, which usually requires a significant amount of plastic straining. At the start 
of a transition, plane strain conditions are breaking down, and fractw·e resistance is 
very sensitive to small changes in mechanical or metallurgical conditions. A small 



4 

t 
b 

E. A. LANGE 

1 
TEAR ON 
RISING LOAD 

e-
K7 

+ SMALL~ b POPIN 

fu I ' 
TEAR ON 

~tt 
RISING LOAD 

e-

+ 
c ::;:, 

1 I I \ \ 
b CATASTROPHIC 

C.O.0. (€) -
POPIN 

e-

Fig. 2 - Load-displacement relationships for thr ee 
levels of fractur e resistanc e: (lower) fast instability 
type fracture at e lastic stress l eve ls and plane-strain 
stres s state; (cent e r) mixed-mode or transition-type 
fra.cture with arr e st of initial po pin crack and rising 
load r equir ed for terminal fracture; (top) fracture 
propagates after exten siv e plastic str a in a nd plastic 
over load condition in the net s ecti o n 

decrease in constraint or increase in metal ductility will result in a rapid rise in resis­
tance to fracture. Relationships of flaw size and stress level, based on fracture mechan­
ics equations, can be extrapolated into this region, but there is no unique fracture­
toughness value to serve as an indexible Kc, .\, or crack-opening-stretch (COS) value 
for a specific material because the section thickness and the compliance of the loading 
system have a great effect on the amount of crack extension that occurs from the initial 
popin. 

The upper curve in Fig. 2 illustrates a load-vs-displacement curve for type three 
instability, which represents the case for a fully plastic fracture. Terminal fracture 
occurs after gross plastic strain has reduced the net section sufficiently to force an 
instability condition. Necking occurs when the net section is reducing at a pace faster 
than that at which the metal is being strengthened from strain hardening. The crack­
extension rate is dependent upon the rate at which the load can supply the energy that 
is being absorbed by the large plastic enclave associated with fully plastic behavior, 
and consequently crack-extension rates of plastic fractures are much slower than those 
for cracks propagated by elastic strain energy release. The effect of flaw size on 
fracture potential in sections with this high level of fracture resistance is to reduce the 
net section until the remaining ligament is overloaded to a plastic instability condition. 

MICROFRACTURE MODE AND FRACTURE RESISTIVITY 

One of the overriding metallurgical aspects of fracture resistivity is the mechanism 
of metal separation. The stress and strain patterns in the plastic zone account for the 
energy absorbed per unit of crack-tip stretch, but the microfracture mode controls the 
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amount. of stretch that. occurs prior to fracture. Since the operative microfracture 
modes are related to the basic microstructure, impurities, and processing conditions , 
brief discussions of this aspect are considered in the following sections for the more 
important structural metals. 

Carbon and Low-Alloy Steels 

5 

Conventional structural and pressure-vessel steels, which represent the major 
tonnage of materials for all engineering applications, have a low alloy content and there ­
fore low hardenability. In general, tliey have pearlitic microstructures after the usual 
air cooling from high temperatures, following a forming operation or a normalizing huat 
treatment. Two very contrasting microfracture modes are possible in these materials, 
cleavage and microvoid coalescence. Examples of these two extremes in metal separa­
tion are illustrated by the microfractographs shown in Fig. 3. These microfracture 
modes are readily distinguishable even without magnification because the flat facets of 
cleavage fracture provide a high reflectivity and bright appearance, whereas the dimpled 
surface from microvoid coalescence provides an absorptive surface and dull appearance. 

CLEAVAGE DUCTILE DIMPLE 

Fig. 3 - Electron microscope fractographs illustrating the two microfracture modes of 
carbon and low-alloy steels with pe arlitic microstructures: (left) cleavag e> , a brittle 
mod e ; (right) microvoid coa l e s c ence, a ductile mode . ApproximcL t e ly 4000X, 

Cleavage fracture occurs when a critical level of stress is reached, and this fracture 
mechanism approaches a true tensile or opening mode type of separation (4, 5). Any 
condition that results in an increase in yield stress, such as decreasing temperature, 
increasing triaxiality, and inaeasing strain rate, will favor cleavage fracture. Although 
some strain hardening may be required to initiate cleavage fracture, once started, 
cleavage fractures propagate at high rates of speed because very little plasticity or 
energy is associated with the propagation of this type of fracture, and elastic strain 
energy can drive the crack. 

When mechanical and thermal conditions in conventional pearlitic steels are such 
that through-section yielding occurs and cleavage fracture stress can no longer be at­
tained even with high strain rates and strain hardening, fracture occurs by microvoid 
coalescence. The amount of plasticity that precedes total separation when this ductile 



ma !i £&!3 1 &!kl I if [ :; iii l&iEMi.t __ it __ . -- $1)1_6 t 6)l) ;; )$$ (! ij UP 4 U4 1 I 1 I Si h I ;a ;:=. ¢1 9fi q,n •" 

... 
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fracture mode is operative is controlled by the ductility of the grains and the number of 
voids or nonmetallic inclusions. The ductility of the metal grains controls the strain at 
which instability and separation occur, whereas the nonmetallics provide void sites that 
decrease the size of the stretching microligaments and tend to concentrate the strain. 
Although the ductility of grains can vary, fracture resistance corresponding to crack 
extension by microvoid coalescence is always at a high level in these materials, since 
fracture can occur only after a plastic instability condition has been reached in the net 
section. 

The two microfracture modes operative in conventional structural steels provide 
for two extreme levels of fracture resistivity. Fractures can readily be initiated at 
elastic stress levels when cleavage fracture is the predominant microfracture mode 
(more than 80% of the section), and a high level of resistivity is the result when fracture 
occurs predominantly by microvoid coalescence. Mixed-mode fractures between these 
two extremes lie in a gray area where no simple relationship for fracture toughness can 
be stated for a specific matel'ial. In this region the interaction of the thickness param­
eter with temperature is of primary importance. 

Since temperature has a strong effect on yield strength, it also has a strong effect 
on the transition from one microfracture mode to the other. For this reason, the transi­
tion region from plane strain to plastic fracture is logically related to temperature, and 
the ref ore it is termed the temperature transition. Detailed information concerning the 
interaction between temperature and section thickness for sections in A533 steel up to 
12 in. thick are presented in Refs. 4 and 8. The development of performance criteria for 
fracture resistance based upon the temperature transition is discussed in a later section. 

High-Strength Steels 

When steels are designed metallurgically to feature a high yield strength, a quench 
and temper (Q&T) or a quench and age (Q&A) heat treatment is required. Characteriza­
tion of fracture resistivity for these materials is more than a simple involvement with 
a transition between two extremes in microfracture mode occurring at ambient tempera­
tures. Complex alloying and accelerated cooling can result in a variety of microstruc­
tures with contrasting ductilities and segregations of hard, nonductile particles other 
than nonmetallic inclusions. These metallurgical features tend to complicate a general­
ized fracture-safe design guide covering all high-strength metals , especially for welded 
structures where reheating in the heat-affected zones may produce brittle fracture paths. 

Two additional microfracture modes can occur in the high-strength steels: grain 
boundary separation and quasi-cleavage (Fig. 4). These two microfracture modes, while 
brittle in nature, are not all bad because normally they correspond to a fracture resis­
tivity above that associated with the pure cleavage of pearlitic steels. Unfortunately, 
when modest levels of fracture toughness are coupled with high yield strengths, the 
resulting fracture resistance may not be above plane-strain fracture conditions. Mixed­
mode fracture is usually the case for Q&T steels with quasi-cleavage or grain-boundary 
separation operative in the central regions and a significant amount of surface material 
separating by microvoid coalescence. 

Section thickness has a two-way influence on the fracture resistivity of Q&T high­
strength steels because the most favorable metallurgical microstructure for fracture 
resistance requires a high cooling rate. Increasing section thickness and limited harden­
ability can lead to a fracture-toughness gradient from surface to center in addition to 
increasing the mechanical constraint. Mechanical constraint is the principal parameter 
controlling the transition from plane-strain conditions at ambient temperatures, since 
most Q&T steels have a temperature transition below 30° F if the steel has been properly 
alloyed, proces::;ed, and heat treated. 
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Fractw·e toughness must increase in proportion to yield s lrcngth to maintain Lhe 
same level of fractw· e resistance. As the metallurgical techniques for incr easin~ yield 
strength block the formation of dislocations and ther eby limit ductility, t 11e nalura l lrend 
is a decrease in fractm·e resistance with increasing yield strength. U a specific thi ck­
ness is considered, say 1 in. , and the effect of yield strength on fra cture toughness is 
examined, a sharp decrease in fractw· e r esistance is observed over a very narrow r ange 
of yield strenglhs (2,3 ). For premium materials , this strength tr.msition occ.w·s between 
180 and 210ksi (9) . Use of the RAD to provide analyses for the various mechanical and 
metallurgical interactions affecting materials in the strength transition range will b<' 
discussed in a later section. 

Non.ferrous Metals 

Only titanium and aluminum alloys are considered here , but in general , fractw· e in 
nonferrous metals does not propagate by a cleavage microfractw·e mechanism. Separ~­
tion can occur by quasi-cleavage , but this brittle microfracture mode is normally in­
duced by environmental conditions with a slow extension of the crack front (subcriti ca l 
crack growth). The most common microfracture mode associated with the terminal 
fracture of nonferrous metal sections is microvoid coa lescence, but this does not always 
provide for a high level of fractw·e resistance as was the case for the conventional 
structural steels. Plane-strain types of fr actw·e with fast propagation rates can occur 
in high-strength nonferrous metals even though the microfractw·e mode is a ductile, 
microvoid coalescence type. 

Unlike the metallographic featur es of high-strength stee ls , the mi cros tructw·e of 
high-strength nonferrous alloys may contain, by design, large parti cles of phases whi ch 
are hard and essentially brittle . This metallurgical featw·e is found in s ome high­
strength aluminum a.lloys where a highly ductile matrix tends lo compensate for large 
quantities of hard and brittle phases. The soft matrix acts as a crack blunter and loca l 
crack arrestor , but high levels of fractw·e resistance ca1mot be achieved with a la r ge 
number of hard, brittle particles even though they are coherent with the matrix. 
Fortunately, cleanliness is not as great a problem for nonferrous alloys as it is fo r 
steel because a protective atmosphere is r equired during melting to counte ract their 
high reactivity to atmospheric gases. Except for mechanica l entrapment, ther e are no 
deoxidation problems, but the melting point of tramp elements may be low , which en­
courages grain boundary and film t- ·pes of segregation. 

The property gradient from surface to center locations in Q&T steel products is not 
a problem for ,,.on.ferrous alloys because most metallw·gical reactions for strengthening 
nonferrous metals are diffusion controlled, and the hardening reactions are therefore 
slower than the crystallographic reactions in quenched steels. Slower metallurgica l 
reactions and higher thermal conductivity in aluminum alloys he lp to limit any formation 
of deleterious microstructures because of an insufficient cooling rate. However , gr ain 
and phase refinement is a more difficult problem for the nonferrous alloys than for the 
steels , and many recent improvements in fracture resistivity are based upon thermo­
mechanical processes which provide fine-grained microstructures. 

PERFORMANCE CRITERIA FOR FRACTURE RESISTIVITY 

The ultimate goal for engineering fracture research is a complete integration of th{' 
mechanical and metallurgical aspcds of fracture into a single analytical model. The 
achievement of this goal is in the distant future, especia lly for fractur es inv olving net­
section plastic strains , but meanwhile practical engineering test methods and quantita ­
tive analyses of test results in the more critica l ranges of fractw·e resistance have been 
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developed. These engineering approaches are based on the dominant parameters affect­
ing the fractur e resistivity of various alloy systems. For example, the development of 
performance criteria for conventional carbon and low-alloy steels concerns the tempera­
ture transition; the development of performance criteria for high-strength steels takes 
into account the temperatw·e transition, but the key feature is the strength transition; 
and development of performance criteria for nonferrous alloys concerns only the strength 
transition. 

Procedw·es for developing performance criteria for design applications involve the 
translation of empirical test results into data more directly related to structural termin­
ology. This translation is provided by analysis diagrams which display mechanir..al be­
havior throughout the transition regions. The diagram approach permits development 
of the interrelationships between various metallurgical and mechanical parameters, 
which can be used also for alloy and process development as well as fracture-safe design 
concepts. Much of the terminology of the analysis diaGrams , especially the Fracture 
Analysis Diagr am, is already commonplace, and the general acceptance of the Ratio 
Analysis Diagram is rapidly expanding as high-strength materials come into more general 
use. In the following sections , attention is fo cused on the recent coupling of fracture­
mechanics theory to test procedures and to the transition analysis diagrams. For de­
tailed discussions of fracture-safe design procedures and material characterizations, 
th<' reader is referred to various selected references. 

TEST METHODS FOR MEASURING FRACTURE RESISTANCE 

NDT (Nil-Ductility-Transition) Test 

The level of fracture resistance at the NDT temperature has been defined by the 
mechanical conditions specified in the test method, ASTM E208. A picture of the equip­
ment and a series of specimens tested in increments of 10° Fare shown in Fig. 5 to il­
lustrate the test method and the transition in performance that is obtained at the NDT 
temperature. Below the NDT temperature, fracture resistance is so low (nil ductility) 
that plane-strain fractw·es can be initiated from small flaws and dynamic-yield stress 
levels. Local dynamic strain rates can be caused by either rapid loading or static load­
ing plus small popins from brittle weld regions such as arc strikes. Using the average 
flaw size that is obtained from the brittle weld bead crack starter and a bending load in 
a DWT specimen, the level of fracture resistance at the NDT temperature has recently 
been shown to correspond to a K ir1 -' y s = O. 5 (Ref. 8 ). This definition in fracture­
mechanics terminology permits the determination of an NDT temperature using other 
test methods which provide measurement of fracture resistivity in terms of the dynamic 
plane-strain stress-intensity factor, K Id• The level of fracture resistivity correspond­
ing to a K. 1 r1 , .,. s ratio of 0. 5 translates into a requirement for a minimum section of 5/8 
in. to achieve Yadequate constraint for a plane-strain fracture. In other words, use of a 
specimen less than 5/ 8-in. thick, such as the C " specimen, to establish a fracture­
toughness value corresponding to the NDT temperature, involves an elastic-plastic 
fracture condition rather than a plane-strain elastic fracture condition. 

DT (Dynamic Tear) Test 

The Dynamic Tear test method measures the intrinsic resistance to the propagation 
of fracture as a function of section thickness. Two specimen designs, 5/ 8 in. and 1 in. 
thick, are shown in Fig. 6. Most of the fracture resistivity studies at NRL on high­
strength metals have utilized the 1-in.-thick specimen, and a standard method for con­
ducting the 1-in. DT test has been prepared (10). The development of an ASTM standard 
method for conducting the DT test is currently being considered by a subcommittee of 
ASTM E- 24. 
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The DT test method has been extended to include specimens up to 12 in. thick and 
weighing 4580 lb. This experimental program has closed the ultimate link between 
linear-elastic fracture mechanics and the transition in fracture resistance with temper­
ature. The limit conditions for holding a plane-strain stress state in conventional struc­
tural steels at high temperatures, and thereby postpone and possibly eliminate the 
transition in fracture resistivity with temperature, has until recently been a matter of 
speculation. Use of very thick sections in A533 steel for the construction of reactor 
pressure vessels prompted the AEC to procure several plates of 12-in.-thick materials 
for the purposes of establishing the validity of a significant temperature transition and 
a Fracture Analysis Diagram for thick section material. The major portion of this 
program has been completed, and the existence of a limit transition temperature range 
(LTTR) has been proven. It was found that the maximum shift of the midpoint in the 
temperature transition is to a 60 to 80° F (33 to 45°C) higher temperature. Thus, the 
temperature which relates to the dynamic plane-strain limit for this steel can be deduced 
simply by conducting 5/ 8-in. DT tests and then adding the temperature increment to in­
dicate the midpoint (FTE) temperature (2,3). The Fracture Analysis Diagram for specific 
cases involving a variety of section thicknesses can be derived for most engineering 
purposes for materials with a high level of fracture resistivity in plastic fractures or 
upper shelf conditions. 

DT-NDT 

The breakaway from plane strain conditions at the NDT temperature is readily ap­
parent in the dynamic tear energy-vs-temperature relationship as illustrated in Fig. 7. 
As fracture resistance overcomes the constraint of a deep notch, fracture toughness 
rises until a maximum value is achieved. Using a 5/8-in. DT specimen and measuring 
the DT energy, a direct correspondence in the mechanical behavior of steel in this 
section size and in the NDT specimen is observed. This correspondence in behavior 
has been observed for the broad range of pearlitic steels where sharp, unambiguous 
NDT temperatures are readily obtained with the standard test method. The fracture­
mechanics analysis of this behavior ties in with engineering experience including the 
observation of shear lips approximately 1/ 16-in. deep at the NDT temperature and a 
rapid rise in lateral contraction or through-thickness yielding for sections approximately 
1 in. thick at temperatures slightly above NOT. The increase in surface shear is indica­
tive of through-thickness yielding and loss of plane strain constraint with corresponding 
rapid rise in fracture resistivity. 

The LTTR for conventional structural steels is sufficiently steep in the K1d ; a ys = 
0.5 range (NOT conditions), so that the relationships for Charpy V and 5/8-in. and 1-in. 
DT energy as a function of temperature have a close correspondence. It is not surprising 
that the Cv index of 10 ft-lb corresponded to fracture initiation conditions from small arc 
strikes in the ship plate steels of World War II. This level of energy corresponded to the 
toe of the transition curve for Charpy V energy as illustrated in Fig. 8. The study of 
World War II ship steel fractures also provided another index of 20 ft-lb for fracture 
propagation. Within this narrow temperature range corresponding to a change in the 
Cv energy from 10 to 20 ft-lb, a sharp rise in fracture resistance occurred. 

Unfortunately, the same C v energy index of 10 ft- lb does not correspond to the NDT 
level of fracture resistance for the broad range of conventional steels because of the 
variation in the sensitivity of each steel to the shallow notch and the limited constraint 
of a 10-mm section. A unique index,for the Cv energy value for each steel is therefore 
required to correspond to NDT temperature conditions. A Cv energy value may be used 
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as a performance criterion for specification purposes when the Cv index occurs within 
the transition region of the C v energy-temperature curve. However, caution must be ex­
ercised when C v criteria are extended to steels with metallurgical features resulting 
from Q&T or Q&A heat treatments because for some of these steels the entire Cv energy­
temperature relationship is displaced to lower temperatures in the amount of 120°F (1,2) . 
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Cv-DT 

The C v test can also be used to provide an index of plastic fracture resistance. A 
comparison of upper-shelf-level Cv values to DT energy values is shown in Fig. 9, where 
a direct correspondence in energy values is noted. The correlation band is sufficiently 
broad, however , so that Charpy V energy values must be used with caution as perfor­
mance criteria because the geometrica l limitations of the Cv specimen become more 
critical with many of the higher strength steels and all of the nonferrous alloys (1 ). 

The general availability of the Cv test equipment and familiarity with the test method 
is an advaniage in using a Cv performance criteria for fracture resistance. However, 
when materials are highly segregated, such as in welds, and when materials have fracture 
r esistivity characteristics that do not feature a significant effect of temperature at a 
fr acture- resistance level corresponding to a K r,1''0 y, ratio of 0.3 to 0.6, performance 
criteria can be more precisely based on dynamic tear energy values obtained with a 5/ 8-
in. or 1-in. DT test. The DT test not only features a precise value for constraint, but 
it also sa mples a la.r ger amount of material for evaluation. 
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Since the Dynamic Tear test provides a measure for the natural propagation resis­
tance of fracture, it is not surprising that a close correlation exists between the plane­
strain stress-intensity factor of fracture mechanics and dynamic-tear energy. The 
correlation between K1c and OT energy for a variety of high-strength steels is presented 
in Fig. 10, where the limit for valid K le measurement with 1-in.-thick specimens is 
indicated. The close correlation between the fracture toughness values measured with 
the OT test and valid K 1c tests provided the first coupling between an engineering type 
of test and a linear-elastic fracture mechanics parameter. As a result of this achieve­
ment, OT energy values could be translated into K1e values making available a fracture­
mechanics analysis where conditions for plane-strain fracture pertain. Use of the 
analytical capability of fracture mechanics is readily accomplished with the assistance 
of flaw size diagrams (as shown in Fig. 11) which display graphically the relationships 
between critical flaw sizes and stress levels. The K 1cl o ys ratio normalizes the fracture 
toughness value K1c to yield strength, and this ratio is indicative of a specific level of 
fracture resistance which corresponds to equal mechanical performance in all structural 
metals. 
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Fig. 10 - Correlation of K l e and DT test 
values for steel 

ANALYSIS DIAGRAMS AND PERFORMANCE CRITERIA 

The Fracture Analysis Diagram for Carbon and Low-Alloy Steels 

The original Fracture Analysis Diagram (FAD), Fig. 12, was intended to provide a 
mechanical analysis for the temperature transition that occurred in the fracture resis­
tance of carbon steels in sections ranging from 5/8 to approximately 3 in. thick. As 
previously stated, the FAD procedure for fracture-safe design has been extended re­
cently to include sections up to 12 in. thick. This achievement proved the existence of 
a limit condition for plane-strain fracture and thereby established the concept of the 
limit transition temperature range (LTTR). The LTTR is a metallurgical barrier to 
plane-strain fracture in the conventional structural steels. Detailed discussions con­
cerning the development and use of the FAD for selecting performance criteria and for 
fracture-safe design are provided in Refs. 2 and 8 . 

• 
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The mechanical conditions for brittle fracture initiation are indexed in the FAD to 
the NOT temperature. The diagram indicates that at this critical temperature and below, 
carbon and low-alloy steels have sufficiently low fracture resistivity so that unstable 
fracture may be initiated from small flaws, less than 1/ 2 in. long, under local dynamic 
loading to yield stress levels. The tradeoff for increase in critical flaw size with lower 
stress levels is indicated on the FAD. Although the flaw sizes indicated in the original 
diagram were established from the analysis of a large quantity of service failures, the 
original flaw size-vs-stress level relationship has been vertified by fracture mechanics 
calculations (3 ). As temperature increases above the NOT, fracture resistivity rapidly 
rises, and at NOT +60, the fracture transistion elastic (FTE) temperature, fractures can 
no longer be initiated at nominal elastic stress levels regardless of flaw size. This 
extensive mechanical analysis applies to any comentional structural steel. 

Using the fracture mechanics definition for a plane-strain stress state, Beta = 
(K It: · ·ys ) 2/ B= 0.4, where B = thickness, the breakaway points on the LTTR can be cal­
culated for various section thicknesses. The breakaway points from plane strain con­
ditions related to the LTTR of the HSST A533 steel are shown in Fig. 13. The baseline 
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fra t nu·e resistivity for the material is indicated by the L TTR and labeled as the tr ue 
K 1,1 fractur e relationship which is the baseline fracture-resistivity characteristic for 
that stee l (8 ). Fracture toughness characteristics of specific section thi cknesses have 
their own temperature transitions, and several selected relationships ::: re shown in Fig. 
13 to indicate the rapid rise in fracture resistance as plane strain conditions break 
down. The start of the temperature transition is the region of low fracture resistance , 
and fracture mechanics theory can be used for the finer definition of structural perform­
ance in this critical region. The translation of extrapolated K I c1 · vs ratios in terms of 
critical flaw sizes can be made from the flaw size diagrams in fig. 11. Although this 
procedure probably results in conservative values, defining fracture conditions quantita­
tively beyond the extrapolated curves in Fig. 13 is not justifiable, since significant 
amow1ts of net-section plastic strain then precedes fracture. Plastic strain criteria 
for this high level of fracture resistance are currently in the research stage of develop­
ment. It should be pointed out, however, that at this level of fracture resistance, fine­
scale definition of flaw sizes is no longer needed to retain a high level of structural 
integrity . 
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Ratio Analysis Diagram for High-Strength Steels 

The Ratio Analysis Diagrams (RADs ) have been under L!evelopment since 1962 , and 
the concept is intended to prov1de an interpretation of the relationship between fractur e 
resistivity and yield strength level for a broad range of high-strength metals. The 
current , generalized RAD for steels is presented in Fig. 14 , where the regions for 
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various types of steels are indicated. The upper bound of fracture resistivity over the 
full range of yield strength is called the Technological Limit Line because it indicates 
the current state-of-the-art production of premium materials. The sharp transition in 
fracture resistivity with an increase in yield strength as shown by the various types of 
steel is termed a strength transition. Although the position of the strength transition on 
the basic RAD was established with 1-in.-thick materials, the fracture resistivity of other 
thiclmesses can be deduced from the 1-in. DT data. The K 1<: '. · y s ratio lines on the dia­
gram indicate equivalence in mechanical performance , and translation of performance in 
terms of critical flaw size-vs-stress level relationships can be obtained graphically 
from these diagrams, as previously described, using Fig. 11. 
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Fig. 14 - M e tallurgical zoning of the RAD which d efine s th P str e ngth 
transition for v a rious g e neri c alloy stee l type s (2) 

Valid r ·elationships for the linear-elastic fracture mechanics portion of the analysis 
provided by the RAD is maintained up to a ratio of approximately 1.0, which corresponds 
to a thiclmess requirement of 2-1/2 in. for a valid plane-strain stress state. When 
sections thicker than 3 in. are analyzed, additional consideration must be given to metal­
lurgical gradients. The true assessment of resistivity is an integrated value for the 
total section, since only a small center portion may be involved in plane-strain fracture. 
Surface flaws may never initiate an instability fracture in thick sections involving high 
K1c values because of the drag of the crack border, which is under plane stress condi­
tions at surface locations. For this reason, ratio lines above 1. 0 are condensed, and 
RAD positions ahove the line labeled infinity (, ) are considered to represent no potential 
for fracture inst.ability at elastic stress levels. Therefore, when the DT energy value 
for a material lies above the infinity ratio line, projections for critical flaw sizes can no 
longer be made using linear-elastic fracture mechanics relationships since net-section 
yielding will always precede fracture even for thick section material. 
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For general use of the RAD analysis, mechanical performance can be classified into 
three categories. Below the ratio of 0.5, all materials are very brittle and critical flaw 
sizes are sufficiently small to preclude reliable detection by nondestructive inspection 
methods. structures with thick sections in materials with this low level of fracture re­
sistance must be proof tested to prove the absence of oversize flaws. For materials 
which lie between the ratio of 0. 5 and infinity, consideration must be taken of the thick­
ness of the section. Uthe section thickness is adequate for plane-strain instability 
fracture, then fracture-mechanics relationships may be used to determine the maximum 
flaw size that can be tolerated. U plane strain conditions do not pertain, performance 
criteria can be based on flaw sizes estimated from extrapolated K 1clay s ratios using the 
procedure described previously for the temperature transition. For materials which lie 
above the ratio line, labeled infinity, flaw size is considered only as a reduction in net 
section, since structural failure can occur only by plastic instability. 

Knowing what conditions may be encountered in service, we can readily use the 
analytical power of the RAD to optimize tradeoffs with respect to yield strength, quality, 
inspection standards, and design refinement. For general engineering design, the real 
value of the fracture-mechanics input to this type of analysis is the precise definition of 
the boundary conditions for potential fracture at elastic stress levels. 

An example of the use of the RAD to provide an analysis for the interaction between 
metal quality, as affected by melting practice, mechanical performance, and yield strength 
level, is taken from a recent study of steels in the strength transition region (9). A 
summary of strength transitions as a function of melting practice for four new materials 
is presented in Fig. 15, where the strength transition occurs in the yield-strength range 
of 180 to 210 ksi for 1-in. material. The following four steels were included in this study: 
18Ni-8Co-3Mo, 12Ni-5Cr-3Mo, 9Ni-4Co-0.2C, and 18Ni-8Co-2Cr-1Mo-0.1C. 
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From the RAD pc,s iti on or air-me lted s tt'<' I. it is r eadily appare nt ti1at a ny air -11wllcd 
material in the 180- to 210-ksi y ie lcl- s tre ng- th range would not l.Jc s uitable for higl 1-
performance structures . eve n for des ig-11s and fa urieati on quality whi ch would limit te nsil e' 
stresses to the elastic rang-e : i. e .. no plastic hing-es and no 3X s tr ess concentrations 
permitted. On the other hand. ii is noted that a great impr ove me nt in performance is 
achieved by adv 1ble vac uum-m e lting- process (vacuum-induction me lting of !Jase mat e r i­
als and vacuum-arc r e me ltini,J which places all matt'rials with up to 200 ksi yit' lcl stre ngtl 1 
above the ratio 1.0 line. 

One of the most signific;rnt aspects of the fra cture r esistivity of stee ls is the steep­
ness of th~ slope or the Tec!mologi ,·a l Limit Line within a very narrow rang-t' of yie lcl 
strengtt> ::: (180 to 210 ksi ). Quantitative information concerning- tlw r e lationship 
metal quality a nd yie ld strength on fractur e r esistance for this c1·itical ran~((' of matc r i-· 
als is r eadily provided by the RAD analysis. The advantage of selecting a lowe r yie ld ­
strength level and a hi~hC' r relative design stress lo provide a high leYe l or fractu r e 
safety can easily be s een from the slope of the strength transition curves. An important 
forecast can be made also on the basis of the RAD in Fig. 15. namely that impr ov ing th C' 
metal quality te nds to steepf.' n the strength transition, and for stee ls with yie ld- s trength 
levels beyond the cw-re nt strength transition above 220 ksi. only luw fr a ctm· t' -resistanc1' 
levels below K 1 ,· · " ' ::: 0. 5 ratios are obtained. It is apparent that new innovations in 
metalluq~ical design such as macroco mpos ite s , rather than additional r e fine me nt of 
homoge ne ous alloys , may be the approach to hi µ; h fractur e r esistivity in the ultrahi g- h­
strength stee l ca; . 

Ratio Analysis Diagram for Titanium Alloy s 

The metallurgy of titanium alloys affecting fractur e r esistance concerns primarily 
two aspects: (a ' the matrix microstructure, alpha (HCP ), a lpha be ta and IJeta (l3CC ): and 
(b) the oxygen content. Oxyge n content is perhaps the most critical aspect , since it is 
frequently an intentional alloying clement for increasing yield stre ngth. but. it has been 
shown to have a degrading effect on fracture resistivity (11 ). 

The generalized RAD for titanium alloys is shown in Fig. 16 whe r e the large zonal 
regions of the tlu·ee types of a lloys illustrate that a broad range of quality is possible 
at any specific yield strength. Alpha alloys are limited to a yield-strength leve l of 120 
ksi, and materials with an alpha matrix can be procured with fracture resistivit y levels 
sufficiently high to preclude the plane strain type of fracture over their entire stre ngth 
range. 
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Beta alloys are ultrahigh-strength materials, and most beta alloys have yield 
strength leve ls above 120 ksi. Fracture resistivity levels are correspondingly low with 
RAD positions below the ratio, K I c ·ys = 1.0 line. 1he fracture resistance of these 
alloys is frequently degraded when they are welded, and fortunately the development of 
improved, weldable a lloys of the beta type may be expected in the near future. 

Metallurgically, the development of alpha-beta alloys is aimed at optimizing the 
fractw·e r esistance of the alpha system with the high yield strength of the beta system. 
The alpha-beta a lloys cover the critical strength transition range of yield strengths. 
Close control of processing, heat treatment , and oxygen content is required to maintain 
a fr acture :esis tivity above the K 1, · y s = 1. 0 line. 

No C,. index sca le appears on the titanium RAD because the C" specimen does not 
prov ide a sensitive index to the fr actl.l!'e resistance compared to that provided by the DT 
test or the K 1,. test. Interpretation of C" energy is difficult, and since the DT test pro­
vides a more discriminating index to the fracture resistivity of these materials, per­
formance criteria for fr:i.ctw·e resistivity have been based upon a DT energy value for 
critica l structw·al applications involving thick sections. 

Ratio Analysis Diagram for Aluminum Alloys 

The RAD for structural aluminum alloys is not as fully developed as that for steels 
and titanium alloys , but sufficient data have been generated to provide a general view of 
the zonal r egions of high-strength alloys (12 ). The numerical classification for aluminum 
alloys separates them metallw·gically and also provides a separation with respect to 
yield strength , Fig. 17. Although the absolute fracture-toughness values (energy absorbed) 
for aluminum alloys are low with respect to those for steels and titanium alloys, there 
is a pronounced strength transition from plastic fr.acture tu plane-strain elastic fracture, 
as there is for the high-strength steels and titanium alloys. 
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Fig, 17 - Metallurgical z oning of the RAD 
for various series of aluminum alloys ( 12) 

The aluminum alloy system is metallurgically different than that for the steels and 
titanium alloys in that there is less variation in fractw-e resistivity for a specific generic 
alloy. Also the only alloys in the strength transition range are the 6000 series alloys, 
and all others are either above the K 1 ,. ys = • ratio line or below the 1. 0 ratio line. 
Aluminum alloys with yield strength levels above 60 ksi are in the 7000 series, and all 
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thick-section ( . 0.6-in.) ma terial at this strcn~th leve l lies below the brittle lJounclar y 
of KI,· ' ys == 0,5. 

fo C ,. scale appears on the aluminum RAD shown in Fi~. 17 becausL' C , cner~y 
vall ; are difficult to inlerprct, and the full rang·e c•xtencls only !'rum 5 10 25 rt-lb. C , 
ene1 y has been criticized as being too inse ns itive to ('han~cs in the s tructlll'al 1wr­
formance of aluminum alloys , and therefore further deve lop me nt uf the DT ener ~y 
characterization of a lt:minum alloys is beitlg' encoul' a!,!:ecl by the l\ lctal Properti es Cuunci I. 

Since the DT tes t provides a. mor e prec ise index lu the analytical pr un •clurcs uf 
fractw·e mechani cs, this new information will provide rapid assessment of structural 
performance with a degr ee of accuracy s uffi cient for 111 ost e ngincc rin~ applications wit h­
out resorting to an e:iq) ensivc fracture mechanics test for material acccptancL· crite ria. 

SUMMARY 

The traditional engineering approach to faillll'e- s afc des ign usin~ low nominal 
stresses is rapidly becoming obsolete with the deve lopment of 111 or e rati onal clcs i~n 
procedures and fracture technolog-y. Most conve nti ona l enginee rin~ st ru ctm·es will 
retain unrefined details where plastic strain will be cncotmte r ed , and the only r ecour se 
to achieving a high level of structw·al integrity is an adequate leve l of r esislan,·c to 
fractw·e. Fractw·e technology has made many significant advancements in r ecent years , 
and a major milestone was reached when the traditional cnginccl'ing approaches. i nl'lud­
ing the temperature transition concept , were coupled to the a na lytir:a l capabilit y ,·· ' .i !H~ar ­
elastic fracture mechanics. 

A prerequisite to an w1derstanding of the engineering approach tu fracttu· c safely is 
recognition of characteristic metallurgical features of the various alloys ar ound whic h 
models for defining fracture resistivity arc deve loped. The principal nwtallur~ical 
aspects of fracture resistivity are microfracture mode, quality , and the tracleoff of 
ductility for inc1 ..:ased yield strength. 

Fracture-safe design models with the conventional pr essure -vesse l and s tructtu·al 
steels are based on the transition in the microfracturc mode from clcavag-c to a ductile 
fracture within a narrow temperatw·e rang-e. The overall mode l is callee! the Fractw·e 
Analysis Diagram (FAD) which displays the relationship betwee n the criti ca l mechanical 
factors (stress, flaw size , and section thiclmess) within the temperature transi tion 
region. If one is forced , for economical reasons , to use conventional steels in the temper­
ature range where plane-strain fracture at elastic stress levels i:_; a possibility, fine­
scale definition of critical flaw sizes can be obtained with a supplementary diagram 
which presents flaw size-vs-stress relationships as a function of K1,. r s rati os . 

Fracture toughness indexes to the FAD and RAD analyses are obtained with either 
the DWT-NDT, the DT, or the Cv, test. The C v test serves as a secondary test to the 
DWT-NDT and th, DT tests. With the development of relationships between the r esults 
of engineering fracture tests and fracture mechanics stress-intensity parameters K 1,· 

and K1d, it is not necessar)' to conduct valid fracture mecha nics tests to make practical 
utilization of the quantitativeness of fracture mechanics theory. 

Fracture-safe design models for high-strength steels and nonferrous alloys are 
based upon the requirement for increasing fracture toughness with increasing yield 
strength. The model for providing an analysis for fracture resistivity of these materials 
is called the RAD, which provides an interpretation of fracture resistance sufficiently 
accurate for most engineering uses, Inputs to the RAD are DT energy, Cv energy, and 
yield strength. The general level of performance can be readily determined with the 

' 
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r egional pos ition on the di:lgram from the proximity to critical K 1 .. · y s ratio lines. 
Fine-scale definition of critical flaw size-vs-stress relationships can be obtained from 
flaw size diagrams which are based on fra ,;ture mechanics equations, as described 
above. lJ the use of a material with a K 1, . . _. , ratio less than 0.5 is required because 
of s tr ength-to-weight r estri ctions and if the s ection thickness exceeds 5/ 8 in. , conducting 
,·a lid fra cture mechanics tests is r ecommenclecl together with proof testing as a final 
inspection procedure fo r flaws . For materials with a fractw· e resistivity significantly 
out s ide of that for uns table fra cture at elastic s tresses , precise definition of critical 
fla w s izes is unnecessar y. Flaws in s tructures of materia ls with high levels of fractur e 
r esistiv it y ser ve only to decr ease net sections to the point where plastic instability 
occurs. 

CONCLUSIONS 

On the basis of the information presented in this interpretive report, the following 
conclus ions arc stated concerning the status of the engineering approach to fracture-safe 
design using fr ac tw·e- toughness values as performance criteria. 

1. The coupling between enginee ring fractw·e tests (Cv and DT) for measurement 
of fractw·c r esistance and linear- elasti c fractw·e mechanics theory has been achieved. 

2. Interpretive diagram systems (FAD and RAD) have been developed which couple 
the fra ctw·e toughness values from engineering frachu·e tests to the analytical. capability 
of fracture mechanics. 

3. The DT test has the capability for measuring a broad range of fracture toughness 
extending from the lu .. energy region pertaining to elastic fractures to the high-energy 
r egion pertaining to fully plastic fracture. 

4. Difficulties in the interpretation of C,, energy values within the transition region 
(plane strain to plane stress) for high-strength steels and nonferrous structural alloys 
may limit the use of C,. energy as a performance criteria for certain materials. 
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The traditional engineering approach to failure-safe design has been the use of 
conservative values for the mechanical parameters involved. The leve 1 of conserva-
tism can now be more precisely selected, since the development of fracture me-
chanics has provided a theoretical stress analysis for the cracked-body case. A 
fine-scale definition of the relationship between critical flaw sizes and elastic stress 
levels can now be established by calculation. The quantitativeness of fracture me-
chanics has recently been extended for general engineering use by the provision of 
graphical correlations between stress-intensity values from fracture mechanics 
tests and fracture energy values obtained from Charpy V-notch and Dynamic Tear 
tests. Fine-scale definition of critical flaw sizes can now be determined from re-
sults of these engineering-type fracture tests when fracture instability can occur at 
elastic stress levels. 

An extension of the quantitative analysis for critical flaw sizes into the regime 
of general engineering design, where a safe amount of plastic strain must precede 
fracture, is the objective of current research. Theoretical solutions to the nonlinear 
plastic state are complicated by other material characteristics such as transitions 
in microfracture modes and strain rate effects. Meanwhile, engineering develop-
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ments for defining conditions leading to fracture under plastic strain conditions are 
based upon a tear energy concept using analysis diagrams which feature inputs of 
temperature and section size parameters for mixed-mode fracture conditions. The 
engineering analysis diagrams are sufficiently flexible to allow upgrading their 
quantitativeness as the theoretical treatment of plastic instability evolves. 
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